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RESUMO

Este trabalho teve por objetivo identificar os mecanismos de dissolucdo de
carepas durante o processo de decapagem industrial de acos alto C, contendo
adicionalmente 1,5 % de Cr ou ndo. Foram determinadas as composicoes de
oxidos formados industrialmente e laboriatorialmente, assim como suas
morfologias e suas velocidades de dissolugdo em solucdes acidas e solucdes
neutras, contendo cloretos (sistema NaCIl-HCI). Para a caracterizacao
composicional e morfoldégica dos Oxidos foram empregadas as técnicas de
microscopia eletrénica de varredura e espectroscopia de energia dispersiva
(MEV/EDS) com analise quantitativa, espectroscopia Raman, difracao de raios-
X em angulos rasantes e espectroscopia fotoeletronica de raios-X (XPS). Para
o estudo do comportamento eletroquimico durante a decapagem foram
empregadas tanto técnicas macroscdpicas como microscépicas, isto €, com
resolucao lateral inferior a 1 mm. As técnicas macroscépicas abrangeram a
perda de massa em solugdo em tempo real, decapagem interrompida e
voltametria ciclica em meios de diferentes agressividades contendo CI. As
técnicas localizadas empregadas foram microcélula eletroquimica, varredura
com eletrodo vibratério (SVET) e microscopia eletroquimica de varredura
(SECM) com resolugao lateral micrométrica. Identificou-se o papel principal de
Feu.»O durante o processo de decapagem quimica em solugcdes de acido
cloridrico e os seus mecanismos de dissolugcdo quimica e eletroquimica,
levando a delaminacao da carepa. Foi verificado que, durante a decapagem, é
formado um par galvanico entre o Fe e Fe(1.,O e assim, altas densidades de
correntes anodicas ocorrem sobre a superficie do ago préxima a interface com
Feu-O, enquanto correntes catodicas sdo mais homogeneamente distribuidas
sobre toda a superficie do Fe(1.,O. Esta intensa dissolucdo de Fe contribui para
0 processo de decapagem que ocorre pela dissolugdo quimica da camada
interna de Fe(1xO, proxima a superficie do metal no qual o conteiudo de Fe é
maior, associada a dissolugao eletroquimica do Fe do aco.

Palavras-chave: Decapagem, SVET, SECM, Microcélula eletroquimica,
Oxidos de Ferro
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ABSTRACT

The aim of this work was to elucidate the mechanisms of the descaling of
carbon steels of high carbon content, with and without addition of 1.5%Cr. The
composition and morphology of industrial and laboratorially produced scales
were determined, as well as their dissolution velocities in acid and neutral
solutions containing chloride (NaCI-HCI system). For the morphological and
compositional characterization were used Scanning Electron Microscopy and
quantitative Energy Dispersive X-Ray-Spectroscopy (SEM/EDS), Raman
spectroscopy, X-ray diffraction and XPS. The chemical descaling process was
simulated by controlled dissolution tests with real time weight loss dissolution
measurements. Electrochemical aspects of the descaling processes were
studied by techniques with macroscopic resolution, as well as with microscopic
resolution, i.e. with lateral resolution under 1 um. The macroscopic techniques
involved real time determinations of mass loss transients during descaling in
solution, interrupted (incomplete) descaling and cyclic voltammetry in media of
different agressivity containing CI. The used localized electrochemical
techniques were the capillary microcell, the Scanning Vibrating Electrode
Technique (SVET) and the Scanning Electrochemical Microscopy (SECM) with
micrometric resolution. The main role of Fe(1.,4O during the descaling process in
chloridric acid was identified as well as its chemical and electrochemical
dissolution mechanism. The occurrence during descaling of a galvanic coupling
between Fe and Fe(1O was verified and thus, high anodic current densities
occur on the steel surface close to the interface with Fe1.O, while the cathodic
currents are more homogeneously distributed on the FexO surface. This
intense Fe dissolution adds to the descaling process by chemical dissolution of
the internal Fe1.»O phase close to the metal surface, where the Fe content is
higher , associated to the electrochemical Fe dissolution of the steel.

Key-Words: Descaling, SVET, SECM, Electrochemical microcell, Scales
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1 INTRODUCAO

A oxidagado de metais ferrosos a altas temperaturas tem sido estudada
mais intensamente com o objetivo de retardar a oxidagdo de agos por meio da
formacao de filmes protetores e aderentes que evitam a sequéncia de oxidagcao
(1,2).

Nos ultimos anos, a formacao e a caracterizacao de 6xidos formados a
altas temperaturas ao ar ou em atmosferas protetoras nos processos
intermediarios de obtencdo de ligas (laminacdo e/ou tratamento térmico)
passou a ser estudada com maior énfase (3-11) assim como a eliminacao

destes 6xidos através de decapagem (quimica ou mecanica) (12-24).

A presenga dos trés 6xidos de ferro sobre os agos: Fe(1x\O (o percentual
de Fe varia entre 0,85 e 0,95%), Fe3O4, FeoO3; é bastante conhecida em
temperaturas acima de 570°C (20,25-28). A formacdo destes O&xidos é
influenciada pelo teor de elementos de liga e impurezas nos acos, atmosfera,
temperatura de oxidagdo, bem como pelas taxas de aquecimento e
resfriamento, as quais o ago € submetido. A temperatura de oxidagdo e as
taxas de aquecimento e resfriamento do ago também tém influéncia
significativa na formacao ou néo de intrusées sobre a superficie do aco e na

consequente alteracao de suas propriedades de decapagem.

Pode-se verificar a influéncia das impurezas e dos elementos de liga
presentes nos acos, na sua oxidacdo a altas temperaturas das seguintes

formas:

- pela formacao de éxidos enriquecidos destes elementos na interface

metal/carepa;
- pela variacao da espessura total de éxidos formados;

- pela alteracdo das propriedades de adesédo da carepa formada em

relacédo ao substrato.

Estas caracteristicas influenciam diretamente na velocidade de
remocao (decapagem) dos 6xidos formados sobre o ago e sobre os custos
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desta decapagem. Estes se tornam menores com velocidades de remocéao

maiores associadas a periodos mais curtos de remogao de 6xidos.

Da mesma forma que a oxidacdo e a remocao dos Oxidos formados
durante os processos de fabricacdo dos acos, os mecanismos de dissolucao
destes Oxidos também n&o foram totalmente esclarecidos durante a
decapagem (15,29-33). Nesses estudos foi bastante discutida a dissolucao de
oxidos de Fe com a presencga de ions férricos sobre o Fe e também foram
estudados os mecanismos de dissolucao de 6xidos de Fe sobre o Fe com a

presenca de Fe(.,O na carepa.

As técnicas eletroquimicas tém sido utilizadas para a elucidagéo destes
fendbmenos, porém muitas questdes permanecem em aberto. O emprego
destas técnicas utilizando varreduras com micro e ultra microeletrodos em
pequenas areas tornou possivel a identificacdo de processos eletroquimicos
localizados (34-43). Estes experimentos podem ser realizados em condi¢des

de circuito aberto ou sob controle de corrente ou potencial.

E possivel identificar o processo eletroquimico local pela diminuicdo do
tamanho da éarea exposta. Isto pode ser realizado usando técnicas com
mascaras de resinas fotorresistentes, célula de gota ou pequenos capilares
posicionados sobre pequenas areas da superficie da amostra. Estas técnicas,
diferentemente dos métodos de varredura, permitem fazer polarizacoes
microscopicas em diferentes areas da superficie. Desta forma, é possivel
desenvolver todas as técnicas eletroquimicas comuns, tais como: medidas
potenciostaticas, medidas potenciodindmicas e medidas galvanostaticas que

séo avaliadas diretamente para a regiao de interesse.

Neste trabalho foram utilizadas as técnicas de SVET (Técnica de
Varredura com Eletrodo Vibratério), SECM (Microscopia Eletroquimica de
Varredura) e Microcélula Eletroquimica, complementarmente a utilizagdo de
técnicas para medidas eletroquimicas convencionais para a identificacdo dos

processos eletroquimicos localizados.

Foram utilizadas as técnicas de micro-Raman, MEV-EDS (Microscopia
Eletrénica de Varredura — Espectroscopia por Energia Dispersiva) quantitativo
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com o uso de padrdes, XPS (Espectroscopia Fotoeletrdnica de raios-X) e raios-
X de angulos rasantes com o objetivo de fazer a identificacdo microestrutural

de elementos e compostos presentes nos acos e nos 6xidos.
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2 OBJETIVOS

O objetivo principal deste trabalho foi caracterizar as regides de
dissolugdo quimica e/ou eletroquimica dos éxidos sobre os acos alto carbono,
identificando as regides anoddicas e catédicas para descrever de forma mais

precisa o processo de decapagem em soluc¢des de acido cloridrico.
Os objetivos especificos foram:
- Caracterizar os éxidos formados (carepa) sobre agos alto carbono;

- Identificar os mecanismos de dissolu¢cdo destes éxidos durante o
processo de decapagem industrial.
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6 CONCLUSOES

5.1. Um par galvénico é formado entre Fe e o Fe1.,O durante a decapagem
quimica em HCI e assim, comparativamente, maiores densidades de correntes
anodicas ocorrem sobre a superficie do aco proxima a interface do Fe(40O,
enquanto correntes catédicas sao mais homogeneamente distribuidas sobre

toda a superficie do Fe(.xO.

5.2 O processo de decapagem ocorre pela dissolugcdo quimica da camada
interna de Fey.,O, proxima a superficie do ago, onde o teor de Fe é maior,
simultaneamente com a dissolugéo eletroquimica (corrosao eletrolitica) do Fe
do aco.

5.3 Durante a decapagem em 6M HCI, ocorre a delaminagdo de O6xidos de
maior numero de oxidagéo de Fe, Fe304/Fex03, juntamente com parte do Fe(.
»O ndo dissolvido, da superficie do aco e sem a dissolu¢cido dessa camada na
solucéo.

5.4 O Mn se distribui nos éxidos de Fe no acgo AISI 1095, que nao contém Cr, e

se acumula na interface entre os 6xidos Fe(y.x)O|Fe30s.

5.5 Foi demonstrado que é possivel medir as correntes de dissolucdo na
interface Fe|6xidos de Fe utilizando as relacbes apropriadas de areas
anddicas/catddicas e secdes de baixo angulo em amostras utilizando a técnica
de SECM.

5.6 Em solugdes diluidas de NaCl, as reagbes anddicas e catédicas sao muito
lentas, ndo sendo este um meio adequado para simular a decapagem de

carepas.
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Introduction

Aiming to elucidate the chemical descaling of
thermally produced oxides during the hot-rolling of steels,
laboratory and industrially produced scales were analyzed
by different electrochemical techniques, as Scanning
Vibrating Electrode Technique (SVET) and voltammetry
under controlled illumination. as well as micro-
characterization techniques as low energy EDS elemental
analysis with the use of mineral standards and p-Raman
Spectroscopy.

Experimental

Specimens of AISI 52100 and AISI 1095 steels
industrially hot-rolled or thermally oxidized in a
laboratorial oven (5 min at 900°C) were used for the
electrochemical characterization. SVET (Applicable
Electronics) measurements and voltammetry were carried
out in 0.01 molL™ NaCl and 0.01 molL™" HCI solutions at
25 °C. The reference electrode was a Ag/AgCl-electrode
in 3.5 KCL Potentiodynamic experiments were performed
at 10 mVvs™,

Results and Discussion

Fig. 1 shows voltammetric scans on the polished
and thermally oxidized AISI 1095 in aqueous 0.01 molL™
HCI with a scan rate of 10 mVs™. The curve obtained for
the polished steel shows a small peak at ca. -250 mV
leading to the uniform dissolution potential region, while
the oxidized steel shows two anodic peaks (-400. -260 V)
leading a passive plateau. meaning that the thermal
oxides. FeO and F;04 may be further oxidized to Fe III
species.
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Fig. 1ivs. E curves of oxidized (5 min at 900 °C) and
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Fig. 3 SVET measurements of sample in Fig. 2 after 20
min exposure in 0.01 molL HCL

Fig 2 shows that after 1h exposure in the HCI
solution the region previously covered with oxide was
more intensively attacked than the bare scratched metal
surface with the removal of the scales and grain boundary
attack. This is confirmed by the current line scan of Fig 3
showing cathodic currents inside the scratch. Apparently
the anodic dissolution region is located at the oxide walls
inside the scratch. leading to the delamination of oxide.
Much larger cathodic areas are observed at the suface of
oxide.
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The aim of the present work is to elucidate the dissolution mechanisms of
scales formed on carbon steel during acid pickling. For this. scales formed industrially
by hot-rolling at circa 1000 °C were studied comparatively for a 1.5 %, Cr-steel (AISI
52100) and a Cr-free steel (AISI 1095) of same C (1.0%wt.) and Si (0.2%wt.) content.
Corrosion potentials (E.) and voltamogramms of the different oxide phases present on
the scales were measured separately in 0.1M NaCl or 0.1M HCI solutions by exposing
low angle cross sections in a capillary microcell.

Fig. 1 shows E,; for the phases on AISI 1095, steel substrate, FeO. Fe;04 and
a Si-reach spinel oxide on the steel/scale interface with the composition close to that of
Fayalite (Fe,Si0,). more precisely Fe, 54Sij 4404 Fig. 2 shows E_,, for the phases on
AISI 52100. A similar spinel oxide was found for the Cr-steel AISI 52100 that besides
Si. also contains Cr (Figs. 3.4). On both steels this spinel shows a E, close to that of
the steel substrate and is very active. In the other hand. the open circuit potential of
FeO and Fe;0, increases with exposure time to values around +300mV, probably due
to the oxidation and increasing consumption of Fe*” of the oxide. The activity of the Si-
spinel explains the observed delamination mechanism during acid descaling.

490 71055 Carrosion Potential 0,1 M NaCl e 52100 Corrosion Potential 0,1 M NaCl
3004 i 300
Fe0 Fe,0
() FeQ

200 FB)Dﬂ 200 3 L
o 100+ e 100
2 z
= 1] = 0
& 1004 i 100 ,'.‘

200 w -200 | Si-Cr-0x

-300 Steel 300 \ Steel

-400 L+ T T 400 1 T T

0 1000 2000 3000 4000 [1] 1000 2000 3000 4000
tis Lis

Fig 1 E ,, measured by microcell on Fig 2 E_,, measured by microcell on different

differe phases of ATST 5210-scale.

lses of ATST 1095-scale.

Fe,(Cr.Si)0,
l FC3 04

|

FeO
T Fe304 | Fe,04

Fep 565ip24)0

!

— Steel FeO

104 pm

SI'I_|.Lrn
Fig. 3. Sem-view of low angle cros-section Fig. 4. Sem-view of low angle cros-section of
of ATST 1095 steel and scale. ATST 52100 steel and scale



Apéndice C - Congresso - Resumo de Trabalho — Apresentacao
Péster -Passivity10 — Patrocinado pela ISE em Floriandpolis, Brasil
04/2011

Study of the chemical descaling of low-alloyed carbon steels by
microelectrode techniques (SVET, SECM)

P. C. Hernandez Jr. and L. F. P. Dick

* Departmento de Metalurgia, Universidade Federal do Rio Grande do Sul - UFRGS,
Av. Bento Gongalves, 9500, Bl. 4, Pd. 75, 2° Andar, Porto Alegre, RS, 91501-970, Brazil

Although chemical descaling of steels is a traditional industrial process, the
mechanisms controlling the related phenomena are not fully understood and there are only a
few works on this field. In the present study, the electrochemical aspects of the so-called
chemical descaling of carbon steels were studied by microelectrode techniques. For this, i-
maps were acquired using the Scanning Vibrating Electrode Technique (SVET) and

g e 2+ - - 5
compositional maps of dissolved Fe™ and O, as well as pH. usm% Scanning Electrochemical
Microscopy. The measurements were performed in 10" M and 10* M NaCl e 10 M and 10
M HCI at 25 °C on carefully prepared low angle cross sections of laboratory oxidized samples
and industrially hot-rolled rods of AISI 1095 and 52100 steels. A prior micro-characterization
of the oxides of the scale was carried on by SEM-EDS and p-Raman.

Fig. 1 and 2 show MO image and SCEM measurements respectively. In the Fig. 2
observe the higher velocity of FeO dissolution. This oxide is electrochemically very active,
indicating that descaling occurs by dissolution of this oxide and delamination of the scale..
Also observe the time dependence of this technique to detect the concentration of Fe*" In the
initial times, the quantity of dissolved species are to low compared to long times.
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RESUMO: Neste trabalho estudaram-se os mecanismos de decapagem com solucdes de dcido clorvidrico em
acos de baixa liga (AISI 52100 e AISI 1095). Foi utilizada a concentragdo de 6M HCT a temperatura ambiente.
Adicionalmente, foram utilizadas solugoes diluidas com 0,01 e 0,IM HCI e para comparagdo, solugoes com 0,01
e 0.1 M NaCl. Foran utilizadas as técnicas eletroquiniicas de voltametria. medidas de potenciais de corrosdo e
decapagem interrompida. Para a caracterizacdoe microestrutural foram utilizadas as récnicas de MEV/EDS com
padrdes, u-Raman, Espectroscopia Méssbauer, Difracde de raios-X com angulos rasantes e XPS. No ensaio de
decapagem interrompida, observou-se qile a magnetita e a hematita foram rapidamente removidas da superficie
do aco por delaminacdo, muite provavelmente pela dissolucdo na interface FeO|Fe;0,. Apos esta etapa,
ocorren a dissolugdo do FeQ e verificou-se que a camada de Fe,Q;|Fe;0; ndo se dissolve na solu¢do de
decapagem apos a delaminagéo.

Palavras-Chaves: Ac¢os Baixa Liga, Decapagem, MEV-EDS, y-Raman, Voltametria

INTRODUCAO

O processo de decapagem de acos apos a laminacdo e/ou tratamento térmico tem sido estudado ao longo de
mais de 50 anos [1.2]. porém muitas dividas existem sobre o mecanismo de dissolucao dos 6xidos presentes na
carepa formada sobre o aco durante a decapagem quimica. Em suas pesquisas, Evans & Pryor [2] sugeriram que,
em solugoes de acido sulfiirico. a rapida destruigdo de filmes quando em contato elétrico com o aco foi devida a
formacdo de células locais: Fe (anodo) | acido | Fe,0; (catodo). Os dxidos férricos sofreram reducéo catodica e
ions ferrosos passaram para a solucéo.

PROCEDIMENTO EXPERIMENTAL

Neste trabalho € apresentado o estudo da decapagem de acos com composicdo semelhante de C (1% em
peso) e com variagdo do percentual de Cr (0.2 e 1.5%) que foram laminados a temperatura de 1000 °C (= 20°C)
e bobinados a 830 e 920 °C (aco AISI 52100) e 840 e 940 °C (aco AISI 1095). Foram utilizadas as técnicas
eletroquimuicas de voltametrias. medidas de potenciais de corrosdo e decapagem interrompida para estudar este
fenémeno em solucdes de acido cloridrico. A solucdo de decapagem utilizada foi a de HCl 50% (6 M) e as
concentracdes das solugdes diluidas para as medidas eletroquimicas foram as de 0,01 e 0.1 M NaCl e de 0.01 e
0.1 M HCL A microcaracterizagio morfoldgica e composicional foi realizada com MEV/EDS com padrdes. [1-
Raman. Espectroscopia Mossbauer. Difracdo de raios-X com angulos rasantes e XPS. Os processos
eletroquimicos responsaveis pela dissolugao dos éxidos componentes da carepa sobre os agos foram medidos por
ensaios de decapagem interrompida. voltametria ciclica e potenciais de corrosio.

RESULTADOS E DISCUSSAO

Nos ensaios de decapagem interrompida. em solucdo 6 M HCI a temperatura ambiente. observaram-se
regides de dissolucdo em forma de meia-lua. Apos 2 (dots) minutos de imersdo da amostra de aco 52100
bobinado a 920 °C (Figl), fo1 observada a dissolucdo de parte dos oxidos que estavam sobre o aco. Foi
verificada a remocao por delaminacio dos oxidos mais oxidados Fe,O3/Fe;04 com dissolucdo simultanea de FeO
(regides A e B) (Fig.2) e também a dissolucdo de Fe;04. que foi parcialmente consumido conforme observado na
regido C (Fig.2). O fenomeno de delaminacdo foi constatado pelas placas de oxido que se desprendiam da
superficie do ago e que ficavam sobrenadando na solugéo de decapagem.

A caracteristica de ndo-dissolucao dos oxidos superiores quando ndo em contato com o aco foi observada
com a carepa delaminada que sobrenadava na solucdo e continuava sem se dissolver apds 3 horas de ensaio. Isto
esta de acordo com o observado por Evans & Pryor [2] que niio observavam a dissolucdo dos éxidos de ferro se
0§ IMESMOs NA0 estivessemn em confato elétrico com o ago.
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Apds a delaminacio dos oxidos superiores ndo-dissolvidos, verificon-se a dissolugéio do FeO. pois apos 15
(quinze) minutos de decapagem (Fig. 3) ndo se observava mais este 6xido sobre a superficie do aco. O oxido
remanescente era um espinclio composto de Fe. Cr e Si que se mantinha sobre a superficie do aco apds a
dissolucéio dos oxidos de Fe. Isto se observava no aco AISI 52100 com percentual de 1.5% de Cr e ndo se
verificou no aco AISI 1095. em cuja composicdo nao havia Cr.

(Cr-Si-Fe) Ox
Aco  Toum
Fig. 1 ITmagem de MEV- Elétrons retroespalhados Fig. 2 Tmagem de MEV- Elétrons refroespalhados
de aco 52100 bobinado a 920 °C. de aco 52100 bobiado a 920 °C com decapagem

mterrompida em solugdo 6 M HCl apos 15 min .

2504
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tis
Fig. 3 Imagem de MEV- Elétrons retroespalhados Fig. 4 Potenciais de corrosdo medidos sobre o aco
de aco AISI 52100 bobimado a 920 °C com AISI 52100 bobimnado a 920 °C em solugoes de
decapagem interrompida em solucdo 6 M HCI acido cloridrica.

apds 15 min .

Nas medidas voltamétricas. assim como verificado em trabalhos anteriores (Hemandez & Dick) [3].
constatou-se que as reacdes anddicas e catodicas em solucdes diluidas de NaCl sdo muito lentas para serem
usadas como modelo de sistema para o estudo da decapagem.

As medidas de potencial de corrosdo realizadas sobre o ago AISI 52100 bobinado a 920 °C indicou que o
mesmo ¢ mais ativo (E = -200 mV) em solucdo 0.1 MHCI do que em solucdo 0.01 M HCIl (E..,=-100 mV)
(Fig. 4).

As Fig. 5, 6, 7 ¢ 8 apresentam os dados obtidos com as medidas de MEV/EDS com padrdes que apresentam
uma boa acuracidade. Observa-se na Fig. 7 que ocorre a presenca de Mn no FeO e Fe;Oy4 sobre o ago AIST 1095,
concentrando-se nas interfaces Fe[FeO e FeO|Fe;0,. assim como hd uma enriquecimento de Mn na interface
Mn|Oxidos. Observou-se ainda uma maior concentraciio de Mn no FeO em relaciio ao Fe;O,. No aco AIST 52100
(Fig. 8) nao se verificou a presenca de Mn nos oxidos de Fe. Isto pode ser explicado pela presenca de um oéxido
barreira composto por altas concentracdes de Cr e Si na interface Fe|Oxidos no aco AISI 52100. Diferentemente
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daquilo que ocorre no aco AISI 1095 que ndo possui esta barreira provavelmente pelos baixos percentuais de Cr

presentes neste aco. Verifica-se ainda que o Si acumula-se na interface Metal|Ox e difundi-se homogeneamente

para o interior de todas as camadas de 6xidos nos dois acos estudados.
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Fig. 5 Aco AISI 1095 bobinado a 840 °C. Perfil de
concentracdo de Fe e O. obtido com MEV/EDS
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CONCLUSOES

No processo de decapagem ocorre a delaminacao de oxidos superiores de Fe (Fe;OuFe;0;). que sdo
delaminados da superficie do aco e ndo se dissolvem na solugdo. O mesmo ndo ocorre com o FeO. que €
dissolvido sobre a superficie do aco.

O Mn distribui-se nos o6xidos de Fe. Acumula-se na interface enfre os oxidos e pode estar associado as
diferentes velocidades de dissolucio do FeO.
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Introduction

The dissolution processes of “low temperature” thermal oxide layers (Fe;O4lFe,05) on iron and
steels have been studied in acid solutions for over 80 years" . Even though, many questions
about the pickling mechanism of high temperature Fe(;., O-containing scales remain open. It
was early proposedz' ? that the cathodic reactions involved in the dissolution of Fe;O, and Fe,O,
in HCI solutions are most probably: 1) the reductive dissolution of ferric oxide, 2) oxygen
reduction reaction (ORR) and 3) the hydrogen evolution reaction (HER). In the case of the acid
pickling of the same oxides in 0.1 M H,SO, solution, it was suggested® that the rapid dissolution
of the oxide films, when in contact with the metal substrate would be due to the formation of the
cell “metallacidlferric oxide”. In this cell, the cathode would be the ferric oxide and could be
quickly reduced to ferrous oxide, which would dissolve.

It was early identified by Pryor and Evans® that during the dissolution of Fe-oxides in HCl
solutions, thicker Fe;O,4 films result in a higher ohmic resistance and thus electron transport
parallel to the Feloxide interfaces is more probable to occur.

It was further proposed that the reductive dissolution takes place near on oxide defects or on
places where the film is abnormally thin. This could explain the slow and irregular form of self-
reduction observed for thick films. Finally, it is proposed that the reductive dissolution occurs in
three parallel steps: (1) Electron transport across the oxide, (2) reduction of the oxide layers to
the ferrous valence, and (3) rapid dissolution of the direct reduction product. In this work we use
the Scanning Vibrating Electrode Technique (SVET) to identify the mechanism of the chemical
descaling. In a previous work® results on thermal oxides formed on carbon steels under
laboratorial conditions were reported. In this work microelectrode techniques were used to
describe the mechanisms of the chemical descaling of hot-rolling industrially formed scales.

Experimental

In this work the industrial process of chemical descaling of two low alloy steels was studied in
6M HCI at room temperature. For this, wire rods of the steels AISI 1095 (1 %C) and AISI
52100 (1 %C, 1.5 %Cr) were hot-rolled in a steel plant under controlled conditions of rolling
temperature and cooling rate after coiling. For the microcharacterization of the high temperature
scales the techniques XPS, grazing angle DRX and quantitative SEM-EDS with standards were
used. The descaling performance of the steels was evaluated by mass loss measured
continuously during descaling and voltammetry in the 6 M HCI solution, while i-maps were
measured in more dilute solutions by the Scanning Vibrating Technique (SVET). Cross section
preparation from hot-rolled wire rods is schematically shown in Fig. 1 and the Electrochemical
cell assembly for SVET measurements, respectively, in Fig. 2.
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Fig 1 Schema of the preparation of cross Fig 2 Electrochemical cell assembly for
section samples for SVET. SVET measurements

Results and Discussion

Fig. 3 shows the mass loss during descaling of the two steels in 6 M HCI. A fast descaling rate
is measured initially during the first 500 to 600 seconds (region 1) probably associated to the
chemical dissolution of the scale, followed by a lower rate (2) characterized by strong H,
evolution and low frequency weight oscillations. It was observed that these oscillations result
from sample floating due to formation and detachment of H, bubbles, and are related to a strong
attack of the metallic substrate. The optical observation during descaling revealed that the trend
from region (1) to (2) is associated to the delamination and detachment from the surface of scale
lamella that do not dissolve completely in the solution. The 1.5% Cr steel, even after 3h
exposure, still shows scale residue on the surface, while the AIST 1095 is completely free of
visible oxides after 20 min.

Fig. 4 shows an example of cyclic voltammetry measured on the oxidized AISI 1095 steel co
veed with a thick scale. In the first cycle, a low intensity i-plateau starting at potentials ca. 150
mV below E°(Fe**/Fe*) is observed, which can be attributed to the oxidation of wustite. In the
following cycles this plateau is shifted to potentials above E’(Fe’*/Fe’*) and an i-peak of Fe
oxidation is increasingly observed. XPS measurements showed that wustite contains small
amounts of reduced Fe, which is probably formed by the eutectoid decomposition of wustite (4
FeO => Fe;0,+Fe).

400
AISI 1095 Ind 840°C - 6MHCI - 10mVs™
25  AISI 1095 300,
20 200 - 3° cycle
15+ 100

\

AISI 52100

0

-
(=]
!

i/mAcm

-100 -

Weight Lost /mgcm™*

-200 1
Pickling Test 6M HCI

-300 T

0 2000 4000 6000 8000 100600 -600-400-200 0 200 400 600 800 100012001400
Time /s E/mV_.,
Fig. 3 Weight Loss Test for AISI 1095 Fig. 4 Voltammetric measures for
& 52100 at 6M HCI solution AISI 1095 at 6M HCI solution

Fig. 5 a and ¢ show the cross section surface of the AISI 1095 steel, before and after exposure
to a dilute descaling solution of 0.01 molL"' HCI, while in Fig. 5b, the corresponding i-map
acquired after 1 hour is shown. The obtained i-values vary between 140 on the steel and —60
uAscm™ on the wustite surface. After the exposure during SVET measurement it was observed
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that a deep attack of the wustite occurs close to thtal interfacee me, while the magnetite/hematite
surface is not attacked. This means that at least in dilute HCI solution descaling occurs by
chemical dissolution of wustite under a strong hydrogen evolution and delamination of the
upper magnetite/hematite layer.

(Fe-Si) Ox

100 um

Fig 5 MO-view of AISI 1095 steel
measured in 0.01 molL! HCI after 1h
immersion. a) MO-Image before test;
b) 2D i-map; c) MO-Image after test

Conclusions

The descaling process occurs by the chemical dissolution of the inner Fe,O layer, close to
the metal surface, where the Fe content is higher. The outer Fe;O4/Fe,O; layer and attached
undissolved Fe-poor Fe(_,,O can then delaminate. A galvanic couple is formed between Fe and
Fe.x0O and thus, very high anodic current densities occur on the steel surface close to the
wustite interface, while the cathodic currents are more homogeneously distributed on the whole
Fe(, x)O surface. This intense Fe dissolution probably contributes to the descaling process.
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SVET Study of the Descaling of Thermal Scales Formed on
ATSI 1095 and AIST 521100 Steels
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Aiming to elucidate the chemical descaling of thermally produced
oxides duming the hot rolling of steels, laboratory and industrially
produced scales were analyzed by Scanning Vibrating Electrode
Technigque (SVET) and mohnmmﬂn m chlonde confaimng
electrolytes. The scales were charactenized by SEM and low
alag}EDSmththtmenfnnnemlstandaIdsandpRam
spectroscopy. The FeO layer was observed to be electrochemically
very active and related to the delamuination mechamsm of scales at
the Steel[Fe0) interface.

Intreduciion

The properties of ron exide layers formed at igh temperatires on low alloy steels during
industrial processes. as hot rolling and heat treatments n air or protective atmospheres,
has not been much stodied m the past. The same applies to the following chemical
removal (descaling) of these scales, which 1s actually a comosion process. For the
Chemical descalimg process of carbon steels hot sulfuric or hydrochlonic acid solutions
are Industnally wsed HCl-based solutions have the advantages of lower costs and higher
solubility of Fe-chlondes, which is important for he following mnsmg step (1),

The null scale adhesion to the stesl substrate before picklme 15 determined by its
composition. thickness. and uniformity. Moreover, steel composition. and atmosphere.
temperature and time m reheating fumaces, as well as, coiling rate and temperature
during the hot rolling process is known to strongly affect the process of pickling (2). The
formation of three on nxldesu{“mdmm.ﬁthehat rolling of carbom steels in
temperatures well above 370°C: Fey o0, Fqﬂ_-‘ and Fe 0y (3.4) Feq 0 shows the
fastest chemical dissolution compared to FesOs and FexOs (3). In low alloy carbon steels,
the presence of other elements changes the composition and structure of oxide layers. We
recently obsarved that 5i and Cr form during hot rolling a barmier to oxygen diffusion
producing a more oxidized scale (6).

The vmiform corrosion of carhon steel i NaCl solutions 1mder open cirowit condiions
has the following kinetic controls: The anodic Fe dissolubion is controlled by charge
transfer, while the cathodic reduction of oxyveen has a mixed confrol of mass transport
and charge transfer (7). For steels covered with scales, the dissolubon process dunng
chemical descaling 15 for sure not a case of uniform comrosion. We may suppose that the
penetration of the acid sohrtion in scale cracks and pores will lead to the local anodic
attack at this =sifes under cathodic reactions of hydrogen reduction at swrounding
conductive scales. Scamning electrochemical techmiques with high space resolution, such
as Scanming Vibratmg Electrode Techmique (SVET) should allow the determination of
the cument density distibution on the comoding surface, as long as the electrolyte has a
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conductivity low enough as to allow the measurement of local ohmic drops between the
positions of a vibrating micto electrode. The mim of this work was o charactenze the
regions of electrochenucal dissolution of lugh temperature scales formed on steels,
1dentifymg anodic and cathodic regions to understand more accurately the chenncal
descaling process.

Experimental

The scales formed on AISI 52100 and ATST 10935 wire rod steels were obtained in two
ways: thermal oxidation durng hot-rolling and colling under industnal conditions and m
a laboratory oven. Cross-sections of these samples were prepared by grinding with emery
paper up to #4000 and then polishing with 1ym diamond paste and nnsing with ethanol
and 1sopropancl. The same procedure was used to prepare the samples for the cxadation
m laboratery oven The mdustmal scales were produced by hot roling at 1000°C and
coiling, respectively at 1000 °C for AISI 5210 and at 940 °C for AIST 1095 steel. The
laboratory scales were obtaned by air cxidation of the polished samples in a tubular oven
for 5 nun at 900°C. The chenucal composiions of the two steels are presented m Table 1.

Table 1: Chemical composition of the steels (Yowt).

Steel | C Si AMn Cr
1095 0.99 0.21 0.41 0.09
s2100 1.00 01 031 1.40

All electrochemical tests were cammed out at 25 °Cm l'l}' 1'L HCI solution (pH=
2.1} to simmlate descaling and, for companson, also 1 m 107 mol=L! NaCl (pH = 5.8). The
reference was an ﬂg-ﬁtﬂ'l—electﬂde in 3.5 molL" KCL The voltammograms were
recorded at 10 mVs"'. Curmrent depsity maps were recorded using a SVET system
mamifactured by Applicable Electronics Inc. For the potential probe a platinized Pt micro
wire was used. Its tip had a diameter of circa 20 to 25 um (Fig. 1), which was assumed as
the lateral resolution of the r-maps. The distance bebween the potential probe and the
sample surface was kept at 50 ym_ based on the 1dea that distances smaller than 2 times
the probe diameter would affect the measured potentials and calculated local current
densiiies. The schematic arrangement of the cell for the SVET measurements 15 shown in
Fig. 1.

I Cantilever

Epoxy bed

MPT

Figure 1. SEM-view of electrode tip. Figure 2. Schematic SVET-cell.
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As the omde layer thickmesses are in the order of the estumated SVET resolution.
cross sections at very low angles were necessary for obtaming reasonable i-maps. For thas.
cross sections of = 1.5° were prepared by embedding the sample in epoxy and covering
one side of the top face of oxide layer with a scotch tape. This side was then polished. as
shown schematically in Fig. 3 and later used as the bottom of the SVET cell. as shown in

o Oxide

Scotch ta layer:
3 :r 10-30 pm

Steel

Figmre 3. Schema of the preparation of cross section samples for SVET analysis.

Scanming Electron Microscopy (SEM) and X-Ray difffaction were uwsed for the
stmctural and compositional analyses of the oxde layers formed on the samples. The
Enerzy Dispersive X-Ray Spectra (EDS) for the elemental analysis of the oxides were
measured at an energy of 13 kV for a better lateral resolution. Mineral standards (FesOs
for Fe, (Fe MgWCr Al)yO, for Cr, (MgFe),510; for Si and (MnSiO;) for Mn) and
measurements of the electron beam current with a Faraday-cup were used to increase the
precision of the chemical amalysis. Accuracy better than £ 7% was obtained for the
elemental analysis.

Eesultz and Discussion

Figs. 4 and & show respectively for the AISI 1095 and ATSI 52100 steels the top surfaces
of oxde layers after the omdation m laberatory oven for 3 mun at 900 *C. Micro Faman
spectroscopy was previously used to identify the phases (not ‘S]J.Ef‘il."ﬂ} The AISI 52100
steels shows open porosities with diameters ranging from 1 to 2 pm on the surface of the
outer oxide layer (Fe Os), while for AISI 1095 thus porosities are filled with omdes
ﬁ:lrmmiﬂq:ls, pml:ual:ll}-' Fes;0s. It was observed that. generally. the omide layer on the AISI

52100 15 more oxidized and has a lugher [Fe,0;] [Fe-oxides] ratio than the la}'er on ATSIT
I{I"J:l This 15 probably due to the mternal Cr-reach oxide of AISIS2100 acting as a Fe-
diffusion barmier and resulting m a lower Fe; 0. content o this steel.

Fig. 6 shows the voltammograms of AISI 1095 steel m aquecus 0.01 mol-L ™" HCl in
the two conditions: polished {I:llaJlL] and thermally cxadized i laboratory oven. The
blank polished surface of AIST 1095 shows an anodic i-peak of circa 1.6 mAscm > at—250
mV, leading mmediately to a steep 1-nse. The position of this 1-peak comelates well with
the standard redox tenhal E*(Fe""/Fe) = -440 mV/NHE and it can be attributed to the
Fe dissolution as Fe~. After reversal of the polanzation drection, there 15 a hight delay m
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the decay of 1. charactenstic of the formation of occluded cells. The steel surface does not
show a typical passive behavior imn HCL but the strong attack and roughness mcrease
explain this behavior.

Figure 4. Top view of AISI 1093 steel Figiwe 3. Top wview of AIST 52100 steel
oxidized for 5 Min at 900 °C (SEM). oxidized for 3 Min at 900 °C (SEM).

The oxdized sample shows an addibonal anodic 1-shoulder at <400 mV, followed by
two 1-peaks. at —260 and +110 mV, respectively decaying to a I—Iplatﬂau_ with values
around 200 uA/cm’. The first anodic peak, with circa 2.2 mArcm™ correlates well with
ﬂ:lepeakunﬂleblauk surface and can be atimbuted to the dissolution of Fe, either from
the steel matnx or Fe present m the oxide layer, formed as result of the eutectoid
decomposiion of FeQ at temperatures bellow circa 600 °C (4 FeD == Fe + Fﬁ304}
Besides the oxidation of metallic Fe, other possible reactions are the oxidation of Fe™ of
the wustite (FeQ) or magnetite (Fes04) phases As Fe( 15 unstable at room temperature, 1t
1s more probable that the second anodic -peak at E=+110 mV, m a potential well below
[E'mndﬂrdﬁdﬂxpmmprrfﬁ e;!x— +770 mV/NHE, 15 related to the cxadation
of Fe'~ from wustite and its dissolution. The value of the i-platean following the second i-
peak remains constant after reversing the potential direction indicating that the
corresponding ancodic reaction is under diffusion control In the case of a nugration
confrol across an oxide layer, a decay of 1 would be expected mmediately after the
reversal of the pulmzatmn direction. For the FeO dissolution the anodic reaction would
be: FeD + H == Fe'™ + OH +&"_ Thus, the djfﬁmnnmntmlrelatedtnthe:-p]atmmhe
ﬂ]mth_trampmtmﬂleFeﬂsurfaceurmthﬂmmnwlnfaqmmmFe 1ons from this
surface.

In the NaCl sclution (Fig. 7), blank AISI 1095 15 passive up to E = 0 mV. At this
potential a steep i-nise 15 observed with the charactenstic loop of localized comosion,
mdicating that surface passivahon and piting occurs in NaCl. In both scan direchions m
MaCl, the cathodic cuorents measured om the osadized swrface are at least ome order of
magmtude higher than on the blank surface. The anodic peaks observed m HCL and
corresponding fo iron and oxide dissolufion are not shown by the oxdized AIST 1095 m
NaCl. due to the lower solubility of oxides m this solution The oxide dissolution 1s
shifted to more positive potenhals, for E = 150 mV The 1 vs. E relabonship m this case 15
nearly lmear i both scan directions, as expected for ohmuic control across the oxde layer.

A steep r-nse 15 observed for the polished AISI 52100 steel in HCL, starting at —150
mV (Fig. 8) with charactenstic i-loop of localized comosion. Oxudized AISI 52100 shows
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a much lower and almost linear slope of the 1-E curve, startmg at ths same E-value
both scan directions, indicating chmue conirol across the oxide layer. A sunular behavior
15 observed m NaCl for this steel (Fig. 9), but the currents are even lower for the oxidized
steel. This means that the oxde formed on the Cr-confammg AISI 32100 has a much
lower conductivity than the ome formed on the carbon steel The absence of three
oxidative i-peaks before a passive plateau, as observed for omdized AISI 1095 also
mdicates that the scale formed on AISI 52100 15 more mnert than the one formed on AISI
10935. Thas 15 explamed by the mtemnal Cr-reach oxide m the scale of AISI 52100, whach
acts electrochenmeallv as a barmer laver. and behaves like a passive laver.

1 ALS| 1095 Steel 0.01 M HCI 10 mys” " ALSI 1085 Steel 0,01 M NaCl 10 mys”
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Figure 8. Voltammogram of AISI 52100 Figure 8. V ultammngam of AISI 52100
in 0.01 molL ™ HCL s/t = 10 mV/s. in 0.01mell ™ NaCl, fE/2t= 10 mVs.

SVET measurements are only reasomable, when the current beterogeneities are
distibuted over surfaces larger than the estimated lateral resolution for SVET, wlich was
0 our expeniments estimated as circa 20-25 ym  According to this, r-maps were recorded
for two kinds of samples: Samples provided with a 30 pm wide scratch on their top
aurface down to the metal matnx as Fig. 10 shows, or low angle cross sections, whose
preparation is shown in the schema of Fig. 3. Flg. 10a shows the SEM wview i

158



backscattering electrons mode (BE) of scratched surface of AISI 52100 steel oxdized 5
mun in laboratory oven at 900 °C. The scratch 1s around 40 pm wide and exposes the
underlying steel surface. The current density map of this scratched area, measured after
20 min exposure m 0.01 mol-L? HCIlss.hmnml-'lg 10b. A current denmr_',r]m map of
the dashed line shown in Fig.10b 15 shown m Fig. 10c. It is seen that the i-values across
the scratch are more anodic on the borders between metal and scale on both sides of the
scrafch, while cathodic currents are venfied on the summounding scale surface and also m
he middle of the scratch on the exposed steel surface. This means that dissolution 1s
taking place mamnly on the scale|stee]l mterface. After descaling the sample surface shows
a clean surface on the descaled remon (nght side of the seratch) and the flat femnte grams
become evidenced. mdicating that descaling takes place by a delamination process at the
ferritefwustite interface with cathodic currents on the free metal or on the Temaining
scales surface.

Fig. 11a presents the SEM view 1n the BE-mode of the cross sechon of a mdusinally
hot m]led wire rod of AISI 52100. The sample was exposed without polanzation to 0. 01
mol-L! NaCl dunng 5 mun and than, three consecutive linescans of 10 sec each were
recorded at the places indicated by the dashed lines. The exposed area is umiform with the
free steel surface lying at nght side. Even though only low i-values are measured in NaCl,
compared to the dissolution m HCl Apparently the behavior of the system m dilute HC]
15 qulte dlﬁea'e:n.t thmm‘JaCl, wha'e caﬂmd.lc and anodic reactions are very slow.

FlEUIe 10. a) SE}!‘[HEW nfmtched
area after delammation of scale, ATSI
32100 (backscattered electrons mode).
b} Current density map of scratched
area of Fig 10a. i-values in pA/cm’,
n:fﬂsmtclaﬂer"ﬂ mun exposure m 0.01

mol-L? HCL

c) Current density hne map of the o]
dashed line shown in (b). i -
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x =

.1_|:||;|JI

1

|1|lﬁ!-

-E [=] ] _-HHI l‘ﬂﬂ [ E=1) T 0
CR Pt ]

159



o R L]
0.0 | e I -
B 3~
IE-“! :;- -a-:q- H‘\...-::.'F
0,5 ST
- | - L]
§
< 1,0 i
= i é ¥ =T pm
'
A5 s
b
[
-2,0 4 L
o 100 200 a0
:l'ﬂlll'l'li

Figure 11. a) SEM top view (BE-mode) Figure 11. b) Linescan measurements of
of scale on indusmally hot rolled ATSI sample m Fig. 11a after 5 min exposure
52100 steel, where three SVET line i 0.01 moll -1 NaCl.

SCANS IeAsUTEments were camed out.

Conclusions

- The scales of 1% Cr contaming low alloy steel are electrochemically less active
and less conductive than the ones of carbon steels. The thermal oxidation of AIST 52100

further improves the passivity of this steel, due to a bamer layer formed by a Cr-nch
spinel on the steel/oxide mterface.

-  While thermal oxidized AISI 52100 shows a passive behavior in 10°M HCL,

anodic peaks comespondmg to won and cxide dissolufion can be measured on thermal
oxidized AISI 1093

- Descaling m dilute HC] ocours by delamunation at the FeO|steel interface, where
the anodic dissclution of steel and/or the oxidative dissolution of wushte takes place.

- Exposed steel surfaces and surrounding scale surfaces act both as cathodic sites
for H reduction.

- In dilute Nalll cathodic and anodic reactions are to slow to be used as model
system to study descaling.
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