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General introduction

One of the main activities of ArcelorMittal Group the fabrication of flat carbon
steels for the automotive industry, constructiord gackaging applications. Continuous
research and development are held on the fabncatiocess of these steels to improve their
quality and compatibility with the final productq@irements.

Three priorities immerge in these R&D projectsacdlieess of the steel strip (reduction
of undesirable inclusions), thermo-mechanical priope of the steel strip and physico-
chemical properties of the steel surface.

One of the major steps in fabrication of flat cartsteel is the hot strip mill. During
this step, steel surface is in contact with humrda& high temperatures. These conditions
favour steel surface corrosion and the formatioarobxide layer commonly called “scale”.
The high temperature corrosion is commonly call@ditlation” and has a negative effect on
the steel surface properties.

This scale is first removed mechanically (de-seglihen dissolved in acidic solutions
to recover a clean and smooth steel surface andl alefects formation and surface
heterogeneities in the final product. This stepasmmonly called “Pickling” and implicates
also “Over-pickling” which corresponds to the caiom of the steel substrate.

Pickling of low carbon steel grades and low allogezkl grades is efficient in standard
pickling lines. The empirical studies on these gedere sufficient to optimize the pickling
process and recover a good quality surface. Oovelindamental pickling and over-pickling
mechanisms of these samples were proposed irtenatlire.

Recently, new grades of Alloyed High Strength St@lHSS) were developed for
their improved mechanical properties. These graaes highly alloyed with chemical
elements such as silicon and aluminium formingeimeating furnace and hot strip mill mixed
oxides at steel/scale interface and infiltrationsthe steel substrate. These newly formed
mixed oxides resist to pickling and can cause defatsteel surface if the pickling or even
over-pickling time is not sufficient.

The PhD is a part of a research project of Arcelte¥lGlobal R&D to study and
improve the efficiency of pickling of AHSS. In pded with more applied studies of the
pickling process, the PhD aim was to understandfuheamentals of pickling and over-

pickling mechanisms of these steels.
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Two representative steel grades were chosen inwtbik: A low carbon steel with
very low alloying element content used as a refsgeand a silicon alloyed steel grade
representing the AHSS.

In the first chapter, an overview of the flat cartsteel fabrication process and a focus
on the hot strip mill and pickling baths steps @egeloped. The literature related to oxidation
and pickling of low carbon steel and silicon stgehdes was summarized and the few
proposed mechanisms were presented.

In the second chapter, the different experimeng#lups and methods used in this
work are presented. Some of these experimentabguist and methods were inspired from
the literature and some were developed and adé&ptehis study. For oxidation study, scale
growth kinetics was followed by thermo-gravimetdnalysis and the resulting scale well
characterized by crossing different high resolutibechniques (scanning electrons
microscopy, Raman spectroscopy...). For pickling awér-pickling experiments, a new
electrode adapted for scale was developed. Thdinmgcknd over-pickling study combined,
on one side, electrochemical methods such as dpant@otential, current-potential curves
and electrochemical impedance spectroscopy (EI§)antify the electrochemical dissolution
and model scale/solution interface, and on theradlte, a total dissolution kinetic method
using the inductively coupled plasma-atomic emisspectroscopy (ICP-AES) to evaluate
the electrochemical and chemical contributions ickl;mg and over-pickling. The surface
roughness after over-pickling was explored witkeiferometric analysis.

In the third chapter, oxidation of low carbon staet a high silicon alloyed grades at
hot strip mill conditions was studied. Oxidation ahanisms with their kinetic and
phenomenological aspects for both grades were pesp@nd compared to the literature
where different silicon content and oxidation cdiwais were studied.

In the fourth and fifth (last) chapters, repreatime model and industrial scales of low
carbon steel grades and high alloyed silicon gradés different scale compositions and
morphologies were chosen from the samples studi¢de “oxidation” part of this work to
study their pickling and over-pickling mechanisms.

After the interpretation and combination of thegrsiicant results of the
complementary experimental methods already citexklipg and over-pickling mechanisms
with their different aspects (phenomenology, thedymamics, kinetics and reactions) were
proposed for model scales and industrial scaldbethosen grades and compared with the
literature. The effect of some pickling parametéemperature, acid concentration and

applied potential) on pickling and over-picklingnktics and steel surface was also explored.
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In the general conclusion, the main results o thork are summarized and some

perspectives for this research are proposed.
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[. 1. Introduction

The aim of this PhD is to understand the picklingchranism and the influence of high
silicon content in steel on both oxidation and pragk As an industrial subject, part of related
literature comes from steelmaking companies wifbcais on technical and practical aspects
of industrial samples.

In this literature review, a state of the art objsshed works on oxidation and pickling
is presented in three parts:
- Industrial context of oxidation and pickling
- Literature review on oxidation of steel

- Literature review on pickling and over pickling

I. 2. Oxidation and pickling in steelmaking process

I. 2. 1. Overview of steelmaking process

Steelmaking process is divided into two main pdrté:and cold mills.
The hot mill starts from the raw materials anddirgs at the hot coils (Figure I. 1).
The main steps are the following:
- Preparation of raw materials and homogenizaticores
- Preparation of coke by coal burning
- Elaboration of cast iron in blast furnace
- De-sulfuration of cast iron
- De-carburation by pure oxygen blowing
- Continuous casting producing slabs with a typibaikness of 250 mm and a mass between
10to 30t
- Hot strip mill producing steel strips rolled inils (thickness 1.5 to 12m)
The cold factory is divided into five main parts:
- Pickling baths: remove scale formed during hop shill step
- Cold strip mill: produces strips with thickness @ 1.2 mm
- Annealing: in bells or continuous line, re-crysta the structure of steel modified during
rolling operations
- Coatings: with zinc for automotive and househalketctrical appliances, with chromium and

tin for packaging.
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Treatment in pocket.s @ A =
Continnous casting

Figure I. 1: Hot Mill scheme of Fos-sur-Mer plant in Francé [1

I. 2. 2. The hot strip mill

The Hot Strip Mill (HSM) is the last step of thethill (Figure I. 2).
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Figure I. 2: General Scheme of a Hot Strip Mill steps [2].

It transforms steel slabs of around 250 mm thic&net® coiled steel sheets of 1.5 t0 5
mm by a thermo-mechanical treatment in 6 main steps
- Reheating furnace: the slab is heated for neatiypurs at 1200°C to have a homogenous
metallurgical structure and chemical composition.dkide layer called primary scale of 500
t01000 pm thickness is formed on slab surface.
- RSB de-scaling (Roughing Scale Breaker): Prins@gle formed in the reheating furnace is
cracked and removed with high pressured water (EsPprojected from nozzles surrounding
the slabs. This step is necessary to avoid scdikration into metal surface at high
temperature. Nevertheless, such infiltration cake tplace due to high grain boundaries
oxidation or melted mixed oxides of some alloyitgngents. In this case the infiltrated oxides
will appear in the rolled sheets as inherited dsfec
- Roughing Mill: the de-scaled slab passes thraudjist stand of vertical rollers to control its
width, then through 5 roughing mill stands with iaontal rollers. A de-scaling ramp is
placed between stands to remove the growing scaleecover a better surface. At the exit,
the slab is 30 to 40 mm thick at 1100°C and coveri¢hl a 600 to 100 um thick scale.
- Crop shear and FSB de-scaling (Finishing Scatalar): the slab extremities deformed in
the roughing mill are cut and the scale is remot@davoid rolled-in-scale defects in the

finishing mill.
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- Finishing Mill: Made of 5 or 7 identical standsvery stand is composed of 2 work-rolls and
2 support-rolls to limit deformation under loadinie strip final thickness is 1.5 to 5 mm.
After the last stand the strip is cooled on a talgfore being coiled.

- Coiling: The final steel sheet of 1.5 to 5 mntkmess and 700 m long is coiled for storage.
I. 2. 3. The pickling baths

Pickling is an important step of the steelmakingcpss. It is the interface between the
hot factory and the cold factory, more preciseljwaen hot rolling and cold rolling. It is the
first step where the steel surface is revealed.

Pickling line can be divided into three main pgRigyure I. 3)

- An entrance section: black steel sheets covergd scale are de-coiled, welded and
introduced in the accumulator where they are pagsedgh crossed rollers (S form) to break
scale.

- The pickling baths: steel sheets are immergeduiccessive acid baths containing high
concentrated acid solutions (50 to 150 g/L for H@H until 200 g/L for EBQy) at high
temperatures (50 to 90°C) to dissolve scale asamgossible (< 1min). Sometimes steel
corrosion inhibitors are added to limit over-pick]i

- Exit section: the pickled sheet is inspected, and coiled. If the surface quality does not

meet customer standards, the coil can be put ggitkéng entrance to be re-pickled.

flattening oxides elimination completion
entrance section treatment section exit section
accumulator 1 | Inspections

» oiler

ol &

. .IW:.-‘

A drying tanks
tape winder | | welder

Processor St RIGHING tariks banks guillatine

guillotine rall= cailer

Figure I. 3: Scheme of a Pickling line.
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I. 3. Oxidation of steel

A literature review on steel properties and thermadlation of low carbon and silicon
steels simulating the hot strip mill conditiongpresented in this section.

I. 3. 1. Steel substrate properties

The low carbon steels are often used as referearoples for oxidation and pickling

studies of alloyed steels.
I. 3. 1. 1. Low carbon steel

Low carbon steels are soft and elastic; their amsnjon is close to pure iron which
makes them very corrodible. They are used mainlyaickaging applications with protective

coatings [3, 4].
I. 3. 1. 2. Silicon alloyed steel

Silicon is present in Alloyed High Strength StedHSS) to improve their
mechanical and corrosion resistance, as well adectrical steels to improve the electrical
resistivity, which is an important property for #ipptions as the core material of electro-

magnetic devices such as motors [5-9].
I. 3. 2. Oxidation conditions

The thermal oxidation of steel takes place whemtle&llic surface is in contact with
an atmosphere containing Or H,O at high temperatures. The oxide layer formedalked
commonly scale [10].

Oxidation must not be confused with rusting whiappens at low temperatures, takes

longer time and produces iron hydroxides.
[. 3. 2. 1. Oxidation in the Hot Strip Mill

In the Hot Strip Mill, the thermal and atmospheconditions favorable for scale
formation are present. In addition to high tempeetand humid air, the mechanical forces
applied by rollers and de-scaling water nozzleshengrowing scale modify its morphology

continuously [11-14].
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Steel surface follows a thermo-mechanical cyclendguannealing. The steel sheet is
globally cooled with temperature drops and scaks lat rollers. Scale growth occurs in

passages between rollers (Figure 1. 4).
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Figure 1. 4: An example of modeling of oxidation in a hot stripll of a steel containing
1%wt. Si [1].

In industrial conditions, at the exit of the hatistmill, scales thickness varies from 5

to 20 um. Chemistry and morphology of industriales are described in the section I. 4.
I. 3. 2. 2. Oxidation in a pilot furnace

In a pilot furnace, the mechanical effect on scatevth is absent. Only the heat cycle
and oxidizing atmosphere are controlled, the fuenaan be equipped with a thermo-
gravimetric analyzer to study oxidation kineticsod#l scales are elaborated in pilot furnaces
or thermo-gravimetric devices [15].

The literature review about the oxidation process the resulting scale characteristics
will be restricted to low carbon and silicon alloysteel grades oxidized at high temperatures
simulating the hot strip mill conditions.
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|. 3. 3. Oxidation of low carbon steel

The oxidation of low carbon steel (LCS) and therabterization of the resulting scale

were widely studied and its mechanism well defined.
I. 3. 3. 1. Oxidation kinetics

As oxidation is a reaction of oxygen and metal atefto form adherent oxides, the
best method used to identify its kinetic profiléasfollow the mass gain due to oxygen versus
time during oxidation. If the curve fits a matheroat law, the extraction of kinetic
parameters is then possible.

A set of mathematical laws for oxidation kineticgsts in literature: linear, parabolic,
linear-parabolic, para-linear, logarithmic and sojin16-18].

If no kinetic law can be extracted, we talk abchaatic or catastrophic scale growth.

Oxidation kinetic model and parameters depend eel sfrade, oxidation temperature
and atmosphere composition.

In low alloyed steel grades, the content of allgyElements is so low that their
influence can be neglected. During oxidation ahh@gmperatures only iron and its oxides are
considered.

Scale growth kinetics for low alloyed steel gradbsys a mixed law depending on the
oxidation stage. A short linear oxidation rate isserved at the beginning of oxidation
followed by a longer parabolic rate [19-25].

- The first linear step:

(Am/S) =k, t (1. 1)
- The parabolic step:

(Am/ )" =kt (. 2)

Am/ S : Mass gain for surface unit
ki: Linear constant

kp: Parabolic constant

t: oxidation time

n: parabolic power, n > 1 and n = 2 for long oxickatimes
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I. 3. 3. 2. LCS oxidation mechanism

The first linear period corresponds to the oxidatmd de-carburation of the metallic
surface of steel in an oxygen rich atmosphere i(nadtion by gas supply) until the coverage
of the entire metallic surface with iron oxide [26}.

During the parabolic growth period, iron cationsFaust diffuse through the newly
formed wustite FecO layers [29-32]. The vacancies of the non stoictatic wistite host the

Fe?* while diffusing to scale surface to react with thedizing atmosphere [10, 19-21, 23].
I. 3. 4. Oxidation of silicon alloyed steels

The elaboration of new silicon alloyed steel graded the difficulties to pickle them
triggered many recent studies and interest on tieeteof silicon on oxidation kinetics and
final scale morphology based on. Some of theseestymoposed some oxidation mechanisms
for silicon alloyed samples but were limited to noed silicon alloyed grades and/or did not

correspond completely to the Hot Strip Mill condiits [1, 33-43].
I. 3. 4. 1. Influence of silicon on the kinetics afcale growth

The effect of silicon on scale growth rate profilepends mainly on silicon content
and oxidation temperature and the final mass gepedds on oxidation duration. Two main
scale growth regimes are observed depending omatiadtemperature [1].

For oxidation temperatures lower than 1100°C afidosi contents between 0.3 and
1 wt.% Si, an oxidation passivation period appé&tsveen the linear and the parabolic scale
growth periods observed for low carbon steels (Fadu5).

At oxidation temperatures lower than 1177°C, theatlon of the passivation period
increases with silicon content. If the oxidatioméi is very long, the passivation period is
masked by the long parabolic phase. The presencgliobn slows down oxidation and
reduces oxidation kinetics parameters and finalsnmgesn in comparison with low carbon
steels [1, 2, 34, 36, 39, 41-44].

At oxidation temperatures higher than 1177°C, thssjvation period disappears and
scale growth profiles similar to low carbon steehde are observed. Scale growth kinetic
parameters and final mass gain increase with silcantent and they are higher than those of
low carbon steels (Figure 1. 6) [1, 2, 43].
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Figure 1. 5: Mass gain for samples containing 0.84 wt.% Sidations at 800°C, 900°C,
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Figure I. 6: Oxidation of samples containing 0.02, 0.49, (6@ 0.84 (wt.%) of Si during 15

min under process atmosphere at 1200°C; highesilisen content, higher is the mass gain

[1].
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I. 3. 4. 2. Influence of silicon on oxidation mechasm

The passivation period in Silicon alloyed steelsdation seems to be due to the
formation of a silica layer at the beginning of dedion. It slows down the diffusion of £e
towards the oxidizing atmosphere and therefore aeslwoxidation rate. Presence of defects
and cracks in the silica layer and the formatiosalid fayalite-wtistite mixture lead to a post-
diffusion parabolic oxidation regime with lower kitic values in comparison with low carbon
steels [45-48].

Silicon contained in steel has more affinity witkygen than iron. It is first oxidized
into silica which forms an interfacial sub-layertween wustite and steel substrate. The
internal oxidation of steel can also be observedi@particles inside the steel), especially for
the steel containing more than 0.3 wt.%Si [33-34, 4

Yanget al [41] observed internal oxidation banded layerdenrmetal/scale interface
and proposed a mechanism of its formation in foeps
- Super saturation of oxygen in the steel afteeml iron oxide formation
- Internal oxidation of silicon leading to silicalepleted zones
- Oxidation of iron in the silicon depleted zonasd
- Repeated processes of saturation-depletion to foe banded oxide scale.

If oxidation time is long enough, the silica thayér at steel/scale interface and upper
waustite transform into a fayalite phase with thacten:

SiQ, + 2FeO - Fe,SiO, (I. 3)

While silica grains from internal oxidation remamthe steel substrate under fayalite-
wustite mixture layer [1, 50].

Scale adhesion is lower on silicon steels than tfaFeO on pure iron. On the
contrary, adhesion between silica or fayalite drelsubstrate is strong. It is more difficult to
remove scale containing silicate phases duringlipgkiue to this higher adhesion [51].

Above 1177°C, the FeO-E®iO, eutectic melt infiltrates scale and steel grain
boundaries (Figure I. 7). The penetration deptlo ithte scale increases with the silicon
content, while that into the substrate varies $lygihe presence of a liquid phase improves
the scale adherence for steels containing < 0.%38it. but for higher Si contents (up to 1.5
wt.%) the tendency is inversed. The molten fayalitestite eutectic enhances the iron ions
diffusion rate and the oxidation rate is highemtliar a pure FeO at the same temperatures [1,
31, 52, 53].
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Figure I. 7: FeO-SiQ phase diagram [54].
I. 4. Scale and metal oxides properties
[. 4. 1. Hot strip mill (HSM) scales

At the exit of the finishing mill, steel sheets aeeovered with scale. They are coiled
immediately and stocked. The coils of the hot stnip are commonly called black coils due

to the dark colour of scale. Scale composition ddpeon coiling temperature, cooling rate
and position on the strip.

I. 4. 1. 1. Low carbon steel (LCS) scales

Scales of black coils of LCS are mainly composedaoivistite layer covered by
magnetite and hematite superficial layers.

Depending on the cooling rate, wistite is transkmnpartially or completely into
magnetite and iron eutectoid (see also 1.4.2.2@eend Figure 1.9). Water quenching and
high temperature coiling favor wistite conservatidim cooling and low temperature coiling
enhances its transformation.

Scale is generally thin (of 5-20 um in thicknesspread and brittle due to the
mechanical pressure in the hot strip mill. Wisstelastic at high temperatures; it is rolled
softly in the hot strip mill conditions and at lomemperatures it is brittle which facilitates
de-scaling. Magnetite is less plastic than wistiteigh temperatures and less brittle at room
temperatures, its cohesion and adherence are highsratite is brittle and extremely hard. It

Is undesirable during rolling, cooling and alsoaim temperature [55-62].
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I. 4. 1. 2. Silicon alloyed steel (SIAS) scales

Black coils of silicon alloyed steels coming frohethot strip mill have scales with
fayalite grains and sometimes with fayalite infittons in steel at scale/metal interface. The
outer scale is composed of thin and dense wulstitidas to that of low carbon steels. This is
due to mechanical pressure of rollers. As fayaditeesistant to pickling, its infiltrations stay
on pickled sheets surface and lead to later defiectsld rolling [56, 63].

I. 4. 2. Model scales

I.4.2.1. LCS model scales

Model scales of low carbon steel grades obtainedaloratory furnaces at high
temperature, humid oxidizing atmosphere and redgtishort oxidation times (below 15 min)
reproduce well the chemical composition of hotedlscales. They are composed mainly of
iron oxides; the effect of traces of alloying elertseis neglected.

Three oxides are present as continuous parallelag@s classified by increasing
oxidation degrees on steel: wistite FeO, magn&a&®, and hematite KL©®;. They are
formed by iron ions vacancies diffusion and contaith oxygen. According to [23], the mean
thickness ratio of hematite, magnetite and wughieknesses in the total scale is 1:4:95

respectively (Figure 1. 8).

FeO FeaOy : Fﬁﬂﬂ}
95% 4% 1%
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< -—— —_—
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Figure I. 8: Scheme of iron oxides with vacancies diffusiorediions and thickness ratios.
[23]

Yanget al [41] showed that very long oxidation time atthigmperatures produces
very thick and cracked scale at the metal/wiistiterface. The diffusion of Eéto form
waustite is then blocked by the gap formed by thezkrat the steel/wistite interface and the
excess of oxygen favors magnetite layer growth fueirstite and hematite iron supply. The
final ratio of hematite, magnetite and wustite khiesses in the scale is 1:5:2 respectively
[41].
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In these conditions, magnetite is the dominantspha comparison with Paidassi’s
results shown above [23, 41].

I. 4. 2. 2. Iron oxides properties

Iron oxides can be natural or synthetic. Thermatlatxon of iron or of low carbon
steel is not the only way to obtain iron oxide &Intt is chosen to better simulate scales of the
hot strip mill.

In the literature, other forms of synthetic pumnitoxides such as bulk oxides, sintered
powders or sputtered layers on a membrane wererel@a. They were studied in order to
obtain information on the behaviour of oxides pasdilms. It has been shown that the
electronic properties of synthetic iron oxides aregood agreement with the behaviour of
natural passive films on iron [64-66].

Some properties of the three iron oxides are pteden
Wastite

Fe O is a non stoichiometric oxide, it shows a p-tgeeni-conductivity (excess of
anions), it is mainly composed of ¥ecations over-balanced by*’Ox Fé* compensate
electrical charges loss due td’Feacancies inside the oxide. The concentrationvatancies
increases with oxygen percentage and is resporfsibtationic diffusion [27, 28, 67-69].

Below 570°C, waustite is thermodynamically unstalitetransforms into iron and
magnetite eutectoid (Figure I. 9).

Wustite Magnetite Haematite
1200+
9 ¥ + FelD 'FEO'
11001 FeO | Fe,0.| O,
g ----------- + + +
EL 8001 Fes0, Fes0, |Fe.04
2 i+ Fel
6004 570 °C
E i+ Fe O,
I | T HIL

22 24 26 128 a0
' Percentage of oxygen .
FeO Fes0, Fe;0;

Figure I. 9: Iron-oxygen phase diagram [67].

Chemical reaction and Gibbs free energy of forrmatibWstite is:
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2Fe+0, - 2FeO (1. 4)
AG(J.mol™) =-519582+ 1257 (.5) [27,28]

Magnetite

Fe;xO4 is a non stoichiometric oxide. It shows a p-typmsconductivity. It has more
Fe* than Fé" sites in comparison with wiistite, which makes gsl@rone to oxidation. The
number of iron vacancies in magnetite is less itgmbrthan in wistite. The diffusion through
vacancies can be anionicq{or cationic (F&) [27, 28, 67-69].

Chemical reaction and Gibbs free energy of fornrmatibmagnetite is:

6Fe0+0, - 2Fe,0, (1. 6)

AG(J.mol™) = -624879+ 2507 (1. 7) [27, 28]
Hematite
Unlike the two other iron oxides, hematite or,®gis a semi-conductive oxide of n-
type, with major oxygen vacancies. Diffusion thrbuthe vacancies is therefore anionic.
Hematite can be formed from magnetite between 2@D 400°C or from iron at ambient
temperature [27, 28, 67-69].
Chemical reaction and Gibbs free energy of fornmatibhematite from magnetite is:

4Fe,0, +0, - 6Fe,0, (1. 8)

AG(J.mol™) = -499279+ 28T (I. 9) [27, 28]

I. 4. 2. 3. SIAS model scales

Scale morphology and chemistry after oxidationilbé@n steels in a furnace depends
on the combination of different factors such ascail content, oxidation temperature,
atmosphere and time.

In all cases, silicon oxides or iron silicon ox3dee present at the steel/scale interface
and as grains in the steel substrate under thegfaae [1, 2, 34, 36, 39, 41, 43, 63, 70, 71].

For short oxidation times, steel surface is codepartially with silica nodules or
completely with a silica porous layer (Figure 1) 1D, 2, 63].

For longer oxidation times and high temperaturesbelow 1177°C, an intermediate
layer composed of fayalite FiO, grains in a wustite matrix is present betweenl sied
waustite layer (Figure I. 11) [1, 2, 39, 70, 71].
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Figure I. 10: SEM observation of the internal layer of a sampbataining 0.49 wt.%Si

oxidized during 315 s at 900°C: scale layer is psrand is formed by a silica skeleton [1].

FeO

FeO and fayalite

Figure I. 11: Cross-section of a sample with 0.84 wt.%Si oxadiat 1100°C during 15 min.
Wistite appears in light grey, fayalite in darkygfg].

This intermediate layer is present as a contindayalite layer with infiltrations into
the steel substrate for oxidation temperatures@ldv7°C (Figure |. 12) [43, 71].

Scale nodules with a hematite outer layer surrodrimiea supposed silica layer are
observed on the surface after oxidation of higltail alloyed steels at temperatures below
1000°C (Figure I. 13). The nodules are composeidoof oxides layers: hematite, magnetite

and wustite and a fayalite-wistite mixture layestael/wustite interface [34, 36, 39]
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Fayalite
Infiltrations

Fe,Si0,

Figure I. 12: Cross section of the oxide grown in an electaméce on the 2 wt.% silicon
steel at 1200°C for 8 min [43].

Figure I. 13: SEM micrographs of (a) 0.02 wt.%Si and (b) 1.948i steel oxidized in air at
900°C for 10 h.

I. 5. Pickling and over-pickling

The aim of pickling is the dissolution of the oxitdg/er or scale in an acid solution.
When the acid solution reaches the metal/scalefaaie the metal starts to corrode and we
talk about over-pickling [72, 73].

In this part, the literature review on pickling aoder-pickling of low carbon steels

and silicon alloyed steels will be summarized. A® tobjective of this thesis is the
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understanding of the pickling mechanism, a liten@teview on the dissolution of iron oxides
and silicon oxides obtained by processes otherttiienimal oxidations is also included.

I. 5. 1. Pickling of hot mild steels

Unlike oxidation, where scale growth is controlledthe atmospheric and temperature
conditions in the hot strip mill, pickling is a ptevhere the operator can manage the strip

speed to obtain complete scale removal and goddcguquality.
I. 5. 1. 1. Pickling conditions

The majority of plants uses the same pickling tmeemove the scale on classical low
carbon steel grades and alloyed steel grades. Boesgton alloyed grades surface defects
can be generated by mixed oxides, due to insuffictene or inadequate conditions of
pickling [74].

Pickling conditions vary from one plant to anothiére main pickling conditions are
listed below:

- Pickling line: it can be continuous, continuous coupled or gush-

- Acidic solution: Hydrochloric acid (predominant) or Sulfuric adichainly for Packaging
steels) are used.

- Corrosion inhibitors: are generally commercial solutions coming from Ieize, Kebo,
Henkel,... suppliers. Their concentrations dependttentype of inhibitor. The maximum
concentration is about 1.5 ¢*([74].

- Acid concentration: it depends on the tank and line and varies bet#@eand 230 g.t for
HCI from the first to the last line tank, wheredaiion of fresh acid is provided.

- Iron concentration: it depends on the tank and line and varies betvBand 400 g.t
from the last to the first line tank.

- Line speed it varies between 50 and 270 m.mjmlepending on the line geometry (length
and tank number), steel grade and bath conditacid {ype, concentration and temperature).
- Bath temperature: It is comprised between 70 and 90°C for HCI apdta 100°C for
H,SO..

Kop et al elaborated a laboratory pickling cell to simulptekling conditions at the
laboratory. The scale sample is put in a rotatiolglér simulating the hydrodynamics. The
pickling bath with the industrial acid solution atite inhibitor types and concentrations is

heated with a thermostatic circulating fluid [79].7
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I. 5. 1. 2. Influence of pickling parameters on pikling time

The objective of pickling is to dissolve the entigale layer in a short time to increase
productivity and at the same time, to protect stewh mass loss and high surface roughness
due to an excessive over-pickling. Actually, optimigkling time is defined when all scale is
removed with pickling and over-pickling.

Pickling time depends on the metal and scale chenatics and the pickling
conditions:

- Scale thicknessit increases with the rolling and coiling temgera and is different at the
centre and tail of the sheet due to slower coolifige required pickling time depends on the
scale thickness and chemistry [77-79].

- Scale compositionfor low carbon steel scales, hematite and maigndissolution is very
slow compared to that of wiistite. For example, i88g.L* HCI solution at 80°C, the
dissolution rates of B, and FeO are 0.1 g:fimin™® and 1.6-2.0 g.fAmin™ respectively.
FeO decomposition into g®,and Fe can accelerate its dissolution up to afddio[79-81].

- Scale morphology scale cracking and elongation of 1 to 2 % aceddsr pickling with a
factor 2 to 3 [82].

- Bath temperature: pickling efficiency increases with bath temperatiRe&kling is usually
performed at 70-90°C [79, 83].

- Acidic solution: scale is dissolved quickly in highly concentratatd hot HCI or HSO,
acid solutions. For given concentration and termtpeeaHCI is more efficient [75, 79, 84].

- Iron cations concentration (F&* and F&": in an HCI medium, the unfavorable effect of
F&* does not appear below 80 g,land remains in every case more moderate thanSOH
medium. The ferric ions Béare known to decrease the pickling time and fatdithe attack
reaction of the base metal. But their concentratinrst be well controlled to avoid over-
pickling, mainly for grades which can be picklegitdy. Generally, the salt concentrations
are 50-100 g.L for FeC}p and 3-5 g.L* for FeC} at the end of pickling [74, 76, 79].

- Alloying elements concentration PQ;*, Mn?*, C** coming from steel dissolution increase
slightly pickling time.

- Corrosion inhibitors: steel is protected from over-pickling by addingadl quantities of
corrosion inhibitors [85].

- Hydrodynamics: Pickling rate is controlled by two phenomena: tciesolution reaction of
scales and the diffusion through the boundary laykich renews the acid consumed on the

steel surface. The pickling rate of steels is ttoeeedependent on the hydrodynamics, which
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defines the boundary layer thickness. Indeed, ib®otlition reaction rate at the scale surface
is determined by the acid concentration, which ddpeon H diffusion rate through the
boundary layer and scale dissolution rate. The ddghtamics induces a decrease of the
boundary layer thickness and an increase of thdipicrate. Ultrasound can also accelerate
pickling by detaching scale particles [71, 75, 36,

Pickling parameters and their influence on picklimge are summarized in Table I. 1.

Pickling time A Pickling time N

scale thickness 2 cracks density in scale 2
Teoiling 7 phases mixture / simple oxides A
Trolling 7 presence of FeO soluble in HCI / Fe;,0O5 and Fe,O4
Thath N HCl instead of H,SO,
[acid] N [Fe*] 7

[impurities] 7 hydrodynamic 7
[inhibitor] too high

Table I. 1: Summary of parameters and their influence on pigklime [74].

Modern pickling lines are controlled by softwaiempirical methods are used to
correlate the optimal pickling conditions and tiniée preset values are then entered in the

software and adapted to each steel grade [75, 87].

I. 5. 2. Pickling mechanism of low carbon steels

Scale of low carbon steels is composed of iron exidrhese oxides form parallel
layers in the following order from the interfacethvisteel: wistite, magnetite and hematite.
Scale of black coils is a mixture of wiustite, mageeand iron coming from the wustite

transformation (see also §l1.4).
I. 5. 2. 1. Pickling steps of LCS

The evolution of scale morphology and electrochaingtate during pickling and
over-pickling were observed by coupling an opemuwirpotential OCP monitoring with a
series of cross-section micrographs of scale aifsignt OCP values [88].

Figure I. 14 shows the evolution of the open cirpaitential and scale morphology of
a continuous and thick model scale of low carberlsdissolved in k5O, acid. The pickling
and over-pickling steps are well separated wittopen circuit potential drop once the acid

reaches the steel/scale interface [88-90].
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Figure I. 14: Pickling steps and the corresponding electrocbaimialues during pickling in
H.SO, solution of a non cracked scale of low carbonl$88:90].

According to [88, 89], the evolution of the opercait potential of a low carbon steel
model scale immersed in &%, acid is correlated to the following pickling stage
- Acid infiltration through the micro-cracks of tlseiperior oxides layer, reaching the wustite
FeO layer (step a-b). Superior oxides are pratyicadt dissolving; these layers keep for a
long time a good cohesion. The value of the restrng@l increases until the potential of FeO
dissolution (approximately + 300 mV/SCE) is reached

This proposition shows some weaknesses. Indeedpdiential increase from 0O
V/SCE to + 300 mV/SCE could be attributed to thguasition system of the potentiostat
starting from 0 V/SCE and not to the dissolved phaature. A corrosion potential curve of a
similar scale will be presented in chapter IV.
- Chemical dissolution of FeO (step b-c). When shenple is thermally treated (quenching
and tempering for example), the superficial layatially grey-blue (or dark brown), takes an
orange color due to a modification of the layer dayidn. According to the conditions
(temperature, chemical nature of the pickling reageharacteristics of the scale...), this step
will be more or less fast. The potential value remagositive (+ 300 mV/SCE approximately)
during this period.
- Acid reaches the metallic interface (step c-dydidgen bubbles come from cracks due to
the reaction between acid and iron. A fast decreaslee open circuit potential is observed.

Insoluble fragments get loose and stay in suspensithe solution;

36



- Electrochemical dissolution of oxides (step d-H)e potential takes the value of the cell
oxide/acid/iron and is approximately - 420 mV/SCEhe iron is the anode of the
electrochemical cell; iron is thus going to disgoht the same time as FeO.

This proposition is not convincing. Indeed, thegatéve corrosion potential is the
result of the anodic dissolution of the steel swdtet by the A of the acid and not the
electrochemical cell proposed above (see chapter IV

At the bottom of cavities dug in FeO, the concedrmraof acid decreases and that of
FeClb (for HCI solutions) salt increases. The protoxidmtcues to dissolve thanks to the
agitation which renews the acid in contact with FE0rrosion inhibitors allow to avoid a too
important attack of the metal and to reduce thentjtyeof acid consumed.

- Obtaining of well pickled surface (step e-f). Tinéensity of gaseous release decreases due
to the adsorption of inhibitor. The metal is theellwickled. In some cases, residues of scale

which are adherent and difficult to eliminate biysing remain. We observe a slight increase

of the potential value.

The open circuit potential profiles of scale duritg dissolution in HSO, and HCI
acids are similar, only potential values are slighiifferent. In SO, bath, specific values
are +300 mV/SCE for the positive plateau and - @20JSCE for the negative plateau (Figure
[. 14). In HCI bath, the positive and negative @tat values are + 320 mV/SCE and - 360
mV/SCE respectively [89].

There are few differences between the two mechemisor the first step, there is a
widening of the micro-cracks of external oxidesH@! solutions and not simple infiltration.
The surface after pickling presents rounded hohesreot angular one as for&Qy; this can
explain a more beautiful aspect of surface of sthekts pickled in HCI [89].

According to [82], pickling steps depend also ortiah scale composition and
morphology (Figure I. 15):

- If scale is composed only of continuous magneditd hematite layers, the acid may not
reach the metal due to the low dissolution ratathede two phases unless they are cracked.

- In triple phase scale, the acid infiltrates tieenlatite and magnetite continuous layers slowly
through micro-cracks and dissolves the undernediitite forming growing holes and
detaching blocks of the outer magnetite and heeatit

- Wustite decomposition into magnetite and ironeetdid enhances dissolution and holes
widening. It is due the formation of numerous Fellzecouples which behave as electrodes

for an electrochemical coupling in presence ofabid electrolyte.
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The high value of the corrosion potential duringstite dissolution is not compatible
with the anodic dissolution of iron (more cathodish alternative mechanism implicating the
oxidation of magnetite and wiistite seems to be rooherent (chapter V).

- Big cracks in scale let the acid reach quicklg thetal. The Fe/E@®,/acidelectrochemical

cell is formed and enhances scale dissolution.
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Figure I. 15: Pickling steps for different low carbon steel imlitscale compositions and

morphologies [82].
I. 5. 2. 2. Pickling reactions of LCS

Pickling reactions and mechanism depend mainly cales composition and
morphology and secondly on the nature of the addidny mechanisms were proposed for
pickling of low carbon steels.

Hematite and magnetite dissolution:

Acid “infiltrates” through micro-cracks of superiokides to reach wiistite or iron [88,
89, 91]. The two phases are insoluble [91] or atmmost dissolved [88, 89] in pickling
conditions.

If scale is cracked, a F@./acid/Fe electrochemical cell is formed. The®gcan be
reduced by iron coming from wustite or metal sudistr[82]. This mechanism is not

convincing and will be criticized in chapter IV.

Woistite dissolution:
Non decomposed wistite is dissolved chemically 88, in acid solutions: HCI [75,
76, 79] or HSOy [75, 76].
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The partial or complete transformation of wistiteteanperatures lower than 570°C
produces a mixture of wustite, iron and magnetite.

4FeO - Fe+ Fe,0O, (. 10)

According to Bullough [91], the electrochemical stitution of wuistite after its
transformation takes place in a small electrochahtell between iron particles, acid and
magnetite. Iron and magnetite produced by wigttesformation plays the role of anode and
cathode respectively. The anodic dissolution ofigroduces iron cations £eand the
cathodic reaction is the reduction ofs6g producing more F&. This proposition is not
convincing and an alternative mechanism will besprnéed in chapter IV.

Non stoichiometric wiistite FO has an excess of ¥e The x Fé&' sites can be
reduced by iron coming from steel substrate or ilgidecomposition [92].

The mainchemical reactionof scale during pickling corresponds to the dissoh of
waustite in the acid, the dissolved iron cationseveresented in a form of salts with chlorides
and sulfides. In HCI, FeO dissolves with the chexnieaction [79]:

FeO+2HCI - FeCl, +H,0 (. 12)
And in H,SO, with the chemical reaction [75, 76]:
FeO+H,SO, - FeSQ +H,0 (1. 12)

In pickling baths, the salt form seems theoretsiate the concentration of the anions
does not reach the solubility limit of the salts.
Steel dissolution:

Once the acid reaches the metal/scale interfaeetrethemical dissolution of the
remaining oxides starts with the formation of Felaxxides electrochemical cell where iron
is the anode and the oxides are the cathode [88TB& proposition is not convincing and an
alternative mechanism will be presented in chalpter

In addition to the electrochemical cell mechanigire acid attacks any metallic
surface producing hydrogen. The majority of thisifmgen is in molecular form. Jbubbles
assist mechanical removal of scale and anothedgarses through steel and can cause some
embrittlement [91].

The electrochemical reactionstake place in iron/acid/iron oxides electrocherica
cells. Theanodic reaction is the dissolution afon and thecathodic reaction is the
reduction of iron oxides in the acid solution. Iron comes from wistite digation during
pickling and steel substrate during over-pickliiRyotons reduction also takes place as

cathodic reaction on metallic surface during prgfland over-pickling.
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- Anodic reaction [92, 93] :
Fe - Fe™ +2e” (1. 13)
- Cathodic reactions [92, 93]:
FeO+2e +2H" - Fe+H,O (I. 14)
Fe* (Fe_0) +1e” - Fe* (I. 15)
Fe,0, +2e” +8H" - 3Fe” +4H,0 (1. 16)
Fe,0,+2e” +6H" - 2Fe” +3H,0 (1. 17)
2H* +2e” - H, (1. 18)
Some of these reactions cannot take place at the sarrosion potential. They will be
placed in the right corrosion potential rangeshapter V.
As for the chemical reactionsthe dissolved iron cations coming from the

electrochemical reactions can form salts with abks and sulfides. The yield reactions in
HCI [79] can be written as:

Fe,0, + Fe+6HCI - 3FeCl, +3H,0 (1. 19)
Fe,0, + Fe+8HCI - 4FeCl, + 4H,0 (1. 20)
Fe+2HCI - FeCl, + H, (I. 21)

In pickling baths, these salts are not observedesiheir concentration does not reach

their solubility limit.
I. 5. 2. 3. Iron oxides dissolution

As seen in the section |. 5. 2.above the majority of studies on pickling of low
carbon steel were empirical and basic mechanisme pr@posed. In these mechanisms, the
dissolution of the iron oxides in scale can be deamand/or electrochemical and often
implicates a mixture of iron and iron oxides phases

To gain a better insight in the overall mechanisnthe literature, a large amount of
work has been carried out on natural and synthaiie iron oxides to characterize their
dissolution mechanism [94-102].

The main difficulty is to find experimental methodsich allow distinguishing the
chemical and electrochemical dissolutions mechaf@®3n100-102]. For instance, in situ X-
ray absorption near-edge spectroscopy (XANES) wasedu simultaneously with
electrochemical methods on synthetic oxide to dateg the nature of the dissolution

reaction, leading to the conclusion that dissolutaf hematite and magnetite is mainly
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chemical in the anodic potential range, and thettedbchemical dissolution of magnetite has
to be taken into account in the cathodic range,[10Q].

I. 5. 3. Effect of Silicon on pickling mechanism

After oxidation in the hot strip mill, silicon oxé$ (silica and fayalite) concentrate at
the steel/scale interface in many forms; silican tlayer, fayalite grains in wuistite, fayalite
infiltrations and silica internal oxidation graimssteel substrate.

The upper iron oxides layer dissolves easily bet Ibw solubility of silicon oxides
present at steel/scale interface increases thérgdkme. In the fayalite infiltrations and high
internal oxidation cases, a long over-pickling seepecessary to suppress fayalite and oxides
at the grain boundaries [80, 89, 103].

According to [104] a relatively long pickling time necessary to suppress completely
the scale of a 3 wt.% Si steel, whatever the eatiracidic solution. In HCI bath, the
addition of nitric acid induces a more reactivehb@twards the metallic surface. The addition
of HF acid increases the pickling efficiency withaocreasing the metal dissolution, due to
its efficiency to dissolve silicon oxides.

Chattopadhyay et al. [105] studied the effect dican contents from 0.06 to 2 wt %
in automotive steels on pickling time in 5, 8,drid 14% HCI solution at 82°C simulating the
industrial process. The different steel grades hgesame scale thickness but do not clean at
the same pickling rate. This is due to differenicescale composition. Fayalite £&Sip 5504
appears for silicon content higher than 0.35 wtafd has a negative effect on pickling.

Pickling time increases with silicon content (Figur 16).
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Figure I. 16: Relationship between the Silicon content (wt.%%teel and the pickling time
(seconds).
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The role of silicon and aluminum contents on pragltime of a low alloyed hot rolled
steel sheet has been investigated by Y.N. Chang].[Tte increase of silicon content from
0.5 to 2 wt.% induces an increase of the amoufed@ required combining with S@o form
FeSiO, at high temperature. The 48, transformation was reduced at room temperature. Th
pickling rate was thus slightly promoted as mergmrby Chattopadhyay et al. [105].
However, an addition of 0.4 wt. %Al was detrimentalpickling due to the formation of

segregated FeAD, at the scale/base metal interface.

I. 5. Conclusions

Oxidation of low carbon steels was widely studiead ats mechanism is well
described. Scale growth follows first a linear theamabolic law. The linear step corresponds
to the oxidation of steel surface and the parabtlioron ions oxidation after diffusion in
scale. Scale is composed of iron oxides with irgirgpaoxidation degree for iron: wustite
(FeO), magnetite (B®,;) and hematite (R©3). Wiustite is unstable below 570°C, it
transforms partially into iron and magnetite eut&tt The scale of black coils is composed of
thin and brittle wistite due to mechanical pressutee hot strip mill.

The presence of silicon slows down the oxidatide ead a passivation period appears
between the linear and parabolic steps. This patssiv period disappears for oxidation
temperatures higher than 1177°C and the oxidaatais higher than the one of low carbon
steels. Silicon is first oxidized into silica SiGt forms a barrier layer for iron diffusion
towards oxygen and reduces oxidation rate. Sikkcaalso appear in the steel substrate, due to
internal oxidation at grains boundaries. Silica amdstite are transformed into fayalite
FeSiO, and form a fayalite-wistite internal layer. Abal/&77°C, molten fayalite enhances
iron diffusion and oxidation rate, and after cogliiorms an internal layer with infiltrations in
steel.

The oxidation and scale characterization of lowboarsteels are well known while
there are some points to study or confirm in theaton of high silicon alloyed steels
especially in humid atmospheres and at high tenyes

The first part of this work will be the exploratiaf the oxidation conditions to form
model scales of low carbon steel and high silickoyad steel and the well characterization
of iron-silicon oxides.

Pickling and over-pickling steps of low carbon stesre extrapolated from the

evolution of electrochemical potential of a nonckied scale. Hematite and magnetite resist to
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pickling, they are slowly infiltrated by the acid/Ustite is easily dissolved by formation of
holes and widening of cracks. Once acid reachealntée electro-chemical potential drops
and over-pickling starts.

As wistite is the main component of low carbonIsteeale, its chemical dissolution
reaction is considered to be the reference reatiopickling:

FeO+2H" - Fe* +H,0 (I. 22)

According to Bullough [91] and Quantin [89], irooming from wdstite dismutation
or scale/wustite interface is assumed to be dissbla a micro-electrochemical cell where
iron and magnetite plays the role of anode andoci&tespectively.

For silicon steels, silica and fayalite at steallscinterface resist to pickling and
increases pickling time. If fayalite infiltratiorend silica grains are important, a long over-
pickling step is necessary to remove them.

The literature review shows some critical pointshia proposed pickling mechanisms
for low carbon steel scales. Only empirical studiese conducted on silicon alloyed steels to
estimate the effect of Si-containing phases onlipigkime.

In the second part of this work, model scales @f tarbon steels and high silicon
steels will be pickled in soft conditions. The mitidg of scale/acidic solution interface and

the chemical and electrochemical contributionsrdygcale dissolution will be presented.
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ll. Experimental and methods
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II. 1. Elaboration of steel grades samples

A new quick and simple way to fabricate samplestetl with different grades was
elaborated in ArcelorMittal Maizieres Researchyses a 1 kg (Annex 1) furnace where a de-
rusted bloc of low carbon steel called SiOO0 is ééatvith induction until melting state then
adequate masses of silicon are added to creatketiied grades. After each addition, molten
steel pencils are extracted with a glass tube aindtlroom temperature for cooling. Once the
solidification completed and the pencils are atmaemperature, the glass tubes are broken.
The pencils have a cylindrical form with a 4 mmmdéeter and 120 to 150 mm length; they are
cut with a SiC disc motor saw to reach nearly 5 langth. In the case of elaboration of one
steel grade, no pencils are extracted after sil@ddition; the final steel bloc is recovered
after cooling and cut with a SiC disc motor sawoirgarallelepipeds of 5x10x20 mm
maximum dimensions.

Samples of steel grades from industrial lines (gamf Si00) are recovered as large
sheets cut from black coils at the exit of thedtap mill. The large sheets are cut into smaller
sheets of an A4 paper size. Discs of 25 mm dianagteextracted from the small sheets with
a mould put under high pressure in an automatie.\&mall blocs of parallelepiped form of
5x10x20 mm maximum dimensions are cut with a SEZ dnotor saw. The samples surfaces
are then polished with a SiC-paper up to grade 8l@@ned in ethanol and then dried in air
before oxidation tests in order to remove rust acale before oxidation. The same surface
polishing and cleaning is provided for scale framples before pickling experiments.

II. 1. 1 Steel chemical composition

In this study, samples of three grades with hiditai content for oxidation then
pickling experiments are chosen: Si00, Sil6 an@.ST® determine the real composition of
the three grades, especially the silicon massidmacichemical analysis with an Optical
Emission Spectrometer is done on a sample of eeatheg(Table II. 1). This spectrometer
makes a correlation between the intensity of arttechlight at a given frequency specific to
an element and the mass fraction of that element.

The tolerated error for the OES is about 0.2%, hleies obtained are close to the
composition of the target and respect the errarval. The Si0O0 is a low carbon steel with
few alloying elements, their influence on oxidatiand pickling is weak. The other grades
chosen for oxidation and pickling Si16 and Si32ehhwoth high enough silicon concentration
to have a significant effect on oxidation and piadl
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Sample  Elements (wt%)

C Si Mn P Cr Ni Cu N Fe
Si00 0.04 0.02 0.19 0.01 0.025 0.017 0.025 0.01 ak=
Sil6 0.04 1.55 0.19 0.01 0.025 0.017 0.025 0.01 ak=
Si32 0.04 3.25 0.19 0.01 0.025 0.017 0.025 0.01 ak=
Table 1. 1: Chemical composition of the three steel gradesh waptical emission
spectroscopy (OES).

Il. 2. 2. Steel grains size

The observations of Si0O0 and Sil16 surfaces aftel Bitack are shown in Figure IlI. 1.
The majority of grains have an average size of 1B0that is almost identical for the three

grades. The grains sizes and their distributiom mat have any influence on oxidation rate

between the samples.

Figure II. 1: Grains size by optical microscope. Left: Si00. Righl6.

Il. 2. Oxidation of steels

Scale free steels were oxidized in adapted furnaomsilating the hot strip mill

conditions and their oxidation kinetics followedtva thermo-gravimetric method.
II. 2. 1. Oxidation experiments

The oxidation experiments with continuous mass ghaneasurement are conducted
in a Linsei§ Thermo-Gravimetric Analyser (TGA). The TGA setuped for this study is
shown in Figure Il. 2 and Annex Il.

It uses an electrical resistor for heating, an rowt@ter circuit for cooling and
electromagnetic mass change analyser. The oxidédisis are programmed and the mass
change and temperature data are recorded withsziirdomestic software.
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Figure Il. 2: General set-up of the Linseis Thermo-gravimetri@alser used for oxidation
tests.

Before oxidation tests, the sample is ground wiBi@paper up to grade 800, cleaned
in ethanol, dried in air and suspended in the T@A@Ee holder with a welded hook. The
TGA chamber is depressurized then filled with rgo continuous flow.

The mass change is recorded continuously. The sanspheated in a nitrogen
atmosphere at a rate of 40°C/min and 5°C/min ferl#st 50°C to avoid over-heating once
the desired oxidation temperature is reached. Xtlations of this study are isothermal in the
temperature range 850-1200°C, in a 15% humid aingul5 minutes (samples heating until
the desired temperature is provided under inert @8$ atmosphere). Some additional
experiments have been performed at lower durafmnsharacterization purposes or specific
scales. After the test, the TGA chamber is cooledaiN atmosphere down to room

temperature with a 40°C/min rate (Figure Il. 3).
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Figure II. 3: Typical oxidation temperature profile and atmosph@ympositions

In the TGA, only one sample can be oxidized andstraple holder size is limited to
maximum 20x10x5 mm, larger samples can damagehdrenbcouple at the base of the TGA
sample holder during oxidation. For oxidations ofet of samples with bigger sizes, an
Orion® pilot furnace with a large and flat sample hol(#x80 mm) is used. The samples are
deposited on the flat sample holder with the facdd oxidized on the top; one sample is
sacrificed to measure the current temperature witwelded thermocouple. The samples
preparation and oxidation conditions program wiité ©rior? Pilot domestic software are the
same as for TGA, except mass change measuremeriptemm not available in the pilot

furnace.
Il. 2. 2. Oxidation methods

Oxidation of metal is a high temperature corrosieaction between a metal surface
and an oxygen based atmosphere 00H,0O or both are often used as the oxidizing species
due to their presence in the hot strip mill atm@sph- where a certain amount of oxygen
atoms are fixed on the metal surface increasingrthass of the new metal-oxide bloc. The
correlation between mass change and oxidation ikgét therefore evident and made the
thermo-gravimetric analysis the best method fas ghudy.

The mass change obtained with TGA is divided by shenple surface to give a
normalized mass change per surface unit versuscimve:
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Am/S= 1 (t) (1. 1)
Am/S: Mass change per surface unit
t: oxidation time
The curve profiles are analyzed to see if theysfilme common mathematical
functions (linear, parabolic; exponential...), theresponding kinetic law and constants can
therefore be estimated. In the case of randomlprafie oxidation is considered chaotic.

Il. 3. Scale Characterization after oxidation

II. 3. 1. Optical observations

After oxidation in the thermo-gravimetric analysar pilot furnace, the samples are
moulded in a cold resin and ground with SiC paprso grade 4000 to obtain cross-sections
micrographs. For scale external surface observatiomtreatment is needed after oxidation.

Cross-section and surface micrographs of scaleeghase obtained with an Optical
Microscope (OM) integrated in a Raman spectroscdpyice and a Scanning Electron

Microscopy (SEM) device.
II. 3. 2. Spectrometric methods

The nature of phase is identified using Raman spsabpy analyses and estimation of
elements content given by Energy Dispersive Spsctqgy (EDS). Some samples are
analysed by X-rays Photoelectron Spectroscopy (&8P8)Auger-FEG. The XPS setup used
for characterizations is a Perkin-Elmer PHI 550€hwinonochromatic Al K& X-ray source of
187 eV (for survey spectra) and 11 eV (for highohaetson spectra) pass energies of the
analyzer. XPS characterizations show a depth reésplof 10 nm. Analyzed area is of 0.8x2
mn?. Auger-FEG characterizations are performed witteal Jamp 9500F device. Analyses
are done at an acceleration voltage of 15 kV, anbaarrent of 1 x 18 A and a sample tilt of
0°.

Il. 4. Scale dissolution characterization

Pickling and over-pickling tests are conductedloee types of samples:

- Black coils coming from the hot strip mill.
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- Model samples with scales grown in the thermodgnatric analyzer (TGA) or the pilot
furnace.
- Scale free steel cylinders or blocs.

Samples preparation for pickling tests dependslyiron their initial form and size
(sheets, cylinders, discs, parallelepipeds) andreafscale free steel or scaled steel) and
secondly on the pickling cell and measurement ntetho

Two pickling experimental setups are used:

- Electrochemical set-up for corrosion potentiabrrosion current and electrochemical
impedance spectroscopy measurements.

- Inductively Coupled Plasma — Atomic Emission $pescopy (ICP-AES) coupled with a
potentiostat for total dissolution rates coupledhwdorrosion potential and corrosion current

measurements.
Il. 4. 1. Electrochemical measurements

Electrochemical measurements during pickling andrqickling were done in an
experimental setup adapted to steel samples covenéud scale. It consists of an
electrochemical cell connected to a potensiostatfi@yuency response analyzer.

Different electrochemical methods were programmedextrapolate the different
aspects and contribution of electrochemical prazess pickling and over-pickling

mechanism.
II. 4. 1. 1. Electrochemical set-up

The electrochemical cell used for pickling andrepiekling experiments is composed
of three electrodes immerged in an acid bath andexted to a potentiostat:
- Reference electrodehas a constant potential in the same range gi¢esture. All potential
values are given versus this potential. As picklmgl over-pickling experiments in this study
are conducted in hydrochloric acid (HCI) solutiotise saturated calomel electrode (SCE)
with KCI solution was used to avoid contaminatidrihe acid solution by foreign ions {Ks
inert and Clis already present in the acid solution). A sdaedd&Cl extension tube is used to
protect the reference electrode during high tenmpegalissolutions.
- Auxiliary electrode: is a platinum grid with a surface high enoughatmid current
saturation. The potential is applied between tfereace electrode and the working electrode.

The current is measured in the circuit made oMtieand the auxiliary electrode.
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- Working electrode: A rotating electrode with a three cylindrical és sample holder was
elaborated (Figure 1. 4). The outer piece is opartially at the bottom to expose the sample
surface to the solution. Acid infiltration into tlsample holder is prevented with a rubber
circular joint between the outer piece bottom ahd sample. The intermediate piece is
screwed on the bottom piece pressing the samptaeorubber joint. The central piece made
of stainless steel is screwed on the intermedi@eepensuring electrical contact between the
back of the sample and the head of the rotatingrelde.

To fit in the holder, the sample must have a dsm with 25 mm diameter and a

maximum thickness of 5 mm.
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Figure Il. 4: Scheme of a cross-section of the sample in théimgtalectrode sample holder.

The elaboration of the working electrode with acdi®rm and specific size
requirements depends on the origin of the sample:
- Directly from the black coils sheets: discs axgracted from the sheets with a cylindrical
mould with 25 mm diameter put under pressure ira@omatic vice, polished on the back
face to ensure electrical conductivity and puthe totating electrode sample holder with the
scaled face at the bottom in contact with the rulpiiat. The intermediate and central pieces
are screwed gently to avoid scale cracking on tibder joint. For scale free measurements
both disc faces are polished before being putersdmple holder.
- For samples oxidized in the Thermo-gravimetrialgrer (TGA): due to limited sample
holder size in the TGA, only cylinders with 4 mnantieter and 5 mm length are oxidized in
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this device. The difference of size is compensatikd a cold resin poured around the small
sample in a 25 mm diameter mould (Figure 1l. 5)e Heale surface of one disc face of the
sample is protected from the resin with a soft @agread on the bottom of the mould; the
sample bottom surface penetrates a little bit & gbft paste to avoid any infiltration of the

resin under the sample. After solidification of ttwd resin, the enlarged sample is removed
from the mould; the soft paste is removed fromgaeple face to be pickled. Before putting
the enlarged sample in the rotating electrode sarplder, the other face is polished until

removing all resin and scale to ensure electricatactivity.

Cold resin
I} Mould
Scaled
sample -
Soft paste

Figure II. 5: Cross section scheme of a resin sample enlargemnaiid.

- Oxidation in the pilot furnace: the oxidized sde®in this case are discs with 25 mm

diameter. After oxidation, the disc surface in embtwith the flat sample holder of the furnace
is polished to ensure the electrical conductivitye sample is placed in the rotating electrode
sample holder with scale at the bottom in contatt e rubber joint. The intermediate and

central pieces must be screwed gently to avoidcesmalcking on the joint rubber.

The acid solutions with the desired concentratema prepared by dilution of a
concentrated hydrochloric acid solution 37% in mass kept in phials in a hood.

The acid solution is poured in a double layer am@r where a thermostat fluid
circulates to fix the temperature of the bath. Téference and auxiliary electrodes and a
thermometer are immerged in the bath while it istimng (Figure Il. 6). Once the bath reaches
the desired temperature and the sequence of to&roglleemical methods is programmed in
the potensiostat pilot software, the working eled#r is immerged and the measurement

sequence is launched immediately.
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Figure Il. 6: Electrochemical cell with pickling bath.

Two potensiostats were used for electrochemicalissu a Schlumberg®Solartroff
Sl 1286 potentiostat coupled with a Schlumbétg8olartroff Frequency Response
Analyser, with Corrwavé and ZploP as pilot softwares and a Voltalab80 with

VoltaMastef as pilot software.
II. 4. 1. 2. Electrochemical methods

In a pickling or over-pickling process, a solid paa- scale and steel — is dissolved in
an acid solution. To evaluate the electrochemiaadtrdoution and characteristics in this
dissolution, different methods were used.

Corrosion is the result of the electrochemical transfornratd a metallic substrate or
oxide into cations dissolved in aqueous solutiontHe case of the metallic substrate, the
corrosion occurs according to tAeodic reaction

M- M* +ze (1. 2)

This reaction is thermodynamically possible if #ystem is in the corrosion domain

of the pH-E or Pourbaix diagram. The boundary betwéhe immunity and corrosion

domains is given by the Nernst Potential of thetiea.
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A cathodic reactionis always parallel to the anodic reaction. Theasive species
are reduced by the electrons lost by the metdhdrcase of metallic substrate corrosion in an
acidic solution, the reduction of protons is them@athodic reaction:

H"+2e - H, (1. 3)

Four methods were used to study the electrochemos$tpickling and over-pickling
for each sample of this study:
Open Circuit Potential (OCP)

The open circuit potential in this study correspoid the corrosion potential. It is
measured and recorded continuously during picldingy over-pickling experiments:

E.. = (1) (1. 4)
Ecom:. Corrosion potential (V/SCE)
t: Dissolution time (t)

The corrosion potential value indicates the elealrstate of the sample in the
solution. It is a mixed potential fixed by the ebpyabetween the anodic and cathodic
currents. At corrosion potential the resulting eutris null:

loep =1, +1,=0 (1. 5)
By convention:{>0and <0

This method does not disturb the system. Theosmn potential values evolution
depends on the nature of the phases reached Iagitheolution during scale dissolution and
gives an estimation of the time needed for the sxtoss each phase.

Current density:

Electrochemical corrosion kinetics are evaluatethwhe anodic corrosion current
lanos it measures the electrical charge transfer vgldmetween the dissolved anode and the
oxidant species at the electrode surface in comtdhtthe solution. If the anodic reaction is
identified, the anodic current can be expresset miass loss or moles of the corroded solid

phase according to Faraday’s law:
| :—:'—.—:z.F.—t (1. 6)

I: corrosion current (A: Ampere)
g: electrical charge (C: Coulomb)
t: time (s: seconds)

M: molar mass (g.md)

m: mass (g: gram)
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n: number of moles (mol)
F: Faraday’s constant (96500 C.fpl
z: number of electrons exchanged

In general, corrosion current rate is expresseduaent density. The current values
are normalized with the electrode surface to be payable with literature and reference
values. Therefore, the mass and mole loss ratesverormalized with the electrode surface.
The common surface unit is ém

The corrosion current at a constant applied pa€gtiis monitored with the chrono-
ampero-metry method:

| .o = F(E; 1) (1. 7)

At open circuit potential, the resulting current nsll (equation Il. 5), no direct
measurement is possible. The anodic (or cathodiggit must be extrapolated with indirect
methods.

The Tafel curves extrapolation method [107] wasduse evaluate the corrosion
current at discrete times of pickling and over-pigk The Tafel behaviour is only observed
if the half reaction is controlled by the chargansfer rate, this is usually the case for tfie H
reduction in acidic solutions (pH < 3). It consistsa potential scan deviation from the
corrosion potential toward negative values for ¢aghodic curve and positive values for the
anodic curve with a chosen potential scan rateistedval. Both curves are represented in the
same semi-logarithmic graph:

Log(l) = f(E) (11. 8)
A Tafel corrosion process is controlled by the\ation energy, the anodic or cathodic

reaction can be expressed by the equation:
| =1,€* (1. 9)
The Tafel constant b is defined by the equation:

_a,.zF
RT
Whereq; is the transfer coefficient with 9 a; < 1, R the universal gas constant (8.31 J.mol

b

(II. 10)

! K™ and T the absolute temperature (K).
As the total current is the sum of the anodic aatth@dic currents it is expressed with

the following equation:
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=1, +1_ =1_e>F +1_ge*F (. 11)
By considering the corrosion potentialoEas the reference potential the equation

becomes:

| =1, (€**F —e*F) (. 12)
With:
AE=E-E_, (n. 13)

For a Tafel reactive systemAE is high enough, the anodic (or cathodic) contrdsu
is dominant, and the anodic (or cathodic) curvinisar in a semi log graph. The anodic (or
cathodic) current is extrapolated from the anodicdathodic) straight line at the corrosion
potential.

A long sequence of repeated anodic and cathodiel Tafves separated by an open
circuit potential period between each couple ofeTalurves measurement is programmed
automatically with the potentiostat pilot Softwdoceavoid data loss. The same potential and
scan rate and interval is entered for all Tafel sneaments. The sequence is launched
immediately after immersion of the working eleciodt the end of the experiment, all data
are recovered as text files and treated with areBEMacro.

The Tafel method was applied to extrapolate thedi@nand cathodic currents. To
compensate the experimental and data treatmerdtefda the current values, the corrosion
current is given as an average of the anodic atiwbdec experimental values.

_ L+
o T 5

The discrete corrosion potential and current cesiplersus their corresponding times

| (I1. 14)

are presented in a double ordinates axis to folleeir evolution during pickling and over-
pickling process. Both pickling steps and electssualtal contribution in pickling kinetics can
be shown with this method.

(Ecorr ! I corr) =f (tl) (” 15)

E.om. Discrete corrosion potential values
lcorr: Discrete corrosion current values

ti: Discrete dissolution times
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Electrochemical Impedance Spectroscopy:

Impedance Z of an electrochemical system is the between an oscillating potential
excitation AE around a potential E applied on the system amedogtillating currentl
response of this system.

If AE is a sinusoidal excitatiomyl is also a sinusoidal response but with a phase
difference.

AE = |AE|sin@7t ) (1. 16)
Al = |Al[sin(27E +6) (1. 17)

/AE/: Potential oscillation amplitude (V)
/All: Current oscillation amplitude (A)

f: Frequency (Hz)

0: Phase change (rad)

Z is a complex number with a resistance dimenskeor. practical reasons, it is

expressed with a resistance by surface dimension.
=%=zr +jz, =|Ze" (II. 18)
Z: Impedance®.cnt)
Z:: Real part of impedanc&(cnr)
Z;: Imaginary part of impedance(cnr)
/1Z/ Modulus of impedanceX.cnr)
0: Phase of impedance (rad)

The Electrochemical Impedance Spectroscopy meghas impedance values versus
decreasing excitation frequencies spectra. Thdtseare represented in impedance diagrams
where combination of impedance elements is choseantphasize on specific electrical
aspects of the system.

The objective of interpretation of impedance diags and values is to elaborate a
model describing the electrochemical interface. Thedel can be represented by an
equivalent circuit or general kinetic equation whidit the experimental values and
correspond to the physical reality of the electesultal system.

In this study, the EIS was used to elaborate aeinddscribing scale and metallic
substrate dissolutions and to estimate electresiktance, effective capacitance and effective
surface during pickling. Impedance measurement® wenducted on scaled and scale free

samples at discrete times of pickling.
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The EIS results have shown an equivalent circefiresented by an electrolyte
resistance Rin series with a constant phase element CPE phtalk polarization resistance
Rpe. In this study, the parallel polarization resis&ncorresponds to the charge transfer
resistance R

R, =R (1. 19)

The impedance of a CPE is given by:

ZCPE = H 1 a = 1 a
Q(j2r)" Q(27f)

a: CPE parameter, dimensionless,< 1,a = 1 for a perfect capacitor

[cos(";) -] sin(a—zn)] (Il. 20)

Q: CPE parameter, ('3 cm), has a capacitance dimension dor 1.

CPE parameters and Q can be extracted graphically. On the imagimpart of
impedance versus the frequency curve plotted wgarlthmic diagrame corresponds to the
inverse of the slope of the regression straiglet éinthe high frequency range.

Oncea estimated, Q values are calculated from the inaagipart Z with:

_ 1 . an
Q= Z (@A) sm\z) (1. 21)

Q is almost constant in the high frequency ranigeaverage value is calculated in this
range and sometimes written ag:Q

The electrolyte resistance-Rnd the parallel resistance Ralues were obtained by
regression method using CPE parameters valuesciedragraphically and the equivalent

circuit global equation:

_ R
Z= 1. 22
e (2) R Q (1. 22)

The effective capacitance £ was extrapolated from the CPE parameters and
resistances with two different approaches:
Power law model

This model was developed by [108-111] to analyze ithpedance response of a
passive film with a CPE behaviour caused mpemal distribution of time constants (Figure
1. 1).
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electrolyte

595

Figure Il. 7: Schematic representation of a normal distributibtime constants resulting in a

distributed time-constant behaviour that, for aprapriate time-constant distribution, may be

expressed as a CPE [112].

According to this model, the CPE parameters Q anthn be related to physical
parameters of the film with the equation:

_ (&8
9dps *

g permittivity of the film

go: permittivity of vacuum, 8.85.18 F.cm®

d: film thickness, cm

ps. resistivity at the film/electrolyte interfac&.cm

g: numerical function given by:
g =1+ 2881-a)*" (1. 23)
By definition, the capacitance is related to tte fihickness with the equation:

_ &
o
The effective capacitance of the Power Law modglc@n be estimated from the CPE

C (Il. 24)

parameters with equation:

Co =(£6,)779Qo; ™" (Il. 25)
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Brug’s model
This model was developed by [113] to analyze thpeidance response of electrodes
showing a CPE behavior caused lguaface distribution of time constants and to extract the

effective capacitance (Figure II. 8).

—
3 x@'\xﬁ' §\_\§\_ RN x@'\xﬁ' x@'\ﬁx' RN x‘x'\xﬁ' x@'\xﬁ' R x‘x'\x\‘\' 5 :x“\' RN §\_\§\_ x@'\x\\

Figure Il. 8: Schematic representation of a surface distrilbbutibtime constants resulting in

a distributed time-constant behaviour that, forappropriate time-constant distribution, may

be expressed as a CPE [112].

According to [113], the effective capacitance iated to the CPE parameters with the

formula:
1l/a
CSurf = (RQ) (” 26)
R
Where R is defined by:
1.t 1 (1. 27)
R R R

In the case of R>> Rz, R = R=. For conductive phases, the effective capacitéhge

corresponds to a double layer capacitange C

Co. = (RQ™ (Il. 28)
RE

CPE parameters Q ag charge transfer resistancesahd effective capacitances,C
or Co. were estimated from impedance diagrams with thetradequate model and plotted

versus scale dissolution time.
. 4. 2. ICP-AES setup and method

An electrochemical cell coupled with an ICP-AES diictively Coupled Plasma

Atomic Emission Spectroscopy) device was developgd[114-116] in ArcelorMittal
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Maizieres Research centre to quantify continuotistyamount of dissolved elements at open
circuit potential, potentiostatic or galvanostatimditions.

The global experimental setup connecting the mlebemical cell and its potentiostat
on one side and the ICP-AES bloc on the otherisidbown in Figure II. 9.

To fit in the electrochemical cell, the sample mh@ve at least two flat and parallel
surfaces and a 10x20 mrdimensions for the dissolved surface. The surfadee dissolved
of the sample is pressed against the hole of tve $blution chamber with a hydraulic piston.
A rubber joint is placed around the solution chantim®@e to avoid air or solution leaks during
solution pumping. The contact between the soluaod the sample surface is made on a
5x15mnf surface. A thin and small metallic sheet is plabetiveen the polished surface of
the sample and the hydraulic piston; it is conretbethe working electrode wire with pincers
to ensure the electrical contact with the potetaios

Before placing the different electrodes in theimpartments, the system is purged
with the electrolyte to remove contaminations. Th&rence and auxiliary electrodes are
immerged in the compartment separated from thetiealfiow chamber by a semi selective
membrane to avoid metallic cations contaminatioAsby-pass is used to diverse the

electrolyte flow from the cell while placing thensgle.

Electrochemical flow cell Monochromator _
(three electrode 1 element
V =0.2ml) Cyclonic
re nebulization $
chamber i hv
PAR M273A !
Potentiostat

5o - )
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s} ¢+ 1 vhy

! oo ! 1 \
. Y VvV
A=05cm k Polychromator |
) \ 16 elements
0°%o membrane
o
0% Rapid Electronics 12 bit ADC
SR >5Hz/ channel
Electrolyte Peristaltic v Simultaneous
Pump / \
f =2 ml/min Dissolution
Rate X
Y

Atomic Emission
Spectro-Electrochemistry

\_ | e

Rate = f C=fk I(-)°

Figure II. 9: ICP-AES experimental setup inspired from [116]
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The ICP-AES allows the multi-element analysis ie #ectrolyte downstream from
the dissolution cell, but in the present case dhly iron and silicon concentrations were
followed. The spectrometer is a commercial setfgpnfJobin-Yvon, Inc. (JY ULTIMA 2)
using an argon plasma source consisting of a 40,MHxV inductively coupled plasma, into
which the electrolyte sample is continuously aspirln the flow cell used, the working
electrode of the electrochemical cell is in an amosimall compartment (0.2 mL of
electrolyte), which is separated by a membrane faonadjacent compartment containing the
reference and counter electrodes. The electrolgsses through the cell with a flow rate of
about 2.5-3 mL/min and the iron and silicon composiof the electrolyte is measured in real
time. Previous calibration of the set-up allowed #stablishment of the relationship between
dissolution rate and concentration, taking intocact the time resolution of the hydraulic
system.

In the ICP-AES software iron and silicon were &osas monitored elements.
Solutions at three well defined concentrationsaafreelement are passed with a fixed debit in
ICP to obtain the correlation between the AES isitgnunit and the corresponding mass or
mole numbers units. The electrochemical data confrogn the potentiostat are also
transformed into AES intensities expressed with AdelSitrary units. The same procedure is
followed for the potential and current by using amuny cell in potentiostatic and
galvanostatic modes.

Two sequences were programmed in the ICP-AES aodtwiving different curves
after data treatment with a Macro spreadsheet.

- Open circuit potential: the total dissolution reeed without perturbation of scale
(Nee, g, E) = (1) (1. 29)

- Applied potential: reveals the effect of an apglpotential on the total dissolution rate
(Nee, NG, 1) = F(1) (11. 30)

Nee: number of mole of iron passed in the solution @hst.cm?)

nsi: number of mole of silicon passed in the solufimmol.s*.cm?)

E: open circuit potential (V/SCE)

I: Corrosion current at a fixed applied potentralX)

The ICP-AES gives the total dissolution rate othealement. The comparison
between these values and the corrosion currenesabbtained by Tafel method gives an

estimation of the electrochemical contribution ickfing at the corrosion potential.
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II. 5. Scale characterization after pickling and oer-pickling

After pickling or over-pickling tests in the eleathemical cell, the rotating electrode
is extracted from the acid solution, the sampleemmoved from the rotating electrode sample
holder, cleaned with ethanol to remove the aciditsm drop and remaining scale and put
under vacuum to protect the surface from dust anwspheric corrosion. In the ICP-AES
cell, the sample is removed from its lodge andfet the same treatment as for the one in the
electrochemical cell.

The sample surface was observed with a LEIGA40 SEM or ZeiSsUltra 55 SEM-
FEG after a low pressure carbon deposition treatmenfacilitate electrical charges
evacuation. A global first micro-graph is taken itentify the phases on the surface
corresponding to different pickling levels; the alistinguished with their brightness in the
SEM backscattered electrons mode. Then zooms dnzaw are performed to observe the
form and roughness of the surface with the secgnétectrons mode and identify its
composition with EDS.

For over-pickling tests done on polished steel@amat different temperatures and
applied potentials, an optical microscope and a2 ygewView”® interferometric microscope
observations were performed on over-pickled sudaafter increasing immersion times.
Sample surface is cleaned with ethanol after eeshand observed immediately in parts of
the surface to evaluate its roughness and morpholdge surface roughness data were
treated with a MoutainsM&pproTM® software. The results were presented as roughness
cartographies or parameters. Two roughness pareswedee chosen:

- Sq: the standard deviation of the height distributidthe surface.
- Sz:the average difference between the highest heggitand lowest valleys.
The evolution of these two parameters and the noesgh cartographies during over-pickling

were analysed to study the distribution and amgbditaf roughness.
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lll. Oxidation and scale characterization of silican alloyed

steels
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lll. 1. Introduction

In the hot strip mill process, steel surface iscontact with humid air at high
temperatures: from nearly 1200°C (reheating furhacenearly 700°C (coiling). At these
conditions an oxide layer called commonly “scale” formed. It is usually removed by
dissolution in an acid bath to recover a cleanlstadace. For non alloyed steels, scale is
mainly composed of iron oxides and dissolved easifyickling baths.

Some alloying elements such as Si, Mn, Al are dddesteel to reach high level of
mechanical properties like elasticity limit, strastrength, elongation, formability and crash
worthiness. These elements segregate at high tatopes towards the scale/metal interface
forming mixed oxides for silicon and aluminium alid solutions in scale for Mn [59, 61,
117]. The presence of these oxides in scale atiteadteel/metal interface affects the pickling
efficiency.

In this study, the focus is put on silicon effeat scale formation kinetics and
chemistry during oxidation at hot strip mill tematmres. Silicon is present in Alloyed High
Strength Steels (AHSS) to improve their mechanécal corrosion resistance, as well as in
electrical steels for improving the electrical stisity, which is an important property for
applications as the core material of electro-magrmsvices such as motors [5, 7, 9].

The elaboration of new silicon alloyed steel graded the difficulties to pickle them
triggered many recent studies on the effect otailion oxidation kinetics and final scale
morphology. Some of these studies proposed sonuatomn mechanisms for silicon alloyed
samples but were limited to medium silicon allogeddes and did not correspond completely
to the Hot Strip Mill conditions [12, 21, 37, 43)]4

According to Atkinson [35] and Adaclat al [36] silicon contained in steel is first
oxidized into silica which forms an interfacial slalyer between wistite and steel. The
internal oxidation of steel can be also observedl@particles inside the steel), especially for
the steel containing more than 0.3 wt.%Si. Genéus][ pointed out that scale adhesion is
lower on Si steels than in that of FeO on pure@iethe contrary, adhesion between silica or
fayalite and the substrate is strong: leading toiramreased difficulty to remove scale
containing silicate phases during pickling. Abovi’1°C, FeO-F£5i0, [54] eutectic melts
and infiltrates scale and steel grain boundariée. @enetration depth into the scale increases
with the Si content, while that into the substretieies slightly. The presence of liquid phase
improves the scale adhesion for steels containgsg than 0.5 wt.%Si, but for higher Si

contents (up to 1.5 wt.%) the tendency is inversed.
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In our study, temperature and humidity conditionsresponding to those in the hot
strip mill were applied on a medium and a highlicen alloyed steel grades to determine the

silicon effect on scale formation kinetics and ¢themistry of the resulting scale.

lll. 2. Steel substrate properties

Three grades with silicon contents 0.02 wt.%Si Q}iA.6 wt.%Si (Sil6) and 3.2
wt.%Si (Si32) were chosen, their chemical composits given in Table I11.1. Si00 is the low
carbon steel reference. Sil6 and Si32 are thenieiate and high silicon alloyed grades

respectively.

I1l. 3. Oxidation mechanisms

lll. 3. 1. Low carbon steel oxidation

I1l. 3. 1. 1. Oxidation kinetics

The mass gain per surface umitr{/S) of non-alloyed sample Si0O0 during oxidation in
15% humid air, at temperatures 900-1200°C is repgom Figure Ill. 1. For non-alloyed
sample SiO0 at all oxidation temperatures, scabsvr first follows a linear law (1) then a
parabolic law (2).

Mass gain laws can be described by following fomamsul

- First linear step:

(Am/S) =k t (1. 1)
- Parabolic step:
(Am/S)" =kt (1. 2)
Withn>1
_Q
ki =k,eR" (1. 3)

According to Arrhenius law (l1l. 3k is the kinetic constank(for the linear part and
ko for the parabolic part)Q is the activation energy aftlthe gas constant. The valueroin
the parabolic law varies from 1 to 2 during theeéinparabolic transition period before being

fixed to 2 after few minutes of oxidation.
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Figure 1ll. 1: Mass gain of SiO0 during oxidation in 15% humid @& temperatures 900-
1200°C.

Kinetics parameters for linear and parabolic paftsxidation of Si0O0 were evaluated
at the four tested temperatures. They are repamtd@ble IIl. 1 & andk, for the different
oxidation temperatures and silicon contents). OnAarnenius diagram representing the
variation of the linear and parabolic kinetics danss as a function of (1/T) on a logarithmic
scale, the slope of the regression straight liveggan estimation of the activation ene@y
for the linear and parabolic steps of oxidati@n= 54 kJ mof andQp = 144 kJ mof, as well
as the origin of the kinetics constakis= 2.4 x 18 mg cm”® min™ andky = 3.04 x 10mg

cm? min™.

(@)

T\Sample Si00 Sil6 Si32
900°C 8.50 4.69 1.60
1000°C 14.98 3.95 1.55
1100°C 19.13 1.88 1.50
1200°C 20.55 28.31 32.60

(b)

T\ Sample Si0O0 Sil6 Si32
900°C 10.50 7.18 1.50
1000°C 47.46 14.98 0.11
1100°C 88.00 84.58 0.09

1200°C 238.00 460.94 975.90

Table I1l. 1: Oxidation kinetics parameters: aYmg cm”min™) and (b)k, (mg® cmi* min'™).
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Linear and parabolic kinetics constants, as wesllttee resulting mass gain values
during oxidation in 15% humid air for non alloyetels, increase with temperature (Table
. 1)

I1l. 3. 1. 2. Oxidation mechanism

The first linear step, which takes some secondsesponds to the formation of
continuous iron oxide layer (scale) on the steefase, and then the scale growth is
decelerated in a transition regime to follow a pat@ law. This indicates that the oxidation
reaction is controlled by the diffusion of #ehrough the scale layer vacancies towards the

surface in contact with the oxidizing atmospher? [23, 48].
[ll. 3. 2. Effect of Silicon content on oxidation

lll. 3. 2. 1. Oxidation kinetics

The effect of intermediate content of silicon onssygain during oxidation of Sil16 in
the same temperature range 900-1200°C is showigund-Ill. 2. For oxidation temperatures
lower than 1100°C, the mass gain follows the ihltreear law but for a very short time, less
than 10 seconds, then stagnates during 30 secondsntinutes depending on oxidation
temperature. After this passivation period, thelesgaowth follows a parabolic law at all
temperatures. The mass gain of Sil6 at 1200°C shHogher values compared to lower
temperatures. The curve profile is also differethie passivation period has completely
disappeared and the linear then the parabolic siepkar to those of SiO0 are observed.

Oxidation kinetics parameters of Sil6 are reportedable Ill. 1. The intermediate
content of silicon reduces the initial linear camgs values compared to SiO0 at the same
oxidation temperatures except for 1200°C whereghdrik, is observed. The post passivation
period kinetics constati}, increases with increasing oxidation temperatures.

In Figure lll. 3, the high silicon content of Si32duces much longer passivation
periods especially at 1000°C and 1100°C in comparisith Sil6. This passivation effect
disappears at 1200°C.
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Figure lll. 3: Mass gain of Si32 during oxidation in 15% humid & temperatures 900-
1200°C (a) with a zoom on temperatures100°C (b).

The oxidation kinetics parameteks and especiallyk, for Si32 are significantly
affected by the long passivation period since thaiues are much lower compared to Sil6 at
1000°C and 1100°C. However, higherandk, values are observed for oxidation at 1200°C
(Table IIl. 1).

In Figure Ill. 4, the comparison of the final massn after 15 minutes of oxidation for
all tests, confirms the switching effect of incregssilicon content for temperatures higher

than 1100°C where the passivation is replaced lpcaaleration of oxidation.
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Figure Il . 4: Effect of Si content and temperature on fimalss change after oxidation in

15% humid air during 15 minutes.

The higher concentration of silicon and its randtistribution on steel surface and the
short oxidation time compared with experiments ftbum literature [1, 41] can explain the
random kinetics values in our case and the diffyctd calculate the activation energy.

I1l. 3. 2. 2. Oxidation mechanism

As it will be demonstrated in the Section lll.hetpassivation period is due to the
formation of a thin silica layer as Si is more proto oxidation than iron. This layer
dramatically slows down the diffusion of Fetowards the surface in contact with the
oxidizing atmosphere [33, 49]. This effect incresagath silicon content and temperatures
between 950°C and 1100°C favourable for silica. f#seilting scale is thin but rich in SO

The oxidation passivation effect disappears at 120this is due to the formation of a
Wastite-Fayalite eutectic at temperatures highanthl77°C [54]. This melting phase favours
the diffusion of iron ions to the external oxidigimtmosphere and oxygen to the interface,
accelerating the external and internal oxidatioilesdl]. The diffusion coefficients of iron
and oxygen in the liquid oxides {Din molten FeO-Si@around 8 x 18 cn? s * at 1250°C
[53], Do (or Deo) in liquid iron oxides around 2.5 x $@&nf s* at 1400°C and 3 x 10cn? st
at 1615°C [31, 32]) are higher by several ordermagnitude than the diffusion coefficients
in the solid silicon oxide (R in silica around 1.5 x I cn? st at 1100°C [1, 52]).
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lll. 4. Scale characterization

lll. 4. 1. Low carbon steel scale properties

In the oxidation conditions of this study, the déag non alloyed steel (Si00) scale is
homogenous and essentially composed of a wisyiée taovered by a magnetite thinner layer
(Figure 1ll. 5a). Below 570°C wiuistite is unstable:transforms into iron and magnetite
eutectoid. However, this transformation enableg/ Vew cooling rates. Considering a post
oxidation cooling speed of about 40 °C him all experiments of this study, the wistite
transformation can be assumed for low part ofesealume, which is not clearly visible on

SEM even at high magnification [19, 58].
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Figure Ill. 5: (a) Cross-section SEM micrograph of Si00 afteidation at 850°C in 15%
humid air during 15 minutes with (b) Raman spectrats scale phases: hematite external

surface, magnetite layer and wustite layer.

Si00 scale layers and their Raman spectra aremsesan Figure Ill. 5b. On the scale
top surface, Raman analysis reveals the presere@@iatite layer with intense peaks at 220
cm*and 290 cnt and 410 cnf, as well as small peaks at 500 and 610 .chis layer is very
thin and not visible on SEM micrograph of the saangross-section. Raman characterizations
performed on cross-section do not distinguish blearagnetite from wustite. The Raman
spectrum provided on external layer corresponds toethe spectrum of magnetite ¢&r)
with characteristic peaks at 310 ¢n540 cni* and 670 cnl. Wiistite phase (FeO) is cubic
and should not be visible on Raman spectra. Howevpeak at 660-670 ¢hwas observed
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during Raman analyses on the internal layer [129].1This peak could be attributed to the
presence of vacancies in the wustite microstrucfwigstite Fe.O with relatively largex
variation according to the phase diagram [19]) artipl wistite transformation during
cooling into Fe + F©, eutectoid (presence of magnetite areas).

EDS analyses gives the chemical composition ofdtvecarbon steel scale layers. The
external and internal layers compositions are ctodegO, and FeO respectively (Table III.

2).
Element (at. %) Phase
Magnetite Wdstite Fayalite
Fe 43.6 49.4 35.0
O 56.4 50.6 48.9
Si 16.1

Table Ill. 2: Chemical composition of scale phases with EDS

The presence of the two external layers with irgid@tion degrees higher than that of
wustite comes from the continuous oxidation of ichfiusing through lattice vacancies and
the presence of oxygen at high concentration irothier scale layers [57].

The increase in the oxidation temperature and murahcreases the scale thickness.
For very high oxidation temperatures and duratiangap appears at the scale/metal interface
due to the difference of dilatation coefficientsstéel and scale limiting the diffusion of iron
to form waustite. This leads to the formation ofckker magnetite and hematite layers above
wustite [23, 41].

lll. 4. 2. Silicon steel scales properties

As for the scale growth kinetics, the scale morpgylfor silicon alloyed steels is very
dependent on silicon content and oxidation tempesat

For Sil6 grade, wustite and magnetite layers sindahose of SiO0 are observed as
external layers. Between steel and wdstite, arrnatesub-layer composed of silicon-iron
oxides appears. The morphology of this phase depemdxidation temperature (Figure 1ll. 6
and Figure 1ll. 7).
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Figure Ill. 6: (a) Cross-section SEM micrograph of Si16 oxidiz¢d.100°C in 15% humid

air during 15 minutes with a zoom on fayalite-wiiisimixture layer. (b) Raman spectrum of

fayalite grains in wustite.

According to Raman and SEM analyses, between 980UC~1177°C (melting point
of FeO + FgSiO, eutectic) grains of fayalite appear in the wigtiirix of the internal layer.
Fayalite is clearly detected by Raman spectrometigy to its characteristic double peak at
810 and 840 cih(Figure l1I. 6) [120, 121].
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Figure Ill. 7: (a) Cross-section SEM micrograph of Si16 oxidiz¢d200°C in 15% humid
air during 1 minute with a zoom on fayalite lay@y) Raman spectrum of fayalite layer with

small wistite grains.

Above 1180°C, a continuous layer of fayalite isexfssed at the steel/wdistite interface
with some infiltrations at the grain boundariesstdel and wustite layer (Figure Ill. 7). This
layer is formed at the melting of FeO +,58), eutectic at these temperatures. Some wustite

small grains appear in the fayalite layer (Figute7l). For long oxidation times, the presence
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of the thick fayalite layer leads to break-downtla steel/scale interface due to volume
shrinkage during solidification and thermo mechahstresses.

EDS analysis on fayalite zones of the internal lay@nfirms Raman spectroscopy
results. Iron, oxygen and silicon respective atomaitos in the iron-silicon oxide phase
correspond to fayalite E8IO, (Table lll. 2).

FeO

FeO-Fe,Si0,

Steel

Figure 1ll. 8: Cross-section SEM micrograph of Si32 oxidized HHA®C in 15% humid air

during 15 minutes.

For Si32 sample, the long passivation period oleskat 1000°C and 1100°C during
scale growth produces discontinuous scale compotéslands surrounded by a very thin
passivating layer. The islands are composed ofxéerreal curved wustite and an internal
curved waustite matrix containing fayalite grainsg{ie Ill. 8). These islands can be formed
after local rupture of the barrier layer and enleahton diffusion through defects or film
grain boundaries [41].

To determine the nature of the passivation lay&S>analysis were performed on the
Si32 sample oxidized at 1100°C during 2 min cormesiing to the beginning of passivating
regime (Figure Ill. 9). XPS survey spectrum perfednat 45° from spectrometer axis
indicates the presence of iron, silicon, manganesggen and carbon at the sample surface
(Figure 111. 9a). On oxygen (O1s) high resolutigmestrum silicon oxide of SiOtype and
hydroxide phases are clearly distinguished (FidlireQb). The iron and manganese oxides
are also present on the sample surface, they aealesl by a peak at 529.5 eV in Figure llI.
9b. The silicon (Si2p) high resolution spectrumg(Ke Ill. 9c) reveals three elementary
components: two different oxide phases containiligps and a metallic form of silicon. The
first one of the oxide phases corresponds typidallthe SiQ [122] whereas the second one
can be attributed to Si(x<2) or fayalite (Fg5iOy).
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Figure 1ll. 9: XPS analysis of Si32 sample surface after 2 minotescidation at 1100°C
15% humid air: 45° survey (a), high resolution X§fectra of O 1s (b) and Si 2p (c).

XPS results are confirmed by SEM observations amgefA microanalysis of the
sample surface (Figure Ill. 10). Auger spectraqrened in differentiated mode show silicon
enrichment in smooth areas of the sample surfaoesmonding to the presence of silicon
oxide film (Si peak at 1619 eV and O peak at 505re¥ig. Ill. 10b). The presence of iron
oxides can be seen on the surface of islands ifffetttransition at 598, 651 and 703 eV and
O peak at 505 eV in Fig. Ill. 10c). These results m good agreement with the XPS
conclusions suggesting the presence of a &@er at the surface in smooth areas between
iron oxide islands. This also corroborates the olamns made in the kinetics study
concerning the silicon oxide layer. Formed durihg first instants of oxidation, it slows
down the diffusion of iron and, consequently, theals growth (passivation period).
Nevertheless, the scale continues to grow duriegptssivation period, yet at a small rate, a

consequence of the low diffusion coefficient ofnira silicon oxide. This diffusion can occur
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at the SiQ layer defects such as grain boundaries leaditgetdormation of islands (Figure
[ll. 10a).
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Figure 1ll. 10: (a) SEM micrograph of Si32 sample surface afteni@utes of oxidation at
1100°C in 15% humid air with Auger spectra in diffietiated mode performed in (b) the
smooth areas of the surface and (c) on iron oxidads.

I1l. 5. Conclusions

Oxidation of low carbon steels follows a linear latthe beginning of oxidation then
a parabolic law after a transition period. All Kilkgparameters increase with temperature.

Scale of low carbon steel grade is composed ofettparallel sub-layers with
decreasing oxygen ratio toward the steel subsftféte hematite F©; outer layer is very thin
and observable only on sample surface. The magnatérmediate layer with a mixture of
Fe** and Fé'is thick enough to be observable in SEM cross-seatiicro-graphs. The main
scale sub-layer is wistite FeO. Below 570°C, Fe@rnistable and transforms partially or
completely into FgO, and Fe.

In steel oxidations at high temperatures (850-120@03 humid air (15% kD) during
a short time (15 min), the addition of high amauat silicon to steel (1.6 and 3.2 wt.%)
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slows down drastically the scale growth for tempees below 1177°C with the formation of
a silica sub-layer at the beginning of oxidation.

The passivation effect disappears with the fornmatb FeO-FgSiO, eutectic above
1177°C and the enhancement of?‘Fdiffusion. Silicon oxides are concentrated at the
metal/scale interface and their morphology depesmdthe oxidation temperature. Fayalite
grains in wustite matrix appear between 900°C &@DiC and continuous layer of fayalite-
wustite eutectic above 1177°C. For silicon contin8.2 wt.% the passivation effect is so

high that the resulting scale is discontinuous vgthnds surrounded by a silica layer.
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IV. Pickling and over-pickling mechanisms of low

carbon steel.
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IV. 1. Introduction

Since the literature review showed that iron oxdigsolution in acid solutions is
simultaneously a chemical and an electrochemicacgss [98, 100-102], experimental
methods which allow the two mechanisms to be djsished have to be found. While
electrochemical methods provide information on thge of electrochemical dissolution,
additional analytical techniques are necessary dterthine the total dissolution rate. In
reference [100, 101], in situ X-ray absorption redge spectroscopy (XANES) was used
simultaneously with electrochemical methods on lsgtit oxide to determine the nature of
the dissolution reaction, leading to the conclugiwet dissolution of hematite and magnetite
is mainly chemical in the anodic potential ranged d@hat electrochemical dissolution of
magnetite has to be taken into account in the dath@nge. Inductively coupled plasma-
atomic (or optical) emission spectroscopy (ICP-A&SICP-OES) has been shown to be a
useful method for the in situ determination of miatedissolution, using solution analysis in a
flow cell [114, 115]. A similar approach was usedhe present work on oxide layers grown
on a steel substrate. Electrochemical methods ascholarization curves and impedance
spectrometry were applied to estimate the rateledftechemical dissolution, whereas the
overall rate of iron dissolution in the pickling lstion was followed in situ, using an
analytical set-up composed of an inductively codgiasma optical emission spectrometer
(ICP-OES) placed downstream from the electrochdrfima.

From the comparison between the electrochemicabllison rate and the rate of total
iron enrichment in the pickling bath, estimation tbe chemical dissolution rate will be
performed.

A model low carbon scale and soft pickling condisowere chosen to study the
pickling mechanism fundamentally. Then, an exploratof some oxidation and pickling
parameters similar to those present on indusinaklwill be done to correlate the proposed

pickling mechanism with the effect of these pararset

IV. 2. Model scale characteristics before pickling

Among the different model scales described in tdralpl, only the model steel scale
with a homogenous layered structure was studied.eé&sier modeling of the dissolution
mechanism. As shown previously, it is essentialbmposed of wustite covered by a
magnetite layer (Figure IV. 1) and an outer very thematite layer. The mean thickness of
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the scale was about 70 um. Below 570°C, wistiten@vn to be unstable and to transform
into iron and magnetite eutectoid. However, thesisformation needs very low cooling rates,
and, since in these experiments the cooling rateakaut 40 °C.mih it can be assumed that

this transformation only affected a small parthe scale volume (chapter III).

i il
. al

h"-“ = PRickling

e glrectlon 1 FeO

185 ] Fe

Figure IV. 1: Cross-section SEM micrograph of Si00 model saéler oxidation at 850°C in

air with 15% relative humidity during 15 minutes.

The low carbon steel model scale will be caB@0-model scalen this chapter. The
phases in contact with acid during pickling will thee hematite, the magnetite and the partly
decomposed “wiustite”, containing wustite, magnetited iron and at the end the steel

substrate starting over-pickling.
IV. 3. Electrochemical dissolution of scale

IV. 3. 1. Corrosion potential Eor

From an experimental point of view, the corrosiatential of the sample during the
pickling process is easy to follow continuously eTitesults are given in Figure IV. 2. At the
beginning of immersion, the open circuit potenf@CP) was well defined and had a value of
about + 0.4 V/SCE. Such a positive value has atsmbreported for sputtered hematite and
magnetite and was attributed to a passive-like \ieha [101]. During the first 9 hours of
immersion, the OCP decreased to + 0.15 V/SCE ael itlcreased again to + 0.3 V/SCE.
This value was maintained for a period of 3 hoafser which an almost instantaneous jump
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was observed to a value of - 0.5 V/SCE, which aselto the OCP measured on bare steel in

the same electrolyte. After the jump the OCP kepiughly constant value.
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Figure IV. 2: Evolution of corrosion potential during scale disson in 1M HCI acid

solution at room temperature.

IV. 3. 2. Corrosion current l¢orr

IV. 3. 2. 1. Tafel curves

Potentiodynamic measurements were performed iratloglic and cathodic potential
ranges, showing a Tafel behaviour in the cathoalige. The corrosion current (1) could then
easily be determined by extrapolating log | to @@P.

Every 0.5 hour, current density-potential curvesenrecorded around the OCP, but in
a restricted potential range to avoid significamdification of the scale by polarization.
Three examples of these curves are given in Figlre. In addition, the current density-
potential curves for a steel electrode without exade also plotted as a reference, leading to

an estimate of 80 pA.chfor the corrosion current density(g= - 0.5 V/SCE).
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Figure 1V. 3: Current-potential curves (scan rate 1 mV/s) pbbttor different immersion

times (1.5 h, 11.5 h and 12.5h), for scale covaretiscale free steel electrodes.
IV. 3. 2. 2. Corrosion current evolution during scée dissolution

The corrosion current density determined from aurpotential curves is plotted as a
function of immersion time in Figure IV. 4. The oesponding OCP value is also reported,
and appears to vary similarly to the variationsegivn Figure 1V. 2. The differences between
the temporal evolutions of potential reported igufe 1V. 2 and Figure IV. 4 are likely to be
due to the perturbation of the sample by the pmddéion measurements imposed each 30
minutes for the corrosion current determination.

At the beginning of immersion, the corrosion cutrdensity was very low, with a
value of about 5xIOpA.cmi?. This low value is in agreement with the presesfce hematite
layer and with the value usually measured in tres@mce of a passive layer. The current
increases monotonically, up to the potential jumipiclv is observed after 12 hours. The
increase in the corrosion current density is likedybe linked to the decrease of the area
protected by the hematite and to the penetratioth@felectrolyte in the oxide layer. It is
noticeable that after 12 hours of immersion theasion current density reached a value of 1
mA.cmi? and kept about the same value after the potejutiap. This result is surprising,
because due to the potential jump of about 700 Iné\etectrochemical reactions are normally
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expected to be completely different before andrdfte potential jump. As shown in Figure
IV. 4, within a period of 12 hours of immersiongtborrosion current density increased by
more than 4 orders of magnitude passing from5tdQl mA.cn?.
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Figure 1V. 4: Evolution of corrosion potential and corrosionremt during scale dissolution
in HCI 2mol.L* at room temperature.

IV. 3. 3. Electrochemical Impedance Spectroscopy Bl
IV. 3. 3. 1. EIS diagrams

During the immersion period, the electrochemicapeatnce was measured at the
open-circuit potential every 15 minutes. A repréagve impedance spectrum, obtained after
15 minutes of immersion, is presented in Figure 3Mn Nyquist format. The shape of the
impedance diagram corresponds to a portion of aedepd semicircle. The lowest measured
frequency was fixed to 0.2 Hz to enable measureiethie impedance diagram in period less
than 2 minutes. This diagram was analyzed by usanoéquivalent circuit composed of a
resistor in parallel with a constant phase elen@?iE (inset of Figure 1IV. 5). The impedance

of the CPE is given by &g = (Q(j2rf)*)* wherea and Q (F &Y c¢cm? are the CPE
parameters.
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Figure IV. 5: Typical impedance diagram in Nyquist format meaduafter 15 minutes of
immersion of the sample in 1M HCI at the corrosmotential (400 mV/SCE). The inset

shows the equivalent-circuit used to analyze tleetspm
IV. 3. 3. 2. Evolution of charge transfer resistane R

Similar to the variation of the corrosion currenbwn in Figure IV. 4, the polarization
resistance varied by a few orders of magnitude ivithe immersion duration. For each
immersion time, the CPE parameters (Q ardand the polarization resistance (R) were
obtained by a regression procedure using the soEFtVMAD developed in LISE. The
inverse of the polarization resistancé'{Rs presented as a function of the immersion fime
Figure IV. 6. If the polarization resistance istasgd to be the charge transfer resistangg (R
then the product of the corrosion current and aharansfer resistance should be proportional
to the Tafel slopé, i.e., Rl¢or= p/2.303.

The comparison between the temporal variation.gf (Figure IV. 4) and that of R
shows some differences, since the charge transfestance varies over more than three
decades; whereas, the corrosion current densitgsvaver more than four decades. This
difference could be due to the fact that, accordimghe dissolution time, the reactions

involved in the different processes are different dhen the value of the Tafel slofe
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corresponding to the productlg,can vary with time. Nevertheless the variationra two

parameters shows the same tendency.
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Figure IV. 6: Temporal evolution of inverse of the charge tfansresistance R
(conductance) and the corresponding corrosion fiatefuring scale dissolution in 1M HCI

acid solution at room temperature.
IV. 3. 3. 3. Evolution of CPE parameters

The variation of parameters Q amére presented as a function of the immersion time
in Figure IV. 7. Thex values are in the range 0.8 to 0.9 within the tlomaof the experiment,
indicating that the CPE can be attributed to a cidggnace. Two domains are clearly observed
for the Q values: during the first 6 hours, Q hasteady value of about P0F.¢*.cm? a
jump was observed, after which Q had a roughly @mmsvalue of 18 F.€* .cm? until the
end of the experiment. According to Figure IV. Hde fump in Q occurs at the point in time
where the hematite layer is dissolved and the ntagriayer becomes predominant on the
sample surface. It is noticeable that no signific@rvariation is observed before and after the

potential jump at 12 hours.
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Figure IV. 7: Temporal evolution of regressed CPE parameterand Q during scale

dissolution in 1M HCI acid solution at room tempera.
IV. 3. 3. 4. Evolution of effective capacitance

According to the previous observations, the CPE swmeasl by impedance must
correspond to the capacitance of the hematite l&yet < 6 h, and to a double layer
capacitance for larger immersion time. For each ehade CPE analysis is different. In
presence of the hematite layer, the time-constettilalition is through the hematite layer,
and the power-law model described in chapter Il lsarapplied. When the hematite layer is
dissolved, an electrochemical dissolution of thgnedite and wiustite is assumed. In this case
the CPE corresponds to a double layer capacitamtéh& time constant distribution is along
the surface in agreement with the hypothesis ofBrformula [113].

For an immersion time smaller than about 6 houms, hematite layer is present
(Figure IV. 4 and Figure IV. 6), and, accordingth® power law model (chapter Il) the

effective capacitance C can be estimated from #g garameters with equation:

92



C =(eg,)" " 9Qp; “ (IV. 1)
The dielectric constant is known and has a value of 12 for hematite [123je

function g is easily calculated with the experinant value, and, following Orazem et al.
[110], a value of 50@.cm can be assigned for .

Thus, from the experimental values of Q andvalues for the capacitance can be
determined. The corresponding results are ptedein Figure IV. 8. The capacitance
increased from 10 F.cni® to 5x10° F.cm? Following equation (Il. 24), these capacitance
values correspond to a layer thickness which vdraa 100 nm to 20 nm. The small values

of film thickness can be used to explain why, ia 8EM micrograph presented in Figure IV.
1, the hematite layer cannot be observed.
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Figure IV. 8: Evolution of effective capacitance calculatedhwiihe power-law model [20]
for a normal time-constant distribution and withuBis model [22] for a surface time-

constant distribution during dissolution of scalelM HCI at room temperature.

For immersion times higher than 6 hours, the ham#dier is no longer present, and

the corresponding double layer capacitance wasuleadd by applying Brug’s formula
(chapter 11).
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The double layer capacitance varied from 6XE0cm? to 8x10* F.cmi? (Figure IV.
8). These values are very large, but, if we asstinaiethe solution penetrates inside the oxide
layer, the active area can be significantly inceea$o taking the usual value of 410.cm?
for the double layer capacitance, the real activéase would be ascertained to have been 15
to 50 times larger than the geometrical area. Téngporal evolution of the active area is in
agreement with the increase of the corrosion ctmensity value passing from 10 pA2€m

after 7 hours, to 1 mA.cfafter 12 h of immersion.
IV. 4. Total dissolution of scale

The dissolution rate of iron from the scale coveségel samples was measured by
ICP-AES during the pickling process, and the overatiation with time is shown in Figure
IV. 9. The evolution of the open-circuit potent{@(ICP)) was measured simultaneously. Its
evolution is in agreement with the evolution obserduring electrochemical measurements
(E(EC)), which is also reported in Figure IV. 9IE&®) had a very anodic value (about 0.4V)
at the beginning of the dissolution process, fo#dvby an abrupt drop towards - 0.5 V after
several hours. For easier comparison between etdamical results and ICP measurements,
a dimensionless timg;t, is reported on the abscissa of Figure IV. 9. Hefined as the ratio
between the elapsed time and the time corresportditige potential jump. Moreover, from
the corrosion current densities reported in Fig¥te4 the electrochemical dissolution rate
calculated using Faraday'’s law (taking one elecasra first approximation) is also reported

for comparison with the total rate of iron dissa@uat
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Figure IV. 9: Comparison between the total scale dissolutide (BR) measured by ICP-

AES and the electrochemical dissolution rate in H®1 solution at room temperature.

At the beginning of pickling the total dissolutioate is very high compared to the
electrochemical dissolution then the ratio betwdentwo rates decreases while approaching
the potential jump. The total dissolution rate éeses faster after the potential jump but

remains above the electrochemical dissolutionwatte few gap units.
IV. 5. Pickling and over-pickling mechanisms

IV. 5. 1. Pickling thermodynamics

Pickling and over-pickling of low carbon steelassimilated to the dissolution of iron
oxides and iron in an acid medium. The thermodyraraf this dissolution is studied with an
E-pH or Pourbaix diagram where the different phadehe system are located according to
their stability in potential and pH zones. The bdames between the stability zones are

plotted with Pourbaix’s data on iron system in w§14] and presented in Figure 1V. 10.

95



1,2

|
|
|
08 :
L |
0.6 L Fe,0;
04 - N

E)
/

002 - ~

E (VIS
=
=
+
-
R,
+
/
/
/

02 ~
04 AN

'0,6 B N : F9304
08 | TS FeO

_1 ,2 | | | | | | |

Figure IV. 10: E-pH diagram of iron system and protons in waterording to Pourbaix’s
data [124].

The potential in E-pH diagram of Figure IV. 10 a®pressed versus the SCE to
simplify their comparison with the corrosion potahtvalues during pickling and over-
pickling. In general, the corrosion potential ilckhng conditions (0.4 to -0.5 V/SCE) is in
the stability zone of P&, this means only that this cation is the mostrttoetynamically

stable specie in the pickling bath.
IV. 5. 2. Pickling steps and reactions

During the early stages of immersion, the OCP vbasi80.4 V/SCE and the corrosion
current density was very low, i.e., 54lA.cm®. The Raman spectra suggest that the oxide
layer at this stage was coated by a very thin layérematite. In agreement with the positive
value of the OCP and the low value of the corrossarrent, the hematite behaves like a
passivating layer, with field-assisted transfer iohs within the semiconducting non-
stoechimetric layer [101].

The existence of some cracks in the hematite Igadira contact between the solution
(HCI 1 mol.LY) and FeO, and/or FeO cannot be excluded, but, sinc®fFand FeO, layers
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have very close OCP potential values in acid swmhsti[101], the contribution of each
component cannot be determined. It clearly appkars Figure IV. 9 that at this stage of
pickling the hematite layer mainly dissolves byhemical process, with an electrochemical
contribution of 0.1%, in close agreement with tegults of Virtanen et al. [101].

During the first hours 4#,<1, the corrosion current density stayed at a \@nylevel,
whereas, the open-circuit potential and the ovéealthing rate were roughly constant. This
period of time could be characteristic of the vhaimng of the hematite layer due to chemical

dissolution according to
Fe,0, +6H" - 2Fe* (s +3H,0 (IV. 2)

After this period, the increase in the electrocteadissolution (Me) rate became
much more significant than that of total dissolnti@te (Va), the ratio betweenddViotar
passing from 1/1000 to 1/4 after a pickling timesd to §n = 1. Before &im, = 1, the corrosion
potential progressively decreases from 0.5 to Q.3iMultaneously with the increase of the
electrochemical dissolution of the remaining phas&seath hematite, mainly magnetite and
wistite. The overall leaching rate varied from 3%1@o 3x10° mol Fe & cm? for tgm
varying from 0 to 1, which is two orders of magdiuhigher than the value reported by
Virtanen et al. [101] for pure hematite and pureggneite, showing that the reactivity of the
present scale is different from that of pure oxides
Potential jump at tgim =1

At tgim =1, the huge potential jump from 0.3 V/SCE to43V/SCE indicates that the
electrochemical reactions involved before the jumodonger fix the corrosion potential value
after the jump. It is then necessary to proposedets of electrochemical equations, one set
for the anodic domain before the jump and oneféet.a

Before the jump, after dissolution of hematite, ldnger under consideration is mainly
composed of magnetite and wustite. As mentionediquely, wistite is unstable at room
temperature and is partly decomposed into ironraagnetite. At this anodic potential (0.3
V/SCE), the anodic dissolution of iron is very fémstt the quantity of iron is small. The
electrochemical reactivity of the layer must therefbe attributed to the electrochemical

oxidation of magnetite according to
Fe,0, +8H" - 3Fe* (ag +4H,0+1e" (IV. 3)

or to oxidation of wustite according to
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FeO+2H" - Fe*(ag +H,0+1e (IV. 4)

It has been suggested in the literature [101] qura sputtered magnetite layer that
dissolution of magnetite is mainly chemical andttbgidative dissolution is not likely to
occur. The main reaction leading to chemical digsmh of magnetite would then be

Fe,0, +8H" - 2Fe* (g + Fe* (g +4H,0 (IV. 5)

In the present work, the composition of the scaadath the hematite is a poorly-
defined mixture of magnetite, wustite, and ironc#in also be expected that this layer is
heterogeneous and defective and that the composdfothe scale/solution interface is
modified throughout the dissolution. Figure IV. ®ows clearly that chemical dissolution is
significantly favored as compared to the electrouical process, but this latter step cannot be
neglected and becomes significant after a few holpsckling. This observation is supported
by the interfacial capacitance value shown in Fegi. 8, which is in agreement with that of
a double layer capacitance.

For the cathodic reaction, the potential is toodan®o consider the proton reduction,
but, due to the parallel chemical dissolution & tixides layer, the solution contains FHens

which can be reduced to ¥e

Fes+(aq) +e - Fez+(aq) (lV 6)
IV. 5. 3. Over-pickling reactions

When the potential drop reaches the value of - WASCE, which is also thek:
value for bare iron in the acidic medium; the soluthas reached the metal. The anodic
reaction is then expected to be mainly iron didsmhu

Fe - Fe* (g +2e° (IV.7)
and the cathodic reaction is expected to be prignproton reduction, i.e.,
2H" +2e” - H, (IV. 8)

Nevertheless visual observation of the surfacdefsample shows that many spots of
oxide are still present on the electrode even fewrs after the potential jump, and Figure IV.
9 confirms that chemical dissolution still contriesi to the total dissolution.

Additional cathodic reactions should therefore basidered. According to references

[100, 102], reductive dissolution of magnetitelsoaexpected in this potential range:
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Fe,0, +2e” +8H* - 3Fe® (a +4H,0 (V. 9)

As before the potential drop the main cathodic tteacwas assumed to be the
reduction of F& ions coming from the chemical dissolution, therat this reaction should
be highly enhanced at this cathodic potential. Bate the contribution of the chemical
process to the overall mechanism is significanélgrdased, the concentration of Feear the
surface is expected to be lowered too. The drdstitease of the rate of chemical dissolution
can be attributed to the fact that the rate of@raeduction is faster than the rate of chemical
dissolution or to the fact that the production géliogen blocks the chemical dissolution of
the oxide. The dissolution of iron is exclusivelg@rochemical and produces stablé'Fa
this potential range.

The mechanism proposed above is in disagreeméhtti@ mechanisms proposed in
the literature where the electrochemical dissofutamrresponds to the reduction of iron
oxides by iron in micro-electrochemical cells iraciti/iron oxides in parallel with the
chemical dissolution of wustite [88, 89, 91].

These mechanisms are based on the galvanic cowgdlingn and its oxides, which is
probably a minor contribution and is not cohereithwhe high anodic corrosion potential
values during pickling. During over-pickling, theduction of protons is the dominant

reaction versus the reduction of magnetite.
IV. 6. Influence of some parameters on picking an@-P mechanism of LCS scales

The pickling and over-pickling mechanism descriladxbve concerns a model scale
with the three iron oxide layers in soft picklingnditions. These conditions allow the
monitoring of different pickling steps and giveudfgient time for their characterization.

To correlate the proposed mechanism with industealditions, a non exhaustive list
of oxidation and pickling parameters closer to stdal conditions is studied to evaluate their
effect on pickling mechanism and kinetics. The @sion potential evolution of low carbon
steel scale in some different pickling conditiospiesented in Figure IV. 11.

As the potential drop corresponds to the contaivtéren the acid and the metal and to
the start of over-pickling, the time needed to heievill be considered as the “pickling time”
at a first approximation and used to compare tfecebf oxidation and pickling conditions

on pickling time (see 8IV.6.1.).
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Figure IV. 11: Temporal evolution of corrosion potential duridgsolution of low carbon
steel scales in different conditions: (a) SiOO-matm@le with hematite outer layer in HCI 1
mol.L* at room temperature, (b) Si00-model scale witHueratite outer layer in HCI 1
mol.L™! at room temperature, (c) Si00-model scale witHueratite outer layer in HCI 3
mol.L'™! at room temperature, (d) Si00-model scale with &témouter layer in HCl 1 mol:L
at 50°C, (e) thin and cracked scale (similar taustdal black coil scale) in HCI 1 moliLat

room temperature
IV. 6. 1. Scale composition and morphology

IV. 6. 1. 1. Influence of hematite on pickling

The pickling times were compared at room tempeeatnrHC| 1 mol.L* between a
Si00-model scale with hematite and Si00-model sealbout hematite. The presence of a
hematite outer layer delays scale dissolution duéstpassive-like behavior. The electrolyte
must diffuse through micro-cracks of this layer@ach magnetite and wustite. Pickling time
without hematite is lowered up to 60% of the magt=le pickling time (Figure IV. 11a and
b).
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IV. 6. 1. 2. Pickling of an industrial scale

Industrial scale is thin and, cracked (Figure \2a)l Pickling time of this kind of

scale cannot be approximated by the corrosion patesfrop since this occurs immediately

after immersion in acid (Figure IV. 11e). ICP-AESmore adequate to monitor pickling of
this kind of sample (Figure 1V. 12b).
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Figure IV. 12: (a) Cross section micro-graph of the low carboelsigidized in the hot strip

mill (HSM). (b) Temporal evolution of iron dissolah rate and corrosion potential of a low
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carbon steel scale from the hot strip mill (HSMyl @npolished steel during dissolution in HCI

1 mol.L'* at room temperature.

For ahot strip mill (industrial) scale, the corrosion potential is negative immediately
after immersion in the acid. This means that oveklimg starts also immediately. Indeed,
pickling of black coils can be assimilated to awer-pickling with the electrochemical
mechanism implying the oxidation of steel and timuttaneous reduction of magnetite and
protons.

The pickling time for this kind of sample can bepagximated by the intersection
between the dissolution rate of iron from scale iaowl from the bare steel (1.4 hour in Figure
V. 12)

IV. 6. 2. Influence of acid concentration

The pickling times of two Si00-model scales withbetnatite were compared at room
temperature in HCl at two concentrations: 1 mol.and 3 mol..’. The pickling time
decreased when acid concentration increased bgter faf about 30 % (Figure IV. 11 b and

c). This confirms the accelerating effect of a loywkl of the solution.
IV. 6. 3. Influence of pickling bath temperature

The effect of temperature increase up to 50°C wgrsfieant on pickling time. Even
with the presence of the hematite passive layerpitkling time was reduced by almost 95 %
(Figure IV. 11 a and d). This is due to the highdiltration of the electrolyte (higher
diffusion coefficient) and the reduction of the iaation energy for all chemical and

electrochemical reactions when temperature incsease
IV. 6. 4. Influence of a cathodic applied potential

A cathodic potential was applied on the model scade its effect on pickling
mechanism was evaluated by simultaneous monitarinbe total dissolution rate of iron by
ICP-AES and the cathodic current density. (FigW#ell3).

The applied cathodic potential was about 250 mVemmgative than Jg; of iron (Esyp
= - 700 mV/SCE), in order to neglect the anodictieas.
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Figure IV. 13: Temporal evolution of total dissolution rate obn and cathodic current
density at an applied potential of - 700 mV/SCEHiGI 1 mol.L* at room temperature. Fe
(EC) and | (Hydrogen) curves are deduced from kgljacurve while | (Magnetite) curve is

deduced from Fe (Total) curve.

The total amount of iron measured by ICP-AES (Fetdl) in Figure IV. 13) at this
cathodic potential comes from the electrochemiedliction of hematite and magnetite phases
and from waustite and iron particles which are meatally detached and dissolved in the
solution. The cathodic current | (Total) comes fréime reduction of iron oxides and the
protons depending on the phase in contact witlatick

During the first 20 minutes of polarization, thehzadic current first increased up to a
peak at 8 mA.cih after nearly 10 minutes then decreased down tocal Iminimum at 3
mA.cm?. At the same time, the total dissolution raterofifirst followed the same tendency
by increasing up to 5 x 10mol s cmi? then decreased slightly. These similar tendermfies
the two curves in this period confirm the contribatof the reduction of iron oxides in scale
dissolution at cathodic potential.

After 20 minutes of immersion, the cathodic curremtreased again up to 1.5 x40
A.cm? and kept this value after 25 minutes of immersidh.the same time, the total
dissolution rate of iron increased again slightyyta 5 x 10° mol s' cm? after 25 minutes.

Unlike the stable cathodic current after 25 minutésmmersion, the total dissolution rate
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decreased slowly until the end of the experimehesg different tendencies imply the protons
reduction as a dominant cathodic reaction oncetie reached the metal after 20 minutes of
immersion.

The current density peak during the first 20 misukas attributed to the reduction of
iron oxides (mainly magnetite). The reduction obtpns was neglected in this period and
estimated by | (Hydrogen) curve in Figure IV. 13€eTcurrent density can then be converted
into moles of dissolved iron from magnetite redoictusing Faraday’s law (approximation of
1.5 Fe for 1§. The dissolution rate of iron attributed to maipeereduction increased up to
about 10° mol.s*.cm? after 10 minutes of immersion then decreased dawh 10’ mol.s
! cmi?after 20 minutes of immersion. Based on these galine contribution of the magnetite
reduction in the total dissolution rate of scalee@ from 1/5 to 1/9 after 10 and 20 minutes
of immersion respectively. At the applied cathodatential - 700 mV/SCE, the chemical
reactions were supposed to be blocked and domirmtélde reduction of magnetite. In this
case the non electrochemical contribution in sdisolution can only be attributed to the
mechanical detachment of wistite and iron partiofehe decomposed wustite or even some
magnetite particles which did not had the timeissalve.

After 20 minutes, the current density second ireeeand stabilization at 1.5 x 40
A.cm™ corresponds to the over-pickling period where dbi is in contact with the steel.
Neglected on the oxides surface, thereduction becomes dominant on steel surface which
explains the stable cathodic current during thisiope The slow decrease of the total
dissolution rate after the acid reaches the meaal attributed to the continuous dissolution of
the decomposed waustite by reduction of its magneidrticles. To estimate the cathodic
current due to magnetite, the EC/total dissolutiatio (1/9) at the pickling to over-pickling
transition at 20 minutes was taken as constantypjication of this ratio and Faraday’s law
on the total dissolution rate, the cathodic currdoke to magnetite was calculated (I
(Magnetite) in Figure 1V. 13). It represented tlmminuity of the cathodic current before the
starting of over-pickling and confirmed the decregsontribution of magnetite reduction in
the total cathodic current (nearly 1/1000 aftero8rs of immersion). The domination of the
electrochemical reactions especially the protorducton during over-pickling will be
confirmed in chapter 5.

In these pickling conditions, the pickling time che approximated by the local
minimum of the cathodic current after the first lpelie to the reduction of iron oxides. It

corresponds to 4% of the pickling time of the mosledle in soft pickling conditions. The
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cathodic potential is, so far, the most efficientkpng accelerator and at the same time a

method to protect steel from over-pickling.

IV. 7. Steel surface after pickling and over-picking

Steel surface was observed by SEM-EDS to idents#fychemical composition after
pickling and over-pickling. The optical interferomewas used to evaluate the effect of a

long over-pickling on steel surface roughness.
IV. 7. 1. Steel surface after insufficient picklirgy

Steel surface of a pickled sample was observed thigepotential drop to identify its

chemical composition (Figure 1V. 14).

wustite

Figure IV. 14: SEM micrograph of a low carbon steel surface gftekling in HCI 1M at

room temperature and at corrosion potentigk E - 0.45 V/SCE.

Even though the corrosion potential is negatiteglsurface is not completely pickled
since wistite covers part of this surface. Theasyon potential drop gives an approximation
of pickling time but does not indicate the end imkpng.

IV. 7. 2 Steel surface after long over-pickling:

The roughness change of polished Si00 steel wasdas with optical interferometry
(chapter 1l). The roughness is estimated by thethdey holes (negative) and heights of
summits (positive) relative to a medium plan okestaurface. They are expressed in um and

their intervals presented with colour codes cadpgies. Examples of steel surface optical
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micrographs at 2 different times of immersion in arid bath at room temperature and

pickling lines temperature (70°C) are presenteigure 1V. 15.
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Figure IV. 15: Optical micrographs (0.7 x 0.55 mm) and 3D rowgmscartographies of a
polished Si00 steel surface (grit 800) after dison in HCI 1 mol.L*: (a) before immersion
(b) after 10 minutes of immersion at room tempearmand (c) after 10 minutes of immersion
in a bath at 70°C (optical micrograph not available
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In addition to the surface cartography, two paramsetvere chosen to characterize the
surface roughness: Sz and Sq representing the hetght and average quadratic height
respectively. They are expressed in um and thalugen with over-pickling time and bath

temperature is presented in Figure 1V. 16.
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Figure IV. 16: Evolution of roughness parameters Sz and Sq &ftand 10 minutes of
dissolution Si00 polished (grit 800) in HCI 1 mot.L

On Si00 surface before dissolution, the polishiragds are visible (grit 800). The
roughness of this surface was taken as a refe(€igpare IV. 15a).

The surface observations and evolution of roughpasameters of Si00 steel surface
showed that the roughness increases significantly @aver-pickling time and temperature.
This can be due to absence of anti-corrosion altpy@lements and high corrosion rate at

grain boundaries.
IV. 8. Conclusions

In-situ ICP analyses of pickling solutions were fpened simultaneously with
electrochemical measurements on scales synthgtimladhined on low carbon steels in order

to determine the nature of the dissolution reastion
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It appears that dissolution of hematite is mainfychemical nature, whereas the
dissolution of magnetite and wustite is both cheinémd electrochemical.

A very positive open-circuit potential was measuredhe presence of hematite and
magnetite, but once the metallic substrate washezhdy the pickling solution, a huge
potential jump of more than 700 mV towards the @dit region was observed. Such a jump
is only possible if the nature of the determinirigceochemical reactions is drastically
modified.

Before the potential jump, at 0.4V, the main anodiaction was the oxidation of
magnetite and wistite and the main cathodic reaetias the reduction of ferric ions formed
by chemical dissolution. After the potential junap,- 0.45V, the proton reduction is assumed
to be the main cathodic reaction, whereas the twitaof the iron substrate is the main
anodic reaction. The reduction of ferric into fersaons must then become negligible, since
the rate of chemical dissolution of iron oxide igngficantly lowered in comparison with the
electrochemical dissolution.

A noticeable result in this work was to show thg kale played by ferric ions formed
in the pickling bath by chemical dissolution of haite and magnetite. They provide the
cathodic reaction enabling anodic dissolution o #tale, in a potential range in which
protons are not reduced.

For the scale model, the potential drop occurs kamaously with the dissolution
peak corresponding to a high dissolution rate af iirom the substrate at the transition time.
While industrial scales are thinner and cracke@, rlegative corrosion potential and the
dissolution peak are observed immediately at tlggninéng of pickling, this means that over-
picking starts simultaneously with pickling and tihejor part of scale is removed with over-
pickling.

Pickling is accelerated by many parameters. Theyramked by their lower pickling
times as follows: pH decrease, temperature increzbodic potential and scale cracking.
The cathodic potential application is the mostosfit parameter to accelerate pickling and

protect the metal from corrosion at the same time.
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V. Pickling and over-pickling mechanisms of high

silicon alloyed steel grades
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V. 1. Introduction

After oxidation in the hot strip mill, silicon oxé$ (silica and fayalite) concentrate at
the steel/scale interface in many forms; silican tlayer, fayalite grains in wustite, fayalite
layer and infiltrations and silica internal oxidatigrains in steel substrate (chapter IlI).

The upper iron oxide layer dissolves easily in silzas pickling baths but the low
solubility of silicon oxides present at the stesdls interface increases the pickling time. In
the case of fayalite infiltrations and high intdrridation, a long over-pickling step is
necessary to suppress fayalite and oxides at #ia goundaries. In HCI media, the addition
of nitric acid induces a more reactive bath towatds metallic surface. The addition of HF
acid increases the pickling efficiency without easing the metal dissolution, due to its
efficiency to dissolve silicon oxides [80, 89, 1035].

No pickling mechanism of silicon steels was foundthe literature. Only empirical
studies were done on industrial scales of siliceels to evaluate the pickling time and to
explore different conditions to remove the fayafitease.

In this study, two model scales of high silicorog#id steels with two different fayalite
morphologies were chosen to model pickling mectmanes silicon alloyed steels in soft
conditions.

As for the low carbon steel scale, a comparisoim@fdissolution mechanism of model

scales with industrial scales in pickling line caiwhs will be presented.

V. 2. Model scale characteristics before pickling

As seen in chapter lll, scale morphologies ofceili steels depend on oxidation
temperature. Two scales with different morphologmsned at two different temperatures
were chosen as model scales for a 1.6 wt% Si 3&kd).

Scale formed at 1100°C is composed of three paraljers: a magnetite layer, a
decomposed wustite layer and an internal layer osegh of fayalite grains in a wustite
matrix (Figure V. 1). The total thickness of theae is about 280 pm.

The hematite outer layer is absent in this scadketlh@ magnetite and wiustite layers are
thicker after 15 min of oxidation, their thicknesss estimated to around 25 and 200 pm
respectively versus 7 and 70 um, in comparison $f®-model scale sample (section IV. 2).

The newly formed fayalite-wustite layer has a thiegs of about 55 um. The higher thickness
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of iron oxides was attributed to the higher oxidatiemperature (1100 °C versus 850 °C
during 15 minutes).

The sample will be calle8il16-fayalite grainsin this chapter.

Figure V. 1. Cross-section SEM micrograph of the steel sarafikr oxidation at 1100°C in
air with 15% relative humidity during 15 minutes.

Sil6 scale formed at 1200°C is composed of threallphlayers: a wistite layer, a
fayalite internal layer containing wuistite smalligis and a layer with fayalite infiltrations
into the steel substrate (Figure V. 2). The tdialkness of this scale is about 530 pm.

As for the previous sample (Sil6-fayalite grait®matite was absent at the top of the
scale layer. But in the present case no magnetiegraal layer was obvious. After 1 min of
oxidation the wustite layer has a thickness of a@0 yum; this higher value is due to the
enhanced iron diffusion through the melted fayaitestite eutectic (Figure 1. 7). Another
important difference between the two samples isntbephology of the fayalite phase: there
are grains embedded in wistite for the Sil6-fagaiains sample, and a continuous layer in
the present case with a thickness of about 100 pum.

This sample will be calle8i16-fayalite layerin this chapter

For the two samples, the “wistite” phase is a me&f wistite, and iron + magnetite
eutectoid due to wistite transformation below 57QF@ure 1. 9 and Chapter l1ll), but for

simplicity it will be called “wustite” in this thes report.
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Figure V. 2. Cross-section SEM micrograph of the steel sarafier oxidation at 1200°C in
air with 15% relative humidity during 1 minute.

V. 3. Electrochemistry of scale dissolution

The electrochemical behaviour @il6-fayalite grains and Sil6-fayalite layer
samples will be presented and compared to a SiGfehszale without hematite outer layer
(Annex IIl) to have similar iron oxides outer lagdor the three samples.

V. 3. 1. Corrosion potential Eqrr

The corrosion potential evolution during picklingdaover-pickling of Si0O0-model
scale (reference sample without hematite), Sil@ifeey grains and Sil6-fayalite layer
samples (scale thicknesses in section V. 2.) avesiin Figure V. 3.

Sil6-fayalite grains

In Figure V. 3a, at the beginning of immersion, ttwrosion potential was well
defined and had a value of about + 0.3 V/SCE theled¢reases slowly until reaching + 0.15
V/SCE after nearly 3 hours. In comparison with Sm0del scale without hematite (Figure V.
3c¢), the Eor value is less positive in Sil6-fayalite grainslesathough the composition of the
oxide is the same (magnetite and waustite). At shégye, it is difficult to say whether this is
due to the formation of silicon oxides in the scadternal layer or to the different heat
treatments during the synthesis. The positive valas maintained for a period of 3.5 hours,
after which an almost instantaneous jump was obsetw a value of - 0.3 V/SCE, and then it

decreases slowly during 1.5 hour to reach a vafue®45 V/SCE close to the corrosion
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potential measured on bare steel in the same elgetr After nearly 5 hours the corrosion

potential kept a roughly constant value.
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Figure V. 3. Evolution of corrosion potential during scale dission in 1M HCI acid
solution at room temperature of (a) Sil6-fayaliteigs sample, (b) Sil6-fayalite layer sample

and (c) Si00-model scale without hematite outeedaample.

The slow decrease of the corrosion potential after jump, instead of the abrupt
decrease observed for the Si00-model scale sarkearé V. 3c) can be attributed to the
presence of fayalite grains in the intermediatedawhich delays the corrosion potential from
reaching the bare steel values after the potgntiap.

Sil6-fayalite layer

In Figure V. 3b, during the first 4 hours of immers the corrosion potential kept a
stable value at 0.2 V/SCE then starts to decrdasdysduring 30 minutes to a value of about
0 V/SCE where it oscillates during few minutes befdescending to - 0.35 V/SCE after 5
hours. A corrosion potential pseudo-plateau is nigskat this value during 2.5 hours before
decreasing to the bare steel potential - 0.45 V/&fi#t 8 hours of immersion.
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The potential pseudo-plateau observed after the jam0.35V/SCE can be attributed
to the presence of the continuous fayalite layeicwiacts like a passive layer and delays
significantly the potential from reaching the caimn potential value of the bare steel.

As mentioned previously, an obvious difference leetw Sil6-fayalite grains and
Sil6-fayalite layer samples is the presence infitlsé sample of a well defined magnetite
layer at the top of the scale. The progressiveotliiesn of magnetite can explain the
monotonous decrease ofoduring the first 3 hours, in comparison with tagér sample in
which E.rkeeps a roughly constant value during this timerddwoer, for Sil6-fayalite grains
sample, the time necessary for the solution tohréhe metallic substrate is lower than in
Sil6-fayalite layer sample, this can be attributethe lower scale thickness (280 pm and 530
pum respectively) and the presence of a wistiteixnatthe internal layer easier to dissolve in
comparision with a fayalite layer.

The main difference between the two samples israbdeafter the potential jump;
when fayalite grains are embedded in wustite, tbeengial decreases progressively before
reaching the k. value of the steel substrate. When fayalite ctute a continuous layer, a
potential plateau at - 0.35V/SCE is observed dut@vg hours, which delays significantly the
overall process.

The electrochemical reactions sets fixing the o potential at the successive scale

dissolution phase will be discussed later in thiapter.
V. 3. 2. Corrosion current density Lo

V. 3. 2. 1. Current-potential curves

As for Si00-model scale, potentiodynamic measureémevere performed in the
anodic and cathodic potential ranges on Sil6-feyagliains and Sil6-fayalite layer samples,
showing a Tafel behaviour in the cathodic rangee Thrrosion current {J,;) could then
easily be determined by extrapolating log | todlpen circuit potential.

Examples of current-potential curves of Sil6-fagaljrains and Sil6-fayalite layer
samples at different times of dissolution in HOMbI.L™ are presented in Figure V. 4 and
Figure V. 5 respectively.
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Figure V. 4. Current-potential curves (scan rate 1 mV/s) pbbfor different immersion times
(0.25 h, 0.75 h, 1 h, 1.5 h and 3.25 h), for Sidyafite grains sample and scale free steel

electrodes.

The form of the current-potential curves of Sil@dige grains and Sil6-fayalite layer
samples are similar to those of Si00-model scalinénsame potential range (Figure IV. 3).
Indeed, the three samples have in common the ctmdweiistite phase in contact with acid
and a steel substrate in which iron is the maimets.

The faster temporal evolutions of the discrete asian potential values reported in
Figures V. 4 and V. 5 in comparison with the comtins corrosion potential of Figure V. 3,
are likely to be due to the perturbation of the glarby the imposed polarization. This

potential scan is necessary for the corrosion ntidetermination by the Tafel method.
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Figure V. 5. Current-potential curves (scan rate 1 mV/s) pbbfor different immersion times
(0 h, 0.5 h, 1.25 h and 4.8 h), for Sil6-fayalétgdr sample and scale free steel electrodes.

V. 3. 2. 1. Evolution of the corrosion current denisy

The corrosion current density determined from qurpotential curves is plotted as a
function of immersion time for Sil6-fayalite graiasd Sil6-fayalite layer samples.
Sil6-fayalite grains sample

The corrosion current density determined from cqurpotential curves is plotted as a
function of immersion time in Figure V. 6. The asponding corrosion potential value is
also reported, and appears to vary similarly tovémations given in Figure V. 3. The shorter
period of the positive potential is likely to beedto the perturbation of the sample by the
polarization measurements imposed each 15 minatethé corrosion current determination
and a less cohesive or more decomposed wustiteeipresence of fayalite grains in the scale
internal layer. This accelerates the infiltratiordalissolution of the wistite to reach the steel
substrate.

At the beginning of immersion, the corrosion cutrdensity was very low, with a
value of about 0.2 mA.cfin agreement with a wiistite dissolution. The autriiecreases
monotonically, up to the potential jump which issebved after 0.7 hours. The increase in the

corrosion current density is likely to be linkedth@ increase of the active surface in a wistite
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porous electrode. After 0.7 hours of immersion, ¢berosion current density decreases by 2
units then reached a second peak after 1.5 hohranilue of 3.5 mA.cih After this second
peak the corrosion current decreases down to 0.EmiAand kept this value until the end of

the measurement.
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Figure V. 6: Evolution of corrosion potential and corrosion remt density during Sil6-

fayalite grains scale dissolution in HCI 1 mét.at room temperature.

The second current peak occurred while the polewts decreasing slowly which
was attributed to the presence of the wustite-feeyalrains internal layer. It was difficult to
say if this peak was attributed to an artefact esinnly one experiment was made and its
results treated or to a physical phenomenon. Herrdason, this second peak will not be
discussed.

This behaviour is different from the one observedSi00-model scale with hematite
outer layer (Figure IV. 4). The main differencepagr before and after the potential jump. At
first, the time needed to reach the potential jusypnuch lower in the Sil6 model scale
samples, indicating a less protective outer s¢ela for Si00-model scale. This observation is
in agreement with the lower value of the corrogpatential of Sil6 model scale samples in
comparison with the Si00-model scale without heteagsample (Figure V. 3). The second

difference is after the jump, the lower decreasethef corrosion current density in the
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presence of fayalite in comparison with Si00-maabelle. For Sil6-fayalite grains sample, the
corrosion current density decreased from 4 to 086cm™ during the 2 hours following the
jump (the second peak was not considered) (Figuré)\Wvhile it decreased from 8 to 0.3
mA.cnifor Si00-model scale samples (Figure V. 4).
Sil6-fayalite layer sample

The corrosion current density determined from qurpotential curves is plotted as a
function of immersion time in Figure V. 7. The asponding corrosion potential value is
also reported, and appears to vary similarly tovémations given in Figure V. 3. The shorter
period of the positive potential is likely to beedto the perturbation of the sample by the
polarization measurements imposed each 15 minatethé corrosion current determination

and a more fragile wstite layer above the fayatiternal layer.
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Figure V. 7: Evolution of corrosion potential and corrosionremt during Sil6-fayalite layer

scale dissolution in HCI 1 mollat room temperature.

At the first 0.5 hours of immersion the positiverrosion potential is close to 0.2
V/SCE and the corrosion current increases fromn@6cm? to a peak at 3 mA.cf This
corresponds to the dissolution of wistite in a perelectrode mode already observed for
Sil6-fayalite grains and Si0O0-model scale samples.

After the potential jump, the electrolyte is inntact with steel substrate through

micro-cracks in fayalite. The slow decrease of ¢berosion current occurs simultaneously
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with the pseudo plateau of the corrosion potemtiaing 3 hours. It can be attributed to a
decrease of the reactive surface by removal ofrémeaining wustite above the fayalite
internal layer.

The higher values of the corrosion current at lieginning of immersion of Sil6-
fayalite grains and Sil6-fayalite layer samplescamparison with Si00-model scale with
hematite and magnetite outer layers confirms theemassivating behavior of the scale in the
latter case. The increase of the corrosion curdenisity in the wistite phase of the three
samples is attributed to the high reactive surfpogous electrode behavior). The corrosion
current density peak is similar for the three sawmphnd corresponds to the high
electrochemical dissolution of the steel substeatthis high anodic potential, when the acid
reaches the metal. The high corrosion current gahfeer the potential jump confirm the

presence of wistite after this jump and the coerist of pickling and over-pickling.
V. 4. Total dissolution of scale

The dissolution rate of iron and silicon was ondjidwed for the Sil6-fayalite layer
sample using ICP-AES during the pickling procesy] the overall variation with time is
shown in Figure V. 8 . The evolution of the opercagit potential E (ICP) was measured
simultaneously. Its evolution is similar to the kimn observed during electrochemical
measurements E (EC), which is also reported inrEigt 8. E (ICP) had an anodic value
(about 0.2 VISCE) at the beginning of the dissolutprocess, followed by an abrupt drop
towards - 0.5 V/SCE after several hours. For easmnparison between electrochemical
results and ICP measurements, a dimensionlessdifie reported on the abscissa of Figure
V. 8. It is defined as the ratio between the eldps®e and the time corresponding to the
potential jump. Moreover, from the corrosion cutreensities reported in Figure V. 7, the
electrochemical dissolution rate calculated usiagaBay’s law (taking one electron as a first
approximation) is also reported for comparison i total dissolution rate of iron.

As for Si0O0O-Model scale, the method above will bsedi to evaluate the

electrochemical contribution in the total dissabatof scale.
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Figure V. 8: Comparison between the electrochemical and tosslotlition rates of Sil6-

fayalite layer sample measured by ICP-AES in 1 M Bfflution at room temperature.
V. 4. 1. Total dissolution rate (TDR)

During scale dissolution at the positive corrogomtential, the total dissolution rate of
iron increased to reach a peak at the potentig @ith a value of 300 pmoliscm?. After
the peak, the dissolution rate of iron decreaspllathen slowly with successive short time
peaks aftergn = 4.

The silicon dissolution rate follows a similar ewidbn with a delay due to the
dissolution first of the wistite layer. The disg@n peak of silicon is only reached after the
potential drop with a value of 1 pmot.sm? After the peak, the silicon dissolution rate
decreased slowly and shows also short time pe#dstaf = 4.

The dissolution peak of iron is attributed to théstite layer dissolution and the
silicon to the liberation of fayalite particlestime pickling bath. The slow decrease of the total
dissolution rate of iron and silicon can be attrdalito the continuous dissolution of the
remaining wustite and the removal of fayalite anistite particles (small peaks aftgpt 4).
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V. 4. 2. Electrochemical contribution in scale disdution

As fayalite is an insulating layer, its electrocheah dissolution was neglected. The
electrochemical dissolution of this sample concenamly iron oxides (wistite and magnetite
from wustite decomposition) and the steel substrate

An average ratio ae/viet = 1/4 was observed before the potential jump. Tai® is
similar to the one observed for Si00-model scakerafhe removal of its hematite and
magnetite layers (dissolved mainly chemically) dading the wustite dissolution just before
the potential jump. Since these outer layers asembin Sil6-fayalite layer, the 1/4 ratio
corresponds to the dissolution of the decomposestite@(present in both Sil6-fayalite layer
and Si00 model scale samples (see chapter V).

At the potential drop, p¢/vier ratio decreased to 1/10. At this stage, mechanical
detachment of wistite and fayalite particles caplax the increase in iron dissolution rate
detected by the ICP-AES when the acid reaches #talm

After the potential jump, the total dissolutionieralecreased faster in comparison with
the electrochemical rate making the/w ratio tend to 1 aftegt, = 3. This value shows that
when the acid is in contact with the steel substtae electrochemical process becomes
dominant in over-pickling but also in the dissabutiof the remaining oxides. These oxides
are dissolved electrochemically or removed as gdagti(small peaks) by corrosion of the steel
substrate.

The observations above confirmed the pickling meidm of wustite just before the
potential jump (chapter 1V). The presence of thiean peak showed that the fayalite layer is
not completely passive and continuous. It can ki#trated by the acid through micro-cracks

or the wistite small grains. It is liberated in thekling bath as small particles.

V. 5. Pickling and over-pickling (O-P) mechanism

As for the SiO0 model scale, the transition betweiekling and over-pickling will be
considered at the potential drop from positive égative values in the cases of Sil6-fayalite
grains and Sil6-fayalite layer samples, thoughiat $tage oxide layers are not completely

removed.
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V. 5. 1. Pickling steps and reactions

As the outer scale for both Sil6-fayalite grainsl &8i16-fayalite layer samples is
composed mainly of the decomposed waustite andléstrechemical and total dissolution
behaviour is similar to the one observed for SiOOdet scale after the removal of the
hematite and magnetite external layers, the pigklsteps and reactions during wistite
dissolution proposed in chapter IV can be applrethe present case.

Thechemical reactionsconcerngnagnetite

Fe,0, +8H" - 2Fe* (ag + F€* (aq +4H,0 (V. 1)
wustite:
FeO+2H" - +Fe” @y +H,0 (V. 2)
and alsofayalite but with a slow dissolution rate and before tlogd aeaches the steel
substrate:
Fe,SiO, +4H"* - 2Fe* +2Si0, +2H,0 (V. 3)
The positive corrosion potential is the resulthifanodic reactionsof magnetite
Fe,0, +8H" — 3Fe* (s +4H,0+1e™ (V. 4)
andwdstite:
FeO+2H" - Fe* (g +H,0+1e (V. 5)
and thecathodic reactionis the reduction ofe**:
Fe* (g +€ - Fe*(a (V. 6)

The dissolution mechanism of the internal layegeshds on its morphology
Sil6-fayalite grains sample

After dissolution of the magnetite and wistite Isyehe acid dissolves the wiistite
matrix of the internal layer and liberates the fagarains in the solution.

Sil6-fayalite layer sample
After dissolution of the outer wustite layer, theidainfiltrates the fayalite layer

through micro-cracks or wistite grains to reachstieel/scale interface.
V. 5. 2. Over-pickling steps and reactions

For both samples, when the acid reaches the intieryex/steel substrate interface, the
potential drop implies the same new set of elebiaucal reactions.

Theanodic reactionbecomes the corrosion iobn from the steel substrate:
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Fe —» Fe* (g +26e (V. 7)
And thecathodic reactionscorrespond to the reduction ldf on steel substrate only:
2H" +2e” - H, (V. 8)
andmagnetitefrom the remaining decomposed wistite:
Fe,O, +2e +8H" — 3Fe™ (s +4H,0 (V.9)

The over-pickling mechanism depends on the intday&r morphology.
Sil6-fayalite grains sample

When the acid reaches the steel substrate afteoldi®n of the wistite matrix, the
metal is corroded. At the same time, the remaimiigtite matrix continues its dissolution by
reduction of its magnetite. The low solubility ddyhlite grains delays the removal of the
intermediate layer.

If the reduction of protons is assumed to be oelstarface exclusively, the slow
decrease of the corrosion potential after the piaiglamp can be explained by the evolution
of the cathodic current (or surface) of magnetegesus the cathodic current (or steel surface)
of the protons. Indeed, the magnetite surface &bnazlic current of magnetite) decreases
slowly due to the presence of fayalite grains whilehe same time the steel surface (anodic
current of iron and cathodic current of protong)réases by removal of scale. The potential

stabilizes after removal of the major part of scale

Sil6-fayalite layer sample

When the acid reaches the steel substrate afittratibn of the fayalite layer through
micro-cracks and wustite small grains, the metabisoded. At the same time, the remaining
wustite above the fayalite layer continues its aisson by reduction of its magnetite
particles. The low solubility of fayalite layer dgk the removal of the intermediate layer.

As for the other sample, the reduction of protors @assumed to be on steel surface
exclusively. The pseudo plateau of the corrosicemital after the potential jump can also be
explained by the evolution of the cathodic currémt surface) of magnetite versus the
cathodic current (or steel surface) of the protadapted to the fayalite layer. Indeed, the
magnetite surface (or cathodic current of magnetitethe remaining upper wistite layer
decreases slowly while the low soluble fayaliteclagovers the major surface of steel (anodic
current of iron and cathodic current of protond)eTpotential stabilizes after removal of the
major part of the fayalite layer. Fayalite infilfians resist to pickling and reduce the reactive

surface for over-pickling for this sample.
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In comparison with Si00, two main differences arglenced:

- The oxide layer made of wiustite (and/or decomgaséstite) shows a higher reactivity in
the case of Si alloyed scale, even when fayaldéngrare embedded in the oxide.

- Once the electrolyte has reached the metal, piokting is necessary to remove
progressively the fayalite layer. According to Figw/. 8, the dissolution rate of Si is still
significant during over-pickling.

For all samples, when the acid is contact witm ioxides and fayalite phases only,
chemical and electrochemical reactions occur ame time acid reaches the steel substrate, the
remaining scale and steel substrate dissolutiorelestrochemical. Particles mechanical
detachment occurs during both pickling and ovekimg.

V. 6. Influence of some parameters on pickling an®-P mechanism
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Figure V. 9: Temporal evolution of corrosion potential duringslution of low carbon steel
scales in different conditions: (a) Sil6-fayaliteigs in HCl 1 mol.[* at room temperature
(b) Si-16 fayalite layer in HCI 1 molLat room temperature (c) Si16-fayalite grains inl HC
mol.L™*at room temperature (d) Si16-fayalite grains in HQhol.L'* at 50°C and (e) Si16-
fayalite layer in HCI 1 mol.t: at 50°C.
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The pickling and over-pickling mechanisms descrilabdve concern a model scale
with the fayalite grains or continuous layer intgmtkling conditions. These conditions allow
the monitoring of different pickling steps and efemough time for their characterization.

To correlate the proposed mechanism with industealditions, a non exhaustive list
of oxidation and pickling parameters closer to stdal conditions is studied to evaluate their
effect on pickling mechanism and kinetics. The easion potential evolution of Sil6 steel
scales in some different pickling conditions isgamted in Figure V. 9.

Due to the presence of fayalite at wustite/stetelrface, the “pickling time” for silicon
steels was chosen as the time needed to reachoth&sion potential of steel as a first

approximation.
V. 6. 1. Scale morphology and composition

V. 6. 1. 1. Influence of fayalite morphology

The pickling times at room temperature in HCI 1M &16-fayalite grains and Sil6-
fayalite layer samples were compared (Figure V.&hd b). In both cases, the presence of
fayalite delays the reaching of the corrosion piéérof the bare metal after the potential
jump in comparison with Si0O0 model scale (Figure3Y.For Sil6-fayalite layer sample, the
negative plateau after the potential jump takeslydlaree hours while a slow decrease of the
potential during nearly 1 hour after the potenjiahp is observed for Sil6-fayalite grains

sample.
V. 6. 1. 2. Behaviour of industrial scale

The evolution of the dissolution rates of iron asiticon of both industrial scales
formed in the hot strip mill (HSM) on a 1.8 wt.% @.003 wt.% C)steel and a Sil6 model
steel are reported in Figure V. 10.

A dissolution peak of both iron and silicon and egative corrosion potential are
observed immediately after immersion in the acitlisTconfirms that scale of industrial
samples is thin and cracked, and therefore the ickling starts immediately.

The intersection between the curves of the irosadigion from scale and from steel
corresponds to the time needed to remove the wiphiase. Similarly, the intersection
between the curves of the silicon dissolution frecale and from steel corresponds to the
time needed to remove the fayalite phase. Afterikersections the dissolution rate of the

steel substrate under scale is lower that of petistue to the presence of fayalite infiltrations.
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This can be due to a lower reactive surface of hagta showing a partially blocked electrode
behaviour or to the silicon depletion underneathlesto form silica and fayalite during

thermal oxidation.
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Figure V. 10 Temporal evolution of total iron and silicon diigtion rate and corrosion
potential of a 1.8 wt% Si (0.003 wt% C) steel istlial scale (HSM) and polished Sil6 steel
(model steel) during dissolution in HCI 1 mot.L

V. 6. 2. Influence of pickling bath temperature

For Sil6-fayalite grains sample, the comparisonthaf time needed to reach the
potential jump in HCI 1 mol.t at room temperature and 50 °C (Figure V. 9 b gnshdwed
that the pickling time decreased by nearly 80 dffh5 hours to 0.7 hours respectively.

The dissolution rate evolution of iron and silicohSi16-fayalite layer sample during
its dissolution in HCI 1 mol.tt at 50°C is reported in Figure V. 11.

For Sil6-fayalite layer, the comparison of the tinemded to reach the potential drop
and the dissolution peak of iron and silicon atnnaemperature (1.3 hour in Figure V. 8) and
at 50°C (0.5 hour in Figure V. 11), showed a desmeaaf pickling time of about 60 % in the
ICP-AES cell conditions. The dissolution rate peakues (0.5 and 0.3 pmot.sm? at 50°C
and 20 °C respectively) are similar at the two terafures.
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Figure V. 11 Temporal evolution of iron and silicon dissoluticates and corrosion potential

of Si16-fayalite layer sample during dissolutiorH@&! 1 mol.L* at 50°C.

V. 6. 3. Influence of acid concentration

For Sil6-fayalite grains, the comparison of theetineeded to reach the potential jump
at room temperature in HCI 1 and 3 mdl.(Figure V. 9 b and c) showed that the pickling
time decreased by nearly 63 % from 3.5 hours td&Bs respectively.

The evolution of the dissolution rates of iron ailccon of Sil6-fayalite layer during
its dissolution in HCI 3 mol.tt at room temperature is reported in Figure V. 12.

For Sil6-fayalite layer sample, the comparison leé time needed to reach the
potential drop and the dissolution peak of iron a&ilcton at room temperature in HCI 1
mol.L* (1.3 hour in Figure V. 8) and at room temperatiwreHCl 3 mol.L* (0.8 hour in
Figure V. 12), showed a decrease of pickling tinfiealoout 40 % in the ICP-AES cell
conditions.

As a conclusion, compared to the samples pickled@mn temperature and in HCI
1M, higher temperature and acid concentration dasereéhe time needed for the solution to
reach the metallic substrate, but the overall disgm rates do not seem to be affected by a

modification of these two factors in the conditiamighe present work.
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Figure V. 12 Temporal evolution of iron and silicon dissoluticates and corrosion potential

of Si16-fayalite layer sample during dissolutiorH&! 3 mol.L* at room temperature.

V. 7. Steel surface after pickling and over-picklig

Steel surface was observed by SEM-EDS to ident§fychemical composition after

pickling and over-pickling. The optical interferomewas used to evaluate the effect of a

long over-pickling on steel surface roughness.

V. 7. 1. Steel surface after insufficient pickling

Steel surface of a pickled Sil6-fayalite layer sknwas observed after the negative
potential plateau (Figure V. 3b) to identify itsechical composition (Figure V. 13). Even
though the corrosion potential is negative with ebateel values, steel surface is not
completely pickled since wistite and fayalite cevgart of this surface. The corrosion

potential drop gives an approximation of picklinghné but does not indicate the end of

pickling.
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Steel

Fayalite

1881m

Figure V. 13 SEM micrograph of Sil6-fayalite layer sample &aft® hours of pickling in
HCI 1M at corrosion potential Ecor = - 0.45 V/SCE.

V. 7. 2. Steel surface after over-pickling

As for SiO0 steel, the roughness change of poligfed seconds with a grit 800 to
remove the fayalite internal layer) Sil6-fayaliteydr sample was observed with optical
interferometry (chapter Il) to reveal the effecttloé fayalite infiltrations in the steel substrate
after few minutes of immersion in the acid. Thiang&e will be called Sil6-fayalite
infiltrations steel. Examples of Sil6-fayalite itrfations steel surface optical micrographs and
roughness cartographies at 2 different times of eémsion in an acid bath at room
temperature, pickling lines temperature (70°C) anddic potential are presented in Figure V.
14.

In addition to the surface cartography, two paramsetvere chosen to characterize the
surface roughness: Sz and Sq representing the Hetght and average quadratic height
respectively. They are expressed in um and thestugen with over-pickling time, bath

temperature and applied potential is presentedguaré V. 15.
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)

Figure V. 14 Examples of optical micrographs and roughness®geaphies of a polished
S16-fayalite surface (grit 800) after dissolutionHCI 1 mol.L*: (a) before immersion (b)

after 10 minutes of immersion at 70°C and (c) aftér minutes of immersion at room

temperature at anodic potential OV/SCE.
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Figure V. 15 Evolution of roughness parameters Sz and Sq &ftand 10 minutes of

dissolution of Si16-fayalite layer sample polist{gdt 800) in HCI 1 mol.r*

On Sil6-fayalite infiltrations steel surface befodissolution, the dark zones
corresponding to high fayalite infiltrations contration are visible. The roughness of this
surface was taken as a reference (Figure V. 14a).

The surface observations and evolution of roughmessameters of Sil6-fayalite
infiltrations steel surface (Figure V. 15) showdwhttthe roughness increases significantly
with over-pickling at room temperature. This candoe to the higher corrosion of the metal
zones (holes) and the very low dissolution of thgafite zones (heights). As for SiO0 steel,
the preferential corrosion at grains boundariesnietal zones can also contribute to the
roughness increase. The differences in roughnessngters values of the 3 samples before
immersion is due to the heterogeneity of theirarefdue to the fayalite infiltrations.

The roughness decreases slightly in the case kiimmcat 70 °C. This can be due to a
higher infiltration of the acid through fayalite catnigher corrosion rate of the surrounding
steel in this range of temperature. The removafaghlite particles can contribute to the
smoothening of the surface.

The roughness is almost constant at the 0 V/SCHiegppotential. This anodic
potential for iron was applied to accelerate therazion of iron surrounding the fayalite
infiltrations. Indeed, the surface after 10 minuig$righter which suppose the removal of
more iron-fayalite particles and keeping the samggihness. A similar roughness can also
come from less efficient dissolution at this apglpotential.
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V. 8. Conclusions

Iron oxides phases of silicon alloyed steel m@dales were crossed by the acid faster
than model scale of the low carbon steel even thdbgy had higher thickness. This was
attributed to a more fragile structure or wistiée@mposition due to the formation of fayalite
grains or internal layer.

The external scale layers composed essentiallyhef decomposed wiistite were
dissolved following the same mechanism of low carbteel scale model by holes widening
and removal of particles. The fayalite grains ie thternal layer were mechanically detached
in the solution by dissolution of the wiistite matThe fayalite layer was infiltrated slowly
by the acid through micro-cracks or wistite smadliigs and detached in the solution after a
long corrosion of the steel substrate.

Before the acid reaches the metal, magnetite argiite are dissolved chemically and
electrochemically. They represent the anodic reastiwhile reduction of B&coming from
the chemical dissolution of magnetite initially repents the cathodic reaction. Fayalite can
dissolve chemically but with a very low dissoluticaite. The electrochemical contribution
varied from 1/4 to 1/10 during scale dissolutiohislratio was similar to the one observed for
the wistite dissolution for the low carbon steeldeloscale since this phase is common in
both grades.

The dissolution of the remaining scale interngkfawith fayalite continues after the
acid reaches the metal but with a different medmaniThe magnetite switches to a cathodic
reaction in parallel with protons reduction whiletanodic reaction is the corrosion of the
steel substrate. The continuous reduction of magnahd the low steel substrate surface
available for protons reduction due to fayalite exing is responsible for the cathodic
intermediate potential after the jump.

The electrochemical dissolution becomes dominaritage steel corrosion potential.
This means that the cathodic potential indirecilycks the chemical reaction. The rest of
scale is removed by particles.

For industrial scales, the cathodic potentialasesved immediately after immersion in
the acid and is not affected by the presence afosil oxides since they are insulating.
Pickling of these samples is also essentially mlebemical. The use of electrochemical
methods to deal with the low soluble fayalite atedinfiltrations can therefore be a good
perspective for optimisation of pickling of silicateels.
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General Conclusion

The study of the mechanisms of pickling and oveklmg required synthesizing well
defined scales which reproduce industrial scaleslliysobtained on steel in a hot strip mill.
This was the aim of the first part of this work.flerent oxidizing conditions were applied
and the obtained scales were characterized usiMy BEman spectrometry, XPS and Auger
spectroscopies.

The main results on non alloyed carbon steels ooefi the mechanisms and scale
characteristics found in the literature. Scale dhofellows first linear then parabolic laws.
The linear step corresponds to the oxidation oflstarface and the parabolic to iron ions
oxidation after diffusion in scale. Model scaleslofv carbon steel grades are composed
mainly of iron oxides layers with increasing oxidat degree for iron: wistite (FeO),
magnetite (FgD,) and hematite (R®3). Wustite is unstable below 570°C, it transforms
partially into iron and magnetite eutectoid. Indiztscales are composed of thin and brittle
wustite due to mechanical pressure in the hot strip

For silicon alloyed steel grades, the presenceliobs is expected to slow down the
oxidation rate. In this work silicon contents betwel.6 and 3.2 wt.%, oxidation temperatures
between 850 and 1200°C and humidity of the oxidizatmosphere of 15% B were
explored. In comparison with non alloyed steels fresence of silicon introduces a
passivation period between the linear and paralstéips of scale growth. This passivation
period appeared for temperatures lower than 117aH€ disappeared at higher oxidation
temperatures. The passivation period is due tofdhmation of a silica thin layer with a
barrier effect for iron diffusion towards oxygerchi atmosphere, lowering the overall
dissolution rate. Silica can also appear in thel sebstrate, due to internal oxidation at grains
boundaries. The presence of silica phase duringjya®n period was confirmed in this work
by crossing different characterization methods. imroxidation, silica and wdstite are
transformed into fayalite E8iO, and form a fayalite-wistite internal layer. Abol&77°C,
molten fayalite enhances iron diffusion and oxidatiate, and after cooling forms an internal
layer with infiltrations in steel.

Silicon oxides or iron-silicon oxides were concated at the steel/scale interface and
their morphology was depending on the oxidationperature and time. Fayalite grains in
wustite matrix appeared between 900°C and 1100%cantinuous layer of fayalite-wustite

eutectic above 1177°C. For silicon content of 3t2mmthe passivation effect was so high that
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the resulting scale was discontinuous with islas@aposed of a wistite external layer and an
internal layer composed of grains of fayalite iastite matrix surrounded by a silica layer.

In the second part of this work, the pickling anempickling kinetics and reactions
were followed for three model scale samples obthate8350°C for the low carbon steel and at
1100°C and 1200°C for the silicon alloyed steeheinatite very thin outer layer was present
at the surface of the low carbon steel model soalg while wistite and magnetite were
common phases for all samples. Fayalite was preésdhe internal layer of silicon alloyed
samples as grains or continuous layer after oxadasit 1100°C and 1200°C respectively.
Industrial scales of similar steel grades were atslied. The electrolyte used was 1 M in
HCI (instead of 3M in industrial conditions) ancettemperature was 20°C (instead of 80-
90°C) in order to allow electrochemical measuremant reasonable time scale.

Pickling and over-pickling mechanisms in the litara were limited to low carbon
steels and were deduced from open circuit potemihles and microscopic observations of
scales at different stages of pickling. Accordintflg open circuit potential was positive and
stable during scale dissolution and dropped sicgmiily when the acid reached the steel
substrate. It is usually admitted that dissolutadrthe insulating scale is mainly chemical,
though a well defined open-circuit potential can immeasured from the beginning of
immersion in the pickling solution, indicating ame@rochemical contribution from the
beginning. To the best of our knowledge, it is tingt time that electrochemical dissolution
rates are measurad situ during the whole pickling process, using potenticamic and
impedance measurements.

In this study, combination of different electrocheah and real time quantification
methods, and the interpretation and correlatiothefdifferent results lead to richer and more
accurate description of pickling mechanisms of espntative models for industrial scales.
The corrosion potential values could be associat@td well identified electrochemical
reactions and the combination of ICP-AES and casrosurrent gave an estimation of the
contribution of electrochemical dissolution duripigkling and over-pickling.

From the different experiments, the following meubkans were suggested:
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Before the acid reached the steel substrgteimultaneously with the slow dissolution

of hematite, the main anodic reactions was theatids of magnetite (1) and wistite (2)
Fe,0, +8H" - 3Fe* (ag +4H,0+1e" (1)
FeO+2H" - Fe* g + H,0+1e (2)

and the main cathodic reaction was the reductiorienic ions (3) formed by chemical

dissolution of magnetite (4).
Fe* @y +€ - Fe* (g 3
The chemical dissolution of magnetite (4) and wagb) is maintained

Fe,0, +8H" - 2Fe* g + Fe* g +4H,0 (4)

FeO+2H"* - +Fe* (a9 +H,0 (5)
Chemical dissolution of fayalite can be also coesad, but this reaction is very slow

comparatively to the time of pickling experimengfprmed in this work:

Fe,SiO, +4H " - 2Fe® +2SiQ, +2H,0 (6)
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During this phase the protons are not reduced lt@n iron oxides but they are
consumed by the oxides dissolution according totieas (1), (2), (4), (5) and (6).

The external scale layers composed essentiallyhef decomposed wiistite were
dissolved following the same mechanism for low oarbteel by holes widening and removal
of particles. The fayalite grains in the internaldr were mechanically detached in the
solution by dissolution of the wistite matrix. Tfagalite layer was infiltrated slowly by the
acid through micro-cracks or wistite small graind detached in the solution simultaneously
with dissolution of the steel substrate.

Iron oxide phases of silicon alloyed steel modelex were crossed by the acid faster
than model scale of the low carbon steel, evenghdue latter had higher thickness. This
was attributed to a more fragile structure or wéstiecomposition due to the formation of
fayalite grains or internal layer

A noticeable result in this work was to show tleg kole played by ferric ions formed
in the pickling bath by chemical dissolution of heite and magnetite. They provide the
species for cathodic reaction enabling anodic tisism of the scale, in a potential range in
which protons are not reduced.

After the acid reached the steel substratethe proton (7) and magnetite (8)
reductions were assumed to be the main cathoditioes,

2H" +2e” - H, (7
Fe,0, +2e +8H" - 3Fe™ (s +4H,0 (8)
whereas the oxidation of the iron substrate (9) thasnain anodic reaction.
Fe » Fe* g +26 9)

The protons reduction occurred only on the stele$sate. The reduction of ferric into
ferrous ions must then become negligible, sincerdke of chemical dissolution of iron oxide
is significantly lowered in comparison with the @l®chemical dissolution.

The presence of fayalite as grains or thin layestegl/scale interface had an effect on
the continuous scale dissolution after the acidchred the steel substrate. Indeed, the
continuous reduction of magnetite and the low ssedistrate surface available for protons
reduction due to fayalite covering was respondiiéhe cathodic intermediate potential after
the jump.

A dissolution peak was observed when the acid exhcthe steel substrate,

simultaneously with the significant potential junihe electrochemical dissolution becomes
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dominant at bare steel corrosion potential. Thismsethat the cathodic potential indirectly
blocks the chemical reaction. The rest of scatensoved in form of particles.

Electrochemical impedance spectroscopy (EIS) wad t@ the first time as a method
to follow scale dissolution and gave more information scale characteristics at different
pickling and over-pickling times. According to E¥8sults, scale was described with an
electrochemical model composed of a Constant PEisment (CPE) in parallel with a
charge transfer resistance. The capacitance ofirtbelating hematite outer layer was
estimated by a Power-Law model, while a double rlayapacitance was measured on the
conductive magnetite and decomposed wustite. Touble layer capacitance was estimated
by Brug’'s model and their huge values allowed esfiing the real active surface of the
porous oxide.

The high corrosion current values calculated byagelTmethod confirmed the porous
electrode behaviour during dissolution of the degosed wustite observed with EIS.

The Tafel and EIS methods gave compatible resaoitshie evolution of the corrosion
current and the active surface but the EIS seente appropriate since its perturbation of the
solid/solution interface is very weak. It is wetlapted for in situ studies of slow corrosion
processes like pickling in soft conditions.

Pickling is accelerated by many parameters. Theyranked by their effect on the
decrease of pickling time as follows: pH decredsmperature increase, cathodic potential
and scale cracking. The cathodic potential apptinats the most efficient parameter to
accelerate pickling and protect the metal fromasion at the same time.

For the scale model, the potential drop occurs Banaously with the dissolution
peak corresponding to a high dissolution rate af iirom the substrate at the transition time.
While industrial scales are thinner and crackee, mlegative corrosion potential and the
dissolution peak are observed immediately at tlggnioéng of pickling, this means that over-
picking starts simultaneously with pickling and thejor part of scale is removed with over-
pickling. The use of electrochemical methods tol agth the low soluble fayalite and its

infiltrations can therefore be a good perspectoreoptimisation of pickling of silicon steels.
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Annex IlI

: | i Steel

Cross-section SEM micrograph of the Si00 steel $auaiper oxidation at 850°C in air with
15% relative humidity during 15 minute then fewaeaas of polishing to remove the hematite
outer layer.
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Résumé:

Les mécanismes d’oxydation, de décapage et supdgead’'un acier bas carbone est d’'un
acier fortement allié au silicium (1,6 et 3.2 %rmasse de silicium) ont été étudiés. Le suivi
de I'oxydation par thermogravimétrie et la carastdion de la calamine des aciers fortement
alliés au silicium a montré un effet tres marquadatpassivation de la couche de silice. Les
calamines des échantillons modeles sont composgesouches d’hématite, magnétite et
wustite partiellement décomposée en fer et magngtitr I'acier bas carbone. Pour I'acier au
silicium, la fayalite est présente a l'interfacdeabvistite sous forme de grains ou d’'une
couche interne. Le suivi du potentiel de circuived pendant le décapage et sur-décapage de
ces échantillons a montré un potentiel de corrostable et anodique pour les oxydes de fer
et une chute drastique de ce potentiel au conwatadide avec le métal. Le suivi du taux de
dissolution totale par ICP-AES combiné avec desumessde courant de corrosion par la
méthode de Tafel a montré une contribution impdetaie la dissolution électrochimique par
oxydation de la wiistite et la magnétite et réductle F&* issu de la dissolution chimique de
I’hématite et la magnétite. La fayalite est libédams la solution par dissolution de la wistite
ou du métal adjacents. Aprés le contact acide/netates les dissolutions sont exclusivement
électrochimiques par corrosion du métal et rédactie la magnétite (cas des calamines
industrielles). La spectroscopie d'impédance éettimique a été utilisée pour la premiére
fois pour ce type d’étude. L’estimation des valedescapacité a montré un comportement
pseudo passif pour la couche d’hématite et d’éédetiporeuse pour la wistite.

Mots-clés :

Acier au silicium, oxydation, décapage et sur-dagap ICP-AES, impédance

Abstract:

Oxidation, pickling and over-pickling mechanismsaofow carbon steel and a high alloyed
steel (1.6 and 3.2 wt.% Si) were investigated. Tmenitoring of oxidation with
thermogravimetry and characterization of scale gtba very important passivating effect of
the silica layer. Model scales are composed ofrtayd hematite, magnetite and partially
decomposed wdastite into iron and magnetite forltihve carbon steel. For the silicon steel,
fayalite is present in the steel/wustite interfasegrains or an internal layer. Open circuit
potential measurements during pickling and ovekipig of these samples showed a stable
and anodic corrosion potential for iron oxides ansignificant potential jump once the acid
reaches the metal. The monitoring of the totalalig®n rate with ICP-AES coupled with
corrosion current measurements with the Tafel ntetiowed an important contribution of
electrochemical dissolution by oxidation of wiistited magnetite and reduction of £&om
chemical dissolution of hematite. Fayalite is ldded in the solution by dissolution of the
surrounding waustite or metal. After the contactdéuietal, all dissolutions are exclusively
electrochemical by corrosion of the metal and rédacof magnetite (case for industrial
scales). Electrochemical impedance spectroscopyusea for the first time for this kind of
studies. The estimation of the capacitance vallesved a passive like behaviour for
hematite and a porous electrode one for wiistite.

Key-words:
Silicon steels, oxidation, pickling, over-pickling;P-AES, impedance.
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