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ABSTRACT

Physico-chemical characterisation and adhesion betur of thermal oxide scales
formed on recycled steels

The purpose of this study was first to develop heiland a “macroscopic” adhesion test
using a conventional tensile machine, to compate tihe micro-tensile test used in Grenoble
and sitting in the SEM chamber, and to use it feasuring adhesion of scales grown during
processing on industrial steels. Parameters afiigdthie test, i.e. strain rate and Si content of
steels were investigated. The results showed tpatlasion of scales during straining
increased with increasing tensile strain rate. ghar strain rate resulted in lower strain
initiating the first spallation and lower mechanichesion of scales, which could be
explained by a relaxation effect. Oxide containBigexisted at the steel-scale interface and
promoted adhesion of scales. Oxidation studies \atse performed, and the behaviour in
water vapour of steels with different contents ofaBd Cu was investigated. Increasing Si
content tended to decrease oxidation rate. It @solted in the thickening of the wistite and
fayalite layers which formed by internal oxidatiokVhen Si in steel increased, the
intermediate (FeO + E@,) and outermost (R©s sitting on FeO,) layers formed by external
oxidation were thinner. For Cu containing steetr@asing Cu content tended to decrease the
oxidation rate. It also decreased the innermostiateimediate layers and resulted in more
Cu precipitates along steel-scale interface.

Keywords: Oxide scale, Adhesion, Tensile test, Oxidation #gse Hot-rolled steels,
Recycled steels, Silicon-containing steel, Coppentaining steel.



RESUME

Caractérisation physico-chimique et adhérence de®uaches d’oxydes thermiques
formées sur aciers recyclés

L’objectif de cette étude était, en premier lie whettre en place en Thailande un test
d’adhésion par traction-écaillage sur une machine tiaction classique (test

« macroscopique »), de le comparer au test « ntopigue » Grenoblois fonctionnant dans
la chambre du MEB et de I'utiliser pour évaluedh&rence des calamines de process sur des
aciers industriels. Deux paramétres ont été étutieégtesse de déformation et la teneur des
aciers en silicium. Il apparait que I'écaillage detamines au cours du test augmente quand
augmente la vitesse de déformation. Une vitessedéfermation élevée entraine une
déformation au premier écaillage plus faible, done adhérence mesurée plus faible. Cet
effet est lié aux phénomenes de relaxation. Om algrs montrer que la présence d’oxyde(s)
contenant Si, situé(s) a linterface avec le métlgmentait 'adhérence. Les études
d’'oxydation dans la vapeur d’eau qui ont aussirétdisées ont révélé que la présence de
silicium réduisait la vitesse d’oxydation. En augtaat la teneur en Si, les couches de
fayalite et de wiustite s’épaississent ; par coné® couches externes s’amincissent. Pour les
aciers contenant du cuivre, la vitesse d’oxydatsh réduite quand la teneur en Cu est
augmentée. De la méme facon, les couches inteordsptus épaisses et on observe une
augmentation du nombre de précipités de Cu quatshéur en cet élément augmente.

Mots-clés: Couches d’'oxyde, Adhérence, Test de traction, tigjné d’oxydation,
Aciers au carbone, Aciers recyclés, Aciers auisilic Aciers au cuivre.
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INTRODUCTION

1. Steelmaking processin Thailand

Moving towards 2015 ASEAN Economic Community, Thadl has its ambition to be one of
the regional steel producing leaders with greetasuability concept. This is achievable since
nowadays the blast furnace (BF) route is not thenrmae to produce steels in Thailand, but
the recycled or electric-arc-furnace (EAF) one gaimarket parts. In the latter route, steel
scraps as main raw materials are used to prodecstdiels [ISIT (2006)]. Slabs produced by
those processes might be classified by their tles&he conventional slab produced from
the BF route has a typical thickness of ca. 200 on.the EAF routethe recycled slab can

be eithera medium slab in case that its thickness is ca. 80 to 100 mna thin slab in case
that its thickness is ca. 50 mm [Ghosh (2008)]. 3laé shapes are shown in Figure 1.

IZOO mm

(@) { 80-100 mm

¢ 50 mm
(b)

(c)
Figure 1: Typical thickness of conventional slaj faedium slab (b), and thin slab (c).

The slab produced from the EAF route contains paity metallic iron and carbon. Si and
Al are used as de-oxidants in the steelmaking p0o&s a result, Si may exist in steel slab in
the range of 0.03 to 0.25 wt% [Thai steelmaker09IP Some elements contaminated in
scraps are difficult to be oxidised and removedmdusteelmaking process, particularly Cu,
Sn, Pb, As, Ni, Cr, Mo, and W. In case of copple, acceptable content is in the range of
0.12 to 0.20 wt%. [Ghosh (2008), Thai steelmak&@)9)]. The produced slab is typically
conveyed to be rolled in the hot rolling line. Tie@duct of this process is a hot-rolled coil
covered by thermal oxide scale, and it is this exsdale that plays the important role on the
final surface quality of the product. For examptecase that the hot-rolled steel is further
delivered for cold rolling, the thermal oxide scaheist be completely removed before cold
rolling. This can be done by mechanical or chemiahns, typically scale breaking and/or
pickling. Existence of alloying elements, particlyaSi and tramp elements, affect the
formation of thermal oxide scale and also the aidnesf scale on its substrate. They can
finally influence the mechanical and chemical dalsg processes. The basic understanding
of the role of such elements is then of importaioceelp control adhesion and pickling ability
of scale on steel substrate.
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For the thermal oxide actually formed in the halimg line, extensive works have been

reported on characterisation of scale on the Ble-stpel where the effect of tramp elements
is less significant [Chattopadhyay (2005), Rama@0@), Suarez (2007), Zhang (2007),

Jatuphaksamphan (2010)]. On the contrary, studiefonation of scale on the EAF-type

recycled steel are very limited. The reports arentpanade in the studies of model alloys, for

example the study on the effect of Si on the foromabf scale on steel substrate in dry air
[Taniguchi (2001), Yang (2008)]. As for adhesiohg tstudy in this aspect has been
conventionally made by chemical methods, e.g. theersion test [Chattopadhyay (2005),

Zhang (2007), Chattopadhyay (2008), Jatuphaksam(i@l0)]. There is no report on the

adhesion of scale investigated by the mechanicdintque, e.g. the in-situ tensile test, at
room temperature for the hot-rolled low carbonistee

2. Ph.D. thesis objectives
The main objectives of this work are as follows.

For the academic objective, it is to study the effects of the alloying elertseepresent in steel
particularly Si and Cu on the formation, oxidatitanetics, mechanical adhesion and
picklability of oxide scale formed on the steeipgr The adhesion of scale on steel substrate
investigated using micro and macro tensile tesextsnsively studied. The advantages and
disadvantages of each testing method are compealsatvaluated for proposing the idea in
selecting the testing method suitable with the f@mbin hand. The values of the adhesion
energies and parameters that affect the valuealgitl be addressed. These can be further used
for the comparison with the determined adhesiomggniey the other methods.

For the industrial objectives, the first aim is at studying the characteristicgechanical
adhesion and picklability of oxide scale on theyoded steel strip produced from slabs made
from the EAF route. The comparative study of thagle with scale on steel strip produced
from slabs made from the BF route is also made.

3. Structure of the manuscript

Chapter 1 presents literature review. The mainemintonsists of general steel production,
evolution of iron oxide scale and effect of allayialements particularly Si and Cu on scale
formation. Mechanism and kinetics of scale formatat high temperature are reviewed,
followed by the review on scale adhesion and pigkiests is also reviewed.

Chapter 2 presents the experimental methods. The coatents consist of materials and
apparatus for oxidation kinetics study and physitemical characterisation. The adhesion of
scale investigated by the tensile and picklingstestlso presented.

Chapter 3 presents the evaluation of the proceste ron scale structure. The studied

materials in that part are as-received hot-roli@aventional and recycled steels. The adhesion
of scale on the as-received materials investighyeithe micro- and macro-tensile tests is later
discussed, followed by pickling results of scalettom as-received materials.

Chapter 4 presents the role of silicon contentaaiesstructure of the as-received hot-rolled
0.026-wt% Si and 0.193-wt% Si steels. Adhesionaales on as-received and polished steels
is later presented, pickling results of scale @ndteel substrate is also described.
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Chapter 5 presents the roles of silicon in silicontaining model steels on scale formation
and oxidation kinetics.

Chapter 6 presents the roles of copper in coppetagcing model steels on scale formation
and oxidation kinetics.

Chapter 7 presents the conclusions and perspeciiies chapter consists of the conclusions
for the adhesion of scale on steels produced Wgrdiit process routes (chapter 3), for the
adhesion of scale on hot-rolled steels with différsilicon contents (chapter 4), for the

oxidation of silicon-containing model steelkchapter 5), and for the oxidation of

copper-containing model steels (chapter 6). Petsjgeon the work is finally presented.

Appendix | on X-ray diffraction presents the refece data for phase identification.

Appendix 1l on Raman spectroscopy presents theaeée data in identifying the nature of
the oxides. The data received from several theatitee reviews.

Appendix Il is about parameters of oxide. It prasethe reference data for calculating
mechanical adhesion energy, and another importgataf oxides found in this work.

Resume in French presents the summary in French.



CHAPTER 1
LITERATURE REVIEW

1.1 General steel production
1.1.1 Steelmaking process

The raw material used in a hot rolling process s#ad which can be produced by different
routes [Fruehan (1998), Ghosh (2008)], as depictédgure 1.1. A slab can be produced by a
blast-furnace route starting from iron ore, coall imestone. The iron produced by a blast
furnace is called “pig iron”. The pig iron is fughrefined in a steelmaking process resulting
in a slab called in the present work “conventicstakl”.

A slab can also be produced by an electric-arcaitgrroute, and called in the present work
“recycled steel”. In this path, a slab is made etycled steels, or scraps, using an
electric-arc-furnace and secondary refining procBssause the scraps are used as main raw
material, some elements exist in the steel withhigber content than the one produced using
the blast-furnace route, e.g. Si, Cu, Sn, Pb of{sosh (2008), Thai steelmakers (2009)].
Table 1.1 exemplifies chemical compositions of tdo@ventional and recycled low carbon
steels.

Pickling  cold Tempar

Strlp Strip  Annealing Relling
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Figure 1.1: Two common methods for making sfetp://hytechcontrols.com (2012)].

Table 1.1: Typical chemical compositions of theamtional and recycled steels (wt.%)
[Thai steelmakers (2009), http://ssi-steel.com @ZD1

Steel Si Cu S P Mn

Conventional 1.0 max 1.0 max 0.5 max 0.5 ma 20 ma

Recycled 0.25 max 0.12-0.2 0.015-0/05 0.0»50. 0.3-1.0
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1.1.2 Hot rolling process

A steel strip can be produced from the conventistegl by a hot rolling process as shown in
Fig. 1.2.

Dowm-cotler

Hydraulic descaler - - - ‘f\l‘u, 24"
i N L ~ i
| " P T ="
I V .
1gsciais : ’a‘— . H:‘,_;ﬁ_,-" ’
e« o, ¥ f*W e
ot | "

--*" Coil box and Crop shear

g -l N,
"7 Reversing roughing rmll

f"’ : Reheating furnace

Figure 1.2: Hot rolling process view of the hotledl steel strip and facilities
[http://ssi-steel.com (2012)].

Main steps of the hot rolling process are as foldjhttp://ssi-steel.com (2012)].

A slab as main raw material used in the process is
weight and measured before being a pick up by a
walking beam into a furnace.

Slab is heated in a reheating furnace with a
temperature in the range approximately 1250 to
1300°C during 3 to 4 hours.

Walking beam reheating furnace
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After the reheating furnace, the slab is de-schjed

a high pressure water jet with the pressure of 160
bars. High pressure of water removes the oxides
formed during reheating. This is for preparing a

clean surface without scale for the next rolling in

the roughing stands.

A slab with a surface cleaned enters a reversing
roughing mill with a vertical edger for control its
desired width. A roughing mill can reduce its
thickness from 160 — 250 mm to 26 — 40 mm. The
machines work by passing forward and backward
for 5 to 7 times until the desired thickness and
width are obtained.

Reversing roughing mill and vertical edger

After rolling in a roughing mill, the slab is
elongated where its surface is exposed to humid air
atmosphere. For conserving heat and store
temperature in a slab, the transfer bar is coiteal i
coil box before entering the finishing mill.

The transfer bar is sent to the 7 finishing stdods
reducing the thickness of slab to the required
value. Finishing temperature is in the range
approximately of 820 to 1000°C.

After finishing mill, the steel strip is delivered
across a cooling bed for decreasing a temperature
from 1000°C to approximately 650°C. This
process can control metallurgical properties.

Cooling bed
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The finished hot-rolled steel strips are coiledain
down-coiler with a temperature in the range
approximately 500 to 760°C. The hot-rolled
product is attracted with a strapping band,
weighed, and given a product number. Samples are
taken to measure the output quality.

The coils with 15 to 31 tonnes in weight, 750 to
1550 mm in width and 1.0 to 19.0 mm in thickness
are stored until a steel cooled down to room
temperature. Finally, the coiled hot-rolled steel
strips can be delivered to customer or further
processing, e.g. cold rolling.

Hot-rolled coil

The Hot Finishing Line (HFL) is an additional presdo increase the quality of the hot-rolled
steel strips. Machinery on this line comprisesaiews.

A surface quality of steel strips can be improved
by a skin-pass machine using rollers to press the
steel strips. It can also be used to cut the saga
customer’s weight specifications.

The main purpose of a shearing line machine is to
cut large sections of steel strips into smalleitscoi
as specified by the customer, or to reshape these
colils.
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Also, steel strips can be produced from the reclysteel using scrap as raw materials. The
process is shown in Fig. 1.3. Production processxizes 3 basic steps as follows.

1. Steel making
The first step of the production process is to naekcraps and pig iron with coke. This

process is carried out in the Electric Arc Furna@@AF). Chemical composition can be
controlled as customer’s requirement at a ladledce.

2. Continuous slab casting

In the second step, the steel as liquid form isie@rout to medium thickness by sing the
continuous slab caster.

3. Hot rolling process
In the last step, the slab from caster is startedeheating furnace at required rolling

temperature. The hot slab is fed through a roughiil and then slab is rolled at coil box
before fed to finishing stands with shape control.

Coke

Laddle Furnace l!!’ o i

CCM Continuous Casting Mill

Finish Praduct

Figure 1.3: Main steps of production process ofttbierolled steel strip
[http://g-steel.com (2012)].
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1.2 Evolution of oxide scale
1.2.1 Scale on the hot-rolled sted strips

In a hot rolling process, an oxide scale layer lwarfiormed on the steel strips surface. At the
reheating furnace temperature around 1250 to 1308°@rimary scaleshickness around

2 mm is formed on the slabs surface. The scaldeaemoved by hydraulic descaler by high
pressure water jet, firstly before the entry obslato the roughing mill and secondly before
the entry of steel bar into the finishing stand$teAthe first descaling, secondary scale
produces rapidly. Its thickness is usually les® th@0um. This scale is secondly removed by
water jet before entering the finishing mill. Afteards, tertiary oxide scale layer develops in
the finishing stands at temperature less than 1000hey are formed at the first stand,
between stands and after the last stand. The edae continuously grows during the steel
strip coiling at the temperature less than 10003€ @so during storage until the temperature
cool down to room temperature. The condition oles¢armation in a conventional hot strip
processing route are summarised in Table 1.2.

Table 1.2: Scale formation in a conventional hopgirocessing route [Chen (2008)].

Type of scale Thickness Temperatures Atmosphere atlour
Primary scale 1-5mm 1200 — 1300°CFurnace gas Hours
Secondary scale 100 — 30M | 1100 — 1200°C  Air/steam Minutes
Tertiary scale 10 — 30m 850 — 1100°C Air/steam Seconds
Scale retained on strig 5— b 500 - 880°C Air/steam Days

After the hot rolling process, mechanical breaknfigxide scale followed by acid pickling is
normally used to remove the hot-rolling scale. Tikian important factor to surface quality of
the steel strips for acceptance of the product.

1.2.2 Scale structure on the stedl

The scale structure typically consists in threestayof iron oxide, a thin external layer of
hematite (Fg0s), an intermediate magnetite gER) layer (Fe* FeJ'O; —spinel ), and a
thick wustite (Fe_xO) layer (non-stoichiometric) in contact with theeta as presented in
Figure 1.4 [Kofstad (1988), Chen (2000), (2001002), (2003), (2005), Sarrazin (2000),
(2008), Gines (2002), Jiang (2006), Suéarez (20(zhang (2007), Yang (2008),
Segawa (2011)].

For the two-composition Fe-O system, the compasitian vary via concentration gradients
of oxygen, which in turn drive the diffusion prosesupporting scale growth. In binary
two-phase regions in Fig. 1.4, wustite cannot fasnparticles within the iron when pure
metals are oxidised isothermally, an iron oxidesnied always grow external scales rather
than forming internal oxide precipitates.

10
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Figure 1.4: Cross-section of oxide scale grownronwith diffusion path mapped on phase
diagram [Young (2008)].

Sometimes magnetite is observed in the wistiterlay® to eutectoid decomposition at
cooling. Sometimes also, the hematite layer magtisent (Fig. 1.5).

11
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Fe) 03

FeO +
Fez0y inclusions

Figure 1.5: Schematic cross section ofdtele obtained after oxidationant iron sheet in air,
at 1123 K (850°C) fo# hours. The observed magneittelusions precipitated durirgpoling
[Sarrazin (2008)].

The morphological development of oxide scale on hHberolled steel strip under various

simulated coiling and cooling conditions was repdrfChen (2000)]. A classic three-layered
oxide scale is produced when oxidised at 800°Cclvisomprises a thin hematite layer, an
intermediate magnetite layer, and a thick wiusttgef. The different scale three types are
shown in Fig. 1.6 to Fig. 1.8.

The Type-I scale is mostly retained wiustite wittmgomagnetite precipitates formed inside
the waustite layer (Fig. 1.6). The outermost heraastiting on magnetite layer is also
observed.

8% FeO + FeO,
' precipitates

Steel
substrate

10um

Figure 1.6: Typical structure of Type | scale (s&tary-electron image, 2000 x). The scale
structure was obtained under simulated coiling &maoire of 650°C and simulated cooling
rate of 15°C/min, showing that the entire wisttgelr was essentially retained [Chen (2000)].

12
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The Type-Il scale largely consists of retained wéswith magnetite precipitate inside. The
magnetite seam is also observed at the wustité-steeface, to accompany those formed

inside the waustite layer (Fig. 1.7). The outermiosinatite sitting on magnetite layer is also
observed as in the Type-I scale.

Fe0s
Fe0,

FeO + FgO,
precipitates

Fe,0, seam

Steel substrate

10pum

Figure 1.7: Typical structure of Type-Il scale (@edary-electron image, 1500 x). The
structure was obtained under simulated coiling tnmaipire of 650°C and simulated cooling
rate of 5°C/min, showing a magnetite layer at tt@essteel interface while the majority of

the wustite layer was retained [Chen (2000)].

The Type-lll scale consists of the layer of fornvalistite decomposed into a mixture of
FeO4/Fe eutectoid and magnetite precipitates. A verglsamount of retained wustite may

be present (Fig 1.8). Similar to the two formereymf scale, the outermost hematite sitting
on magnetite layer is also observed as in the Tyoale.

Fe0;
_——

F%O4

Fe;0, eutectoid
+
Fe;O, Precipitates
+
Retained wiistite

Steel substrate

Fe;O,Precipitates  Retained wistite 10um

Figure 1.8: Typical structure of Type lll scale ¢kacattered electron image, 2000 x). The
structure was obtained under simulated coiling tnapire of 650°C and simulated cooling
rate of 1°C/min, showing that the majority of théstite layer was transformed to Fe/Bg

eutectoid and a small amount okBg precipitate [Chen (2000)].
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Table 1.3: Summary of the features of the differsndle types. The coiling and coil cooling
conditions for forming the various types of oxidales are mapped in Fig. 1.9.

Fes0s Fes0, layer at Fe;04Fe . L
Scale type precipitates wustite-steel . Retained wustite
] o ) eutectoid
inside wstite interface
I Yes Nil Nil Continuous
[-11 Yes Discontinuous Nil Continuous
1 Yes Continuous Nil or little Continuous
H-111 Yes Continuous Yes <-70% Discontinuous
1l Yes Continuous Yes >-70% Little or nil

Formation of the different three types of scales d# predicted using the coiling
temperature-cooling rate-transformation diagramwshon Fig. 1.9. At the same coiling
temperature, comparing to the Type-I scale whicloised at relatively fastest cooling rate,
it is observed that magnetite seam at the intemeiface is formed when the cooling rate is
slower. If the cooling rate is more and more slQveecording to the Fe-O phase diagram in
Fig. 1.4, the wastite layer is transformed to beuwectoid consisting of magnetite and
lamellar iron as seen in the Type-lll scale.

T

900

[0
o
o

X

S

-
600?’ \E\ i
Type IIl] %

\
!
i

~
o
o

—]

> A

Simulated Coiling Temperature (C)

500
/
/ o Type |

400 - / al

% o Type Hi

=
300 [|:?—i/ o aTypell |}
I x Type I
200 0 Type Ll
100 —
1 2 > 40 % 100

Strip Cooling Rate (°C/min)

Figure 1.9: Scale type versus simulated coilingperature and strip-cooling rate
[Chen (2000)].

The three types of scales can be formed in labgrdtp simulating the situation close to the
hot-rolling process. However, the actual scale fnm the hot-rolling line, particularly at the
inner part of the coil, is slightly different. TR&RD pattern of oxide scale actually formed on
steel in the hot-rolling line contains mainly ireand magnetite as will be shown in
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Fig. 1.10 (a). Oxide scale was mostly a mixturenmdgnetite and layered-structure of
eutectoid phase, where the white phase is irontedyray phase @, (Fig. 1.10 b). The
iron oxide with higher ratio of oxygen, magnetitedehematite, was not observed. This might
be because oxygen in the inner part of the cdiimged, resulting in oxidation of hose oxide
to be the one with lower ratio of oxygen, wiustitdowever, it is worthily noted that
characterisation of scales actually formed on sted¢he hot-rolled process has been mainly
conducted for the conventional steel produced ftloenBF route. The extensive investigation
of structure of scales actually formed on recydezkl in the hot-rolling conditions has not
been yet reported.

)

10000 1 :

o e --- Fe,0,
0--- Fe

8000 A

6000 1

4000 1

2000 -

JFcO - Fe+Fe0, 670°C) N (. gt
v i ; 7 Bob T e e G5idhy E . 3!

FefFe504_ 2

2um . Steel Substrate

Figure 1.10: Oxide scale formed on the hot-rolkad tarbon steel (a) XRD spectra, (b) SEM
backscattered electron image of Feeeutectoid [Jie (2008)].
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1.2.2.1 Oxidation of alloys

Oxidation processing of alloys is more complex thaat of pure metals. Some small alloying
elements can effect on the scale properties dtreettollowing factors.

1. The alloy components may have different affastior oxygen. Some of them oxidise more
rapidly than other. In some alloys only one comprieost reactive) oxidises, the process is
called selective oxidation.

2. Different alloy components (metal ions) may hanféerent diffusion coefficients in the
oxide and alloy, which causes preferential oxidatiof the component having higher
diffusivity.

3. Complex oxide compounds (ternary and higher) beformed in oxidation of alloys.

4. Some alloy components may oxidise out of théesasithin the alloy below the metal-
scale interface (internal oxidation).

As previously mentioned, many elements can exishénrecycled steel and they can affect
oxidation behaviour. Those which are interestethis work are silicon and copper. The roles
of those elements on oxidation are reviewed aswal!

1.2.2.2 Effect of Si content on scale structure

In air oxidation, the scaling rate of steel cardbereased with increasing Si content as shown
in Fig. 1.11 [Taniguchi (2001), Ishitsuka (2004)xK€da (2006), Yang (2008), Nishimoto
(2011)]. Scale structure &i-containing steel formed in,B@/N, at 1060°C during 1 min and
20%0/15%H,0/N, at 1100°C during 15 min were studied [Ahtoy (2Q18¥artel (2012)].
SiO, appears at the internal interface as shown in. Aige2 (a). A layer of wustite with
fayalite precipitates was also observed as in Eig2 (b), and an internal oxidation zone at
the steel-scale interface appeared.
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Figure 1.11: Relationship between silicon contertt weight change of the steels oxidised in
air for 10 h [Yang (2008)].
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FeO and F&Si0Oy

Figure 1.12: Cross section of the Si alloys stap5(Q phase, (b) F&SiO, phase between
metal-oxide interface [Ahtoy (2010), Issartel (2JJ12

The microstructure at the steel-scale interfacéesfi alloys after oxidation at 800°C in air
was reported by [Nishimoto (2011)]. On the Fe-$%ya with low Si content no inner scale
was formed, while an internal oxidation zone wasned on Fe-0.5%Si and Fe-1%Si. The
thickness and amount of internal oxidation zonegdased with increasing Si content. The
SEM images and phase maps of each iron oxiderdrelin the cross-sectional microstructure
are shown in Fig. 1.13. The FeO layer was not oeskein the scale on Fe-0.5%Si and
Fe-1%Si. Furthermore, the #&& layer on Fe-1%Si became thinner than that of B&sQi
and the oxide scale consisted of mainly thglzdayer.

Figure 1.13: SEM images and EBSD of each iron oa&ititu-Fe in the cross-sectional
microstructures (a) Fe-0.004%Si, (b) Fe-0.1%SiF&)0.5%Si and (d) Fe-1%Si.
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In oxidation tests in water-vapour containing atpieyes with higher oxidation periods, a
decarburisation zone was observed in the steetaadljdo the scale. The innermost scale is
mixed with silica, fayalite and wustite, while thejor oxide layer was iron oxide (Fig. 1.14).

mixed zone :
~ SIO, + Fe,Si0, + Fe

o & decarburized zone -

i ford \.'.:l.n‘,‘

Figure 1.14: Non-isothermal test on a 2%Si indak#iloys, heating rate: 25 to 1100°C in
120 min, gas mixture Nt 7%G, + 15%H0 [Ahtoy (2010)].

1.2.2.3 Effect of Cu content on scale structure

Copper is an element less oxidisable than irondiffsision is very slow in the iron matrix,
particularly in ferrite, and is insoluble insideidgs. During oxidation, it is accumulated and
forms a metallic layer at the metal-oxide interfgCéen (2005)]. Oxidation rate decreases
when copper is more than 1 wt.%, resulting in lofsadhesion between iron and oxide
[Hammar (1974)]. It might be from the low iron diffion coefficient inside
copper-containing steel [Métivier (1991)].

At temperature lower than 1000°C with oxygen atnhesp, copper has two possible stable
oxides. Cuprite (C4D) is in contact with the metal and tenorite (Cu®in contact with the
gas. The isothermal gravimetric rate law is pargbelth independence on oxygen pressure.
The weight gain is only GO growth under the constant oxygen pressure fixgdhle
CwO-CuO equilibrium. Observation of both layers shawrrig. 1.15, the relative thickness
of CuO reduces when the temperature increasesvaiicin energy for the self diffusion of
copper ions in CuO is lower than that in,OYSarrazin (2008)].
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Figure 1.15: The change with temperature of thetifsa of CuO in the GiO-CuO duplex
scale grown on copper in oxygen atmosphere [Sar(208)].

One of the roles of copper on high temperature itiomdis a “hot shortness” [Zou (1989),
Uchino (2001), O’Neill (2002), Shibata (2002), Chih(2003), Chen (2005), Kunishige
(2007)]. A root cause of this problem starts whas $teel containing copper in solid solution
Is heated to high temperatures. In that conditibe,nobler element, copper, will not oxidise
and will concentrate at the steel oxide interfdoening a copper-rich liquid phase between
the scaling layer and the base metal once its Bityubn austenite is exceeded and the
temperature is above the melting point of the copiob phase. This liquid metallic phase is
able to penetrate into the base metal along atstgrain boundaries under tensile stresses,
thus lead to hot shortness.

Some research works [Chen (2005), Kondo (2006)kverther reported that copper is not
only enriched at the metal-scale interface but aldets within the scales. At the early stage
of oxidation, the concentration of enriched copakthe steel-scale interface is low and the
liquid copper has not yet precipitated at the fiatmr (Fig. 1.16a) [Kondo (2006)]. After the
scale becomes thicker, liquid copper precipitatdbainterface (Fig. 1.16b). Considering the
idea that copper is not precipitated at the eddyges it can be concluded that copper diffuses
from the metal-scale interface to the magnetiteddlgrough the wistite layer. The proposed
process of copper diffusion through the scale leswtically shown in Fig. 1.16. Liquid
copper diffuses through wustite layer because mgtalse is stable in the wustite layer
(Fig. 1.16).
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(a)

FeO { ]L scale

} metal

(b)

Fez()3
F63()4

FeO {

liquid
copper

grain

boundary

dissolveg copper in Fe;Oy4 layer

A

3 LU AT
=T

scale

metal

Figure 1.16: The schematic drawings of copper biebawduring the oxidation of steels
containing copper, (a) Early stage of the oxidat{bh Later stage of the oxidation
[Kondo (2006)].

Fig. 1.17 shows the relationship between the teatpex and oxygen pressure at which the
metals of copper and iron equilibrate with theirdes. Magnetite is stable between the line of
Fe;04/Fe,03 and that of FeO/RO,. Interpretation of Fig. 1.17 explains how coppests as
oxide in the upper part of magnetite layer. Magedias spinel structure. The spinel oxide of
Fe-Cu-O has a complete solid solution system betwesgCuO, and FeFeQ,. This explains
why copper exists as a state of solid solutionha tipper part of the magnetite layer

[Kondo (2006)].

Log (po)

800 900 1000
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1200 1300 1400

Temperature K )

1500

Figure 1.17: The equilibrium oxygen pressure ofpsapiron, and their oxides
[Kondo (2006)].
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1.3 Oxidation of metals
1.3.1 Basic thermodynamics

Thermodynamics of materials will be described i@ shiandard basic books [Ragone (1995),
Khanna (2002), Birks (2006), Sarrazin (2008), Yo(2@08), Gaskell (2009)].

The second law of thermodynamics is most convelyiemttten in terms of the Gibbs free
energy G) of a system as a function of state that incluoleth energy and entropy terms
given as

G=H-TS 1-1)
Where
G = Gibbs free energy (J.md)
H = enthalpy, measures the energy change at camstssure (J.ma)
T = absolute temperature (K)
S = entropy, measures the randomness of the systemoi:.K™)
Thus for any change in state, equation 1 — 1 cée e extremely important relation as
AG =AH -TAS 1-2)
Where
AG = Gibbs free energy change of reaction (J-fhol
AH = enthalpy change of reaction (J.mpl
AS = entropy change of reaction (J.md{™)

At high temperature such as the hot rolling proces=el is covered with oxide scale. The
scale can be formed according to the general eqquafithe oxidation of metals as

am +go2 =M,0, (1-3)

The Gibbs free energy change of reaction (1 — 33 &snction of the standard Gibbs free
energy change of reaction with gas constant andlatiestemperature is given by

° aM O,
AG :AG +RT|I’](W] (1—4)
ay &g,
Where
AG" = standard Gibbs free energy change of reactiomo{J)
R  =ideal gas constant (8.314 J.md{™)
a = thermodynamic activity of a component
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Determine the standard Gibbs energy change ofio@aatcording to

o

AG" = ZAG; yoae — ZAG (1-5)

f (reactants)

Where

AG, = standard Gibbs free energy change of formatfgraducts and reactants
(J.mot%)

The standard Gibbs free energy change of formdtld®, ) of products and reactants given
by

AG; =AH | -TAS, (1-6)
Where

AH; = standard enthalpy change of formation (Jol
AS, = standard entropy change of a substance (J.id)

For the oxidation of iron, the useful valuA&" of the formed oxides are provided as follows
[Young (2008)].

The standard Gibbs free energy change of reacfidfeg +%Oz(g) = FeQ,, is given as

AG, ., (J.mol ™) = -264890+ 654T 1-7)

The standard Gibbs free energy change of reacfi@reO +%Oz(g) =Fe, 0, is given as

DGy, (J.mol ) = -312210+1251T (1-8)

1

The standard Gibbs free energy change of reacfid@te,0O, +§O =3Fe, 0, is given

2(9)

as
NG, (J.mol ™) = —249450+140.7T (1-9)

Spontaneity of the reaction can be predicted by&ibee energy of reaction according to the
following criteria.

AG <0 reaction is spontaneous

AG =0 reaction is equilibrium
AG > 0 reaction is nonspontaneous
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When AG =0, a reaction is at equilibriuna, =F, Equation 1.4 can be derived

b/2
O,.,eq

° - aMaOb
AG’ =-RT In(—} (1-10)
a,, [P,

When activity @) of a solid state = 1

AG =-RTIn % 1-11)
0,.eq
AG’ = b RTInP 1-12
=S RTINP, (1-12)
Where
F.,«q = partial pressure of the di-oxygen molecule atildgyium

Putting an Equation (1 — 12) in (1 — 4), the foliovequation can be derived.

P
AG=2Rr |n(ﬂj (1-13)
2 o,
Where
F,, = partial pressure of the di-oxygen gas molecuithe studied atmosphere

The Reaction (1 — 3) is thermodynamically possiblthe case ofAG <0 , corresponding to
the condition of R, , <R, . On the contrary, the Reaction (1 — 3) is thernmadiyically

impossible in the case &G >0, corresponding to the condition &% ., > R, .

Also, Equation (1 — 12) can be written

Zp6°

Po,.eq = EXP b — (1-14)

TheseR, ., will be classically plotted as logarithmic scateaafunction of temperature in the

Ellingham diagram (Fig. 1.18). This diagram canulsed for visualising the thermodynamic
stability of the oxide formation.

The Ellingham diagram plots are from the second ddwthermodynamics as the Gibbs free
energy changelG) for the oxidation reaction versus the temperatiifee thick lines are on
the diagram plots of Fig. 1.18 that for clearly @hsng the important chemical reactions of
this work.

23



Chapter 1 Literaturereview

K’\

N

o
5
K
5
2
2

'%)2 atm

P, /P
H H 108 107 103
e/ e
] 1087 107 106”105 104 103 102 104
Temperature (°C) 500 1000 1500 2000 0 0% Y
I I I | | | | | | I I I I I
I 2Cu+0, - 2C10 T ineis ety oniye | o]
| 1 104
4Fe,0, +O, - 6Fe, O, s I
il T
4Cu+0, - 2Cu,0 .
2 = S 6Fe0+0, - 2Fe,0,F - 17
50 / [Z= I 50 9 104
- q.— 2&@/
=29« et o % ]
292
c] - o
‘T 102~ 104

2Fe+0, — 2Fe0

©)
10010&101 104
v /”’ h
/ j
// | 104_103-
- ho
P
-~ M~ < m 1
~ -
~Z_. _- 16 104
T -150 oy

’ 4 >

W - - 108 |10

2 = .

L < . _ oy

8 P ~ - -
3 oo o
> cvd ]
g (Ai 5 //4/ 102 J 108
E - / AM -200 ho.l
= / J
o
o - 10810
= Suggested accuracies (at 25 °C)
i A + 1 kilocalorie || o
o ® + 3 kilocalories
o +10 kilocalories u 1@
- > + 10 kilocalories i
Q -250 Change of state | Elemgnt Oxiflg -250 o2
~ MELTING POINT M M H N
BOILING POINT B 18]
SUBLIMATION POINT S | | 10 g
TRANSITION POINT T
< 2bsolute zero | | | | | | | | | | I T T 1 T i
OTemperature (°C) 500 1000 1500 2000 Lo
PCQ/ PCO 1030 1030 1036 1034 1032 1020 1008 107 106 10 1084 1043 102 10
P 2/p - T I G L e L GO < GO (< - GO 102 10k 1010
PH ztzn(])loizoo 1q150 10-100 190 lqso 170 1Q60 10-\50 1Q42 10,38 1034 1630 16,28 1026 104

0,

Figure 1.18: The Ellingham diagram for oxides ottahe[Sarrazin (2000)].
Fig. 1.19 depicts equilibrium of various metal-oxiglystems in logarithmic scale of pressure

of oxygen in bar with reciprocal of temperaturekielvin. From the diagram in Fig. 1.19, the
partial pressures of oxygen of silicon and ironlass than that of water.
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1T (k1)

Figure 1.19: Straight equilibrium of various metaide systems (activities of all solid phases
are taken equal to unity). Lines in bold lines es@nt the equilibrium of the Fe-O
[Thermodynamic data base from Barin (1989)].

1.3.2 Kinetics of high temperature oxidation

When steel oxidation takes place in oxygen, twosjds mechanisms may be present to
control the oxidation process. When the scalel&ively thin and iron diffusion flux through
the oxide layer is sufficiently large, oxygen gdmpe diffusion through the gas-phase
boundary layer on the sample surface may be todl s$ontully react with the arriving iron
ions on the scale surface. In this case, the dridakeaction rate is controlled by oxygen
gas-phase diffusion and the oxidation kineticsolell the linear rate law. Once a relatively
thick scale layer is developed and iron diffusidgmotugh the scale layer becomes the
controlling step, the oxidation kinetics becomegpatic.
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1.3.2.1 Linear ratelaw

A non-protective (porous) scale can be formed engdlocess. The process rate is independent
on the scale thickness, due to fast transfer ofjeryinto the metal surface. The process rate
is controlled by the reaction of oxidation. In thiase the process rate is constant. The
oxidation kinetics follows the linear law as

Am

T = kl i (1 - 15)
Where
Am = mass gain of the scalg J
A =unitarea ¢(m?)
K, = linear rate constant dependent on the metatl@temperature
gcm?s™)
t = oxidation time €)

1.3.2.2 Parabolic rate law

A protective (adherent and non-porous) scale ndynfiaims on most metals. The process
rate is controlled by solid state diffusion througle oxide scale. The process rate is obtained
from the Wagner’s law and follows the parabolic lasv

Am)’
where
K, = parabolic rate constant dependent on the methttee temperature

(g®em™s™)

During the formation of oxide layer, the reactiomekics follows a parabolic rate law.
Wagner has suggested two kinds of behaviours depgiod the pressure of oxygth(Oz).

1. For n-type oxide, the parabolic rate constaki is independent ofP(Oz)
[Sarrazin (2000)].

2. For p-type oxide, the parabolic rate constdqnt is proportional to P(OZ)”16
[Sarrazin (2000)] or td® (0, ) [Dauzat (1991), Sarrazin (2000)].

During the oxidation process, an oxidation reactwaybe showing exaggerated. Possible
features that would be revealed by continuous mang but missed by a discontinuous
technique, lead to erroneous interpretation asriesm Fig. 1.20.
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Figure 1.20: Hypothetical mass-gain versus timee(Birks (2006)].
1.3.2.3 Deter mining the activation energy of a reaction

In the Arrhenius equation, the term activation gge(E,) may define as the minimum

energy required to starting a chemical reactionaAsmpirically determined parameter that
indicates the relationship between temperatureth@date constant for a reaction, it can be
obtained from parabolic rate constant at variougperatures by plotting a line as in Fig. 1.21
as follows.

Yy A

Ink

Ink

v
x

14
?(K )

Figure 1.21: lllustration of the straight line ghap

Where
_ . ~4 1
k, = parabolic rate constant’(gm*.s™)
k, = proportionality constant {gm.s™)
E, = apparent activation energy of the oxidation aJ-H
R = ideal gas constant (8.314 J.md ™)
T = absolute temperature (K)
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A common form of a linear equation in the two vhlés x and y is

y=mx+Db a-17)
Where
m = slope
b = gives the y-intercept
Therefore
1
Ink, :mté?jﬂn K, (1-18)
Take exponential function
m
kp = ko E}X%?j (1 — 19)
The Arrhenius equation given
-E
K = Aléx e (1-20)
RT

K = reaction rate coefficient

A = pre-exponential factor

E, = activation energy (J.nmd)

R = ideal gas constant (8.314 J.md ™)
T = absolute temperature (K)

Considering equation (1 — 19) and (1 — 20), thati@hship can be obtained as

m=__a (1-21)

The apparent activation energlf,() can be calculated from equation (1 — 21).
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1.3.3 M echanism of scale for mation

A basic knowledge of scale growth is described byskadin Fig. 1.22. Hence, there are two
principal types of scale growth that are the growftikompact and porous scale. The reaction
mechanism is complex and results from a serieslashentary steps. The nature of these
elementary steps depends on the structure of #ie &ormed.

1. The scale formed is compact and mass transpostettive scale) occurs by means of
solid-state diffusioifFig. 1.22 a).

2. The scale formed is porous and mass transport-grotective scale) occurs by gas
diffusion (Fig. 1.22 b).

Oxides with volume much greater (twice and moraptthe volume of metal, from which the
oxide was formed cause developing compressivessised he stresses may lead to cracking
and scale spalled, which resulted in faster petietraf oxygen to the metal surface.

O (2) 0 (2)

O O OYo O O
T MeO, (g) O2

O2 (2)
N
— N

Adsorption Cavities,
Porosity,
Microcracks

Oxide nucleation + growth,
Oxygen dissolution

2 Macrocracks,
Possible molten
.......................... oxide phases,

= Internal oxidation W% oxide evaporation
(b)

Figure 1.22: Schematic illustrations of some ofrte@n aspects of metal-oxygen
reaction [Sarrazin (2000); redrawn from Kofstadg8.

7] Film/scale growth,

The direction of oxidation behaviour (internal aternal) is also a very important indicator of
the oxidation mechanism. Internal oxidation is asged with major transport of oxygen
through the scale. Internal oxidation zone canr®trédmoved by conventional descaling
methods. On the contrary, external oxidation isrésellt of major cation transport.

In case of a compact scale growth, in generalhamatic cross-sectional view of a growing
oxide scale is shown in Fig. 1.23. The overall akimh process can be subdivided into
several steps.

1. Delivery of oxidant to the scale-gas interfa@emass transfer in the gas phase.

2. Incorporation of oxygen into the oxide scale.

3. Delivery of reacting metal from the alloy to thkoy-scale interface.

4. Incorporation of metal into the oxide scale.

5. Transport of metal and/or oxygen through théesca
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Figure 1.23: Transport of ions and electrons irdgmats of oxygen activity and electric
potential across a growing oxide scale [Atkinsd®88), Landolt (1997)].

Evolution of the rates at which these steps occuolves calculation of the gas phase mass
transfer, calculated from the methods of fluid dyies, and solid-state mass transfer or
diffusion in the oxide and alloy, which can be ddsed using diffusion theory.

The mechanism of iron oxidation is such that tHféetbnt oxide layers grow mainly by the
transport of iron cations from the metal surfaceax the oxide-gas interface accompanied
by the inward diffusion of electrons and outwardfugion of vacancies through the scale
layers. A simplified mechanism for the oxidationih is given in Fig. 1.24. The kinetics of
scale growth can be explained by a classical motfledcale growth by the predominant
vacancy diffusion at T < 1000°C of a three-layeoedde scale (wiustite, FeO: magnetite,
Fe;04 and hematite, KE®3) [Sarrazin (2008)].

FeO Fe,O, Fe,O,
95% 4% 1%
Vee
Fe Ve, ~ V5
d h. 0
h’ ™ e _

Figure 1.24: Vacancy diffusion for the growth oéttinree-layered oxide scale on iron
[Sarrazin (2008)].
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Using the Krogér-Vink notation, the reactions inxeal are as follows.
Oxide-gas interface

Dissociative sorption: O,+2s - 20-s
External reaction: O- s+@/ ) +28 o O)H +S

Hematite-magnetite interface

Hematite growth: Arer.), « 2Vi), +2AFe), +3Vs ), +an +ee
Magnetite growth: 40,), - SM'E)M +4(0,),, +4@/c;' )H +6h" +8e

Magnetite-wiistite interface

Transfer of iron vacancies: (FeFe)Vv +( ) +2h" o FeFe ( FelN +2h°
Wastite growth: 3(FeFe)|v| ( O)M i 3(FeFe)w ( Fe)M +4(Oo)w +2h

Metal-oxide interface

Fe+ (VF"e)w +2h" - (FeFe)W

Where
Ve, Vo = vacancies of iron and oxygen
Fe...O, = ions of iron and oxygen on normal lattice site
S = site at the surface
O-s = oxygen adsorbed onto a site at the surface
h’ = electron hole
e = free electron

SubscriptsH,M ,W = hematite, magnetite and wustite respectively

From these equations, it can be appreciated thatitwigrows at its interface with the
magnetite layer by the reduction of the latter. Netge grows at the magnetite-hematite
interface where hematite also grows. This interfiadberefore immobile due to the opposite
directions of defect transport within these twod®d. The oxidation rate law is parabolic and
assumed that all interfacial are equilibrium. Thigudion coefficients of the major diffusing
species within each scale are shown in Fig. 1.25.
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Figure 1.25: Self-diffusion coefficients of ironcanxygen in iron oxides [Sarrazin (2008)].

In case that other element is added in iron, mashaof oxide scale growth can be changed.
In case that silicon is added to iron, it is widéyown that silicon oxide formed at the
metal-scale interface plays as a diffusion barfieerFe ions, resulting in an increase of the
oxidation resistance. Fig. 1.26 proposed the meshaof oxidation of Si-containing steel.
The discussion is made that the fayalite phase ddrat the internal interface inhibits the
outward diffusion of iron ion. This then resultedthe thinner layer of the innermost wustite
layer with larger outermost hematite scale as ofeskin that work [Nishimoto (2011)].

Fe FeO Fe;0, Fe,0; (a) Fe FeO Fe;0, Fe,0; (b)
Fe** Fe*
Fe* Fet* Fet* Fe*t
— Fet + 6e > >
Fe¥* +3/20t =Fe,0, Fe¥
—b E—
& ¢ € ¢
> ~ — ¢ >
. .,
2. 2.
< o 120,+2e=0% 0—
Fe=Fel*+e Fe*+ ne + 4Fe, 0, = 3Fe, 0 Fe,Si0,

Feb*+ 30 =Fe,0,
Fe?*+ 2e +Fe,0,= 4Fe0

Figure 1.26: Schematic representation of the ozadde formation on the Si alloys (a) on pure
iron and low Si alloys, (b) on high Si alloys [Nistoto (2011)].
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1.4 Adhesion of thermal oxide scales

Adhesion of the scale described as oxide thickimesgases, compressive stresses may also
increase and result in localised spallation andfacking. An example of oxide spallation by
a buckling process is shown schematically in Figlu27. Under tensile stresses, cracks
appear as soon as the elastic fracture strainaishesel. Under compressive stresses, the
degradation leads to spallation and the mecharasensiore complex.

s - 77— compressive stress
/! '/' ’-' ,Il OXIdE‘ ’/ ,I’,III" 7 777777
’,I Il l.l ///,ir ’ l’,
metal ra ra Z L L Lz
4— tensile stress —®
(a) Growth of the scale (b) Development of growth stresses

(c) Buckling and decohesion of (d) Cracking of the scale
the oxide scale

Figure 1.27: Schematic description of oxide scalekbng and cracking due to compressive
stress [Sarrazin (2008)].

Fig. 1.28 illustrates two distinct mechanisms. Twwates to spallation have been identified,
the case corresponding to a low cohesive strerfgtiecoxide and a high adhesive strength of
the scale on the substrate surface (route 1, ecrgaki the oxide before decohesion) and the
case corresponding to a high cohesive strengtheobxide and poor adhesion of the oxide to
the metal (route 2, decohesion before metal crggkin

33



Chapter 1 Literaturereview

Oxide Layer in Compression

S0 - s
! l, // /' OXI d e // // l’ .
o o .

_— metal —

Route | increasing temperature Routel|
Strong interface an drop (-AT) Weak interface ang
weak oxide strong oxide

Compressive shear cracks

A A
VA AR A A A4 (e)

(@)

areas of decohesion

’
M,
’roe )y Vs r ., 7 (f)
7 P . J / ! ! !
N O A4 1’/—\/
-— —_— p— —

by 7/ 4 directions of crack
— —t propagation

region of decohesion

sites of tensile cracks

zone of athermadtress
relaxation

/ 7—,
(C) ’ ,/’l ,/\ ////

zone of thermasdtress
relaxation

y e \\ A spalled %
(d) m m R area s (h)
T f N s

possible shear damage damaged interface

Figure 1.28: Cracking and spallation caused by cesgive oxide stresses
[Sarrazin (2000); redrawn from Evans (1995)].

In case of scale on iron, the mechanism of intestia@ss formation in iron oxide layers
growing at temperatures above 570°C is proposed Bg) 1.29. Owing to the weak texture
in the entire iron oxide scale, epitaxial strairs ribt have a significant influence on the
internal stress state of the individual sub-lay®dtere relevant sources of growth stresses are
volumetric differences between the iron oxide pbastethe early oxidation stages, and later
new oxide formation within hematite and magnetitéistite consumption as well as pore
formation in the magnetite layer. Magnetite inlyiafjrows under tensile stresses, whereas
waustite is subjected to increasing compressionngutine initial stages of oxidation of mild
steel. A volumetric change in the iron lattice dwweinward migration of oxygen ions,
hematite has a greater atomic volume than magnétiis rapidly leads to high compressive
stresses in hematite during the early oxidatiomgestabut also supports the formation of
tensile stresses in magnetite at its interface hatmatite, as proposed by [Juricic (2010)].
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Figure 1.29: Mechanisms of internal stress fornmaitioiron oxide layers growing at
temperatures above 570°C [Juricic (2010)].

In order to understand adhesion behaviour of scalemetallic substrate, many testing
methods have been developed to asses scale adhBse@mverted blister test was used for
measuring adhesion on thin materials, for exampte ferritic stainless steel foils
[Mougin (2002), (2003), Galerie (2004)]. The midemsile test operating in the scanning
electron microscope chamber were operated for eéniskiip particularly for stainless steel,
comparing to that tested by the inverted-blistest tfGalerie (2004), Toscan (2004),
Chandra-ambhorm (2007), (2009)]. Other methode¥Watuating the mechanical adhesion of
scales on steel substrates are the macro tenstlgkizyzanowski (1999), (1999), (2000),
Geneve (2010), Chiu (2011), Ngamkham (2011), Nilsio(2012), (2013)], the three point
bending test [Galerie (2004)], the indentation tasd the pull test [Monteiro (2011)]. Since
the present work is applied tensile test to evalisaale adhesion, the following paragraphs
will review that issue.

[Nagl (1993)] proposed a failure mechanism for exiscales under tensile stress, first
through-scale cracks develop at regions of higksstconcentration (Fig. 1.30). Elastic stress
relaxation in the vicinity of these cracks can melthe local stress concentration within the
oxide segment. Plastic stress relaxation withinakiee is possible if sliding can occur at the
metal-oxide interface. The shear translation majudce fracture damage at the interface
which could result in delamination and subsequpaliation.
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Figure 1.30: Schematic diagram of cracking andlapah causetdy tensile oxide stress
[Nagl (1993)]

After the transverse crack taking place during iten®ading, the oxide buckling can be
generated by the transverse stress due to theoR@sffect. The redistribution of the stress
in metal-oxide system in the presence of craclegaled in Fig. 1.31 [Evans (1995)]. As can
be seen from this figure, it was found that the efiggment of through-thickness tensile
cracks, extended in Fig. 1.31 (a) depict the regultperturbation of distribution of average
in-plane tensile stress. Fig. 1.31 (b) depictsd&eelopment of shear stresses at metal-oxide
interface, and Fig. 1.31 (c) depicts the computetibasing on the models of Grosskreutz,
Nicholls and Tien and Davidson. It may be noted tha tensile stress in the vicinity of crack
is relaxed as shown in this figure.
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Figure 1.31: Redistribution of the shear and tenstitess in a cracked scale [Evans (1995)].

The tensile test has been developed to assessasita@sion, as exemplified in Fig. 1.32. The
figure shows the measured failure strains for maide on mild steel as a function of oxide
thickness. The failure strains decreased with asirey oxide thickness [Nagl (1993)]. It was
reported that lower oxide thickness corresponded Mogher crack density
[Chandra-ambhorn (2006)].
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Figure 1.32: Measured failure strains as a funatifotihickness for iron oxides tested in
tension at ) room temperature and at)(550°C using a strain rate of ~1&™
[Nagl (1993)].

1.5 Pickling test

Descaling by mechanical means generally employ$ fgessure water in a hydraulic
descaler which follows the hot rolling part of fihvee. The main chemical means uses pickling
by hydrochloric acid which is generally appliedeafinechanical descaling.

The picklability behaviour of scales on the stadistrate can be evaluated by an immersion
test [Gines (2002), Chattopadhyay (2005), (2008), hattacharya (2006),
Jatuphaksamphan (2006), (2010), Zhang (2007), Sakadae (2010)]. Other methods for
evaluating the picklability are the electrochemitsdt, e.g. the electrochemigaipedance
spectroscopy (EIS) method [Pérez (2006)] and piotyriamic method [Onsanit (2006)].

Descaling or pickling time depends on hydrochl@wid and ferrous ion concentrations, and
solution temperature. Temperature is the most itapbivariable, followed by hydrochloric
acid concentration. The ferrous ion concentrati@s Hittle relevance on descaling time
[Gines (2002), Jatuphaksamphan (2006)].

The magnetite (R®;) and hematite (R®s) are slightly soluble in acidic solution and
therefore delay the pickling process in the scfsattopadhyay (2005)]. The scale full of
wustite (FeO) is easily pickled [Zhang (2007)].

As for the role of silicon on pickling ability oteel, it was reported [Chattopadhyay (2008)]
that the pickling reaction kinetics of particulateed is mostly dependent on the oxide
morphology of their steel. The Si content in theesinfluences the oxide morphology. When
the Si content in the steel is more than 0.35%, feyalite phase formation dominates
(Fig. 1.33) and influences the pickling kineticsg(F1.34), suggesting more difficult descaling
of scale on the steel (Fig. 1.35). In order to wbtzetter quality pickled steel strips, the Si
content should be kept as low as possible.
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Figure 1.33: Raman spectroscopy results of st86l %Si and steel 2.00 %Si
[Chattopadhyay (2008)].
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Figure 1.34: Picklability behaviour of different &ntaining steels [Chattopadhyay (2008)].
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Figure 1.35: Relationship between the Si contesteéel with the pickling kinetics
[Chattopadhyay (2008)].
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CHAPTER 2
EXPERIMENTAL METHODS

2.1 Materials
2.1.1 Thehot-rolled sted strips as-received materials

The effect of slab elaboration process on mechanical adhesion was evaluated via two hot-
rolled low carbon steels. The steels were cut fsbmnps obtained from slabs produced by the
blast-furnace route called in the present work emtional steel (provided by Sahaviriya Steel
Industries (SSI) company in Thailand) and slabsipced by the electric-arc-furnace route
called in the present work recycled steel (provithydG steel company in Thailand). The
finishing and coiling temperatures of the convemdio steel are 910°C and 610°C
respectively, and for the recycled steel are 8883 580°C respectively. The thicknesses of
the strips were 3.2 mm for the conventional steel & mm for the recycled steel. Their
chemical compositions are given in Table 2.1. i ba observed that the Si content of the
recycled steel is 20 times larger than that ofdbwventional steel. Also Cu is 3 times higher
in the recycled steel. This high level of those ®l®ments is one of the characteristics of the
recycled material, due to the use of various scraps

Table 2.1:Chemical compositions of the studied hot-rollectstéwt.%).

Steel C Si Cu Mn Al P S Fe

Conventionall 0.033 | 0.013 0.059 0.232 0.043 0.006 0.009 bal.

Recycled 0.058| 0267 | 0168 | 0.347 | 0.020| 0.013] 0.004 bal.

The particular effect of Si on mechanical adhesias evaluated via two hot-rolled low
carbon steel strips obtained from slabs producetthéylast-furnace route only (conventional
steel, provided by SSI steel company), differingydoy their Si content. They were produced
using the same finishing and coiling temperature860°C and 610°C respectively. The
thicknesses of the strips were 3.2 mm. Chemicalposimions of the studied steel are listed in
Table 2.2. They contained lower Si content (0.02&o)called “0.026-wt% Si” steel, and
higher Si content (0.193 wt%) called “0.193-wt% Siéel.

Table 2.2: Chemical compositions of the studiedrbbéd steels (wt.%).

Steel C Si Cu Mn Al P S Fe

0.026-wt% Si| 0.193| 0.026 | 0.040 | 0.521| 0.039] 0.008 0.008 bal.

0.193-wt% Si| 0.165| 0.193 | 0.047 | 0.542| 0.036] 0.011 0.00¢ bal.

2.1.2 Mode steel

Effects of Si and Cu alloying element on oxidationetics was evaluated via a model steel
with various compositions of Si and Cu provided AscelorMittal company in France
(courtesy of E. Ahtoy). This steel was preparedaoyging adjusted amounts of alloying
elements (Si, Cu) into an industrial iron base witry little residual elements, called
reference steel. The special furnace for produdatiahis steel is shown in Figure 2.1.
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Figure 2.1: Furnace used for the model steel [AR)L0)].

The process was performed under vacuum with comtraton-metallic (O, N, C and S)
residuals. The steels were produced as cylindgrestvith dimensions 10 cm of length and 5
mm of diameter. The chemical composition of thespr¢ steels was determined by optical
emission laser spectroscopy. Their compositiorsied in Table 2.3.

Table 2.3: Type of the studied industrial alloysets.

Steel Grade
Fe . . Reference . N
(mainly Fe with a small amount of impurities)
Si alloys (wt% Si) 0.25 0.84
Cu alloys (wt% Cu) 0.08 0.39

2.2 Physico-chemical characterisation

The oxide scale thickness was measured using swam@hectron microscope (SEM, JEOL
JSM-6400) observations of Calotest® imprints (R24) and also of polished cross-sections.
The cross-sections of oxide scale were also obdebyea scanning electron microscope
(SEM, LEO S440). X-ray diffraction (XRD, Rigaku Mflex Il) was performed for phase
identification. On the Calotest imprints, Ramancspescopy (Raman, Renishaw RM 1000)
was employed to observe the nature of oxides #drdiit locations on the surface and within
the scale, making possible to obtain the depthilprof the different phases.
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Figure 2.2: The Calotest is a simple method tordetes the coating thickness
[http://pvd-coatings.co.uk].

2.3 Oxidation kinetics

For studying oxidation kinetics, the model steehpkes were prepared with dimensions of
5 mm in length and 5 mm in diameter. The steelsevwmlished by SiC-papers up to 1200
grit, cleaned up by ethanol used in ultrasonic rmegtdried in air and immediately placed in
the furnace of the thermal gravimetric analyzer.idaton kinetics was investigated in
20%H,0/Ar with the flow rate through 6 L-h Oxidation temperatures were studied in the
range of 600 to 900°C during 16 hours. A samplalised was slowly cooled down in the
furnace to ambient temperature. The slow cooling deecreases the residual stresses which
can be attributed to a relaxation phenomenon osdakes [Mougin (2001)].

The oxidation experiments were performed in thenttodalance as a model B 24 from
SETARAM (Fig. 2.3). Experimental research conductdSurface Interfaces Réactivité
(SIR), Science et Ingénierie des Matériaux et RIés§SIMaP), the laboratory of Science
and Engineering of Materials and Process of Grent\iP, Université de Grenoble, France.
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Figure 2.3: Thermobalance model B 24.

Fig. 2.4 gives a schematic view of a typical siAgieace thermobalance of this type used for
studying the high temperature corrosion of metakater vapour. A silica rod is the material
used to hang the sample in the vertical aluminati@atube. The electrically heated furnace
is also placed vertically and a thermocouple islusemeasure the temperature of the reaction
vessel. The water-containing vessel is used tar@btiite concentration of water vapour in the
equipment.
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Figure 2.4: General view of a single-thermobalasetep.

Beam thermobalances are device as the pivoted-tsmoratory precision, used for analytical
mass gain oxidised via a variation of the potendiffierence appeared. At one end of the
beam the sample was hung using a silica rod (ngefioint temperature of silica ~ 1100°C),
and at the other end is weight balance. Any massatian perturbs the equilibrium of the

beam, inducing a signal from the electro-opticates. This signal is amplified and drives
the re-equilibration force applied to the systeng(R.5). The mass variation and only the
current are flowing in the solenoid changes prapodily to these variations. This current is
measured and gives the mass changes after a sialfleation procedure [Sarrazin (2008)].
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Figure 2.5: Principle of thermobalance operatioar{&zin (2008)].
2.3.1 Deter mination of the equivalent gas flow

For the micro-tensile test, isothermal oxidationsweonducted by a horizontal furnace
(Fig. 2.6) in water vapour (20%B/Ar) atmosphere for 1 to 3 minutes at 900°C wiité flow
rate 6 L.h". Before oxidation runs, a sample is prepared le&g&iC-papers up to 1200 grit
for polishing scale the as-received hot-rolled loarbon steel strips (0.026-wt% Si and
0.193-wt% Si steels), the samples were cleanedyuetlianol used in ultrasonic machine,
dried in air and immediately placed in the horizbfiarnace.

Figure 2.6: General view of the horizontal furnaetup.

For the thermogravimetric runs, the oxidation wasducted in water vapour (20%BVAr)
for 16 hours at 600 to 900°C with flow rate 6 T.in the furnace contact with a single
microbalance.
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The various parameters used in the experimentbeaalculated as follows.

Oxidation in water vapou(20%HO/Ar), gas flow rate used in each step as well as its
pressure in balloon and vertical furnace can berdenhed as follows (Fig 2.7).

Dl,dry,Ar
Dry Ar H -
L ]
D2,qu,Ar DH O Valve
Liquid Ar H
oTo% 5 5 D = Dldry,iT"" Dojiga + DHZO
Balloon1 Balloon 2 -
Tballoons = 640 C 7
P = 231mbar

Se—

Furnace
P, = 200mbar

Figure 2.7: General view of the oxidation kinetsesup.

Flow chart calculation is shown below.

Total of flowrate (D, ) =6L.h™" =100cm*®.min™

v v

20cm’.min™ of H,0O, 80cm®.min™* of Ar (dry)

'

1bar{GOOmbar of H,0,, Ar (dry) = 80cm®.min™) - 1333cm*>.min™)
400mbar of Ar(liq) = 6667cm®.min™

Ar (lig) = (20cm®.min™) [{400mbar / 600mbar)
= 1333cm®.min™*

a7
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Therefore
Dygya = 6667cm’.min™ = 400L.h™

D,jiqa = 1333cm’.min™ = 079L.h™
Dy o = 2000cm®.min™ = 120Lh™

D. ., =100cm®.min* =6L.h™"

total

Equations to find out the flow rate equivaledt() are as follows.

M
Dieqary.ar = Digya M—Ar 2-1)
Air
And
M
D eqiiga = Dajigar M—Ar (2-2)
Air
Where
M, = Atomic weight of Ar = 3995g.mol *
M ,, = Molecular weight of Air =29g.mol
As a result,
B 4 —|3995g.mol 3
Dy egay.a = 400LH7 W = 470Lh™
With (Brooks tube size R—2-15- AA, Tantalum ball ,47 mm of high)
And
-1
Dy s = 079LN2 2222907 _ 93 s
B 29g.mol
With (Brooks tube size R—2-15- AA, Sainless ball .19 mm of high)

Calculation of the saturated vapour pressure oémfatlows

Flow,y =D = Dyigya * Dajga + Dyo =6LH™ (00cm®.min™)

total

With
Dygya = 400Lh™ (6667cm’.min™)
D,jiqa = 079L0™ @1333cm’.min™)
D, o =120L.h™ (2000cm’.min™)
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Relationship of vapour pressurg, @nd P,) is as the following.

D

At balloons P= H20 (2-3)
(Dl,dry,Ar + DHZO)
_ I:)HZO
At furnace P, =—— (2-4)
[)una
As a result,
120Lh™

= 231Imbar

1

© @400Lh™+120Lh™)

From Appendix Ill, Table A3.14 P, = 231mbar, T, =64 C

alloons

A result from equation 2 — 4,

-1
5 - 120Lh

), =————— = 200mbar
600L.h

2.3.2 Deter mination of the scale thickness

The steel oxidised at temperature of 600 to 900ACthe furnace with water vapour
atmosphere. The scale thickness of iron oxide earalculated as follows.

Oxidethickness(umy = 209 gty o 1 pe 2-5)
A(Cm) |\/Io FeO(g/cm®)

Where

Am = mass grain after oxidised (g) — mass grain before oxidise(g)
A= Area(cm?)

M, = Molecular weight of oxigen =16g.mol ™

M ., = Molecular weight of iron oxide =72g.mol ™

Preo = Density of iron oxide = 5745g.cm™

24 Tensiletest

For studying the mechanical adhesion, the as-redeinot-rolled oxidised steels were
prepared. Two tensile test machines were usedisnwtbrk for determining the strain at the
first spallation and the evolution of the spalledction of scale. For the micro-tensile test,
used in France, the samples were prepared wittspleeific shape fitting to the machine
sitting in the chamber of the scanning electronrasicope. During tensile loading, the
evaluation of the failure of the scale was monitiobg scanning electron microscopy (SEM).
Image magnification was generally set at 200 x. &kperimental set-up and quantification
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method of the adhesion energy of this test werecrdes] elsewhere [Toscan (2004),
Chandra-ambhorn (2006), Chandra-ambhorn (2007@. t€hsile strain rate of this test was
fixed at 7x 10°s™. For the new macro-tensile test, sitting in Thadlathe samples were
prepared as required by the ASTM E8M standard. Aroitensile testing machine of 600 kN
force was used in this study. The tensile straie egplied could be chosen at the following
values 0.08, 0.33 and 0.83"sIn this test, the evolution of scale failure wasnitored by
optical microscopy. Image magnification was gergragt at 5 x. Notice that no extensive
work has been applied to measure scale adhesitowotarbon steels at room temperature,
even though this property is of importance for acef quality of the hot-rolled steel product.
Samples prepared for the micro and macro-tenstengemachines are shown in Fig. 2.8.

3cm

A
v

Figure 2.8Typical shape of samples and general view of temsdchines for micro-tensile
test (upper picture) [Toscan (2004)] and macroitensst (lower picture).

For the micro-tensile test, the small tensile maehivhich can be sat in the SEM chamber
was used. In this case, the sample must be prepdtbdthe special shape as shown in
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Fig. 2.8. Elongation values recorded during thé wess not the central of the sample since
many other deformations, e.g. elongation of thepdarholder or bending of the transmission
arms, are occurred. The equation (2 — 6) was useddluate the actual metal strain, taking
into account the actual Young’s modulus of the thetanaterial and the actual measured
elongation. The stress-strain relation in this ca@sebe written as

1 1
Eop =y~ | O——— 2-6
act exp |: EﬁEexp qu ]:| ( )
Where
& = actual metal strain component along tensile axis

£ = experimental strain of the metal

= metal stress component along tensile axis (GPa)
= experimental Young’'s modulus of the metal (GPa)

= Young’s modulus of the metal (GPa)

Fig. 2.9 indicated an example of both experimeana corrected curves for the hot-rolled low
carbon steel for this study. The correction wadiagdo all experiments as described in the
present work.

500 Apparent Young's modulus line
Actual Young'simodulus - _ i NPU—
400 - |
E 300
2
(%))
%3]
£ 200 1
n
- Experimental curve
100 - o Corrected curve
O T T T T
0.00 0.05 0.10 0.15 0.20 0.25

Imposed strain

Figure 2.9: Example of correction stress-strairvesr
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2.4.1 Deter mination of the mechanical adhesion energy

Determining the adhesion energy oxide scale formed on the metallic surface i®flyr
reviewed from the references [Toscan (2004), (200€handra-ambhorn (2006),
Chandra-ambhorn (2007)]. As generally accepted riEvél995)], the perfect adhesion
between metal-scale interface is assumed. The 1sedéd interfacial fracture called as scale
spallation. The mechanical adhesion energy atitstespallation can be given by

G =Wy & (2-7)
Where

G = mechanical adhesion energy (Fm

W, = total elastic stored energy attaining the eneegpires to form a new surface

at the metal-scale interface (3)m
€ = oxide scale thickness (m)

The total stored energy determination, the strassasevolution during the test is typically
existed in bothx and y directions parallel to the interface (= tensile axis,y = transverse
tensile axis), while that irz axis (perpendicular interface) is assumed to bbe @&g. 2.10).
The mechanical behaviour of the metal was initiallgstically deformed and then subjected
to a plastic deformation, while the oxide was silistic until the first spallation takes place.
The present work refers to metal by the subscrigsubstrate) and to oxide by the subscript
f (film). A second subscript indicates the main g@xsandy ). The superscript indicategs

for residual stressgl for elastic behaviour of the metal armgll for plastic behaviour of the
metal.

F | A \/ /] Ff
v x’ -7 —>
Epor & /X
A Lo
F
FS —1 S,
E., U, e, ]
v

Figure 2.10: Tension of a coated substrate.
2.4.2 Quantification of the stored energy

The mechanical parameters for quantifying the stereergy are as the following.
The Young’s modulus of the iron oxi¢le, ) is 210GPa,

the Poisson'’s ratio of metal and oxide are ®3<v, = 0.3) by assuming perfectly adherent

metal/oxide,
the Young’'s modulus of the metey) is 210GPa,

the compressive residual stress of oxid€() is — 0.2GPa,
the strain at limit of elasticity of iron oxidet ) is 0.00095 (0095%).
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The stored energy of film in botk and y directions can be calculated by the simple ratatio

Vvtotal = _[0- [ele = zwfx + Zny (2 - 8)

The generally different thermal expansion coeffitseof the substrate and the iron oxides
cause the development of phase-specific thermaks#s on cooling from the oxidation
temperature to room temperature. These thermasaisesuperpose the stress state existing at
high temperatures prior to cooling to build-up tesidual stresses experimentally determined
at room temperature. The residual stresses aftdingoexist also in the form of gradients due
to abrupt changes in thermal expansion occurririgeainner scale interfaces.

During tensile loading, substrate is in tensiorsgtally until to limit of elasticity €™ ), and

then is plastic deformation, whereas film is stihstically deformed until the first spallation
takes place (strain at the first spallation mar&ed ,, which calculated from equation 2 — 8).

Therefore, strain of film in parallel to x axis thfe plastic deformation as presented in stage 3
of stored energy4? ) can be written ag!? =& - £5..

Stored energy development in film is consideredhi@ three successive stages as follows
[Chandra-ambhorn (2007)].

Stage 1: Film grows and cools down resulting ingbeumulation of residual stress.

2
res E
wee =wie = L greprs (i) — M, =— 2-9)
2 2M 1-v,

Stage 2: Substrate and film are in tension eldbtica

M
We = ohes == -v, el f (2-10)
1 M‘f 2 . ' Ef
We =Zgled =—, -v |(£e') with M, =—— (2 -11)
fy fy<fy f s|\€ fx f
2 2 ‘ 1-v?Z

Stage 3: Substrate and film are in tension. Sulestsadeformed plastically but film is still
elastic until the first spallation takes place.

W :%M (erf +omiv, (,/1+ng' —1)—M ViER (2-12)
M, (g"')2 1
pl _ f\"fy pl_ pl— - _
Wy = et (1+£fy 2vf) whereas &} = Trep 1(2-13)

Before the micro-tensile test loading, the oxidénfiis considered to be a residual
compressive stress due to oxide growth and/or abmin. Determination of stress and strain
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in x axis (tensile direction) andy axis (transverse direction) during metal deformed

elastically and then plastically. In-plane streesmponents can be calculated in function of
strain, giving the curves presented in Figs. 2dd 212.

In Fig. 2.11, the residual compressive stress efakide alongx axis is relaxed during the
elastic deformation of metal (B to C), then thestfipart of plastic deformation of metal
(C to D) before going to a tensile situation.

In Fig. 2.12, the residual compressive stress efdkide alongy axis is invariant during
elastic contraction deformed of the metal (B to &)d also the compression increases when
the metal deforms plastically (C to D).

Stress (MPa)
)
z
o

=
=
]

0.004 0.008
Strain

Figure 2.11: Evolution of oxide stress and stréam@ x axis (tensile direction): A to B at
cooling down; B to C during test, metal still elasC to D during test, metal plastic
[Chandra-ambhorn (2007)].
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Strain

-0.006 -0.004 -0.002 00oJ

- -1000

- -2000

Stress (MIPa)

- -3000

Figure 2.12: Evolution of oxide stress and stréam@ y axis (transverse direction): A to B at

cooling down; B to C during test, metal still elasC to D during test, metal plastic
[Chandra-ambhorn (2007)].

2.5 Pickling test

An immersion test was performed in this work toleate pickling ability (Fig. 2.13). For

sample preparation for the test, the as-receivéddiled steels were prepared with the width
and length of 10 and 20 mm respectively, cleanedaltphol and dried in air before
immediately immersed in a 10%v/v HCI pickling sadut at 80°C during 1 to 60 seconds.
Weight loss per unit area was recorded as a fumdigickling time.
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Figure 2.13: Immersion testing patteffupgtrongpairoj2009)].
Equation to calculate dilution is given by
Concentratiogar X Volumgsiarry= Concentratiofinay X Volumesinay
This equation is commonly abbreviated as,
CV,=CV, (2-14)
Where

C, = concentration of the stock solution

V, = volume of the stock solution

C, = concentration of the working solution
V, = volume of the working solution

After immersion test, weight loss is plotted asuaction of the pickling time. By this graph,

dissolution rate of scale and period of completklpig can be determined as will see in the
following chapters.
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CHAPTER 3

ADHESION OF SCALESON STEELSPRODUCED BY
DIFFERENT PROCESS ROUTES

As mentioned in Chapter 1, there has been no exten®rk investigating the scale actually
formed on the recycled steel in the hot-rollingqass, particularly in its adhesion to steel
substrate. That topic is treated in the presenpteindy the study of the as-received hot-rolled
recycled steel. The as-received hot-rolled coneaalisteel is also studied for comparison.

3.1 Structur e of scale on the as-received hot-rolled steel

A top view of scale subjected to the Calotest imipend a side view of scale after cross
section are shown in Figure 3.1. The averaged nieiskes of scales actually formed on the
as-received hot-rolled conventional and recycleglstwere 11.3 ant.3 um respectively.
Using X-raydiffraction shown in Fig. 3.2, magnetite and iromaks were observed on the
hot-rolled conventional steel. Additional hemat#ppears on the hot-rolled recycled steel,
probably due to lowerooling rate resulting from larger thickness, allogvtime for oxidation

of magnetite. Furthermore, from Raman spectroseepylts in Fig. 3.3, only magnetite was
clearly observed on the as-received hot-rolled eatisnal steel. On the recycled steel,
hematite and magnetite were identified near théesgas interface. In the inner part of the
scale, only magnetite was detected. The result® fKlRD and Raman spectroscopy are
therefore in agreement.

Conventional steel - Recycled steel

Figure 3.1: Calotest imprints and SEM cross-sestmirscales on as-received
hot-rolled conventional steel (a) and recycledIdige
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Figure 3.2: X-ray diffraction patterns of the asa®ed hot-rolled conventional steel (a) and
recycled steel (b).
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Figure 3.3: Raman spectroscopy patterns of oxidab® as-received hot-rolled conventional
steel (a) and recycled steel (b).

3.2 Parameter s affecting the assessment of scale adhesion by a tensiletest

The micro- and macro-tensile tests were employdadvestigate the mechanical adhesion of
scale on the hot-rolled conventional and recyctedls. The micro-tensile test was employed
for this test at the fixed strain rate ofx710”° s, while the macro-tensile test can be
performed at higher strain rates. Since the stai® is one of the parameters that affect the
testing results, the different strain rates of 0.083 and 0.837$ were then applied in the
macro-tensile test to help discuss the resultsmdadarom the two tensile testing machines.

Fig. 3.4 depicts the surface of scales on the @sivred hot-rolled recycled steel subjected to
the imposed strain during the tensile test as atim of strain rates. SEM and OM images in
each row show the comparative scale surface oftbel after straining by the difference
values. During tensile loading, transverse cragkpgndicular to the tensile loading were first
observed, followed by local scale spallation. ltle@EM and OM image taken during the
both tensile test, the spallation ratio was questtiis the area where scale was spalled out
normalised by the total area taken in the picturéhe following. Fig. 3.5 show the results for
the recycled steel strained at different rates.
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Micro-tensile test || Macro-tensile test
Strain rate (3)

TAW ) 4

Figure 3.4: Evolution of scale failure on the aseiged hot-rolled recycled steel
(e = strain values).
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Figure 3.5: Spallation ratio of scale on the aginezd hot-rolled recycled steel as a function
of the imposed strain at difference strain rates.

Before advancing to the discussion, reproducibibfythe test is firstly assessed. In the
evaluation, the scatter of spallation ratio datan{soat imposed strains in the range 6 to 12%
for each curve was used. The analysis of the dditarf in equation (3 — 1) with illustrated in
the following Fig. 3.6 as

(3-1)

error () =2 * (aes,_,

i=0

Spallation ratio (%)

4 ® Testl

S . s o

Ay, <

Ay, <

. e—e—» Imposed strain (%)

Figure 3.6: The reproducibility analysis of the esmental data.

%S is the percent of spallation ratio at a givenistrand %¢ is the percent of strain. The
reproducibility results obtained for each straiterare given in Table 3.1 and compared with
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the reproducibility of literature data (chromia lesaon AISI 444) treated according to the
same procedure (Table 3.2). It is observed thatreépeoducibility is in the range 3 — 9 %,
probably better for the lower strain rates and fary uniform scales (AISI 444 in
H,O-containing atmosphere).

Table 3.1: Reproducibility of the experimental $@i@dn ratio data.

The as-received hot-rolled ... ionsile test Macro-tensile test
recycled steel
Strain rate (3) 7x 107 0.08 0.33 0.83
Error (%) 2.95 2.71 9.50 5.06

Table 3.2: Reproducibility of comparable data fritra literature [Chandra-ambhorn (2007)].

Ferritic stainless steel Micro-tensile test
Strain rate (3) 7x107°
Oxidation atmosphere Synthetic air 2%aHH,
Error (%) 4.95 1.46

From the results, the spallation ratio is obseteestrongly depend on the strain rate, a higher
tensile strain rate resulting in higher spallatiatio. At high strain rate, samples rapidly reach
the tensile strength (Fig. 3.7), resulting in loweear crack density (Fig. 3.8) and indicating
lower relaxation of the scale. Such samples shdvigdter spallation ratio and lower strain at
first spallation (Fig. 3.9). From the value of straat the first spallation, the mechanical
adhesion was derived and the results appear irBHif. A higher strain rate resulted in lower
adhesion energy (Fig. 3.10). All data were presemtdable 3.3.

470

Recycled steel
460 -

450 -

440 -

Tensile strength (MPa)

e Macro-tensile test

0.0 0.2 0.4 0.6 0.8 1.0

Strain rate (s'l)

Figure 3.7: Tensile strength of steel on the asived hot-rolled recycled steel as a function
of strain rate.
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Figure 3.8: Crack before spallation as a functibstain rate of 0.08$(a), 0.33 5 (b) and
0.83 §* (c) of scale on the as-received hot-rolled reayskeel.
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Figure 3.9: Strain at the first spallation of scatethe as-received hot-rolled recycled steel as
a function of strain rate.
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Figure 3.10: Mechanical adhesion energy of scaltherms-received hot-rolled recycled steel
as a function of strain rate.
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Table 3.3: Strain at the first spallation and medtel adhesion energy of scale on the
as-received hot-rolled recycled steel as a funatiostrain rate.

The as-received hot-rolled recycled steel
Parameters - p -
Micro-tensile test Macro-tensile test
Strain rate (3) 7x 107 0.08 0.33 0.83
Strain atthe first 5 g | () g9 4.35+0.07 3.42 +0.10 2.98 + 0.08
spallation (%)
Mechanical
adhesion energyf 1833 £ 599 1212 £ 40 742 + 44 559 + 31
(J.m?
Mechanical
adhesion energy 611 £ 200 404 + 13 247 £ 15 186 + 10
= (J.m™)

Remark: * calculated using the model described in [Chraraimbhorn (2007)]
** calculated using the modified model descdlie [Chandra-ambhorn (2013)]

However, comparing to literature, it was found ttied adhesion energy of scale on metallic
substrate is reported in the range of decade Uqundreds J.iM. The values reported using
the previous model described in [Chandra-ambhofA7{R0isted Table 3.3 are thus relatively
large. In a more recent paper [Chandra-ambhorn3)20the discussion was made that for
scale on the hot-rolled steel, cracks exist inescale to coil handling during the process.
These initial cracks could result in the distrilbatiof stress as a function of distance from
steel-scale interface towards the external intetféc the case that stress distribution in scale
was uniform, the elastic strain energy stored perwolume of scale i$72/2E for uni-axial
loading, wheres is the stress uniformly exerted on scale acrasshickness and E is its
elastic modulus. For linear distribution of strésscale as depicted in Fig. 3.11, stress is a
function of the distance from external scale-atrhese interface (x) as follows.

o=—"X 3-2)

o, stands for the maximum stress exerted on scalehwbguals to the one when it

distributes uniformly across scale thickness, arid scale thickness. The elastic strain energy
stored per unit volume of oxide scal% | can be calculated using the following equation.

X=e 2 2
W:Eja_dxziﬂ (3_3)
e, 2E 3\ 2E
x =0 c=0 O >
_ O, g
7= Y scale

LS
!

-
I
l_r'“

<+ Imetallic substrate

Figure 3.11: Schematic sketch of the linear diatrdn of stress in scale under tensile test
[Chandra-ambhorn (2013)].
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In case that the linear distribution of stress timedrelease of energy stored due to the residual
stress are assumed, the adhesion energy quantiied) the model [Chandra-ambhorn
(2007)] adopted to this work is reduced by threees. By this discussion, the value of
adhesion energy reported in Table 3.3 can be reducke in the range of 200 — 600 Fnin

the following, the adhesion energy will be quastifusing this modified model.

3.3 Adhesion of scales on the conventional and recycled steels

The as-received hot-rolled conventional and recdydesels were comparatively studied.
Figs. 3.12 and 3.13 depict surfaces of scale stdgeto different imposed strains during
micro- and macro-tensile tests. From these tebts fitst information obtained was strain
provoking the first spallation as shown in Fig.8.1t was found that such critical strain on
the recycled steel was much higher than that faleson the hot-rolled conventional steel for
both the micro- and macro-tensile tests.
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Spalled

Ko
e

Figure 3.12: Evolution of scale failure on the aseived hot-rolled conventional steel (left)
and the as-received hot-rolled recycled steel {yigh a function of imposed strain
investigated by the micro-tensile test (strain rafex 10°s™).
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Figure 3.13: Evolution of scale failure on the aseaived hot-rolled conventional steel (left)
and the as-received hot-rolled recycled steel {yigh a function of imposed strain
investigated by the macro-tensile test (strain rae83 5%).
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Figure 3.14: Strain at the first spallation of gcah the as-received hot-rolled conventional
and recycled steels.

The second information obtained from the tests sy@dlation ratio (Figs. 3.15 and 3.16). It

was found that the spallation ratio of scale onciveventional steel was lower than that of the
recycled steel. The two types of tensile testingegéie same tendency. Discussing with the
spallation ratio, it was found that scale on theycéed steel was more difficult to be spall out
under the longitudinal tension. However, if oncevds spalled, it is more sensitive to spall
out with the increase of the imposed strain.

14 : :
Recycled steel (1) Micro-tensile test
12 1| —— Recycled steel (2)
= —e— Conventional steel (1)
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Figure 3.15: Spallation ratio of scales on theea®ived hot-rolled conventional and recycled
steels as a function of imposed strain investightethe micro-tensile test
(strain rate = % 10°s™).
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Figure 3.16: Spallation ratio of scales on theexived hot-rolled conventional and recycled
steels as a function of imposed strain investightethe macro-tensile test
(strain rate = 0.839.

The third information obtained from the test waac&r density and crack spacing. A crack
density was defined as number of cracks countedipédength on scale parallel to loading
direction. Crack spacing was average length of betwcracks measured in unit length of
scale surface. These two parameters were plottedfasction of the imposed strain in Fig.
3.17. Parentheses (1) and (2) after descriptidhergraph indicate that the test measured for
the first and second times respectively. It wastbthat initial cracks existed in the scale.
Initial crack density of scale on the conventiostdel was higher than that of scale on the
recycled steel. It might be from the process in plant. During strain increased, a higher
crack density observed on the conventional steetesponded to a lower crack spacing on
the scale, was also observed.
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Figure 3.17: Crack density and crack spacing nurabscale on the as-received hot-rolled
conventional and recycled steels as a functioh@imposed strain investigated by the
micro-tensile test (strain rate =710 s™).

Fig. 3.18 presents strain provoking the first sggedh and mechanical adhesion energy
respectively. The result shows that strain indu¢hefirst spallation of scale on the recycled
steel was higher than that of scale on the conmeailtisteel. These result indicated the higher
guantified adhesion energies of scale actually éfron the hot-rolled recycled steel than that
of scale actually formed on the hot-rolled convemal steel. Table 3.4 lists information on
the two steels concerning the thickness of scattisably formed on the hot-rolled steels,
strain at the first spallation, and mechanical adhreenergy calculated using our model.
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Figure 3.18: Mechanical adhesion energy of scaltherms-received hot-rolled conventional

and recycled steels.

Table 3.4: Strain at the first spallation and medtel adhesion energy of scale on the as-
received hot-rolled conventional and recycled steel

Parameters | Micro-tensile testé = 7x 10°s™) | Macro-tensile testg = 0.83s™)
conventional recycled conventional recycled
Oxide thickness 11.32 12.27 11.32 12.27
(um)
Strainatthe first | 5 g5, 5 51 5.28 + 0.89 0.26+0.08  2.98+0.08
spallation (%)
Mechanical
adhesionz)energy 293+ 75 611 + 200 1.13 £ 0.55 186 + 10
(J.m

Fig. 3.19 depict the scale on the hot-rolled reegctteel after the tensile test. A spectrum
from an energy dispersive spectroscopy (EDS) ofwhée zone in Figs. 3.19 (a) and (b)
corresponding to the steel-scale interface is shimwRig. 3.19 (c). On that area, the EDS
spectrum includes the peaks of Fe, O, C as wellSaslt was found in our group
[Tungtrongpairoj (2009), Chandra-ambhorn (20103 tihere existed oxide containing Si and
Cu at the internal interface between scale andhditeolled recycled steel. It has been widely
reported that the oxide containing Si, i.e. fagaliexisting at the steel-scale interface,
promoted mechanical adhesion of scales on steestratds [Chattopadhyay (2008),
Taniguchi (2001), Yang (2008)] and worsened theklphility of scale [Chattopadhyay

(2008)].
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Figure 3.19: (a) Oxide scale and steel substrateaytcled steel, (b) internal interface
between scale and substrate magnified from (a)(@ng&DS pattern on metal substrate
observed as the white area in the upper micrograph.

Furthermore, the residual stress can affect thereh@ation of mechanical adhesion energy.
If the residual compressive stress in the oxidéessahigh, when tensile loading is applied to

the scale, higher strain must be applied to accatawnergy until achieving the threshold

value provoking scale spallation. If scale contdiigher residual stress, strain provoking the
first spallation is higher. In the present case,dtrip thickness of the hot-rolled recycled steel
was 6 mm, much higher than that of the hot-rolleaventional steel which was 3.2 mm. This

higher strips thickness of the recycled steel gpoads to higher residual stress in the oxide
scale when the steel cooled down, resulting indrigitrain provoking the first spallation.

A much higher measured strain at the first spalhatf the hot-rolled recycled steel gave rise
to the higher mechanical adhesion energy for thgcted steel compared to the conventional
steel (Table 3.4). The particular chemical compasiof the hot-rolled recycled steel which
contains Si and Cu higher than the conventionadl steuld be one of the reasons of the
observed difference. At the internal interface lesw scale and the hot-rolled recycled steel,
oxide containing Si promoted mechanical adhesioscales on the steel substrates. In the
present case, interfacial silica precipitates iaseel adhesion between scale and substrate,

72



Chapter 3 Adhesion of scales on stedl produced by different process routes

resulting in the mechanical adhesion on the hdedolrecycled steel higher than the
conventional steel.

The effect of Cu in steels has been also extensstatied using laboratory model alloys due
to the well-known hot shortness industrial problg@hen (2005), Kondo (2006)]. It was
found that copper is not only enriched at the steale interface but also exists within the
scale. However, the papers did not report on tfexiebf copper on the mechanical adhesion
of scales. In the present case, its effect is thbtggbe minor compared to that of Si.

3.4 Pickling ability

In the experiment, the as-received hot-rolled cativeal and recycled steels were immersed
in 10%HCI solution at 80 °C. Fig. 3.20 plots weidpgs per unit area as a function of the
pickling time. The initial slope of the curve cap®nds to the dissolution rate of the scale.
This value is represented in Fig. 3.21. The sl@tdsng pickling times, graphically observed
to be identical for the two lines in Fig. 3.20, m®pond to the corrosion rate of the steel
substrate.

N

Weight loss (mg.cm™)

—O— Conventional steel
—o— Recycled steel

0 Ll T T T T T T
0 10 20 30 40 50 60 70

Pickling time (s)

Figure 3.20: Weight loss for the as-received hdiedoconventional and recycled steels in
10%v/v HCI solution at 80°C as a function of picigitime.

From Fig. 3.20, the dissolution rate of scale anrérycled steel was slower than that of scale
on the conventional steel. It was also observed ttea period of time for the complete
pickling of scale on the recycled steel was cas@®nds. It was a bit larger than that of the
conventional steel which was ca. 21 seconds (F&)3The slower rate (and longer period of
time for the complete pickling of scale) on the-hated recycled steel, might relate to the
scale structure comprised hematite which is ongh#ly soluble in acid solution as proposed
by [Chattopadhyay (2005)]. It might also relatethie superior mechanical adhesion of scale
actually formed on the hot-rolled recycled steet do oxide layer contained Si. Indeed, the
pickling solution penetrates the cracks within #oales and acts mainly at the metal-scale
interface, more efficiently when the interface &dnded.
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Figure 3.21: Dissolution rate of scale on the &=ired hot-rolled conventional and recycled
steels in 10%v/v HCI solution at 80°C.
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Figure 3.22: Pickling time of scale on the as-reeéihot-rolled conventional and recycled
steels in 10%v/v HCI solution at 80°C.
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CHAPTER 4

ADHESION OF SCALESON HOT-ROLLED STEELS
WITH DIFFERENT SILICON CONTENTS

In chapter 3, we have seen that adhesion of scatbeorecycled steel is higher than that of
the conventional steel, and the role of silicon tbat behaviour is observed. However,
discussion on the sole role of silicon on scaleeadin is limited in such case because the
recycled steel contains not only silicon but mampurities.Thus the present chapter will
focus on the role of silicon in steel by studyivgothot-rolled steels containing different
contents of silicon, 0.026 and 0.193-wt%. Scaletiadly formed on the steels in the
hot-rolling process will be firstly investigatea/towed by scales grown in laboratory.

4.1 Investigation of scale on the hot-rolled steels
4.1.1 Oxide scale structure

The studied materials in Section 4.1 are the asired hot-rolled 0.026-wt% Si and
0.193-wt% Si steels. The left column in Figure éxhibits scale on the 0.026-wt% Si steel,
and the right column shows scale on the 0.193-wit&te®l. The upper row shows a top view
of the scale with a Calostest imprint. It was foubg this test that scale on the
0.193-wt% Si steel had the thickness of 8.5 pmghdly lower than that on the 0.026-wt% Si
steel which was 10.2 um. The lower row of Fig. ddpicts the side view of scale by
cross-sectioning the samples. It was found by tipesteires that thickness of scale on the
0.193-wt% Si steel was 6.6 um, slightly lower thlat of the 0.026-wt% Si steel which was
8.0 um. The ratio between scale thicknesses isoablyji the same with the two measuring
procedures, but the values obtained using the €sdlateem to be slightly overestimated,
possibly due to the difficult positioning of thetesnal circle. X-rayiffraction was applied on
both samples, and the peaks of magnetite were @dmttynobserved. The signal from iron
was also detected, which might be from the oxiddes{wustite decomposition at cooling)
and/or steel substrate (Fig. 4.2). By Raman spsubfmy, magnetite was clearly observed on
both steels (Fig. 4.3). According to literaturewrs reported that scale structure at the inner
part of low carbon steel strip was mainly eutectstidicture comprising magnetite and iron
[Chen (2000), (2001)].
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(@) 0.026-wt% Si steel 0.193-wt% Si steel

Figure 4.1: Calotest imprints and SEM cross-sestimfrthe scales on the as-received
hot-rolled 0.026-wt% Si steel (a) and 0.193-wt%st8el (b).
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Figure 4.2: X-ray diffraction patterns of the asawed hot-rolled
0.026-wt% Si steel (a) and 0.193-wt% Si steel (b).
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Figure 4.3: Raman spectroscopy patterns of oxideb® as-received hot-rolled 0.026-wt% Si
steel (a) and 0.193-wt% Si steel (b).

4.1.2 Adhesion of scaleon the hot-rolled 0.026-wt% Si stedl

Adhesion of scale on the as-received hot-rollectlsteas evaluated by the micro- and
macro-tensile tests. Evaluation of scale failureirdy straining the samples is depicted in
Fig. 4.4. The micro-tensile test was conductedhat dtrain rate of % 10° s, while the
macro-tensile test was performed at the strairsrat®.08, 0.33 and 0.83'sDuring tensile
loading, scale exhibits cracking and spallatiorr. #bsamples, the tensile crack was normal
to the direction of applied strain. Fig. 4.5 waswlscale after the micro-tensile testing. From
EDS, oxygen was not observed on the spalled anda&ating the adhesive delamination of
scale from steel substrate.

From Fig. 4.4, spallation ratio as a function afagt rate was quantified and plotted in

Fig. 4.6. Strain at the first spallation and mecdt@nadhesion energy are depicted in Fig. 4.7
and 4.8 respectively. Information on scale thicknegth two parameters is listed in Table

4.1. From these results, it was found that spalatvas incubated up to a certain value of the
imposed strain. Once it occurred, the spallatidiio rancreased with the imposed strain.

Increasing strain rate lowered strain initiating ffirst spallation, and therefore mechanical
adhesion energy calculated at that strain. Thecetiestrain rate on adhesion behaviour in
this part is in agreement with the results on adimebehaviour of the recycled steel in

Section 3.2 of the Chapter 3.
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Micro-tensile test || Macro-tensile test
Strain rate (3)
7x10° I 0.08 I 0.33 I 0.83

Figure 4.4: Evolution of scale failure on the aseiged hot-rolled 0.026-wt% Si steel
(e = strain values).
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Figure 4.5: (a) Oxide scale and steel substratbeeoés-received hot-rolled 0.026-wt% Si steel
after the micro-tensile testing at straining by0?4 and (b) EDS pattern on metal substrate
observed on the white area in the upper microg(aph
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Figure 4.6: Spallation ratio of scale on the a®inexd hot-rolled 0.026-wt% Si steel as a
function of imposed strain at strain rates.
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Figure 4.7: Strain at the first spallation of soatethe as-received hot-rolled 0.026-wt% Si
steel as a function of strain rates.
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Figure 4.8: Mechanical adhesion energy of scaltheras-received hot-rolled 0.026-wt% Si
steel as a function of strain rates.
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Table 4.1: Strain at the first spallation and medtel adhesion energy of scale on the
as-received hot-rolled 0.026-wt% Si steel.

The as-received hot-rolled 0.026-wt% Si steel
Parameters - p .
Micro-tensile test Macro-tensile test
Strain rate (3) 7x 107 0.08 0.33 0.83
Strain at the first 5 1, 1 o9 1.71+0.29 0.94+0.12 0.38 +0.08
spallation (%)

Mechanical

adhesion energy 306 £ 17 90+ 31 257 3.6%+15
(J.m?

4.1.3 Adhesion of scaleon the hot-rolled 0.193-wt% S stedl

The failure on scale of the 0.193-wt% Si steel ifeient strain rates is shown in Fig. 4.9.
Fig. 4.10 shows scale after the micro-tensile ngstFrom EDS, C, Mn, O, Fe and Si were
observed on the spalled area. This might indidageeixistence of fayalite (F&O,) on this
area.

From Fig. 4.9, spallation ratio is plotted as action of the imposed strain in Fig. 4.11, while
Figs. 4.12 and 4.13 exhibit strain at the firstligp@an and mechanical adhesion energy
respectively. These two parameters are reportdélobe 4.2. The effects of strain rate on the
testing results are again confirmed to be in agezgwith the results on adhesion of scale on
the recycled steel (Section 3.2), and the 0.026-Bt%teel (Section 4.1.2) in the following
manners. Increasing strain rate lowered strainiatmg the first spallation, increased
spallation ratio at a given strain after the fisgallation occurs, and also increased the
mechanical adhesion energy. However, it is intargsb note that the spallation ratio of scale
on higher-silicon-containing steel (Fig. 4.11) wiess sensitive to strain rate than the
lower-silicon-containing steel (Fig. 4.6).

81



Chapter 4 Adhesion of scales on hot-rolled steels with different silicon contents

Micro-tensile test || Macro-tensile test
Strain rate (3)
7x10° I 0.08 I 0.33 I 0.83

Figure 4.9: Evolution of scale failure on the asefged hot-rolled 0.193-wt% Si steel.
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Figure 4.10: (a) Oxide scale and steel substratieeofs-received hot-rolled 0.193-wt% Si
steel after the micro-tensile testing at strairbgdl6.63%, and (b) EDS pattern on metal
substrate observed on the white area in the upfeognaph (a).
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Figure 4.11: Spallation ratio of scale on the azineed hot-rolled 0.193-wt% Si steel as a
function of imposed strain at strain rates.
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Figure 4.12: Strain at the first spallation of scah the as-received hot-rolled
0.193-wt% Si steel as a function of strain rates.
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Figure 4.13: Mechanical adhesion energy of scalthemms-received hot-rolled
0.193-wt% Si steel as a function of strain rates.
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Table 4.2: Strain at the first spallation and medtel adhesion energy of scale on the
as-received hot-rolled 0.193-wt% Si steel.

The as-received hot-rolled 0.193-wt% Si steel
Parameters - p .
Micro-tensile test Macro-tensile test

Strain rate (3) 7x 107 0.08 0.33 0.83
Strain atthe first 5 o5 | ) o5 3.25+0.33 1.19 +0.07 0.70 + 0.04
spallation (%)

Mechanical
adhesionzenerg) 401 +9 277 £57 344 10.7+£1.3

(J.m™)

4.1.4 Comparison of adhesion of scales on the 0.026-wt% S and 0.193-wt% Si hot-rolled
steels

Figs. 4.14 and 4.15 depict surfaces of scale onvtioesteels subjected to different strains
during micro- and macro-tensile tests. From theroaiensile test, crack density was clearly
observed. Its value and crack spacing are thentifjednand plotted as shown in Fig. 4.16.
Parentheses (1) and (2) after description is ingttag@h indicate the first and second trials
respectively. From Figs. 4.14 and 4.15, it was dbahinitial cracks existed in scale on the
0.026-wt% Si steel, while no considerable cracksewsbserved on the as-received scale on
the 0.193-wt% Si steel. However, it was observed @fter straining crack density of scale on
the 0.193-wt% Si steel increased more rapidly wh#himposed strain, resulting in the higher
crack density than that of scale on the 0.026-wi%iet!.
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#10.026-wt% S| ¢ = 0.00 % 0.193-wt% SJ| ¢ = 0.00 %

_

Figure 4.14: Evolution of scale failure on the aseived hot-rolled 0.026-wt% Si steel (left)
and the as-received hot-rolled 0.193-wt% Si stegh{) as a function of imposed strain
investigate by the micro-tensile test (strain rate x 10> s™).
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Figure 4.15: Evolution of scale failure on the aseived hot-rolled 0.026-wt% Si steel (left)
and the as-received hot-rolled 0.193-wt% Si steghi{) as a function of imposed strain
investigate by the macro-tensile test (strain rafe83 sY).
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Figure 4.16: Crack density and crack spacing nurabscale on the as-received hot-rolled
0.026-wt% Si and 0.193-wt% Si steels as a funatifaihe imposed strain investigated by the
micro-tensile test (strain rate =710 s™).

From Figs. 4.14 and 4.15, spallation ratio at aegimposed strain can be quantified and
plotted in Figs. 4.17 and 4.18. From these restiligas found that the spallation ratio of scale
on steel with higher silicon content was lower tlthat of scale on steel with lower silicon
content. However, it was observed that spallatiatior of the sample easier spalling
(the 0.026-wt% Si steel) tended to saturate at #énwsing the micro-tensile test, but that
value approached saturation at 70% when using #&@artensile test. The latter saturation
value was then mudarger than the former one. This implies that eaaun of adhesion by
the macro-tensile test using higher strain ratdddrto give higher spallation ratio and higher
gradient of spallation ratio in function of the ioged strain of the studied samples. This
might help increase the difference in spallatidioras a function of imposed strain, which is
the benefit obtained in using the macro-tensilérigs

Furthermore, size of the spalled area can alsoumedss plotted in Fig. 4.19. It was found
that the dimension of scale spalled on the 0.198-®t steel smaller than that the 0.026-wt%
Si steel for both the micro- and macro-tensileste$his might be because the 0.193-wt% Si
steel had wider crack spacing of scale, this thedarthe piece of the spalled oxide smaller.
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Figure 4.17: Spallation ratio of scales on theea®ived hot-rolled 0.026-wt% Si and
0.193-wt% Si steels as a function of imposed straiastigated by the micro-tensile test
(strain rate = % 10°s™).
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Figure 4.18: Spallation ratio of scales on theexived hot-rolled 0.026-wt% Si and
0.193-wt% Si steels as a function of imposed strarastigated by the macro-tensile test
(strain rate = 0.83%.
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—— Macro-tensile test of 0.026-wt% Si steel
—— Macro-tensile test of 0.193-wt% Si steel
—e— Micro-tensile test of 0.026-wt% Si steel
—o— Micro-tensile test of 0.193-wt% Si steel
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Figure 4.19: Average dimension of scale spallatinorthe as-received hot-rolled 0.026-wt%
Si and 0.193-wt% Si steels as a function of impadeain evaluated from Figs. 4.14 and 4.15.

From Figs. 4.17 and 4.18, strains provoking thst fgpallation are replotted as shown in
Fig. 4.20. It was found that, when using micro-tlentest, strain provoking the first spallation
of the hot-rolled sample with higher Si content \8a82%. This value was higher than that of
the hot-rolled sample with lower Si content whichsaB.14%. When using the macro-tensile
test, strain provoking the first spallation of thet-rolled sample with higher Si content was
0.70%, evidently higher than the one of hot-roléasnple with lower Si content which was
0.38%. As for mechanical adhesion energy calculatetthat critical strain, their values are
shown Fig. 4.21. From Table 4.3, the mechanicaésidim energies for scale on the hot-rolled
0.026-wt% Si steel were 306 + 17 J*tmicro-tensile test) and 3.6 + 1.5 J°rfmacro-tensile
test). These are lower than that for scale on fthterdlled 0193-wt% Si steel which was
400 + 9 J.nt (micro-tensile test) and 10.7 + 1.3 Jnfmacro-tensile test). Even with the
large difference between the two tests, these teegudicate higher mechanical adhesion of
scale actually formed on the hot-rolled 0.193-wtP&t8el than that of scale actually formed
on the hot-rolled 0.026-wt% Si steel.

The results by these two tests gave the same tepdbiat scale on the higher-silicon-
containing steel had higher strain initiating tirstfspallation and also mechanical adhesion
energy. This result was in agreement with the #lpbicobserved one [Bamba (2006),
Chandra-ambhorn (2007] reporting that a thinnetesbad higher strain initiating the first
spallation and also adhesion energy. Furthermasggraficantly lower initial crack density of
scale on the higher-silicon-containing steel inthddower relaxation of the residual stress in
scale during the tensile test, thus resulting eftlgher strain initiating the first spallation and
adhesion energy of the 0.193-wt% Si steel.
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As for the assessment of the two testing methodtiould be noted that lowering strain rate
gave higher strain initiating the first spallati@nd therefore adhesion energy. By the higher
value obtained, the differentiation between the stdied values might be easier. This is
then the advantage of the micro-tensile test whicis at the lowest strain rate.
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Figure 4.20: Strain at the first spallation of scah the as-received hot-rolled
0.026-wt% Si and 0.193-wt% Si steels.
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Figure 4.21: Mechanical adhesion energy of scaltheras-received hot-rolled
0.026-wt% Si and 0.193-wt% Si steels.
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Table 4.3: Strain at the first spallation and medtel adhesion energy of scale on the
as-received hot-rolled 0.026-wt% Si and 0.193-wi%té&els.

Micro-tensile test Macro-tensile test
Parameters (‘;‘ =7x10°s? (::E‘ =0.83s7)
0.026-wt% Si 0.193-wt% Si| 0.026-wt% 50.193-wt% Si
Oxide thickness 9.08 755 9.08 755

(Lm)
Strain at the first
spallation (%)
Mechanical
adhesion energy 306 £ 17 401 +9 3.6+15 10.7 £ 1.3

J.m?)

3.14 £ 0.09 3.92+0.05 0.38 £0.08 0.70 £ 0.04

As a matter of discussion on the role of siliconformation and adhesion of scale on steel
substrate, Figs. 4.22 and 4.23 were illustratedatiea that scale spalled out after the micro-
and macro-tensile test respectively. An energyatsipe spectroscopy (EDS) equipped with
SEM was applied to characterise the area that reatédce was revealed. Peaks of Fe, Si, O
and C were detected. This indicated the existeaexioe containing Si at the steel-scale
interface. It was reported [Taniguchi (2001)] tfeatalite (FeSiO,) was found near the steel-
scale interface after oxidation of low carbon sta®itaining Si content up to 1.5 wt% in air.
Existence of oxide containing silicon at that ifdee could increase bond strength there and
then promotes scale adhesion. Also the presenpeesfacial oxide particles can be thought
to deviate the propagation of the interfacial craokking the adhesion higher. Furthermore,
increasing Si content in steel was also found tweiase thermal stress for oxide spallation
when the sample was cooled down from 1143°C [Tatig@2001)]. In quantification of
mechanical adhesion energy from tensile test, & waposed [Chandra-ambhorm (2007),
(2008)] that residual stress played the role irewheining mechanical adhesion energy. If
scale contained higher residual stress, tensildiigan the early period must be used to relax
the compressive stress due to the residual stnegioxide scale. Therefore, higher strain
must be applied to accumulate energy until achgtire threshold value provoking scale
spallation. If scale on steel with higher Si haghar thermal stress and higher residual stress
in scale, higher strain must be applied in ordemtbate scale spallation. Thus, the higher
measured strain provoking the first spallation of-tolled steel with higher Si content was
observed as shown in Table 4.3.
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Figure 4.22: (a) Oxide scale and steel substrabel®3-wt% Si steel after the micro-tensile
test, (b) internal interface between scale andtsatesmagnified from (a), and (c) EDS pattern
on metal substrate observed on the white areainpper micrograph.
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Figure 4.23: (a) Oxide scale and steel substrabel®3-wt% Si steel after the macro-tensile
test, and (b) EDS pattern on metal substrate obdesu the white area in the upper
micrograph (a).

4.1.5 Pickling ability

Fig. 4.24 exhibits weight loss of the hot-rolleceeds in function of the pickling time.
Dissolution rate of scale corresponded to the stdgle graph in the early period, which is
shown in Fig. 4.25. Period of time for the complptekling is shown in Fig. 4.26. For the
hot-rolled 0.193-wt% Si steel, the dissolution rate scale was lower than that of the
0.026-wt% Si steel. This might be due to the eristeof oxide rich in Fe, Si in the scale
helping slow down the pickling rate and therefoetarding the time for the complete
pickling. It was reported [Chattopadhyay (2008)Jattha non-stoichiometric fayalite
(Fe.44Si0.5504) phase, which is found in the oxidised steel doimg high levels of silicon, is
not easily picklable. It was also noted that asatm®unt of Si increases, the pickling kinetics
becomes slower.

94



Chapter 4 Adhesion of scales on hot-rolled steels with different silicon contents

I

w
1

Weight loss (mg.Cm-Z)

—O0— 0.026-wt% Si steel
—0— 0.193-wt% Si steel

0 (w T T T T T T
0 10 20 30 40 50 60 70

Pickling time (s)

Figure 4.24: Weight loss for the as-received htedd0.026-wt% Si and 0.193-wt% Si steels
in 10%v/v HCI solution at 80°C as a function ofliog time.
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Figure 4.25: Dissolution rate of scale on the a=ired hot-rolled 0.026-wt% Si and
0.193-wt% Si steels in 10%v/v HCI solution at 80°C.
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Figure 4.26: Pickling time of scale on the as-reeéihot-rolled 0.026-wt% Si and 0.193-wt%
Si steels in 10%v/v HCI solution at 80°C.

4.2 Investigation of scale formed in laboratory
4.2.1 Oxide scale structure

In this part, the as-received hot-rolled 0.026-w8%and 0.193-wt% Si steels were polished
down to the metal and then re-oxidised in 20%FHr at 900°C for 1-3 minutes. Gravimetric

measurements showed that the classical linear-pla&catate law seems to be followed and
that the steel with higher silicon content had Ioaedation rate (Fig. 4.27). These results are
in agreement with literature reporting the oxidataf silicon-containing steel oxidised in air

[Tanigushi (2001), Yang (2008)].
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Figure 4.27: Mass gain as a function of the oxmjgeriod of time of 0.026-wt% Si and
0.193-wt% Si steels in 20%B/Ar.
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To properly assess adhesion of scale on differsgglss such evaluation has to be made
among the oxidised steels having the same scatéknéss. From Fig. 4.27, the tensile
specimen made of steels with higher and lowerailicontents were chosen to be oxidised
for 1 and 3 minutes respectively. This is to gicals on those steels with the same mass
gained, which is assumed to have identical scat&ribss. Using Equation 2 — 5, thicknesses
of scales on the 0.026-wt% Si and 0.193-wt% Silsteere 1.10 and.19 pm respectively.
Fig. 4.28 depicts scale surfaces on steels witletcamd higher silicon contents oxidised in
20%H,0O/Ar before tensile loading. The nodule crystalsevaebserved on those two surfaces.
From XRD results, the peaks of hematite, magnatitéiron were observed from the oxidised
steel with lower silicon content as shown in Fig% The same peaks, but additionally
fayalite, were detected from the oxidised steehwitgher silicon content as depicted in
Fig. 4.30.

Figure 4.28: Scale surface morphology of the 0.8%%- Si steel (left) and 0.193-wt% Si steel
(right) oxidised at 900°C in 20%8/Ar before the micro-tensile loading.
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Figure 4.29: XRD pattern on oxide scale of the 6-02% Si steel oxidised in 20%B/Ar at
900°C for 1 min, observed after micro-tensile test.
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Figure 4.30: XRD pattern on oxide scale of the B-0% Si steel oxidised in 20%B/Ar at
900°C for 3 min, observed after micro-tensile test.

4.2.2 Scale adhesion

Fig. 4.31 depicts comparative scale surface of Baidied steels before and after the micro-
tensile test. Even though the scale on steel wighen silicon content was strained up to ca.
14% while scale on steel with lower silicon contesats stained up to ca. 11%, a priori, higher
spallation of scale on the 0.193-wt% Si steel waseoved.

30 0.026-wt% S| ¢ = 0.00 % 0.193-wt% S

800pum

Figure 4.31: Scale surface morphology of the 0.884%- Si steel (left) and 0.193-wt% Si steel
(right) formed at 900°C in 20%®/Ar before and after the micro-tensile test.
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Between before and after tensile test, failure cdless on the studied steels at different
imposed strains is depicted in Fig. 4.32. From filgisre, crack density and crack spacing was
evaluated. A crack density and crack spacing ametibn of the imposed strain measured
using the micro-tensile test which is presented=iqm 4.33 (a), and the crack spacing is
magnified to Fig. 4.33 (b). It was found that scatesteel with higher silicon content had
lower crack density, or higher crack spacing.

Furthermore, from Fig. 4.32, spallation ratio of s$tudied oxidised steels were assessed and
plotted in function of the imposed strain as shawrFig. 4.34. Strain initiating the first
spallation is presented in Fig. 4.35 and Table Brém these results, it can be seen that
Increasing Si content from 0.026 to 0.193 wt% gebkimuch lowered strain initiating the first
spallation from 5.88 to 2.73% . Moreover, afterligi@on took place, spallation ratio of the
oxidised steel with higher silicon content was leiglas well as its sensitivity to spalling with
the increment of the imposed stain. These reseéimgo indicate lower degree of adhesion of
scale on steel with higher silicon content, butamttie situation that delamination must occur
between scale and steel substrate.

99



Chapter 4 Adhesion of scales on hot-rolled steels with different silicon contents
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Figure 4.32: Evolution of scale failure on the G@82t% Si steel (left) and 0.193-wt% Si steel
(right) as a function of imposed strain.
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Figure 4.33: (a) Crack density and crack spacinmgher of scale on the 0.026-wt% Si and
0.193-wt% Si steels as a function of the imposegirsinvestigate by the micro-tensile test,
and (b) crack spacing magnified from (a).
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Figure 4.34: Spallation ratio of scales on the 6-:02% Si and 0.193-wt% Si steels as a
function of imposed strain investigated by the mitansile test.
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Figure 4.35: Strain at the first spallation of gcah the 0.026-wt% Si and 0.193-wt% Si steels
investigated by the micro-tensile test.

102



Chapter 4 Adhesion of scales on hot-rolled steels with different silicon contents

Table 4.4: Strain at the first spallation and medtel adhesion energy of scale on the
0.026-wt% Si and 0.193-wt% Si steels investigatgthle micro-tensile test.

Parameters Micro-tensile test § = 7x 10°s™)
0.026-wt% Si steel 0.193-wt% Si steel
Oxide thickness (um) 1.10 1.19
Strain at the first spallation (%) 5.88+1.25 2+/3.25

After tensile test, SEM-EDS analysis was appliedhensurface of the two studied samples as
shown in Figs. 4.36 and 4.37. The main peaks ofwere detected on the spalled area on the
sample containing lower silicon content, indicatthg adhesive delamination between scale
and steel substrate for this sample. On the contparaks of iron and oxygen were observed
on the spalled area of the sample with higherailicontent. This indicates partial spallation
of scale, while some parts of oxide of iron stilhared to steel substrate. From Fig. 4.30
showing XRD analysis of scale on the 0.193-wt%t8els it was seen that the peaks of Fe,
Fe0s, Fe0, as well as F£&i0, are present. This indicates fayalite existinghat gteel-scale
interface which promoted adhesion of the internait pf scales. However, the global
adhesion of the rest of the scales was rather low.
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Figure 4.36: (a) Oxide scale and steel substratieeod.026-wt% Si steel after straining by
13.21%, and (b) EDS pattern on metal substraterobd®n the white area in the upper
micrograph (a).
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Figure 4.37: (a) Oxide scale and steel substrabel®3-wt% Si steel after straining by
13.98%, and (b) EDS pattern on metal substraterebden the white area in the upper
micrograph (a).
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CHAPTER 5
OXIDATION OF SILICON-CONTAINING MODEL STEEL

In chapter 3, we have seen that the recycled strghins many elements which can affect
oxidation and adhesion of scale on the substratecpkarly silicon and copper. In chapter 4,

the study is conducted using steels with siliconteot in the range of 0.026 to 0.193 wt%
which are commercially available from the industiry.order to study the role of silicon on

oxidation more profoundly, two model steels werepared for the investigation in this

chapter with a greater variety of silicon conte®25-wt% Si and 0.84-wt% Si. The role of

copper on oxidation will be focussed in the nexdptier.

The oxidation tests were conducted by the thernaolcal model B 24 from SETARAM.
Silicon-containing model steels were prepared wyindrical size with 5 mm of length and 5
mm of diameter. Oxidation study was carried ouR@®oHO/Ar for 16 hours from 600 to
900°C.

5.1 Oxidation kinetics of model steels containing silicon
5.1.1 Oxidation rate asa function of time

It was found that the oxidation kinetics of thedstal steels follow the linear-parabolic rate
law as shown in Fig. 5.1 to Fig. 5.4. At 900°C afiehours, the kinetic of the 0.84-wt% Si

steel was considerably higher than that of ste¢h wawer Si. At 700°C and 800°C, the

kinetic of the 0.84-wt% Si steel was lower thant thiathe reference and 0.25-wt% Si steels.
However, the kinetic of the studied steels seeradmktsimilar at 600°C.

©0 T20%H,0/Ar at900°C 1000
- ~=="1 900
50 - _
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Figure 5.1: Mass gain of the reference (Fe), 0.2 ®i and
0.84-wt% Si steels oxidised in 209%BYAr at 900°C.
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Figure 5.2: Mass gain of the reference (Fe), 0.2%-®i and
0.84-wt% Si steels oxidised in 20%BYAr at 800°C.
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Figure 5.3: Mass gain of the reference (Fe), 0.2 ®i and
0.84-wt% Si steels oxidised in 20%BYAr at 700°C.
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Figure 5.4: Mass gain of the reference (Fe), 0.2 ®i and
0.84-wt% Si steels oxidised in 20%BYAr at 600°C.

Fig. 5.5 to Fig. 5.7 compare the temperature etéthe reference, 0.025-wt% Si and 0.84-
wt% Si steels at temperature range of 600 to 900°@as seen that the oxidation rate
increased with increasing temperature. It can bésobserved that the initial stage, which the
oxidation rate was lower, seems to be identicabfbsteels.
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Figure 5.5: Mass gain of the reference (Fe) steieliged in 20%HO/Ar at different
temperatures.
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Figure 5.6: Mass gain of the 0.25-wt% Si steel mead in 20%HO/Ar at different

temperatures.
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Figure 5.7: Mass gain of the 0.84-wt% Si steel mad in 20%HO/Ar at different
temperatures.
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For the oxidation of silicon containing steel, &cbe observed that the behaviour of mass
gain with the time elapsed are divided in thregestaas shown in Fig. 5.8.

1. In the first stage, the oxidation kinetics foll® a linear law, indicating the dominant
surface reaction in the early period of oxidation.

2. In the second stage, the oxidation rates folltvesparabolic rate law. This period might
correspond to the one when the protective,$@rmed [Ahtoy (2010)].

3. In the third stage, the oxidation rates alstoWe$ the parabolic rate law but with higher
parabolic rate constant. It is possible that is fheriod the protective SiQayer transform to
the less protective layer containing wustite analite [Ahtoy (2010)].
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Figure 5.8: Typical curve of oxidation of siliconrgaining steel.

At the first stage, from a microscopic view of tleight gain-time plot as shown in Figs. 5.1
to 5.3, rate laws seem to be linear. However, wthenregion where the linear relationship
between weight gain and time were zoomed. The lscg#er of the raw data was observed as
in Fig. 5.9. A linear relationship between weightrgand time can be statistically determined,
but with a very low value of R(0.32 for Fig. 5.9). This scatter was also obserigr the
oxidation results at the other oxidation tempeeguiThus, the linear rate constan) (kas

not determined in this work.

However, the concept of incubation time which wagdiin some works, e.g. Fukumoto
(2001), might be applied to qualitatively determihe period before the parabolic growth rate
in stage 3 commences. It was observed eviden89@C as in Fig. 5.10 that when Si content
in the steel increased, this incubation time wasgés. This indicates the more effective
passivity role of silica layer when Si contentlie tsteel increases.
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Figure 5.9: Mass gain of the reference (Fe) steieliged in 20%HO/Ar for 700°C at the first
linear stage.
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Figure 5.10: Mass gain with oxidation time of tieéerence (Fe), 0.25-wt% Si and
0.84-wt% Si steels oxidised in 209%4BYAr at 900°C (a), and (b) incubation period maiguwif
from (a).

The calculation of parabolic rate constantg) (Bre determined by following equation
[A_;njz =k, . In the k determination, the first two stages of oxidatic dassified in
Fig. 5.8 was eliminated so that thg \alue was determined only from the data when the
oxidation was in stage 3. A plot betwe%%?}z as the y-axis and t as the x-axis was carried

out. The slope of that graph, which correspondg&ptavas then found out. The Arrhenius
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form exhibiting relationship between parabolic ratmstant and temperature is shown in
Fig. 5.11 with data in Table 5.1.

Table 5.1: Parabolic rate constanis J of different silicon-containing steels oxidised i
20%H,0O/Ar for 16 h at different temperatures.

Temp Parabolic rate constants’(gm*.s ")
(°C) Reference (Fe) 0.25-wt% Si 0.84-wt% Si
600 2.00x 10+ 0.00 9.0x 10 +1.00x 10 | 1.50x 10+ 5.00x 10

700 | 4.35x10°+2.50x 10 | 1.50x 10° +1.00x 10° | 1.00x 10° + 1.00x 10°°

800 | 2.35x10°%+1.20x10° | 1.40x10°+4.15x10° | 9.30x 10° +2.90x 10

900 | 4.31x10%+550x 10 | 1.18x10°%+1.35x10° | 3.89x 10°+1.03x 10°

The activation energy can be calculated from Figjl 5information obtained from this figure
is presented in Table 5.2. The parabolic rate emstof those steels are as follows.

For reference (Fe) steel  k (g*cm™.s™) = 7.16exp[%064j (5-1)
For 0.25-wt% Si steel k,(g*cm™s™) = 7.61exp[%z_406j (5-2)
For 0.84-wt% Si steel k,(g*cm™s™) = 7.42exp($7j (5-3)

where R is a gas constant (8.314 Jhil™). Apparent activation energies of the reference
(Fe), 0.25-wt% Si and 0.84-wt% Si steels were 185, and 161 kJ.mdirespectively.
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Figure 5.11: Parabolic rate constarks ) of different silicon-containing steels oxidised i
20%H,O/Ar for 16 h at different temperatures.

Table 5.2: Various parameters data received fran3=iL1 of different silicon-containing
steels oxidised in 20%a/Ar for 16 h.

Parameters Steel . -
Reference (Fe) 0.25-wt% Si 0.84-wt% Si
Slope,m - 0.81 - 0.77 -0.84
Proportionality constant, _716 761 742
(P.cm*s™h ' ' '
Apparent activation energy;, 155 147 161
(kJ.mor?)

From the Arrhenius plot in Fig. 5.11, it was obs&hthat the activation energies of all steels
are identical. Comparing to literature on air oxioila of silicon-containing steel
[Yang (2008)], it was reported increasing silicamtent gave oxidation rate lower. Oxidation
rate of steel with 0.51wt% Si oxidised in air [Ya(®p08)] is higher than that of steel with
0.84wt% Si oxidised in water vapour observed ingresent work. It might then be noted that
oxidation rate seems to be higher when the silmmmtaining steel is oxidised in water vapour
comparing to dry air.

5.1.2 Derivative of mass gain as a function of time

Oxidation rate of steel can be plotted as the dévig of the oxidation rate in function of
oxidation time. From the initial period up to theeocorresponding to the first inflexion point,
the rate of mass change is decreased when thetioxidime elapsed. This first stage
indicates passivity behaviour of the oxide scalehlmnstudied steel. After the first inflexion
point, oxidation rate increased with the periodxidation. This second stage might be due to
passivity breakdown or transformation of the passayer to the one which is less protective.
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In the third stage after the second inflexion pooxidation rate increased with time. This
might be due to oxide scale growth obeying the lpalra rate law. Those sentences are
presented in Fig. 5.12.
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Figure 5.12: Derivative of mass gain in functiortleé oxidation time of the reference steel
oxidised in 20%HKO/Ar at 900°C.

At 900°C, passivity duration was calculated frorg.F5.13 and plotted in Fig. 5.14 with data
in Table 5.3. From these results, it is seen that passivity and passivity breakdown
durations are longer when silicon in steel incrdase
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Figure 5.13: Derivative of mass gain in functiortloé oxidation time of silicon-containing
steels oxidised in 20%a/Ar at 900°C.
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Figure 5.14: The first and second inflexion pomwitslifferent silicon-containing steels
oxidised in 20%HO/Ar at 900°C.

Table 5.3: Durations of the first and second infd@xpoints of different silicon-containing
steels oxidised in 20%a/Ar at 900°C.

Inflexion point - Steel .
0.25-wt% Si 0.84-wt% Si
First 27 min £ 1 min 45 min £ 6 min
Second 3h 29 min + 10 min 4 h 13 min £ 1 min

To discuss the passivity and passivity breakdowhabieur of the studied steels, scale
formation during those periods was investigatednFRaman spectroscopy, peaks of(d=e
Fe;04 and SiQ were observed during passivity duration (Fig. ».16is then possible that
silicon oxide exists at the internal interface. \fitdswhich is a metal-deficit oxide is not
formed. This indicates that slow diffusion of irtwough silica reduces iron activity, making
the formation of FeO impossible under magnetites Tonfirms the effective role of silica as
a passive layer. Furthermore, from Raman spectpysitoFig. 5.16, peaks of F@s;, F&O,,
SiO, and FegSiO, were observed during passivity breakdown. It entlpossible that silica
which grows with time turns to be less passiveyltesy in the formation of fayalite (R8I0,

or (2FeO +SiQ)) which could be from FeO and SIO
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Figure 5.15: Raman spectrum at the first inflexpomt of 0.84-wt% Si steel oxidised in
20%H,0/Ar at 900°C for 29 min.
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Figure 5.16: Raman spectrum at the second inflep@nt of 0.84-wt% Si steel oxidised in
20%H0O/Ar at 900°C for 5 h.
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5.2 Characterisation of oxide scale

The steels with Si contents of 0.25 and 0.84-wt%ewsudied and Fe substantially without
silicon as a reference steel was also studied darparison. Cross-sections of oxide scales
were examined using scanning electron microscoM)S Compositions and phases of
oxidation products were qualitatively determined dnergy-dispersive X-ray (EDS), X-ray
diffraction analysis (XRD) and Raman spectroscopy.

5.2.1 Reference steel

Fig. 5.17 depicts the SEM images of the oxide soal¢he reference steel oxidised at 900°C
for 16 h. The XRD pattern indicates the existenfceam, hematite and magnetite (Fig. 5.18).

From these results and literature [Chen (2000)E possible that hematite exists as the thin
outermost layer. The main layer is wistite with metge precipitates. And magnetite might

exist at the internal interface. In the FeO lagedark spot might be voids as compared with
literature [Ahtoy (2010)].

Raman spectroscopy indicates the existence of ltenaaid magnetite at the outer most layer
(layer A) (Fig. 5.19). Wustite and magnetite wetiserved as an intermediate layer. This
should be the layer of wistite with magnetite ates (layer B) (Fig. 5.20). A higher peak

of magnetite and lower peak of wistite were obskroa scale at steel-scale interface

(layer C) (Fig. 5.21), indicating the existencdlw magnetite seam at the internal interface. It
should be noted that diameter of layer Raman igr@0Thus, the peak of wistite in Fig. 5.21

might be from layer B.
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Figure 5.17: Cross-section of scale on the referateel oxidised in 20%/Ar at 900°C for
16 h showing (a) oxide scale, and (b) the interfaegnified from (a).
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Figure 5.18: XRD pattern on oxide scale of theneriee steel oxidised in 20%8/Ar at
900°C for 16 h.
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Figure 5.19: Raman peak on oxide scale observedinrthe Fig. 5.17 (a) of reference steel
oxidised in 20%HKHO/Ar at 900°C for 16 h.
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Figure 5.20: Raman peak on oxide scale observd®linrthe Fig. 5.17 (a) of reference steel
oxidised in 20%HKHO/Ar at 900°C for 16 h.
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Figure 5.21: Raman peak on oxide scale observédiarthe Fig. 5.17 (a) of reference steel
oxidised in 20%HKHO/Ar at 900°C for 16 h.
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5.2.20.25-wt% Si steel

Fig. 5.22 depicts the SEM images of the oxide socaledhe 0.25-wt% Si steel oxidised at
900°C for 16 h. From EDS in Figs. 5.23 and 5.24 peaks of iron and oxygen were
observed. A strong peak of carbon and slight pdadlicon were also found. XRD pattern
indicates the existence of iron, hematite, and reaign(Fig. 5.25). From these results and
literature [Chen (2000)], it is possible that heibeand magnetite exists as the outermost
layer.

From Raman spectroscopy, its pattern indicateseftigtence of wuistite and magnetite on
layer B (Fig. 5.26). From this result and liter&y€hen (2000)], it is possible that this layer
is wilstite with magnetite precipitates. Wistite gmetite and fayalite were observed on scale
near internal interface (layer C) (Fig. 5.27). dtpossible that this layer is the mixture of
waustite and fayalite, which were reported in sommks on oxidation of silicon-containing
steel in water-vapour atmosphere [Fukumoto (206d)akata (2011)].
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Figure 5.22: Cross-section of scale on the 0.25-®t%teel oxidised in 20%®/Ar at 900°C
for 16 h showing (a) oxide scale, and (b) the fiat magnified from (a).
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Figure 5.23: EDS pattern on oxide scale observel mnthe Fig. 5.22 (a).
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Figure 5.24: EDS pattern on oxide scale observe@ onthe Fig. 5.22 (a).
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Figure 5.25: XRD pattern on oxide scale of the G12% Si steel oxidised in 20%/Ar at
900°C for 16 h.
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Figure 5.26: Raman peak on oxide scale observdiliorthe Fig. 5.22 (a) of 0.25-wt% Si
steel oxidised in 20%#D/Ar at 900°C for 16 h.
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Figure 5.27: Raman peak on oxide scale observédiiarthe Fig. 5.22 (a) of 0.25-wt% Si
steel oxidised in 20%}®/Ar at 900°C for 16 h.

5.2.30.84-wt% S steel

Fig. 5.28 depicts the SEM images of the oxide soaledhe 0.84-wt% Si steel oxidised at

900°C for 16 h. From EDS in Figs. 5.29 and 5.3@ peaks of iron and oxygen were

observed on layer A and layer B, indicating tha tixide in this area is a type of oxide of

iron. EDS pattern observed on scale near steed-sgtdrface and internal interface is shown
in Figs. 5.31 and 5.32 respectively. Peaks of Oara Si were observed. Oxide containing
silicon, possibly fayalite, might exist at its aredD pattern indicates the existence of iron,
hematite, and magnetite (Fig. 5.33). It is possthket hematite and magnetite existed at the
outermost layer.

From Raman spectroscopy, the pattern indicategexistence of hematite and magnetite on
layer A (Fig. 5.34). At layer B, Raman peak exlsbaistite and magnetite (Fig. 5.35). It is
possible that this layer is a wistite with mageepitecipitates. Wistite, magnetite and fayalite
were observed on layer C (Fig. 5.36). At the indéinterface, fayalite was observed as in the
part of the layer C and as internal precipitatestée|.
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Figure 5.28: Cross-section of scale on the 0.84-®it%teel oxidised in 20%d/Ar at 900°C
for 16 h showing (a) oxide scale, and (b) the fiat magnified from (a).
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Figure 5.29: EDS pattern on oxide scale observefl the Fig. 5.28 (a).
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Figure 5.30: EDS pattern on oxide scale observel mnthe Fig. 5.28 (a).

129



Chapter 5 Oxidation of silicon-containing model steels

Count

Count

28k

NI
0
B
BE
N
&

24k
20k

18k

12

08k

[E

Fe
O
Fe
Si Fe

Energy (keV)
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Figure 5.32: EDS pattern at the internal oxidatoea in Fig. 5.28 (b).
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Figure 5.33: XRD pattern on oxide scale of the 6% Si steel oxidised in 20%/Ar at
900°C for 16 h.
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Figure 5.34: Raman peak on oxide scale observedinrthe Fig. 5.28 (a) of 0.84-wt% Si
steel oxidised in 20%}®/Ar at 900°C for 16 h.
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Figure 5.35: Raman peak on oxide scale observélinrihe Fig. 5.28 (a) of 0.84-wt% Si
steel oxidised in 20%}®/Ar at 900°C for 16 h.

1000

Fe304 0.84-wt% Si steel
800 -
S .
. Fe»SiO
L 600 - 2>4
=
=
@ 400 -
[4]
=
200 - FeO  Fej04Fe0

100 200 300 400 500 600 700 800 900 1000
Raman shift (cm'1)

Figure 5.36: Raman peak on oxide scale observéiliarthe Fig. 5.28 (a) of 0.84-wt% Si
steel oxidised in 20%#D/Ar at 900°C for 16 h.
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5.3 Comparison of oxide scales on steelswith different contents of silicon

By comparing the steels containing different cotges silicon, it can be seen that increasing
silicon content in steel tends to result in lowgrdation kinetics and scale thickness. These
are in agreement with the widely known results mrogidation of silicon-containing steel or
iron [Taniguchi (2001), Suéarez (2010), Nishimot612)]. The more interesting results might
then be evolution of sublayer of oxide scale oelsiéferent in silicon contents as shown in

Figs. 5.37 and 5.38.

Layer B (FeO + F£,)

Steel

Figure 5.37: lllustration of the formation of theide layer.
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Figure 5.38: Thickness ratio of FeO and®gas a function of silicon-containing steels
oxidised in 20%HKO/Ar at 900°C for 16 h.

From the figure, it can be seen that the layer én{atite and magnetite) which is the outer
part of scale is thicker when silicon content iased. The layer B which is wiustite
containing magnetite precipitates is the major ptas the case of reference steel. This layer
tends to be thinner when silicon in steel increaBesase of layer C which is the mixture of
waustite and fayalite, it tends to grow thicker witie increase of silicon content in steel.

As for layer C, the existence of this layer formed in oxidationwater-vapour-containing
atmosphere has been reported in some literatutdsiffoto (2001), Nakata (2011)], but the
present work might be the first to show its evaatin function of silicon content in steel. It
was reported [Fukumoto (2001)] that this layer @rlf5Si is firstly formed in the form of Si-
rich oxide. Based on our Raman result in Fig. 5tifs, layer in our work is Si© After longer
oxidation, it was reported [Fukumoto (2001)] thatls Si-rich oxide transforms to be the
mixture of wistite and fayalite. Formation of tinéxture was also found in scale on silicon-
containing steel oxidised in air [Tanigushi (200Aphtoy (2010)]. It was reported that this
biphasic layer is evolved from the silica whichnsito be more porous after longer period of
oxidation [Ahtoy (2010)]. From the marker experimen was found that the marker was
placed between external oxide and the mixture ddtidiand fayalite after longer period of
oxidation [Fukumoto (2001)]. This indicates theemmal oxidation of that biphasic layer.
From Fig. 5.28, it can be seen that when silicamteat increases in steel, the oxidation rate of
this sublayer is faster resulting in the thickenmigthis layer. Existence of this sublayer
influence the growth of other sublayers as theofuilhg.
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As for layer B, it was seen that this layer is wuistite with madg@eprecipitates, which
decreases with the increased silicon content. Tégept results on silicon-containing steel in
water-vapour-containing atmosphere are similarh® tecent one [Nishimoto (2011)] on
oxidation of silicon-containing in air in many mams. In that work, the EBSD
cross-sectional images of scales were conductasti@sn in Fig. 5.39. Scales on steels with
different silicon contents were made to have thmesthickness for comparison. It is seen that
increasing silicon content in steel made the wéigtiinner. The discussion was made that
formation of fayalite at the internal interface iiniks diffusion of iron from steel to scale since
diffusivity of iron through fayalite is much slowdhan through wustite [Tanigichi (2001),
Ahtoy (2010), Nishimoto (2011)]. As a consequertbe,iron supply to form wustite which is
just next to fayalite is then reduced. The wigiiblayer is then thinner when silicon is added
in steel.

Figure 5.39: SEM images and EBSD of each iron oaiuu-Fe in the cross-sectional
microstructures (a) Fe-0.004%Si, (b) Fe-0.1%SiFe&0.5%Si and (d) Fe-1%Si
[Nishimoto (2011)].

However, the discussion was not made in the preweark [Nishimoto (2011)] why wustite

is thinner or even disappeared when more than ®@&af silicon is added in iron. It was only
assumed in that work that fayalite layer shouldnfarontinuously when higher silicon is
added in the metal. In the present work, formatbthe mixture of wstite with fayalite can
be clearly observed, and it is seen that this seblgrows thicker with the increased silicon
content. The discussion can then be made thatdiinuous and thicker layer inhibit iron to
diffuse outwards to form wustite more efficiently.
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Furthermore, it should be noted that in the presemk, even though silicon is added in steel
up to 0.84 wt%, when this steel is oxidised in wa&i@pour containing atmosphere at 900°C
(Fig. 5.28) or 800°C (Fig. 5.40), sublayer of wiestivith magnetite precipitates can still be
observed. This layer disappeared for Fe-0.5Si p&ilin air at 800°C (Fig. 5.39) [Nishimoto

(2011)]. This result might indicate that iron caiffuse through the layer of wistite mixed

with fayalite which is formed in water-vapour-coniag atmosphere easier than through
fayalite layer which is formed in air.

0.84-wt% Si stee

e i 3 B < precipitates

- FeO +
“F FeSiOy

Metal

BSE | 200um |

Figure 5.40: Cross-section of scale on the 0.84-®i%teel oxidised in 20%J@/Ar at 800°C
for 16 h.

Asfor layer A, as previously mentioned for the case of silicontaining steel, iron outwards
diffusion from steel to scale is reduced due to pinesence of fayalite-containing layer.
Oxygen supply from atmosphere to scale is then meigraficant comparing to the outwards
diffusion of iron [Nishimoto (2011)]. Thus, formati of iron oxide higher in oxygen ratio is
promoted [Yang (2008)]. This results in the thidkgnof layer A consisting of hematite and
magnetite with the increased content of silicosteel.
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CHAPTER 6
OXIDATION OF COPPER-CONTAINING MODEL STEEL

In chapter 5, in order to study the role of siliamm oxidation, the study is conducted using
steels with 0.25-wt% Si and 0.84-wt% Si. The rafeee steel is also compared. In this
chapter, to study the role of copper on oxidatiompdel steels are prepared for the
investigation with the copper contents of 0.08 Gr89 wt%. The results concerning reference
steel reported in the previous chapter are useddimparison.

The oxidation tests were conducted by the thernaolcal model B 24 from SETARAM.
Copper-containing model steels were prepared wilindrical size with 5 mm of length and

5 mm of diameter. Oxidation study was carried ouR0%HO/Ar for 16 hours at 600 to
900°C.

6.1 Oxidation kinetics of model steels containing copper
6.1.1 Oxidation rate as a function of time

It was found that the oxidation rates of the coppmertaining steels follow the linear-
parabolic law as shown in Fig. 6.1 to Fig. 6.4.rfrihis study, at 900°C, the oxidation rate of
the 0.39-wt% Cu steel was lower than that the @8- Cu and the reference steels. At
700°C and 800°C, the oxidation rate of the coppertaining steels was lower than that the
reference steel. However, the oxidation rate of dbpper-containing steels seemed to be
identical. At 600°C, the oxidation rates of the gepcontaining steels were slightly higher
than that of the reference steel.
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Figure 6.1: Mass gain of the reference steel ((:08-wt% Cu and
0.39-wt% Cu steels oxidised in 20%bD{Ar at 900°C.
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Figure 6.3: Mass gain of the reference steel ((:08-wt% Cu and

0.39-wt% Cu steels oxidised in 209%P{Ar at 700°C.
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Figure 6.4: Mass gain of the reference steel ((r@8-wt% Cu and
0.39-wt% Cu steels oxidised in 20%P{Ar at 600°C.

Fig. 6.5 to Fig. 6.6 compare the temperature effecthe 0.08-wt% Cu and 0.39-wt% Cu
steels in the temperature range 600 to 900°C. & seen that the oxidation rate increased
with increasing temperature. It can also be obsktirat the initial stage, which the oxidation
rate was lower, seems to be identical for all steel
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Figure 6.5: Mass gain of the 0.08-wt% Cu steel ized in 20%HO/Ar at different
temperatures.
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Figure 6.6: Mass gain of the 0.39-wt% Cu steel imed in 20%HO/Ar at different
temperatures.

The Arrhenius form exhibiting relationship betwegmrabolic rate constant and temperature is
shown in Fig. 6.7 with data in Table 6.1.

Table 6.1: Parabolic rate constanis J of copper-containing steels oxidised in 2096¢Ar
for 16 h at different temperatures.

Temp Parabolic rate constants’(gm*.s )
(°C) Reference (Fe) 0.08-wt% Cu 0.39-wt% Cu
600 2.00x 107+ 0.00 2.0« 10"+ 0.00 2.0« 10"+ 0.00

700 | 4.35x10° +2.50x 10°¢ | 2.75x 107 +5.00x 10 | 2.85x 10° + 1.50x 10°*°

800 | 2.35x10°%+1.20x10° | 1.38x10°+4.10x10° | 1.27x10°%+1.45x 10

900 | 4.31x10°+5.50x 10 | 2.53x10°+1.46x 10° | 1.36x 10°+4.15x 10

The activation energy can be calculated from Fig. Bformation obtained from this figure is
presented in Table 6.2. The parabolic rate corstithose steels are as follows.

For reference (Fe) steel ~ k, (g°.cm™.s™) = 7.16exp(£064j (6-1)
For 0.08-wt% Cu steel k,(g*cm™s™) = 7.43exp(%9749j (6-2)
For 0.39-wt% Cu steel k,(g*cm™s™) = 7.62exp[%434j (6 -3)

where R is a gas constant (8.314 Jhii™). Apparent activation energies of the reference
(Fe), 0.08-wt% Cu and 0.39-wt% Cu steels were 188,and 124 kJ.moirespectively.
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Figure 6.7: Arrhenius plot of copper-containingetseoxidised in 20%pD/Ar for 16 h at
different temperatures.

Table 6.2: Data received from Fig. 6.7 for the cappontaining steels oxidised in
20%H,0O/Ar for 16 h.

Parameters Steel
Reference (Fe) 0.08-wt% Cu 0.39-wt% CU
Slope,m -0.81 -0.73 —0.65
Proportionality constantk, _716 _ 743 762
(P.ecms™ ' ' '
Apparent activation energy, 155 140 124
(kJ.mol™)

From the Arrhenius plot in Fig. 6.7, it was obsertbat in the range of 700 to 900°C,
increasing copper content tends to reduce oxidaata This role is more pronounced with
the increasing temperature. It was also obsenadhie activation energy is slightly lower for
steel with higher copper content, indicating highaergy barrier for reaction to take place.
Comparing to literature on air oxidation of coppentaining steel [Chen (2005)], it was
reported that in air oxidation at 980°C increastopper content gave oxidation rate lower.
Oxidation rate of steel with 0.34wt% Cu oxidisedain at 980°C [Chen (2005)] is lower than
that of steel with 0.39wt% Cu oxidised in water @apat 980°C in the present work. It might
then be noted that oxidation rate seems to be higien the copper-containing steel is
oxidised in water vapour comparing to dry air. As pure copper oxidised in oxygen with
and without water vapour [Wang (2009)], it was mipo that the rate of copper oxidation in
oxygen containing water vapour was slightly higtinem in dry gases.
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6.1.2 Derivative of mass gain as a function of time

Oxidation rate of steel can be plotted as the déxig of the oxidation rate in function of
oxidation time. At 900°C, passivity duration wadcoéated from Fig. 6.8 and plotted in
Fig. 6.9 with data in Table 6.3. From these resuits seen that the passivity and passivity
breakdown durations are longer when copper in staslincreased.
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Figure 6.8: Derivative of mass gain in functiortlod oxidation time of copper-containing
steels oxidised in 20%a/Ar at 900°C.
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Figure 6.9: The first and second inflexion points@pper-containing steels oxidised in
20%H,O/Ar at 900°C.
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Table 6.3: Durations of first and second inflexmmints of difference copper-containing
steels oxidised in 20%6/Ar at 900°C.

Inflexion point Steel
0.08-wt% Cu 0.39-wt% Cu
First 33 min £2 min 38 min £5 min
Second 3 h 23 min = 32 min 4 h 6 min £40 min

To discuss the passivity and passivity breakdowhabieur of the studied steels, scale
formation during those periods were investigatedn-Raman spectroscopy, peaks of(-¢
Fe;04 and CuO were observed during passivity duratiog. (610). ). It is then possible that
copper oxide exists at initial stage. Wstite whila metal-deficit oxide is not formed. This
indicates that diffusion of iron through copperdxiis slow, thus reducing iron activity and
inhibiting the stability of lower iron oxides. Thisplies the effective role of copper oxide as
a passive layer. In fact, the only iron oxide degddn this stage is hematite. This indicates
the more significant role of oxygen on oxide foriroatwith respect to the role of iron. At
longer period of oxidation during passivity breakap Raman spectroscopy as in Fig. 6.11
exhibits the peaks of K83, FeO4 CuO and CO. It is then possible that CuO which is
initially formed turns to be the more stable ph&a0O, according to the stability diagram in
Fig. 6.12.

Comparing to literature on air oxidation of pureper [Prisedsky (2004)], it was reported
that highly permeable fine-gained CuO layer is fednmon the specimen’s surface at initial
stage. Then, after the outer dense layer of readiyysgtd CuO grains develops, the two-layered
oxide zone with dominating GO layer arises. The dense outer layer of CuO cldises
channels of easy oxygen transfer through the gasepm porous scale. At this time, Cu
grains appear on the inner surface of scale andnelgpthroughout the larger part of the
diffusion zone. Under mechanical stress due talifierence in molar volume between metal
and oxide, a complex pattern of cracks developsxide layer providing the channels of fast
diffusion transfer. Also, comparing to literaturen amxidation of pure copper in air
[Zhu (2004)], it was reported that the productdnitial oxidation consist of both CuO and
CwO. However, it was reported that CuO is firstlyni@d as a thin uniform film on the
surface with the reaction Cu + ¥» © CuO, and as then CuO film grows in thickness, th
oxygen potential at the CuO/Cu interface was dee®aWhen it decreases to the pressure
where CyO is stable, the nucleation of & will occur and the oxide will grow under the
CuO film with reaction Cu + CuO = GQ.
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Figure 6.10: Raman spectrum at the first inflexpomts of 0.39-wt% Cu steel oxidised in
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Figure 6.11: Raman spectrum at the second inflep@nts of 0.39-wt% Cu steel oxidised in

20%H,0/Ar at 900°C for 1 h 30 min.
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Figure 6.12: Stability diagram of copper, iron, dhdir oxides at various partial pressures of
oxygen and temperature [Kondo (2006)].

6.2 Characterisation of oxide scale

The studied steels contain 0.08-wt% Cu and 0.39-@it% Cross-sections of oxide scales
were examined using a SEM. Compositions and phadesxidation products were
gualitatively determined by EDS-SEM, XRD and Rarspactroscopy.

6.2.1 0.08-wt% Cu stee

Fig. 6.13 depicts the SEM images of the oxide soal¢he 0.08-wt% Cu steel. EDS pattern

observed on scale near internal interface is shiawfigs. 6.14 and 6.17 respectively. Peaks
of O, Fe, C and Cu were observed.
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Figure 6.13: Cross-section of scale on the 0.08-®@t¥steel oxidised in 20%/Ar at
900°C for 16 h observed on (a) oxide scale, anéh(bjface magnified from (a).
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Figure 6.14: EDS pattern on oxide scale on scade inéernal interface in the
Fig. 6.13 (b) marked as C.
Fe
=
-}
@]
o

Fe Cu
o -
il bl : - ™ ulm

9.00

Energy (keV)

Figure 6.15: EDS pattern on oxide scale on scade inéernal interface in the
Fig. 6.13 (b) marked as Cu.

XRD pattern in Fig. 6.16 indicates the existencé&raf, hematite, and magnetite (Fig. 6.16).

Because of the relatively thick scale, the XRD oaly identify the phases found on the outer
part of scale. From Raman spectroscopy, its patteticates the existence of hematite and
magnetite on layer A (Fig. 6.17). This indicateatthematite and magnetite exists as the
outermost layer. For layer B, wistite and magnetiegze observed (Fig. 6.18). From this

result and literature [Chen (2000), (2005)], tlagdr is wistite with magnetite precipitates.

The peaks of magnetite and wustite were observescale near internal interface (layer C)

(Fig. 6.19).
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Figure 6.16: XRD pattern on oxide scale of the 8M@& Cu steel oxidised in 20%B/Ar at
900°C for 16 h.
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Figure 6.17: Raman peak on oxide scale observedinrthe Fig. 6.13 (a) of 0.08-wt% Cu
steel oxidised in 20%}®/Ar at 900°C for 16 h.
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Figure 6.18: Raman peak on oxide scale observeliorihe Fig. 6.13 (a) of 0.08-wt% Cu
steel oxidised in 20%#D/Ar at 900°C for 16 h.
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Figure 6.19: Raman peak on oxide scale observédiarthe Fig. 6.13 (a) of 0.08-wt% Cu
steel oxidised in 20%}D/Ar at 900°C for 16 h.
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6.2.2 0.39-wt% Cu steel

Figs. 6.20 and 6.21 depict the SEM images of théeogcale on the 0.39-wt% Cu steel. From
EDS in Figs. 6.22, 6.23 and 6.24, peaks of iron @xyhen were observed of all figures. A
peak of carbon was also found near a gap and d& sear internal interface. A strong peak
of copper was observed on scale near internaffater

0.39-wt% Cu sted
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_. FQ;O4
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Gy 0 ' : ! precipitates
e oyl 3 e 5 i A A > Gap
~. FeO +
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Figure 6.20: Cross-section of scale on the 0.39-®t¥steel oxidised in 20%/Ar at
900°C for 16 h.
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Figure 6.21: A metal-scale interface showing thdd@a- and copper-rich phase in scale
parallel to the metal-scale interface.
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Figure 6.22: EDS pattern on oxide scale as C wisiciear a gap in the Fig. 6.21.
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Figure 6.24: EDS pattern on oxide scale as Cu ale swar internal interface in the Fig. 6.21.
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XRD pattern indicates the existence of iron, heteaéind magnetite (Fig. 6.25). From Raman
spectroscopy, its pattern indicates the existericéemnatite and magnetite on layer A
(Fig. 6.26). From these results and literature fC{&900), (2005)], these two oxides exist as
the outer layer. At layer B, wuistite and magnewviere observed on this layer (Fig. 6.27).
From this result and literature [Chen (2000), (200this layer is wuistite with magnetite

precipitates. In Fig. 6.28, the peaks of magnetitd wistite were observed on scale near
internal interface (layer C).
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Figure 6.25: XRD pattern on oxide scale of the G/8% Cu steel oxidised in 20%B/Ar at
900°C for 16 h.
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Figure 6.26: Raman peak on oxide scale observédiorthe Fig. 6.20 of 0.39-wt% Cu steel
oxidised in 20%HO/Ar at 900°C for 16 h.
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Figure 6.27: Raman peak on oxide scale observdlinrihe Fig. 6.20 of 0.39-wt% Cu steel
oxidised in 20%HO/Ar at 900°C for 16 h.
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Figure 6.28: Raman peak on oxide scale observéiliarthe Fig. 6.20 of 0.39-wt% Cu steel
oxidised in 20%HO/Ar at 900°C for 16 h.

6.3 Comparison of oxide scales on steelswith different contents of copper

From the previous sections, it can be synthetiseth &ig. 6.29 that scale consists of three
layers according to its appearance and integriseoked. A layer A at the outermost consists
of hematite and magnetite. A layer B is beneathfoh@er layer and consists of wistite with
magnetite precipitates. Finally, a layer C at thmeermost consists of wustite, magnetite and
copper rich phase. Evolution of each layer and ttital scale thickness is depicted in
Fig. 6.30. From this figure, it can be seen thattihtal scale thickness reduced with copper
content in steel. For each layer, the layer A iskiér when copper in steel increased. This is
opposite for the case of layer B where it is thmnih the increased copper content. The total
layer mainly consisting of wistite (layer B and i€)also thinner with the increased copper
content in steel.
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Figure 6.29: lllustration of the formation of theide layer.
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Figure 6.30: Thickness ratio of FeO,6g and FgO, as a function of copper-containing
steels oxidised in 20%@/Ar at 900°C for 16 h.
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For layer C, three phases were detected: wistite, magnenhte,capper-rich phase. From
Fig. 6.10, CuO was primarily observed at the irdérnnterface. It is possible that during
oxidation copper is enrich at the surface and tiegiice iron activity. This then results in the
formation of CuO according to the reaction:

Cu +%02:Cu0

When CuO is formed, the partial pressure of oxygethe CuO/steel substrate is reduced.
According to stability diagram in Fig. 6.12, the macstable phase @D could then form
according to the following reaction:

2CuO:Clg|O+%Oz

However, according the stability diagram mentioaédve, CuO is less stable than FeO. At
longer period of oxidation, it is possible that,Oufurther reacts with the FeO resulting in
Fe;0,4 according to the following reaction.

CwO + 3FeO =2Cu + RO,

This reaction results in the Cu dispersed in magneteam at the internal interface as
observed in the present work particularly in stegh 0.39-wt% Cu. Furthermore, Cu was
also found in wastite in the layer C, and the méigmeeak was also detected in this layer.
From TEM observation of copper-containing steeldsed in water-vapour containing

atmosphere [Kondo (2006), Kondo (2011)], oxide acbwopper existing in wistite grain

boundary was found to be magnetite. Thus, the exxist of copper particle surrounding by
magnetite in wistite layer might also be possibléhe present work.

For layer B, we can compare with the role of silicon in steethe previous chapter. The
existence of fayalite was discussed to be the ctrslwer oxidation rate of steel. In this
chapter, it seems that the existence of the copgemphase at the internal interface might also
play a role on decreasing oxidation rate. Compatanigerature studying air oxidation of the
copper-containing steel at 980°C [Chen (2005)],atyeper-rich phase was reported to spread
along the steel-scale interface of steel with 3:3034 wt% Cu, and oxidation rates of those
steels were reduced comparing to steel with loweper content. The discussion in this work
was in agreement with that one. However, it can $sen more profoundly in the present
work that reduction of the total scale thickness wae to the reduction of wistite thickness
(layers B and C). This could be because the exsterh the copper-rich phase inhibits the
transport of iron ion from steel to scale to forime twiistite layer. Furthermore, the discussion
was further made in literature [Chen (2005)] th&yhkr copper in steel reduced scale
adhesion resulting in the blister between scale ste@l substrate. Thus, the iron flux
transported from substrate to scale is then reduteid phenomenon was not found in the
present work which might be due to the lower oxidjigemperature.

For layer A, as formerly mentioned, the transport of iron foom metal to scale is inhibited

by the copper-rich phase at the internal interfat@wever, oxygen is relatively rich at the
external interface. This two situations lead tonfation of layer A consisting of oxides

relatively rich in oxygen (hematite and magnetitgth the relative faster rate. Thicker scale
of layer A is then observed for steel with highepger content.
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CHAPTER 7
CONCLUSIONSAND PERSPECTIVES

7.1 Conclusions

The present study investigated the characteristigglation kinetics, mechanical adhesion
and pickling behaviour of thermal oxide scale. Esereceived conventional and recycled
hot-rolled steels (Chapter 3), the conventionaélst@th 0.026-wt% Si and 0.193-wt% Si
steels (Chapter 4), and the model steels with réiffiesilicon contents (Chapter 5) and copper
contents (Chapter 6) were studied in this work. filewing conclusions could be drawn.

7.1.1 Conclusionsfor chapter 3: Adhesion of scales on steels produced by different
process routes

7.1.1.1 Scientific conclusions

1.

The two types of tensile test, macro and micro pnese comparatively applied in this
work. Since one of the important parameters differe these two tests is the strain rate,
its role on the testing results was first investga It was found that the forced spallation
of scales increased with increasing the tensilgrstate. A higher strain rate resulted in a
lower strain inducing the first spallation. It migbe because, at higher strain rate, the
system has no time to relax. Consequently, therappanechanical adhesion energy of
scale actually formed on the hot-rolled recycleztktiecreased with increasing the tensile
strain rate.

Mechanical adhesion of scale on steel substrate imaesstigated by the micro- and
macro-tensile test. Strains provoking the firstllgpian of scale actually formed on the
hot-rolled conventional and recycled steel wer&%&nd 5.28% respectively when using
the micro-tensile test. Those values were 0.26%2298P% for the macro-tensile test.

Mechanical adhesion energies operated by the nécrsile test of scale actually formed
on the hot-rolled conventional and recycled steese 293 and 611 J.fmrespectively.
The results from the macro-tensile test were derdifit as 1 and 186 J.mThese results
indicated the higher mechanical adhesion of saalie hot-rolled recycled steel.

The pickling test of the as-received hot-rolled tetodied steels was conducted. The
dissolution rate of scale on the recycled steel wlasver than that of scale on the
conventional one. Period of time for the complatklphg scale on the recycled steel was
longer than that on the conventional one. Thesdteemdicate the difficult de-scaling of
scale actually formed on the hot-rolled recyclezkktit might be due to the recycled steel
had hematite layer which is hard to be pickled.

The thicknesses of scales actually formed on therdiied conventional and recycled

steels were 11 and 12 um respectively. The scalesisted mainly in magnetite on the
hot-rolled conventional steel. The hot-rolled rdegc steel showed the presence of
external hematite.
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7.1.1.2 Technical conclusions

1.

The micro-tensile test, using very low tensile istrates, allows relatively high relaxation
phenomena. The obtained adhesion energies ardadteepeobably over-estimated.

For the micro-tensile test, samples have to be #md actual strips cannot be tested
directly. For the macro-tensile test, using higieasile strain rates with thick samples and
was very convenient for testing hot rolled strips.

Using the macro-tensile test with higher straire rgave the more spallation ratio during
straining. This facilitates the discussion in ctss the spallation ratio obtained from the
micro-tensile test was slight.

7.1.2 Conclusionsfor chapter 4: Adhesion of scaleson hot-rolled steels with different
silicon contents

1.

Spallation of scale actually formed on the 0.028swand 0.193-wt% Si steel during
straining increased with increasing the tensilaistrate. The increased tensile strain rate
resulted in decreased strain inducing the firstiafi@n. These results confirmed the other
ones found in the study in chapter 3.

The micro-tensile test used to investigate the haeical adhesion of scale actually
formed on the steel substrate. Lower strain prawpkhe first spallation was observed
when Si content in steel was lower. Steel with biglsi content exhibited a lower

susceptibility of scale spallation under the imgbstain. The macro-tensile test gave the
results with the same tendency as the ones obtayndte micro-tensile test.

The results from the tensile test indicated thghéi adhesion energies of scale actually
formed on the steel with higher Si content whictsw@1 and 11 J.thfor the micro- and
macro-tensile tests respectively. As a result, | stgth lower Si content present as
306 J.m? for the micro-tensile test and 4 Jnfor the macro-tensile test. This result was
indicating scale adherence of the 0.193-wt% Si.stdes might be due to the existence of
oxide containing Si at steel-scale interface, wiaah be promoted adhesion of scale on
steel substrate.

The as-received steel with actual scale on theditgd 0.026-wt% Si and 0.193-wt% Si
steels were used in pickling test. The resultscaigid that a lower dissolution rate of scale
and longer time for complete de-scaling for the98:Wt% Si steel. For the best surface
quality of hot-rolled steel strips after picklinthe Si content should be kept as low as
possible.

Scale actually formed on the 0.026-wt% Si and 84®% Si steel was polished. The two
studied steels were oxidised in 20%MAr at 900°C for 1 to 3 min. Using the micro-
tensile test, strain provoking the first spallation the 0.193-wt% Si steel was 2.73%,
much lower than that for scale on the 0.026-wt%t&el which was 5.88%. However, the
partial spallation, a decohesion of a part of oXiden another part, was observed in this
case.
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6. Thickness of scale actually formed on the steehwigher Si content was 8 pm, which
was less than the one on steel with lower Si cant@mnum). XRD and Raman pattern
indicated that the scale consist of magnetite sor i

7.1.3 Conclusionsfor chapter 5: Oxidation of silicon-containing model steels

1. Since the range of silicon content in steel avéldiom the industry is only up to 0.193-
wt% in the previous chapter. The model steel wilica content up to 0.84-wt% was
further prepared. Oxidation study was focussedhis thapter. It was found that the
oxidation rate of various silicon-containing stealeyed the parabolic law. Oxidation rate
tends to decrease with increasing Si content. Kmaton rate increased with increasing
temperature of all steel.

2. The passivity and passivity breakdown durations lareger when silicon in steel
increased. This might be from the formation of Si®Othe first stage, and a more porous
SiO; in the second stage. After silica turns to be litgyén the last stage, the protective
stage commenced.

3. Oxide scale formed on different silicon-containstgels after isothermal oxidation had a
three-layer structure, an outer hematite and mégnlketyer, an intermediate is wustite
with magnetite precipitates, and an inner wistith Wayalite layer. Furthermore, internal
oxidation of Si can be observed on scale with \W8%- Si steel at 900°C.

4. Increasing silicon content tends to promote theegatove layer of fayalite at the internal
interface. As a result, wustite which is formedtbg outward diffusion of iron ion from
steel to scale was reduced with increased siliaament. In the contrary, the role of
oxygen for oxide formation is more significant thidne role of iron which is limited by
the fayalite barrier previously mentioned. The exiof iron which is relatively rich in
oxygen, hematite and magnetite, increased witlinitreased of silicon content.

7.1.4 Conclusionsfor chapter 6: Oxidation of copper-containing model steels

1. The oxidation rates of the copper-containing stéslewed the parabolic law. Oxidation
rate tends to be lowered with increasing Cu cont€he oxidation rate increased with
increasing temperature of all steel.

2. The passivity and passivity breakdown durationsewaso observed in this case. In the
first stage, the formation of CuO was found atittiernal interface. In the second one, the
existence of CuO and @D was observed.

3. The scale structure consists in external layerevhdtite and magnetite, an intermediate
layer of wistite with magnetite precipitates. Scatethe internal interface consists of
wiustite, magnetite and copper. It is possible togaper precipitated at that area inhibits
the outward diffusion of iron from steel to scaldis results in the reduction of wistite
thickness when copper content in steel increaseslas to the case of silicon-containing
steel, when iron diffusion previously mentionednhibited, the role of oxygen for oxide
formation is more significant than the role of irdrhe oxide of iron which is relatively
rich in oxygen, hematite and magnetite, increasid tlve increased of silicon content.
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Chapter 7 Conclusions and per spectives

7.2 Per spectives

The alloying elements in steel play an importaié o the oxidation behaviour, mechanical
adhesion and surface quality of the product. Theetstanding in the transformation of scale
structures provides a substantial foundation fartr@dling the final surface of the hot-rolled

steel. The following suggestions are recommendeth@future research.

1. The further experiment should address on the rblalloying elements particularly Sn,
Pb, As, Ni, Cr, Mo, and W which contaminates inapsr on scale structure, oxidation
kinetics and mechanical adhesion of scale on stepk.

2. The present work studied oxidation of steels wililkan and copper in water vapour. The
additional study in synthetic air should be cariwed for comparison.

3. The present work studied only oxidation of coppantaining steel. The role of Cu on

mechanical adhesion of scale on steel substratelcsHorther be investigated by the
tensile test or other methods e.g. the indentaésn

160



REFERENCES

[A]

Effect of alloying elements (Si, P, Al, B) on loarbon steel oxidation in process at high
temperatures: mechanisms and modelling

Ahtoy E.

Ph.D. Thesis, Institut polytechnique de Grenoblee(®ble INP), France, 2010 (in English).

American Museum of Natural History, Bushveld Intwes Limpopo Province, South Africa
Web site http://rruff.info/. Accessed 12 Mar 2010.

American Museum of Natural History, Franklin, Sus&®unty, New Jersey, USA
Web site http://rruff.info/. Accessed 12 Mar 2010.

American Museum of Natural History, Dannemora, Wpg$rovince, Sweden
Web site http://rruff.info/. Accessed 12 Mar 2010.

Characterization of corrosion products formed oret$ in the first months of atmospheric
exposure

Antunesa R.A., Costaa I., de Fariab D.L.A.

Materials Research, Vol.6, 2003, p.403 — 408.

Transport processes during the growth of oxidedifihelevated temperature
Atkinson A.
Reviews of Modern Physics, Vol.57, No.2, 1985, §.4370.

[B]

Thermal oxidation kinetics and oxide scale adhesibRe-15Cr alloys as a function of their
silicon content

Bamba G., Wouters Y., Galerie A., Charlot F., Della

Acta Materialia, Vol.54, 2006, p.3917 — 3922.

Thermochemical data of pure substances
Barin 1.
VCH, Weinheim, Germany, 1989.

The single-crystal Raman spectra of nearly opagatenals-iron (lll) oxide and chromium
(111) oxide

Beattie I.R., Gilson T.R.

Journal of the Chemical Society, A5, 1970, p.9&B6.

Micro-Raman investigation of iron oxide films amaymlers produced by sol-gel syntheses
Bersani D., Lottici P.P., Montenero A.
Journal of Raman Spectroscopy, Vol.30, 1999, p-3360.



References

Influence of cooling rate on the structure and fation of oxide scale in low carbon steel
wire rods during hot rolling

Bhattacharya R., Jha G., Kunda S., Shankar R., Gope

Surface & Coatings Technology, Vol.201, 2006, p.5Z32.

Introduction to the high temperature oxidation aftals
Birks N., Meier G.H., Pettit F.S.
Cambridge University Press, New York, USA, 2006.

Raman studies of corrosion films grown on Fe andM® in pitting conditions
Boucherit N., Goff A.H., Joiret S.
Corrosion Science, Vol.32, 1991, p.497 — 507.

[C]

Infrared- and Raman-active phonons of magnetiteghmaite, and hematite: A computer
simulation and spectroscopic study

Chamritski I., Burns G.

Journal of Physical Chemistry B, Vol.109, 2005963 — 4968.

Reactivity and surface modification of stainlesels used as electric interconnectors in high
temperature solid oxide fuel cells

Chandra-ambhorn S.

Ph.D. Thesis, Institut polytechnique de Grenoblee(®ble INP), France, 2006 (in English).

Effect of process parameters on mechanical adhesditimermal oxide scale on hot-rolled low
carbon steels

Chandra-ambhorn S., Ngamkham K., Jiratthanakul N.

Oxidation of Metals, Vol.80, Issue 1 — 2, 2013,1p-672.

Application of the micro-tensile testing to invgate the adhesion of thermal oxide scales
grown on AlSI 441 stainless steel sheet oxidisedriand water vapour

Chandra-ambhorn S., Nilsonthi T., Madi Y., Galekie

Key Engineering Materials, Vol.410 — 411, 2009,87.%+ 193.

Oxidation kinetics, mechanical adhesion and pickloehaviour of thermal oxide scales on
hot-rolled conventional and recycled steels

Chandra-ambhorn S., Nilsonthi T., Wouters Y., Qalé:

Steel Research International, Vol.81, No.9, 20103@ — 133.

Comments on the quantification of mechanical adimegnergy of thermal oxide scale on
metallic substrate using tensile test

Chandra-amphorn S., Promdirek P., Lothongkum G.ut&fs Y., Galerie A.

Materials Science Forum, Vol.595 — 598, 2008, p-9@14.

Determination of mechanical adhesion energy ofttedroxide scales on AISI 430Ti alloy
using tensile test

Chandra-ambhorm S., Roussel-Dherbey F., Toscawéuters Y., Galerie A., Dupeux M.
Materials Science and Technology, Vol.23, No.4,2@0497 — 501.

162



References

Characterisation and pickling behaviour of thernmdide scales on hot-rolled carbon steel
strips produced from medium slabs

Chandra-Ambhorn S., Tungtrongpairoj J., NilsonthiSomrak A.

Proceedings on the 21&CS Meeting, The Electrochemical Society, Vierkastria, 2009.

Adhesion of oxide scales grown on ferritic staiglsteels in solid oxide fuel cells temperature
and atmosphere conditions

Chandra-Ambhorn S., Wouters Y., Antoni L., ToscanGalerie A.

Journal of Power Sources, Vol.171, 2007, p.6885- 69

Oxide scale characterization of hot rolled coils®gman spectroscopy technique
Chattopadhyay A., Bandyopadhyay N., Das A.K., PahigM.K.
Scripta Materialia, Vol.52, 2005, p.211 — 215.

Role of silicon on oxide morphology and picklingpéa@our of automotive steels
Chattopadhyay A., Chanda T.
Scripta Materialia, Vol.58, 2008, p.882 — 885.

A study of the scale structure of hot-rolled s&gp by simulated coiling and cooling
Chen R.Y., Yuen W.Y.D.
Oxidation of Metals, Vol.53, Nos.5/6, 2000, p.53960.

Oxide-scale structures formed on commercial hdeoblsteel strip and their formation
mechanisms

Chen R.Y., Yuen W.Y.D.

Oxidation of Metals, Vol.56, Nos.1/2, 2001, p.8218.

Oxidation of low-carbon, low-silicon mild steel 460 — 900°C under conditions relevant to
hot-strip processing

Chen R.Y., Yuen W.Y.D.

Oxidation of Metals, Vol.57, Nos.1/2, 2002, p.539-

Review of the high-temperature oxidation of ironl @arbon steels in air or oxygen
Chen R.Y., Yuen W.Y.D.
Oxidation of Metals, Vol.59, Nos.5/6, 2003, p.43368.

Examination of oxide scales of hot rolled steelduais
Chen R.Y., Yuen W.Y.D.
The Iron and Steel Institute of Japan (IS1J) Iraéional, Vol.45, No.1, 2005, p.52 — 59.

Isothermal and step isothermal oxidation of coppentaining steels in air at 980 — 1220°C
Chen R.Y., Yuen W.Y.D.
Oxidation of Metals, Vol.63, N0s.3/4, 2005, p.14%68.

Oxide scales on hot-rolled steel strips

Chen R.Y., Yuen W.Y.D.

Publish in developments in high temperature coorosand protection of materials book,
Editor byW. Gao and Z. Liwoodhead Publishing Limited, Cambridge, UK, 2008.

163



References

Mechanical properties of magnetite g&g), hematite -Fe,Os) and goethite4-FeO-OH) by
instrumented indentation and molecular dynamicdysia

Chicot D., Mendoza J., Zaoui A., Louis G., Lepingle Roudet F., Lesage J.

Materials Chemistry and Physics, Vol.129, 20116p.8 870.

Surface hot shortness due to copper in IF steeledfett of boron and phosphorus

Chihiro N., Hiroshi U., Koji S., Kentaro A., MasaiueH.

Tetsu to Hagane, The Iron and Steel Institute gfada(IS1J), Vol.89, No.3, 2003,
p.322 — 328.

High-temperature tensile and creep properties déraitic stainless steel for interconnect in
solid oxide fuel cell

Chiu Y.-T., Lin C.-K., Wu J.-C.

Journal of Power Sources, Vol.196, 2011, p.2006122

CIT, Michigan, USA
Web site http://rruff.info/. Accessed 19 Mar 2010.

Single crystal Raman spectra of forsterite, fagalg&nd monticellite
Cnopnras A.
American Mineralogist, Vol.76, 1991, p.1101 — 1109.

The iron oxides: Structure, properties, reactiomsgurrences and uses
Cornell R.M., Schwertmann U.
2"edition, Federal Republic of Germany, 2003.

Currier R., Cerro Huafiaquino, Potosi Departmentivizo
Web site http://rruff.info/. Accessed 19 Mar 2010.

[D]

Oxydation du fer pur dans les atmospheres diluBasde expérimentale et théorique)
Dauzat M., Henry P.
SCA 91/102, C.A. : G 0301, Fiche de Recherche : BOSt Germain, avril 1991.

Dave Bunk Minerals, Park County, Colorado, USA
Web site http://rruff.info/. Accessed 5 Apr 2010.

Magnetite: Phonon modes and the Verwey transition
Degiorgi L., Blatter-Morke I., Wachter P.
Physical Review B, Vol.35, 1987, p.5421 — 5424,

An investigation of phase transitions in rush layasing Raman spectroscopy

Dunnwald J., Otto A.
Corrosion Science, Vol.29, 1989, p.1167 — 1176.

164



References

[E]

Stress effects in high temperature oxidation ofeet
Evans H.E.
International Materials Reviews, Vol.40, No.1, 19p3 — 40.

[F]

Raman microspectroscopy of some iron oxides anklyoxgxides
Faria D.L.A., Silva S.V., Oliveira M.T.
Journal of Raman Spectroscopy, Vol.28, 1997, p-8838.

The influence of surface conditions in hot formitegermined by ring upsetting: a numerical
and experimental investigation

Fletcher J.D., Li Y.H., Beynon J.H., Sellars C.M.

Proceedings of the Institution of Mechanical EngiseVol.212J, 1998, p.453 — 465.

A Raman spectroscopic study of synthetic giniite

Frost R.L., Wills R.-A., Martens W.N.

Spectrochimica Acta Part A: Molecular and Biomolacspectroscopy, Vol.66, 2007,
p.42 — 47.

The making, shaping and treating of steel
Fruehan R.J.
11" edition, Steelmaking and refining volume, The AlS&undation, USA, 1998.

Effect of water vapor on the oxidation behavioFef1.5Si in air at 1073 and 1273 K
Fukumoto M., Maeda S., Hayashi S., Narita T.
Oxidation of Metals, Vol.55, Num.5 — 6, 2001, p.40422.

[G]

Measuring adhesion of gbD; and AbOs scales on Fe-based alloys
Galerie A., Toscan F., N'Dah E., Przybylski K., Wexs Y., Dupeux M.
Materials Science Forum, Vol.461 — 464, 2004, p-63%B8.

Distribution and characterization of high tempenauair corrosion products on iron-
chromium alloys by Raman microscopy

Gardiner D.J., Littleton C.J., Thomas K.M., Stradifé<.N.

Oxidation of Metals, Vol.27, No.1 — 2, 1987, p.572

Garske D., Bisbee, Cochise County, Arizona, USA
Web site http://rruff.info/. Accessed 5 Apr 2010.

Introduction to metallurgical thermodynamics

Gaskell D.R.
2" edition, Taylor & Francis, London, UK, 1981.

165



References

Introduction to the thermodynamics of materials
Gaskell D.R.
4" edition, Taylor & Francis, New York, USA, 2009.

Infrared and Raman studies of the Verwey transitiomagnetite
Gasparov L.V., Tanner D.B., Romero D.B., BergerMiygaritondo G., Forro L.
Physical Review B, Vol.62, 2000, p.7939 — 7944.

Descaling ability of low-alloy steel wires deperglion composition and rolling process
Geneéve D., Rouxel D., Pigeat P., Confente M.
Corrosion Science, Vol.52, 2010, p.1155 — 1166.

Review Poisson’s ratio values for rocks
Gercek H.
International Journal of Rock Mechanics & Mining&tes, Vol.44, 2007, p.1 — 13.

High-pressure studies of magnetite and magnesritdarsing synchrotron radiation
Gerward L., Olsen J.S.
Applied Radiation Isotopes, Vol.46, 1995, p.553%4.5

Ironmaking and steelmaking: Theory and practice
Ghosh A., Chatterjee A.
Prentice Hall of India, New Delhi, India, 2008.

Study of the picklability of 1.8 mm hot-rolled $t&eip in hydrochloric acid
Gines M.J.L., Benitez G.J., Perez T., Merli E.pBiM.A., Egli W.
Latin American Applied Research, 2002, p.281 — 288.

Pressure-temperature stability studies of FeOOHhgi3{-ray diffraction
Gleason A.E., Jeanloz R., Kunz M.
American Mineralogist, November-December, Vol.9302, p.1882 — 1885.

Raman scattering in spinel structure ferrites
Graves P.R., Johnston C., Campaniello J.J.
Materials Research Bulletin, Vol.23, 1988, p.1651660.

[H]
Raman spectra of single crystal CuO
Hagemann H., Bill H., Sadowski W., Walker E., Fraisg\.
Solid State Communications, Vol.73, No.6, 199043.4 451.
The influence of small amounts of chromium and eppp the oxidation properties of iron

Hammar B., Vannerberg N.G.
Scandinavian Journal of Metallurgy, Vol.3, 1974,28 — 128.

166



References

Raman spectroscopy of iron oxides and (oxy)hydesxiat low laser power and possible
applications in environmental magnetic studies

Hanesch M.

Geophysical Journal International, Vol.177, 200944 — 948.

Proceedings of theBinternational conference on light scattering ifigs, edited by
M. Balkanski, R.C.C. Leite, S.P.S. Porto

Hart T.R., Adams S.B., Tempkin H.

Flammarion Sciences, Paris, 1976, p.254 — 259.

The elastic constants of crystals and other antgotr materials

Hearmon R.F.S.

K.H. Hellwege, A.M. Hellwege (Eds.), Landolt-Borast Tables.(Eds.), Group lll, vol.18,
Springer-Verlag, Berlin, 1979, p.1 — 244.

[1]

Overview of steel industry in Thailand reported
Iron and Steel Institute of Thailand (ISIT)
2006, (Web site http://asiaeec-col.eccj.or.jp/. égsed 27 Mar 2012).

Measurement of mechanical properties of oxide scéemed at high temperatures by
resonance spectroscopy

Isao S., Shigenari H., Toshio N.

Division of Influence of Scale Properties on Suef&@haracteristics of Steels, The Iron and
Steel Institute of Japan (IS1J), 2005, p.19 — 26.

Effect of silicon on the steam oxidation resistaota 9%Cr heat resistant steel
Ishitsuka T., Inoue Y., Ogawa H.
Oxidation of Metals, Vol.61, Nos.1/2, 2004, p.12%42.

Comportement des aciers inoxydables ferritiquediksés lors des étapes de recuit et
décapage

Issartel J.

These de Doctorat, Institut polytechniqgue de Grénalisrenoble INP), France, 2012
(in French).

[J]

Chemical imaging of iron oxides and oxyhydroxidesg near infrared Raman imaging
microscopy

Jallad K.N., Ben-Amotz D.

Materials Science and Technology, Vol.17, 20014 p91— 1486.

Spectroscopic characterization of geological matisrirom the United Arab Emirates

Jallad K.N., Espada-Jallad C.
Arabian Journal of Geosciences, Vol.1, 2008, p4127.

167



References

Pickling kinetics of tertiary oxide scale formedwot-rolled steel strip
Jatuphaksamphan Y.
Master Thesis, Chulalongkorn University (CU), Thal, 2006 (in Thai).

Pickling kinetics of tertiary oxide scale formeduot-rolled steel strip
Jatuphaksamphan Y., Phinichka N., Prapakorn K.resligt M.
Journal of Metals, Materials and Minerals, Vol.R@.1, 2010, p.33 — 39.

Enhanced bulk modulus and reduced transition pressuy-Fe,O; nanocrystals
Jiang J.Z., Olsen J.S., Gerward L., Mgrup S.
Europhysics Letters, Vol.44, No.5, 1998, p.620 6.62

Characterisation of thin oxide scale and its sugaoughness in hot metal rolling
Jiang Z.Y., Tieu A.K., Sun W.H., Tang J.N., Wei D.B
Materials Science and Engineering A, Vol.435 — 43R/)6, p.434 — 438.

Reduction of oxide scale on hot-rolled strip stégi€arbon monoxide
Jie S., De-ren W., Ye-dong H., Hui-bin Q., Gao W.
Materials Letters, Vol.62, 2008, p.3500 — 3502.

Evolution of microstructure and internal stressesnulti-phase oxide scales grown on (110)
surfaces of iron single crystals at 650°C

Juricic C., Pinto H., Cardinali D., Klaus M., Geh@h., Pyzalla A.R.

Oxidation of Metals, Vol.73, 2010, p.115 — 138.

In-situ phase analysis and residual stresses af ogides grown during the early stages of
oxidation on iron polycrystals and single crystals

Juricic C., Pinto H., Paulmann C., Rothkirch A.,oblewski T., Pyzalla A.

Present status and future perspectives of SAXSGISAXS experiments at HASYLAB,
Hamburg, Germany, 2007, p.577 — 578.

Dependence of oxidation behavior and residual s@ssin oxide layers on armco iron
substrate surface condition

Juricic C., Pinto H., Wroblewski T., Pyzalla A.

Materials Science Forum, Vol.524 — 525, 2006, p-96&8.

[K]

Introduction to high temperature oxidation and cusion
Khanna A.S.
ASM International, USA, 2002.

High temperature oxidation of low carbon steel
Kim B.-K.
Ph.D. Thesis, McGill University, Canada, 2003 (imgksh).

High temperature corrosion

Kofstad P.
Elsevier Applied Science, London, UK, 1988.

168



References

Behaviour of copper and nickel during high temperatoxidation of steel containing them
Kondo Y.
Materials Science Forum, Vol.522 — 523, 2006, p-%®.

Suppression of surface hot shortness caused byecajpping hot rolling
Kondo Y.
Materials Science Forum, Vol.696, 2011, p.183 — 188

The tensile failure of mild steel oxides underratitng conditions
Krzyzanowski M., Beynon J.H.
Steel Research, Vol.70, 1999, p.22 — 27.

Finite element model of steel oxide failure duriegsile testing under hot rolling conditions
Krzyzanowski M., Beynon J.H.
Materials Science and Technology, Vol.15, No.1®9.$.1191 — 1198.

Measurement of oxide properties for numerical exaun of their failure under hot rolling
conditions

Krzyzanowski M., Beynon J.H.

Journal of Materials Processing Technology, Vol.22B86, 2002, p.398 — 404.

Oxide scale behavior in high temperature metal pssing
Krzyzanowski M., Beynon J.H., Farrugia D.C.J.
Wiley-VCH, Printed in the Federal Republic of Genya2010.

Analysis of secondary oxide-scale failure at ety the roll gap
Krzyzanowski M., Beynon J.H., Sellars C.M.
Metallurgical and Materials Transactions B, Vol.&kue 6, 2000, p.1483 — 1490.

Metallurgical thermochemistry
Kubaschewski O., Evans E.LI.
1% edition, Butterworth-Springer, 1951.

Surface hot-shortness of steels induced by a samaunt of copper and tin from scrap steels
and its suppression methods

Kunishige K., Hatano M.

Materials Science Forum, Vol.539 — 543, 2007, p3441118.

[L]

Corrosion et chimie de surfaces des métaux
Landolt D.
Presses Polytechniques et Universitaires RomafitdR), 1997.

Interface effects on magnetoresistance and magfielitreduced Raman scattering in
magnetite

Li J.-M., Huan A.C.H., Wang L., Du Y.-W., Feng D.

Physical Review B, Vol.61, 2000, p.6876 — 6878.

169



References

[M]

Isothermal compression of magnetite to 320 kbar@medsure-induced phase transformation
Mao H.-K., Takahashi T., Bassett W.A., Kinsland GMerrill L.
Journal of Geophysical Research, Vol.79, No.8, 1974165 — 1170.

Effects of pressure and isotopic substitution om tRaman spectrum otr-Fe,Os:
Identification of two-magnon scattering

Massey M.J., Baier U., Merlin R., Weber W.H.

Physical Review B, Vol.41, 1990, p.7822 — 7827.

A Raman study of the systemg_k@er,O, and Fe_,CrO3
McCarty K.F., Boehme D.R.
Journal of Solid State Chemistry, Vol.79, 19899p-127.

Phénomenes d’oxydation a la tolerie forte de Duguer (GTSI) I. Caractérisation des
calamines formées au cours de réchauffage

Métivier J., Lanteri V.

SCA 91/43, Fiche de Recherche PPF105, Note intaainédh°1, St Germain, Février 1991.

Cover cracking as a function of rebar corrosion:rP2a-Numerical model
Molina F.J., Alonso C., Andrade C.
Materials and Structures, Vol.26, 1993, p.532 — 548

Blast cleaning technology
Momber A.
1% edition, Springer, 2008.

The effect water vapour on the oxidation of higbespsteel, kinetics and scale adhesion
Monteiro M.J., Saunders S.R.J., Rizzo F.C.
Oxidation of Metals, Vol.75, No.1 — 2, 2011, p.576-

Properties of technical and engineering ceramics
Morrel R.
Handbook, HSMO, London, 1987.

Adhesion of thermal oxide scales grown on ferrggtainless steels measured using the
inverted blister test

Mougin J., Dupeux M., Antoni L., Galerie A.

Materials Science and Engineering A, Vol.359, 2034 — 51.

Inverted blister test to measure adhesion enerdiieyimal oxide scales on metals or alloys
Mougin J., Dupeux M., Galerie A., Antoni L.
Materials Science and Technology, Vol.18, No.1@Z2(®.1217 — 1220.

Influence of cooling rate and initial surface rougdss on the residual stresses in chromia
scales thermally grown on pure chromium

Mougin J., Lucazeau G., Galerie A., Dupeux M.

Materials Science and Engineering A, Vol.308, 20118 — 123.

170



References

[N]

The tensile failure of nickel oxide scales at amband at growth temperature
Nagl M.M., Saunders S.R.J., Evans W.T., Hall D.J.
Corrosion Science, Vol.35, No.5 — 8, 1993, p.9&y +.

Failure characteristics of scales formed on Si-eamihg low carbon steels during cooling
-influences of cooling rate and water vapor-

Nakata H., Yamauchi A., Taniguchi S., Shon II.-Gxoi J.-W., Kurokawa K.

Materials Science Forum, Vol.696, 2011, p.101 — 106

Development of tensile test to investigate mecharsdhesion of thermal oxide scales on
hot-rolled steel strips produced using differenidhing temperatures

Ngamkham K., Niltawach S., Chandra-ambhorn S.

Key Engineering Materials, Vol.462 — 463, 2011,07.4- 412.

Adhesion of thermal oxide scales on hot-rolled emtional and recycled steels
Nilsonthi T., Chandra-ambhorn S., Wouters Y., Galér.
Oxidation of Metals, Vol.79, Issue 3 — 4, 2013,253- 335.

Effect of silicon on formation and mechanical adbesf thermal oxide scale grown on low
carbon steels in a hot-rolling line

Nilsonthi T., Tungtrongpairoj J., Chandra-ambhornV8outers Y., Galerie A.

Steel Research International, 2012, p.987 — 990.

Effects of Si content on the oxidation behavidFe{Si alloys in air
Nishimoto T., Honda K., Kondo Y., Uemura K.
Materials Science Forum, Vol.696, 2011, p.126 — 131

[O]

Characterization of iron oxides commonly formedagosion products on steel
Oh S.J., Cook D.C., Townsend H.E.
Hyperfine Interactions, Vol.112, 1998, p.59 — 65.

Raman spectroscopy of thin corrosion films on iabA00 to 150C in air
Ohtsuka T., Kubo K., Sato N.
Corrosion, Vol.42, 1986, p.476 — 481.

A study of the crystal structure of J&& in the pressure range up to 65 GPa using
synchrotron radiation

Olsen J.S., Cousins C.S.G., Gerward L., JhanshéldsSn B.J.

Physica Scripta, Vol.43, 1991, p.327 — 330.

An investigation of surface hot shortness in lovwboa steel

O'Neill D.S.
Ph.D. Thesis, The University of New South Walesstfalia, 2002 (in English).

171



References

Pickling of hot rollered austenitic stainless sté¢bl 304

Onsanit P.

Master Thesis, King Mongkut's Institute of Techrgpjo North Bangkok (KMITNB),
Thailand, 2006 (in Thai).

Mechanical properties of an iron oxide formed byrasion in reinforced concrete structures
Ouglova A., Berthaud Y., Francois M., Foct F.
Corrosion Science, Vol.48, 2006, p.3988 — 4000.

[P]

Comparison of growth stress measurements with riiegléh thin iron oxide films
Panicaud B., Grosseau-Poussard J.L., Girault RhuDiJ.F., Thiaudiére D.
Applied Surface Science, Vol.252, 2006, p.8414 2084

In-situ stress determination in thermally-grownnroxide scales using X-ray diffraction of
synchrotron radiation

Panicaud B., Grosseau-Poussard J.L., Renault Pughut J.F., Thiaudiére D., Gailhanou M.
Journal of Neutron Research, Vol.12 (1 — 3), 2@047 — 61.

Measurement of stress in phosphated-iron oxidersaipg In-situ diffraction of synchrotron
radiation

Panicaud B., Renault P.O., Grosseau-Poussardirhut J.F., Thiaudiere D., Gailhanou M.
Materials Science Forum, Vol.404 — 407, 2002, p-8@416.

Corrosion behaviour of different hot rolled steels

Pérez F.J., Martinez L., Hierro M.P., Gomez C.,té#tarA.L., Pucci G.N., Duday D.,
Lecomte-Beckers J., Greday Y.

Corrosion Science, Vol.48, 2006, p.472 — 480.

Experimental study and numerical simulation of irmxide scales mechanical behaviour in
hot rolling

Picqué B.

Ph.D. Thesis, Ecole des Mines de Paris, Francel @0 &nglish).

Mechanical behaviour of iron oxide scale: Experitaand numerical study
Picqué B., Bouchard P.-O., Montmitonnet P., Piddrd
Wear, Vol.260, 2006, p.231 — 242.

Pinch W.W., Zinc Corporation of America mine, Baintdew York, USA
Web site http://rruff.info/. Accessed 5 Apr 2010.

Prewitt C.
Web site http://rruff.info/. Accessed 5 Mar 2010.

Fragmentation of diffusion zone in high-temperatoxelation of copper

Prisedsky V.V., Vinogradov V.M.
Journal of Solid State Chemistry, Vol.177, 2004268 — 4268.

172



References

[R]

Thermodynamics of materials: Volume Il
Ragone D.V.
MIT Series in Materials Science and EngineeringgnJd/iley & Sons, 1995.

Characterisation of ‘rolled-in’, ‘fragmented’ andréd’ scale formation during secondary
processing of steels

Raman R.K.S.

Engineering Failure Analysis, Vol.13, 2006, p.1642050.

Transient oxidation in Fe-Cr-Ni alloys: A Raman-geang study
Renusch D., Veal B., Natesan K., Grimsditch M.
Oxidation of Metals, Vol.46, No.5 — 6, 1996, p.36381.

Rossman G.R.
Web site http://rruff.info/. Accessed 9 Mar 2010.

Rossman G.R., Kimberly, South Africa
Web site http://rruff.info/. Accessed 5 Mar 2010.

[S]

In situ measurement of Young’s modulus of FeO doaheed on pure iron at 973 — 1273 K
by acoustic resonance method

Saeki I, Ohno T., Sakai O., Niya T., Sato T.

Corrosion Science, Vol.53, 2011, p.458 — 463.

The oxide handbook
Samsonov G.V.
New York, IFI/Plenum, 1973.

Les mécanismes de la corrosion séche: une approbaque
Sarrazin P., Galerie A., Fouletier J.
EDP Science, France, 2000.

Mechanisms of high temperature corrosion: a kinapproach

Sarrazin P., Galerie A., Fouletier J.

Materials Science Foundations, 36 — 37, Trans TBdblications, Stafa-Zlrich, CH,
Switzerland, 2008.

Measurements of Raman lines in silica, dimethyhgiphosphonate and methyl salicylate
Schonbachler N., Lathy W.
Institute of Applied Physics, University of Bernyfizerland, 2011.

Schlepp E.
Web site http://rruff.info/. Accessed 5 Mar 2010.

173



References

Schlepp E., Argentina
Web site http://rruff.info/. Accessed 19 Mar 2010.

Scott M., Little Lake, Lake County, California, USA
Web site http://rruff.info/. Accessed 9 Mar 2010.

Scott M., Pike's Peak, Teller County, Colorado, USA
Web site http://rruff.info/. Accessed 12 Mar 2010.

Scott M., Jacupiranga Pegmatite, Sao Paulo Stedej|B
Web site http://rruff.info/. Accessed 24 Mar 2010.

Scott M., Barberton Mountain, Transvaal, South &ri
Web site http://rruff.info/. Accessed 24 Mar 2010.

Reproduction and deformation characteristics ofdexscale in hot rolling using vacuum
rolling mill

Segawa A.

Materials Science Forum, Vol.696, 2011, p.150 — 155

Nano-mechano-electrochemistry of passive metahsesf
Seo M., Chiba M.
Electrochimica Acta, Vol.47, 2001, p.319 — 325.

Shannon R.D.
Web site http://rruff.info/. Accessed 5 Mar 2010.

Raman spectroscopic study of magnetite (R®ke A new assignment for the vibrational
spectrum

Shebanova O.N., Lazor P.

Journal of Solid State Chemistry, Vol.174, 200324.— 430.

Raman study of magnetite g&n): Laser-induced thermal effects and oxidation
Shebanova O.N., Lazor P.
Journal of Raman Spectroscopy, Vol.34, 2003, p-8852.

Suppression of surface hot shortness due to Ceaycted steels
Shibata K., Seo S-J., Kaga M., Uchino H., SasanwnaAsakura K., Nagasaki C.
Materials Transactions, Vol.43, No.3, 2002, p.2%B00.

Shigley J.Coso Hot Springs, Inyo County, California, USA
Web site http://rruff.info/. Accessed 5 Mar 2010.

Raman spectroscopy of & to 62 GPa

Shim S.H., Duffy T.S.
American Mineralogist, Vol.87, 2001, p.318 — 326.

174



References

Raman scattering and photoluminescence studiesug® C

Solache-Carranco H., Juarez-Diaz G., Galvan-Arelldh, Martinez-Juarez J., Romero-
Paredes G., Pefia-Sierra R.

5" International Conference on Electrical Engineeri@gmputing Science and Automatic
Control (CCE), 2008, p.421 — 424.

A study of structure and picklability of thermalaex scale on hot-rolled steel strip produced
from a recycled slab

Somphakdee T., Nilsonthi T., Chandra-ambhorn S.

The 4" Thailand Metallurgy Conference, Nakhon Ratchasifimajland, 2010.

Texture evolution of tertiary oxide scale duringedtplate finishing hot rolling simulation
tests

Suarez L., Petrov R., Kestens L., Lamberigts M.ulbbert Y.

Materials Science Forum, Vol.550, 2007, p.557 — 562

Oxidation of ultra low carbon and silicon bearinggsls
Suarez L., Rodriguez-Calvillo P., Houbaert Y., GdR
Corrosion Science, Vol.52, 2010, p.2044 — 2049.

[T]

Oxidation behavior and scale properties on thed®itaining steels
Takeda M., Onishi T.
Materials Science Forum, Vol.522 — 523, 2006, p-4#88.

Physical properties of iron-oxide scales on Si-agmihg steels at high temperature
Takeda M., Onishi T., Nakakubo S., Fujimoto S.
Materials Transactions, Vol.50, N0.9, 2009, p.2242246.

Characteristics of scale/substrate interface ardaSecontaining low-carbon steels at high
temperatures

Taniguchi S., Yamamoto K., Megumi D., Shibata T.

Materials Science and Engineering A, Vol.308, 240250 — 257.

Private communication
Thai steelmakers
2009.

Investigations of cycle behaviour of the contactssnan the RESC process for hydrogen
production

Thaler M., Hacker V., Anilkumar M., Albering J., 8enhard J.O., Schréttner H., Schmied M.
International Journal of Hydrogen Energy, Vol.3Q08, p.2025 — 2031.

Raman spectra of possible corrosion products af iro

Thibeau R.J., Brown C.W., Heidersbach R.H.
Applied Spectroscopy, Vol.32, No.6, 1978, p.5325.5

175



References

Raman spectroscopy and XPS investigations of ancalimsion films formed on Fe-Mo
alloys in alkaline solutions

Thierry D., Persson D., Leygraf C., Boucherit NgfGA.H.

Corrosion Science, Vol.32, 1991, p.273 — 284.

Laser Raman spectroscopic studies of the surfamkesxXormed on iron chromium alloys at
elevated temperatures

Tjong S.C.

Materials Research Bulletin, Vol.18, 1983, p.15I/65.

Optimisation conjointe de I'adhérence des couchesydies et des cinétiques d’oxydation
thermique sur aciers inoxydables

Toscan F.

These de Doctorat, Institut polytechnique de Grénofisrenoble INP), France, 2004
(in French).

Oxidation kinetics and scale spallation of iron-chmium alloys with different titanium
contents

Toscan F., Antoni L., Wouters Y., Dupeux M., GadeAi.

Materials Science Forum, Vol.461 — 464, 2004, p+04.2.

Study of thermal oxide scales on hot rolled carbtael strips produced from EAF-type slab
and different Si containing BF-type slabs

Tungtrongpairoj J.

Master Thesis, King Mongkut's University of Techogy North Bangkok (KMUTNB),
Thailand, 2009 (in English).

Twaites L., Florence mine, Egremont, Cumbria, Engla
Web site http://rruff.info/. Accessed 19 Mar 2010.

Twaites L., Merrry Widow mine, Vancouver Islandjt&h Columbia, Canada
Web site http://rruff.info/. Accessed 19 Mar 2010.
[U]
Effects of C and P on surface hot shortness of dteeeto Cu mixed from steel scrap
Uchino H., Nagasaki C., Kaga M., Seo S-J., Asakur&hibata K.
Journal of Advanced Science, Vol.13, No.3, 200260 .— 264.
University of Arizona Mineral Museum, Lavender PBijsbee, Warren District, Cochise
County, Arizona, USA
Web site http://rruff.info/. Accessed 5 Mar 2010.

University of Arizona Mineral Museum, Papago IndReservation, Arizona, USA
Web site http://rruff.info/. Accessed 19 Mar 2010.

University of Arizona Mineral Museum, Itabira, Mm&erais, Brazil
Web site http://rruff.info/. Accessed 19 Mar 2010.

176



References

[V]
Temperature-dependent light-scattering studies heif Verwey transition and electronic
disorder in magnetite
Verble J.L.
Physical Review, Vol.9, 1974, p.5236 — 5248.
[W]
Oxidation behavior of pure copper in oxygen andi@ater vapor at intermediate temperature
Wang J.-P., Cho W.D.
ISI1J International, Vol.49, No.12, 2009, p.1926931.
X-ray diffraction and Raman spectroscopic studgafocrystalline CuO under pressures
Wang Z., Pischedda V., Saxena S.K., Lazor P.
Solid State Communications, Vol.121, Issue 5, 2@0275 — 279.
Web site http://hytechcontrols.com/. Accessed 22 R(4.2.
Web site http://ssi-steel.com/. Accessed 22 MaR201
Web site http://g-steel.com/. Accessed 22 Mar 2012.
Web site http://pvd-coatings.co.uk/. Accessed 3IA0r12.
Web site http://courses.chem.indiana.edu/c360/deatsthermodynamicdata.pdf/. Accessed
11 May 2012.
[Y]
Crystal structures of spinel polymorphs ob&&), and NpSIiO,
Yagi T., Marumo F., Akimoto S.I.
American Minerulogist, Vol.59, 1974, p.486 — 490.
Effects of Si and its content on the scale fornmadio hot-rolled steel strips
Yang Y.-L., Yang C.-H., Lin S.-N., Chen C.-H., T84i-T.
Materials Chemistry and Physics, Vol.112, 200866.5 571.
High temperature oxidation and corrosion of metals
Young D.J.
Elsevier Science, Great Britain, 2008.
[Z]
Characterization and properties of oxide scalesotirolled strips

Zhang M., Shao G.
Materials Science and Engineering A, Vol.452 — 428R8)7, p.189 — 193.

177



References

A study of the initial oxidation of copper in 0.1P&l oxygen and the effect of purity by
metallographic methods

Zhu Y., Mimura K., Isshiki M.

Corrosion Science, Vol.46, 2004, p.2445 — 2454,

A study of the formation and penetration of thetemlcopper-rich phase in iron with the
addition of nickel and tin

Zou Y., Langer E.W.
Materials Science and Engineering, Vol.A110, 198203 — 208.

178



APPENDIX |

X-RAY DIFFRACTION (XRD)
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Appendix | X-ray diffraction
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Appendix | X-ray diffraction
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APPENDIX I

RAMAN SPECTROSCOPY
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Figure A2.1: Standard Raman spectra for layersftdrdnt iron oxides [Raman (2006)].
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Appendix |1 Raman spectroscopy

Table A2.1: Raman spectra of referencgdz@xides formed.

Nature of

oxide Raman peak positions (€h Reference
227 298 414 | 501 | 612 | 665 | [Tjong (1983)]
225 | 245 | 295 415 | 500 | 615 [Ohtsuka (1986)]
226 | 245 | 293 | 298 | 413 | 500 | 612 [Beattie (1970)]
227 | 245 | 293 | 298 | 414 | 501 | 612 [Thibeau (1978)]
220 | 238 | 288 408 | 498 | 608 [Gardiner (1987)]
236 | 253 | 298 413 | 502 | 616 [McCarty (1989)]
228 | 248 | 296 413 | 500 | 612 | 663 | [Massey (1990)]
225 | 247 | 299 412 | 500 | 613 [Thierry (1991)]
225 250 | 300 410 | 500 | 610 [Renusch (1996)]
227 | 246 | 293 | 299 | 411 | 497 | 612 [Faria (1997)]
226 | 245 | 292 411 | 497 | 612 [Oh (1998)]
Hematite| 227 | 246 | 294 | 300 | 413 | 499 | 613 | 659 | [Bersani (1999)]
(Fe0s) | 222 290 415 | 496| 610 [Jallad (2001)]
2241 243 | 290 | 297 | 408 | 496 | 609 | 659 | [Shim (2001)]
228 294 | 310 | 391 | 466 [Chamritski (2005)]
225 | 247 | 299 412 | 500 | 613 [Chattopadhyay (2005)]
289 410 622 | 672 | [Raman (2006)]
224 290 410 [Thaler (2006)]
225 245 | 290 | 300 | 412 [Hanesch (2009)]
226 | 247| 293 411 | 499| 614 [CIT (2010)]
228 | 247| 293 411 | 500| 614 663 [Schlepp (2010)]
226 | 246| 292 410 | 500| 611 [Twaites (2010)]
227 | 247| 294 413 | 503| 615/ 664 [U.of Arizona (2010)]
225 | 248| 299 410 | 502| 612 663 [U. of Arizona (2010)]
226 292 409 | 499| 612 66(Q [Chicot (2011)]
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Table A2.2: Raman spectra of referencgz@xides formed.

Nature of

oxide Raman peak positions (€h Reference
300 | 320 | 420 560 680 | [Verble (1974)]
298 | 320 | 420 | 472 | 550 676 | [Hart (1976)]
616 | 663 | [Thibeau (1978)]
425 612 | 667 | [Tjong (1983)]
540 665 | [Ohtsuka (1986)]
160 318 | 410 | 462 | 542 672 | [Degiorgi (1987)]
662 | [Gardiner (1987)]
226 336 | 490 570 [Graves (1988)]
298| 319 | 418 | 470 | 550 676 | [Dunnwald (1989)]
542 671 | [McCarty (1989)]
550 670 | [Boucherit (1991)]
550 670 | [Thierry (1991)]
300 410 550 660 | [Renusch (1996)]
_ 302 513 534 663 | [Faria (1997)]
Magnetite 532 667 | [Oh (1998)]
(Fe:0s) 311 541 666 | [Bersani (1999)]
193 308 540 670 | [Gasparov (2000)]
311 540 665 | [Li (2000)]
217 | 288 403 | 487 660 | [Jallad (2001)]
535 662 | [Antunesa (2003)]
193 | 306 538 668 | [Shebanova (2003)]
220 400 600 [Shebanova (2003)]
296 | 326 | 360 | 491 581 | 666 | [Chamritski (2005)]
550 676 | [Chattopadhyay (2005)]
297 543 669 | [Raman (2006)]
310 540 670 | [Hanesch (2009)]
203 | 300 569 673 | [Currier (2010)]
195 310 536 665 | [Pinch (2010)]
203 325 472 | 560 679 | [Scott (2010)]
203 315 568 671 | [Scott (2010)]
200 | 303 566 672 | [Twaites (2010)]
307 550 670 | [Chicot (2011)]
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Table A2.3: Raman spectra of reference Fe@GixR, SiO,, CuO, CyO oxides formed.

Nature of
oxide

Raman peak positions (¢

Reference

Wistite
(FeO)

616

663

[Thibeau (1978)]

652

[Faria (1997)]

290

656

[Jallad (2001)]

250

300

385

470

560

[Chattopadhyay
(2005)]

300

515

652

[Raman (2006)]

234

346

396

[Frost (2007)]

595

[Hanesch (2009)]

197

249

403

486

553

688

[Dave Bunk (2010)]

248

300

388

551

688

[Chicot (2011)]

Fayalite
(F&SIOy)

334

672

779

845

[Yagi (1974)]

119

171

289

369

505

562

814

840

[Cnhopnras (1991)]

189

818

846

[American (2010)]

166

242

282

303

380

812

[American (2010)]

157

174

242

293

380

509

815

[American (2010)]

158

198

296

316

384

508

566

820

[Rossman (2010)]

115

172

200

239

400

573

817

843

[Scott (2010)]

119

290

370

565

815

[Scott (2010)]

238

292

374

560

814

[Shannon (2010)]

289

374

566

814

[Shigley (2010)]

158

293

374

559

820

[Shigley (2010)]

Coesite
(Si0y)

205

353

459

806

[Jallad (2008)]

204

270

325

355

426

466

520

815

[Prewitt (2010)]

120

180

206

271

427

465

523

790

[Rossman (2010)]

496

749

1052

1179

1581

[Schonbéachler (2011)]

Tenorite
(CuO)

297

344

629

[Hagemann (1990)]

298

330

602

[Wang (2002)]

105

146

190

217

309

423

488

641

[Garske (2010)]

Cuprite
(CkO)

109

154

218

308

436

515

635

665

[Solache-C. (2008)]

108

144

215

409

[Schlepp (2010)]

108

143

217

409

[U. of Arizona (2010)]
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APPENDIX 111

PARAMETERS OF OXIDE

Table A3.1: Yong's modulus (E) of reference variougles formed.

Type of oxide

Temperature of
properties testing

Values obtained

Reference

Q) (GPa)
Room temperature 214 to 350 [Samsonov (1973)]
20 220
Hematite 20 122, 205 to 266| 29! (1993)]
(Fe0s) Room temperature 210 [Krzyzanowski (2002
Room temperature 350 [Ouglova (2006)]
Room temperature 359 [Chicot (2011)]
Room temperature 214 to 350 [Samsonov (1973)]
Room temperature 230.33 [Hearmon (1979)]
Magnetite 20 210 [Nagl (1993)]
(Fe:Oy) 20 140 to 260
Room temperature 175 [Seo (2001)]
Room temperature 215 [Ouglova (2006)]
Room temperature 175 [Chicot (2011)]
20 130 [Nagl (1993)]
Room temperature 152 [Krzyzanowski (2002
Wistite Room temperature 358 [Chicot (2011)]
(FeO) 700 98.6
900 75.9 [Saeki (2011)]
1000 83.4
570 to 800 190 to 120
20 128 [Nagl (1993)]
600 to 900 75
Room temperature 200
'(rFOe”) 570 155
674 150 [Momber (2008)]
743 135
800 125
25 213 [Saeki (2011)]
FesO4+ 20% FeOs 20 61 to 84 [Nagl (1993)]
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Appendix |11 Parameters of oxide

Table A3.1: Yong's modulus (E) of reference variougles formed (continued).

Temperature of

Values obtained

Type of oxide propezgl(e::;, testing (GPa) Reference
600 175
700 164
300 153 [Morrel (1987)]
900 141
900 145 [Picqué (2004)]
Iron oxide 570 182
(non-specific) 674 168
=13 153 [Momber (2008)]
800 151
550 160
=00 135 [Isao (2005)]
Room temperature 240 [Krzyzanowski (2010
600 170
700 150
300 130 [Fletcher (1998)]
Carbon steel 900 110
900 145 [Picqué (2004)]
600 95 [Picqué (2006)]
25 220 [Momber (2008)]
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Appendix |11 Parameters of oxide

Table A3.2: Residual stress.dy of reference various oxides formed.

Temperature of Values obtained
Type of oxide properties testing Reference
25 —0.760 to — 0.350| [Panicaud (2002)]
25 —0.381to —0.315] ,,,.
Hematite 25 ~0.387 to — 0.300 [KIM (_2003)]
25 -0.821 [Panicaud (2006)]
(Fe0s)
25 —0.451 [Juricic (2007)]
25 —0.438
25 —0.100 [Juricic (2010)]
25 —0.250 to — 0.010| [Panicaud (2002)]
25 0.025 to 0.054 [Kim (2003)]
25 —0.400 to — 0.300| [Panicaud (2004)]
25 —0.206
25 —-0.184
25 —0.212 [Juricic (2006)]
Magnetite 25 —0.255
25 —-0.215
(FesOs) 25 ~0.391 .
o5 = 0247 [Panicaud (2006)]
25 -0.210
25 —0.195
25 —0.251 [Juricic (2007)]
25 —-0.231
25 —0.240
Wilstite 25 —0.733t0 — 0.645| [Kim (2003)]
(FeO) 25 0.365 [Juricic (2010)]
'(g‘) 25 —0.084100.051 | [Kim (2003)]
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Table A3.3: Poisson’s ratim) of reference various oxides formed.

Type of oxide

Temperature of
properties testing

Values obtained

Reference

Q) (GPa)
Hematite Room temperature 0.19 [Krzyzanowski (2002
(Fe0s) Room temperature 0.12 [Chicot (2011)]
Magnetite Room temperature 0.262 [Gercek (2007)]
(F&Oy) Room temperature 0.37 [Chicot (2011)]
Wiistite Room temperature 0.36 [Krzyzanowski (2002
(FeO) Room temperature 0.22 [Chicot (2011)]
570 0.34
'(:fg‘) o o [Momber (2008)]
800 0.34
Room temperature 0.33 [Taniguchi (2001)]
900 0.30 [Picqué (2004)]
Iron oxide 2;2 832
(non-specific) 243 0:3 2 [Momber (2008)]
800 0.34
Room temperature 0.30 [Krzyzanowski (2010
Room temperature 0.50 [Molina (1993)]
Carbon steel 900 0.33 [Picqué (2004)]
Room temperature 0.30 [Picqué (2006)]
For most metals | elastic deformation 0.30
and oxides plastic deformation 0.50 [Nagl (1993)]
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Appendix |11 Parameters of oxide

Table A3.4: Thermal stress, bulk modulus and fr&csiress of reference various oxides

formed.
L Temperature of Values obtained
Parameter Type of oxide properties testing Reference
0 (GPa)
Hematite
25 —0.664
(Fezos)_
“’('ﬁgré)et)'te 25 0.744 | [Kim (2003)]
Thermal stresg S
Wodstite o5 _ 0277
(FeO) '
lronoxide |4 /4 51203 1to1.4 | [Taniguchi (2001
(non-specific)
Room
Hematite temperature 230£5 [Olsen (1991)]
(FeOs) Room 20310305 | [Jiang (1998)]
temperature
Room
Bulk modulus Magnetite temperature 183 £ 10 [Mao (1974)]
(FesOu) Room 215+25 | [Gerward (1995)]
temperature
Wistite Room
(FeO) temperature 100 to 160 [Gleason (2008)]
570 0.0380
Iron oxide 674 0.0024
Fracture stresy (non-specific) =43 0.0019 [Momber (2008)]
800 0.0049

Table A3.5: Hardness of reference various oxidenéal.

Temperature of

Type of oxide . : o Values obtained Reference
properties testing (°C
Hematite Room temperature 600 kg.mn{6 GPa) [ [Momber (2008)]
(Fe0y) 25 670 kg.mnt (6.70 GPa) [Takeda (2009)]
1000 530 kg.mnt (0.53 GPa)
Hematite 986 to 1219 kg.mii
(0-Fe05) Room temperature (9.86 to 12.19 GPa) [Momber (2008)]
420 to 500 kg.mmt
Magnetite Room temperature (4.20 to 5.00 GPa) [Momber (2008)]
(Fe304) 25 400 kg.mnt (4.00 GPa)
1000 8 kg.mn7 (0.08 GPa) | ! akeda (2009)]
270 to 390 kg.mt
Wiistite Room temperature (2.70 to 3.90 GPa) [Momber (2008)]
(FeO) 25 350 kg.mnf (3.50 GPa)
1000 5 kg.mn? (0.05 GPa) | [1akeda (2009)]
Fayalite 25 550 kg.mnf (5.50 GPa)
(FeSiOy) 1000 63 kg.mii? (0.63 GPa) | L1 2keda (2009)]
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Table A3.6: Physical properties of iron oxide [Calli§2003)].

Type of oxide Structure Molar mass (g.nipl| Density (g.cri) | Colour
Hexagonal
Hematite (Rhombohedral)
(Fe.0s) a=5.0356 A 159.690 5.260 Red
c=13.7489 A
n-type
. Cubic
'\’él"’:‘ggs‘te o =8.396 A 231.533 5.180 Black
: p-type
L Cubic
VE’F“esgt)e o= 4.302 — 4.275 A 71.844 5.900 0 5.990|  Blach
p-type

Table A3.6: Physical properties of iron oxide (¢oned).

Type of Melting point| Boiling point Heat of Heat Of. . Heat Of.
oxide °C) °C) fusion decomposition| vaporization
(kJ.mol™) (kJ.mol™) (kJ.morl™?)
Hematite
1562 - - 461.40 -
(F&0s)

Magnetite 298
(Fe0y) 1583 to 1597 2623 138.16 605.00 ot 2693°C
. 230.3
VE’F“eSgt)e 1377 2512 (f0r3F1'40 o) 529.60 at 2517°C

09 (for Fe,5:0)

Effect of oxide structure on oxidation.

General of oxides are not ideal. Their compositians different from the stoichiometric
ratios. The oxide structure may be divided into tywoups.

1. n-type oxides structure with anion deficiencyg(&ZnO, ZrQ, MgO, ALO;, SiG,, SnQ,

PbQ,).
Anion: Negatively charged ion (oxygen).

2. p-type oxides structure with cation deficieneyg( NiO, CoO, FeO, PbO, MnO, £).
Cation: Positively charged ion (metal).

Effects of alloying elements on the oxidation ratenetal.
1. n-type oxides structure.
Addition of a higher valency cation (e.g. Al to Ziesulted in a lower oxidation rate.
Addition of a lower valency cation (e.g. Li to Zrgsulted in a higher oxidation rate.
2. p-type oxides structure.

Addition of a higher valency cation (e.g. Cr to Kekulted in a higher oxidation rate.
Addition of a lower valency cation (e.g. Ni to Cesulted in a lower oxidation rate.
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Table A3.7: Standard thermodynamic propertiesaf mxide
[Web site http://courses.chem.indiana.edu (2012)].

Standard molar] Standard molar| Molar heat
enthalpy (heat)| Gibbs energy off Standard molar capacity at
Type of oxide of formation, formation, entropy, S;gg constant
A Hog A Goog (J.mort.K™ pressurec,
(kJ.mol™) (kJ.mol™) (J.mort.K™
Hematite
—824.2 —742.2 87.4 103.9
(Fe0s)
Magnetite ~1118.4 _1015.4 146.4 143.4
(Fes0a)
Wistite
(FeO) —-272.0 - - -
Table A3.8: Types of iron oxide [Cornell (2003)].
Oxide-hydroxides and hydroxides Oxides

Goethitea-FeOOH Hematitea-Fe0O3

Lepidocrocitey-FeOOH Magnetite FgO, (Fe Fe,0,)

Akaganéite-FeOOH

Maghemite-Fe0Os;

Schwertmannite FgO016(OH),(SOQy), - N HO B-Fe03
6-FeOOH e-Fe03
Feroxyhytes”- FeOOH Wistite FeO

High pressure FeOOH

Ferrihydrite FeHOs - 4 HO

Bernalite Fe(OHy)

Fe(OH)

Green Rustg=e, Fe (OH),,,,, ,(A"),; A" =Cl ‘;%soj‘

Calculation of the standard Gibbs free energy change and partial pressure participating
in oxidation of metals.

Calculate the standard Gibbs free energy chang Y and partial pressure of di-oxygen gas
molecule in equilibrium &, .,) with the possible oxidation products of meta#iements as

follow.

1. Oxidation of Fe to FeO (marked as Fe/FeO) dtrea Fe +%Oz(g) = FeQ, given as

o a
AGFeO :—RTln[ﬁj (A3— 1)
F

e 0,.eq

Assuming the unit activity of the solid phasesnthe
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2[N\G,
0O,.6q = exp( RTFeO J

With AG,, of reaction given as [Young (2008)]

AG/ (3.mol ) = -264890+ 6540T

(A3 - 2)

(A3 - 3)

2. Oxidation of Fe to R®, (marked as Fe/R@,) of reaction3FeO, +%02(g) =Fe0,y

given as

° aFe304
AGFe3o4 :_RTIn( 3 [pu2 ]

aFeO 0,.eq

Assuming the unit activity of the solid phasesnthe

B 2I0G ,26304
POZ,eq =ex —RT

With AGy,, of reaction given as [Young (2008)]

DGy, (3.mol ) = -312210+12510T

3. Oxidation of Fe to R®; (marked as Fe/R©;) of reaction2Fe,O, +%Oz(g)

given as

a3
° _ Fe,O
A(3':9203 =-RT In[ 2 : 31/2

Are0, 50,00

Assuming the unit activity of the solid phasesnthe

— 2[DG '0:9203
Fo,eq = €X —TRT

With AG¢,,, of reaction given as [Young (2008)]

DGy, o, (.m0l ) = ~249 450+ 14070T

(A3 — 4)
(A3 - 5)
(A3 — 6)
=3Fe,0,,
(A3 - 7)
(A3 - 8)
(A3 - 9)

These AG™ and Fo,« Of iron oxide will be appeared in Table A3.9 aneble A3.10

respectively.
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Table A3.9: The standard Gibbs free energy chaige ) of the oxidation of iron oxide at
600°C (873 K), 700°C (973 K), 800°C (1073 K) and%D (1173 K).

AG” (J.mol ™)
Temperature (K) — . .
Fe/FeO (Wustite) Fe/F@®, (Magnetite)] Fe/FeOs; (Hematite)
873 — 207 796 — 202 998 — 126 619
973 — 201 256 — 190 488 —112 549
1073 —194 716 — 177 978 —98 479
1173 —188 176 — 165 468 — 84 409

Table A3.10: Partial pressure of di-oxygen gas wudkein equilibrium @, ) of the

oxidation of iron oxide at 600°C (873 K), 700°C 8K), 800°C (1073 K)
and 900°C (1173 K).

P, o (bar)
Temperature (K) — — . -
Fe/FeO (Wustite) Fe/F@®, (Magnetite)] Fe/FeOs; (Hematite)
873 1.36x 10°° 5.09x 10 7.04x 107t
973 2.46x 107 3.52x 10% 8.23x 10°F°
1073 1.10x 10°F° 4.69x 10° ¢ 2.58x 10°¢
1173 1.74x 10°Y 1.83x 10F 3.04x 10°

4. Oxidation of Cu to GO (marked as Cu/GO) of reaction2Cu, +%Oz(g) =Cu,0

given as
AGe,o =-RT |n(a§°[tl‘;§;; ] (A3 - 10)
Assuming the unit activity of the solid phasesnthe
220G,
Oyieq = eXD(TZ (A3 —11)
With AGQUZO of reaction given as [Gaskell (2009)]
AGg, o (J.mol ™) = =162200+ 6924T (A3 - 12)

5. Oxidation of Si to Si@(marked as Si/Sig) of reactionS g + O,

AGg,, = -RT In(

ag

S0,

=)

Assuming the unit activity of the solid phasesnthe

197

=30, given as

(A3 - 13)



Appendix |11 Parameters of oxide

_ AGg,
Po,.eq = €X - (A3 —14)

With AGg,, of reaction given as [Gaskell (2009)]

DGy, (J.mol ) = -907100+17500T (A3 — 15)

6. Oxidation to form F£5iO, (marked as Fe/SUDFe,SiOy) of reaction
2Fe, + S0, +0,, = FeS0, given as

AG;. s =-RTIn Ae,s0, (A3 — 16)
o alge Ba‘SIOZ |:F)Oz,eq

Assuming the unit activity of the solid phasesnthe

AG;e SO,
Py o =€Xp ——— A3 -17
0,,6q p( RT ( )

With AG,Z62304 of reaction given as [Kubaschewski (1951)]
AGr, g0, (3.mol ) = -566366+14400T (A3 - 18)

7. Oxidation to form F£i0, + O, (marked as F©./SiO,)/ F&SiOy) of reaction
2Fe,0, +390,, =3Fe, SO, *+ 0O,y given as

. al o [P
AGr, 0,0, = —RT N [MJ (A3 - 19)

2
Ago, mFe3O4

Assuming the unit activity of the solid phasesnthe

AG::e S0,+0
P, ,=exp ——= A3 - 20
OZ,SQ '{ RT ( )

With AG;e2304+oz of reaction given as [Kubaschewski (1951)]
AGr, 50,0, (J.m0l 1) =115640+ 2330T (A3 - 21)

TheseAG’ and Ro,.«q Of copper oxide, silicon oxide and fayalite wik lappeared in Table

A3.11 and Table A3.12 respectively.
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Table A3.11: The standard Gibbs free energy chén@e ) of the oxidation of copper oxide,
silicon oxide and fayalite at 600°C (873 K), 70087 3 K), 800°C (1073 K)
and 900°C (1173 K).

° -1
Temperature (K : AG (J.mol ) : :
CuwO SIOG FeSiO, FeSiO,+ O,
873 — 101 754 — 754 325 — 440 655 95 299
973 —94 830 — 736 825 — 426 255 92 969
1073 — 87 906 —719 325 — 411 856 90 639
1173 — 80 982 — 701 825 — 397 456 88 309

Table A3.12: Partial pressure of di-oxygen gas wukein equilibrium @, ,) of the

oxidation of copper oxide, silicon oxide and fajakt 600°C (873 K), 700°C (973 K), 800°C

(1073 K) and 900°C (1173 K).

Py, o (bar)
Temperature (K : 2 : :
CwO SiG FeSiO, _ FeSiOs+ O,
873 6.64x 1075 7.31x 107 4.31x 10°°' 1.99x 10°
973 6.54x 101 2.78x 10°* 1.31x 10% 1.02x 10°
1073 2.76x 107 9.61x 10°° 8.88x 104 3.87x 107
1173 6.1 10° 5.54x 10°¢ 1.99x 10 1.16x 10™

8. A P, o Iis in studied atmosphere which was 2080HAr (marked as 20%4D). In

equilibrium of this atmosphere will be consist ofQq), Hxg), and Q). The level of oxygen

generated is determined by the thermodynamic déguifn as the following reaction
1 , . . :
H ;0 = Hy +§Oz(g). The standard free energy of formatioAQ, ,) of this reaction

given as [Gaskell (1981)]

AG;, o (3.mol ) = 246000+ 548T (A3 - 22)

Assuming that x is the water vapour dissociated, rdmaining amount of water vapour is
(20-x)%, the amount of hydrogen is x%, and the amhaf oxygen is 1/2x%. The standard
free energy of formation may be given as

Y2
5 o
: 2
AG;, , =-RTIn

o (A3 - 23)

The AG™ and R, « Of water vapour will be appeared in Table A3.13
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Table A3.13: The standard Gibbs free energy chén@e ) and partial pressure of di-oxygen
gas molecule in equilibriumR, ) of the water vapour at 600°C (873 K), 700°C ($33

800°C (1073 K) and 900°C (1173 K).

T . K Water vapour H,0)
emperature (K) AG (Jmol ) P, . (bar)
873 198 160 5.83x 10°
973 192 680 5.98x 10
1073 187 200 3.95x 10°
1173 181 720 1.94x 10°
The R, ., of their oxides can be plots in Fig. A3.1.
0 900°C  800°C 700°C 600°C
‘r___d: _____ T‘T — "Fe3o4 SIOZ/FGZSIO4
20 tTtTMmMm—m 77T 20%H,0
Cu/Cuy,0O
g 40 - Fe/FepO3
= Fe/Fe30yg
Q60 - Fe/FeO
o) Fe/SiQ,/Fe,SiO,
o
c  -80 -
~100°- siIsia,
'120 T T T T T T T
80 85 90 95 100 105 110 115 12.0

104171 K1

Figure A3.1: The equilibrium of oxygen partial pgage of iron oxides, copper oxide, silicon
oxide and fayalite (It may be noted that the mdldiaxygen gas molecule of various
reaction are an inequality).
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The vapour pressure of water will be appeared lielA3.14, also can be plots in Fig. A3.2.

Table A3.14: Vapour pressure of water at variongpieratures.

T (°C) P (mbar) T (°C) P (mbar) T (°C) P (mbar
-10 2.76 32 46.97 74 364.74
-9 3.03 33 49.61 75 380.39
-8 3.29 34 52.50 76 396.58
-7 3.55 35 55.53 77 413.29
-6 3.82 36 58.68 78 430.66
-5 4.21 37 61.97 79 448.68
-4 4.47 38 65.39 80 467.24
-3 4.87 39 68.95 81 486.45
-2 5.26 40 72.76 82 506.45
-1 5.66 41 76.71 83 527.11

0 6.05 42 80.92 84 548.42
1 6.45 43 85.26 85 570.53
2 6.97 44 89.87 86 593.29
3 7.50 45 94.61 87 616.71
4 8.03 46 99.61 88 640.92
5 8.55 47 104.74 89 665.92
6 9.21 48 110.13 90 691.84
7 9.87 49 115.79 91 718.55
8 10.53 50 121.71 92 746.05
9 11.32 51 127.89 93 774.47
10 12.11 52 134.34 94 803.82
11 12.89 53 141.05 95 834.08
12 13.82 54 148.03 96 865.26
13 14.74 55 155.26 97 897.50
14 15.79 56 162.89 98 930.66
15 16.84 57 170.79 99 964.74
16 17.89 58 179.08 100 1000.00
17 19.08 59 187.63

18 20.39 60 196.58 102 1073.55
19 21.71 61 205.79

20 23.03 62 215.53 104 1151.45
21 24.61 63 225.53

22 26.05 64 235.92 106 1234.08
23 27.76 65 246.71

24 29.47 66 258.03 108 1321.05
25 31.32 67 269.74

26 33.16 68 281.84 110 1414.47
27 35.13 69 294.34

28 37.24 70 307.50 112 1511.84
29 39.47 71 320.92

30 41.84 72 335.00 114 1614.47
31 44.34 73 349.61
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Temperature (°C)

120

—e— Vapour pressure of water

0O 200 400 600 800 1000 1200 1400 1600 1800

Vapour pressure of water (mbar)

Figure A3.2: Graph of vapour pressure of water.
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RESUME IN FRENCH

« Caractérisation physico-chimique et adhérence de®uches d’oxydes thermiques
formées sur aciers recyclés »

Introduction

Le développement de lindustrie métallurgique eraildnde s’appuie naturellement sur les
procédés classiques, tels la réduction du minerdia@it-fourneau et I'affinage de la fonte au
convertisseur, mais mise aussi de facon importsuntées filieres de recyclage, en particulier
I'utilisation de rebuts métalliques, collectés prgondus au four électrique. L'intérét de cette
voie est de réduire la production de gaz a effetatee et de maintenir un colt attractif. Son
désavantage réside dans la composition variablendgieres ferreuses recyclées et dans le
contrble de la teneur de certains éléments résidanlparticulier le silicium et le cuivre. Ces
éléments ont la propriété de se concentrer a tfexte entre I'acier et la calamine qui se
forme au cours des process chauds (réchauffag&dge), sous forme métallique (Cu) ou
oxydée (SiQ). Cette concentration influe sur I'aptitude deci&x au décapage et conduit a des
produits finaux de mauvaise qualité.

L’objectif de I'étude est de quantifier I'influenah silicium et du cuivre sur I'adhérence des
calamines et, pour ce faire, nous avons opté pmutétermination de I'adhérence de ces
dernieres par un test mécanique : la traction ugieva température ambiante. Pour faire
progresser la connaissance de ce test, nous agaid utiliser un dispositif existant au
Laboratoire SIMaP de Grenoble, et de mettre enepleccdispositif nouveau a Supanburi en
Thailande. L'intérét de ce nouveau test est qutiise une machine de traction
conventionnelle et qu’il devrait permettre d’étudienfluence de la vitesse de déformation
sur les résultats d’adhérence obtenus.

Parallelement, un test d'immersion acide a été emsplace pour mesurer la vitesse de
décapage et évaluer la relation qui devrait existere cette vitesse et I'adhérence des
calamines.

Matériaux utilisés et procédures expérimentales

L’influence de la voie d’élaboration des aciers lsucinétique d’oxydation et 'adhérence des
calamines a été conduite en utilisant deux nuandexiers. La premiere, dite

« conventionnelle » a été fournie par SahaviriyaeSindustries (SSI), un des aciéristes
Thailandais et élaborée par la voie classique {fltamheau + convertisseur). La seconde
nuance, fournie par l'aciériste Thailandais G St@empany, appelée dans la suite « acier
recyclé » est élaborée par fusion au four éleatridlaciers de récupération. La composition
de ces aciers est fournie dans le Tableau 1.

Tableau 1romposition des nuances conventionnelle et recyplds %).

Acier C Si Cu Mn Al P S Fe

Conventionnel 0,033 | 0,013 0,059 0,232 0,043 0,006 0,009 Bal

Recyclé 0,058| 0,267 | 0,168| 0,347 | 0,020| 0,013 0,004 Bal
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Pour ces deux nuances, en sus des compositionenipgratures de process sont [égerement
différentes, en particulier la température de eatti laminoir chaud et celle de bobinage (910
et 660°C pour l'acier conventionnel, 880 et 580°@uml'acier recyclé). L'épaisseur des
bandes est également différente : 3,2 mm et 6 mm.

Nous avons aussi étudié [linfluence particuliere dilicium sur deux nuances
conventionnelles, fournies par SSI (Tableau 2).

Tableau 2: composition des deux nuances convemil@srau silicium (pds.%).

Acier C Si Cu Mn Al P S Fe
0,026-pds% S| 0,193 0,026 | 0,040 0,521 0,039 0,009 0,008 Bal.
0,193-pds% Si 0,165 0,193 | 0,047 0,542 0,036 0,011 0,007 Bal.

Une série d’expériences a été, de plus, effectuéalass aciers modeles au silicium et au
cuivre élaborés a partir de fer pur par ArcelorMit{Maiziére-les-Metz, France). Leur
composition est donnée au Tableau 3.

Tableau 3: composition des aciers modeles (pds.%).

Acier Nuance
Fe référence (Fe avec un trés faible niveau d’iretés)
Alliages au Si (pds% Si) 0,25 0,84
Alliages au Cu (pds% Cu 0,08 0,39

La plupart des échantillons sont étudiés « aswvedeb, c'est-a-dire oxydés pendant le
laminage a chaud. Certains sont oxydés en thermot@lou en four horizontal aprés un
polissage soigneux de surface. La température dation isotherme est alors comprise entre
600 et 900°C ; I'atmosphere dynamique utilisée268H,0 dans Ar.

Sur les échantillons industriels et sur ceux oxye#s laboratoire, les techniques de
caractérisation usuelles sont appliquées : diffsactles rayons X, spectroscopie Raman,
MEB avec EDX, Calotest.

La détermination de I'énergie d’adhérence mécanapsgecouches de calamine est effectuée
par traction uniaxiale et observation de I'écailagui en résulte. Deux machines on été
utilisées dans cette étude : une micro-machineréeséans la chambre du Microscope

Electroniqgue a Balayage (Grenoble, France) et uaereamachine classique (Supanburi,

Thailande). Le dispositif de repérage de I'écadlagt de type électrons rétrodiffusés pour la
micro-machine et de type optique pour la macro-nmachLa vitesse de déformation est

unique pour la micro-machine (7 x 2@, ajustable pour la macro-machine (0,08; 0,33 et
0,83 §%). Les caractéristiques mécaniques particuliérda d@cromachine rendent nécessaire

une correction des valeurs d’élongation mesuréee €orrection est largement décrite dans
le manuscrit.

L'adhérenceG; est calculée a partir de I'épaisseude la calamine étudiée et de I'énergie
mécaniquéMa qui y est emmagasinée a l'instant du premier kacglpar :

G =Wy (&
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Cette énergie d’adhérence correspond donc a cella @¢alamine la moins adhérente. Le
calcul prend en compte la contrainte résiduelle pressive de I'oxyde (croissance +
thermique), la traction uniaxiale subie par le fil'oxyde, mais aussi la compression
transverse Poisson élastique et surtout la conpresansverse plastique. Les figures 1 et 2
montrent I'évolution du couple déformation-conttairselonx (axe de traction) ey (axe
transverse).

Stress (MPa)
)
z
o

=l

=

=

]
T

0.004 0.008
Strain

Figure 1: évolution du couple déformation-contrais¢lon I'axe de traction. De Aa B :
refroidissement, de B a C : métal élastique, delC. anétal plastique.

Strain
-0.006 -0.004 -0.002 000l
1 i i ﬂ
= -1000
©
s
7]
w0
--2000 @
n
- -3000

Figure 2: évolution du couple déformation-contraisélon I'axe transverse. De Aa B :
refroidissement, de B a C : métal élastique, deDC. anétal plastique.
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Pour rapprocher les résultats d’adhérence des \@igmrs de décapage effectuées sur les
lignes industrielles, un test de décapage simpktéautilisé. Il consiste a immerger les

échantillons oxydés dans une solution d’acide tiyidrique a 10% en masses maintenue a
80°C. Le temps d’'immersion peut varier entre 1@&s6Apres ringage et séchage, la perte de

masse des échantillons est mesurée.
Adhérence des calamines en fonction du process deg@uction

L’acier conventionnel et l'acier recyclé sont idiuéiés comparativement. En termes de
composition, les calamines formées pendant le pso@®nt tres proches : présence de
magnétite et de fer métallique (résultat de la d¥mmsition eutectoide de la wistite au
refroidissement. Seule différence, la présenceadks rde diffraction d’hématite sur I'acier

recyclé, en raison probable du refroidissement f#as de cette tole plus épaisse (Figs. 3
et 4).

10000
M = Magnetite (Fe30
@ u - g . (Fe304)
8000 - = Iron (Fe)
2
oS 6000 1
=
‘®
& 4000 -
£
2000 H
0
26 (deg./CuKa)
6000 Vi
(b) H = Hematite (Fe203)
5000 H M = Magnetite (Fe304)
| =Iron (Fe)
@ 4000 -
(o
L
2 3000 -
e H
2
£ 2000
M M M
1000 M
1M H
H
Mip, H HMM MMM
0 T T T T T T T T T T T T T T T

20 30 40 50 60 70 80 90 100
20 (deg./CuKa)

Figure 3: diffractogrammes des aciers conventiofaett recyclé (b).

206



Resumein French
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Figure 4: spectroscopie Raman des oxydes sur aaakentionnel (a) et recyclé (b).

Les résultats des tests de traction sur micro-machkt sur macro-machine apparaissent sur
les Figures 5 et 6. La Figure 5 décrit les obs@matmicroscopiques de I'écaillage de la
calamine en fonction de la déformation pour legdi#intes vitesses de déformation utilisées.
La Figure 6 quantifie I'aire écaillée en fonctiom ld déformation.

A partir de ces valeurs, nous avons obtenu I'éeemggcanique stockée dans la calamine au
premier écaillage, en tenant compte de la présdecéissures qui réduisent la contrainte

résiduelle calculée. Puis, I'adhérence des calam@s¢ determinée (Fig. 7). On observe sur
cette figure que I'énergie d’adhérence est une tfomcdécroissante de la vitesse de

déformation, ce qui s’explique par la possibili® klaxation offerte au systeme quand le
temps d’expérience est grand.
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Micro-tensile test || Macro-tensile test
Vitesse de déformation (3
7x10° I 0,08 I 0,33 I 0,83

Figure 5: évolution de I'écaillage en fonction dedéformation pour I'acier recyclé
(e = déformation).
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80 {Recycled steel

Strain rate Test
60 (s1y number

—=— 0,83 (1)
—o— 0,83 )
—a— 0,33 (1)
—s— 0,33 )
—e— 0,08 (1)
—o— 0,08 )
—— 7x10° (1)
—o— 7x10° (2)

Spallation ratio (%)

Imposed strain (%)

Figure 6: fraction écaillée de la calamine suri€acecyclé en fonction de la déformation
pour les quatre vitesses de déformation utilisées.
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800 T —a— Micro-tensile test
—e— Macro-tensile test
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Mechanical adhesion energy (J.m'z)

0,0 0,2 0,4 0,6 0,8 1,0
Strain rate (s'l)

Figure 7: adhérence des calamines sur I'acier fé@rcfonction de la vitesse de déformation.

En comparant alors les résultats obtenus sur famaventionnel et sur 'acier recyclé, |l
apparait que les calamines formées au cours duegsosur l'acier recyclé sont plus
adhérentes que celles formées sur l'acier convemtio quelle que soit la vitesse de
déformation utilisée 7.10 ou 0,83 ' (Fig. 8). La raison principale de cette adhérepios
élevée réside certainement en la présence de giice fayalite (F£&i0y) a I'interface entre
'acier et la calamine, comme le montrent les okewsns de microanalyse locale de la
Figure 9. La silice qui se forme au début de I'edyon est ancrée dans le métal (oxydation
interne), la fayalite qui en résulte provient deéaction avec la calamine. On comprend alors
gue la présence de silicium en quantités imporsaatere la calamine au métal. Les phases
oxydées du silicium stoppent la propagation desufiss interfaciales au cours du test de
traction.

209



Resumein French

~ 900
800 - l mmmm Conventional steel

-2

700 - = Recycled steel

600 -
500 H
400 -
300 H

200 +
100 - ’_L‘
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S 1 I 1,13 +0.55
0 m——

Micro-tenéile test Macro-tensile test

Mechanical adhesion energy (J.m

Figure 8: adhérence des calamines formées suelestylpes d’acier. Micro test : 7.F0s™,
macro test : 0,835

Coun
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Fe . Fe

T T T T T
2 4 & & 10
ket

Energy (keV)

Figure 9: (a) analyse EDS de la calamine sur liageyclé au cours du test de traction, (b)
zone interfaciale décollée agrandie de (a), (c3tspd=DS de la partie du métal nue de (b).
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L'utilisation du test de décapage acide permet idealiser I'efficacité de cette opération
(Fig. 10). De ces expériences, on déduit la vitedsedécapage (Fig. 11) qu'on observe
inférieure sur l'acier recyclé en raison de la pne® des phases oxydées du silicium a
l'interface interne.

5

N

w

N

Weight loss (mg.Cm_Z)

—O— Conventional steel
—0— Recycled steel

0 L’ T T T T T T
0 10 20 30 40 50 60 70

Pickling time (s)

Figure 10: perte de masse au cours du décapagedesiuances dans 10%v/v HCI a 80°C.
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©
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Figure 11: vitesse de dissolution de la calamimdesudeux nuances étudiées (10%v/v HCI a
80°C).
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Adhérence des calamines en fonction de la teneur siicium

Les deux nuances identigues en tous points (conmuosiprocess et épaisseur du métal)
excepté la teneur en silicium (bas Si: 0,026%,t I®%iu 0,193%) sont comparativement

étudiés de fagon identique a celles présentéegssud. Les résultats de caractérisation
montrent que leurs calamines de surface sont miexgi (également similaires a celle présente
sur l'acier conventionnel ci-dessus) ; seul I'ehissement en silicium de l'interface acier

haut Si/calamine les différencie, ainsi qu’'une gégaur moindre sur la nuance a haut Si
(cinétique freinée par la silice interfaciale).

Au vu des résultats d’adhérence (Tableau 4), ilaggdp que les calamines sont plus
adhérentes quand la teneur en silicium de l'acEr mus élevée. Ceci confirme les
observations du chapitre précédent, sans toutsfoigtrer une différence si grande. On peut
en conclure que dautres parametres influencentotte adhérence sur l'acier recyclé,
probablement liées au process différents de cesmgances.

Tableau 4: adhérence des calamines sur les adiengdr en silicium différentes (0,026-
pds% Si et 0,193-pds% Si.

Micro-tensile test Macro-tensile test
(& = 7x 108D (¢ =0,835Y
0,026-pds% Sii 0,193-pds% $i 0,026-pds% Si  0,19%8s
[Epaisseur 9,08 7,55 9,08 7,55
d’oxyde (um)
Energie
d’adhérence 306 + 17 401 +9 36+15 10,7 +1,3
J.m?)

Oxydation d’aciers modeles au silicium et au cuivre

Dans ces chapitres (Chaps. 5 et 6), nous avons hétnde d'aciers modéles en termes de
cinétique d’oxydation dans la vapeur d’eau et daatarisation des produits formés.

Pour les aciers contenant 0,25 et 0,84% Si, I'otigdalinéaire-parabolique du fer pur
s’applique. On observe une diminution de la cindéicd’oxydation quand la teneur en
silicium augmente, mais pas de modification notaleld’énergie d’'activation su, come le
montre la Figure 12. Cette énergie d’activationdsaifleurs faible (~ 150 kJ/mol), plus faible
gu’au cours de l'oxydation dans l'air sec ou I'oryeg.

La morphologie particuliere des couches de calam#salécrite en termes de 3 sous-couches
oxydées. L’évolution de I'oxyde contenant le siliti, de SiQ a FeSiO, semble jouer un réle
important.

Pour les aciers contenant 0,08 et 0,39% Cu, I'éastienenée de la méme facon. La présence
de cuivre diminue la cinétique d’oxydation, surtoatix plus hautes températures.
Contrairement au cas du silicium, on observe i@ diminution de I'énergie d’activation sur
la constante parabolique quand la teneur en cwugmente (155, 140, 124 kJ/mol). La
description en trois couches présentée pour lessaau silicium est encore valable ici, suele
différe la présence du cuivre métallique dans leche interne.
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Figure 12: diagramme d’Arrhenius de I'oxydationglaslique des divers matériaux contenant
du silicium et comparaison avec la littérature.
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Figure 13: diagramme d’Arrhenius de I'oxydationgdaolique des divers matériaux contenant
du cuivre et comparaison avec la littérature.
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Physico-chemical characterisation and adhesion betur of thermal oxide scales
formed on recycled steels

Abstract:

The purpose of this study was first to develop heiland a “macroscopic” adhesion test
using a conventional tensile machine, to compate tihe micro-tensile test used in Grenoble
and sitting in the SEM chamber, and to use it feasuring adhesion of scales grown during
processing on industrial steels. Parameters afiigdthie test, i.e. strain rate and Si content of
steels were investigated. The results showed tpatlasion of scales during straining
increased with increasing tensile strain rate. ghar strain rate resulted in lower strain
initiating the first spallation and lower mechani@hesion of scales, which could be
explained by a relaxation effect. Oxide containBigexisted at the steel-scale interface and
promoted adhesion of scales. Oxidation studies \atse performed, and the behaviour in
water vapour of steels with different contents ofaBd Cu was investigated. Increasing Si
content tended to decrease oxidation rate. It i@solted in the thickening of the wistite and
fayalite layers which formed by internal oxidatiokVhen Si in steel increased, the
intermediate (FeO + E@,) and outermost (R©s sitting on FeO,) layers formed by external
oxidation were thinner. For Cu containing steetr@asing Cu content tended to decrease the
oxidation rate. It also decreased the innermostiateimediate layers and resulted in more
Cu precipitates along steel-scale interface.

Keywords: Oxide scale, Adhesion, Tensile test, Oxidation #gse Hot-rolled steels,
Recycled steels, Silicon-containing steel, Coppentaining steel.

Caractérisation physico-chimique et adhérence de®muaches d’oxydes thermiques
formées sur aciers recyclés

Résume:

L'objectif de cette étude était, en premier lie, whettre en place en Thailande un test
d’adhésion par traction-écaillage sur une machine ttaction classique (test

« macroscopique »), de le comparer au test « nmopigue » Grenoblois fonctionnant dans
la chambre du MEB et de I'utiliser pour évaluedh&rence des calamines de process sur des
aciers industriels. Deux paramétres ont été étutieégtesse de déformation et la teneur des
aciers en silicium. Il apparait que I'écaillage datamines au cours du test augmente quand
augmente la vitesse de déformation. Une vitessedéfermation élevée entraine une
déformation au premier écaillage plus faible, done adhérence mesurée plus faible. Cet
effet est lié aux phénomenes de relaxation. Om algrs montrer que la présence d’oxyde(s)
contenant Si, situé(s) a linterface avec le métlgmentait 'adhérence. Les études
d’'oxydation dans la vapeur d’eau qui ont aussirétdisées ont révélé que la présence de
silicium réduisait la vitesse d’oxydation. En augtaat la teneur en Si, les couches de
fayalite et de wiustite s’épaississent ; par coné® couches externes s’amincissent. Pour les
aciers contenant du cuivre, la vitesse d’oxydatsh réduite quand la teneur en Cu est
augmentée. De la méme facon, les couches intenordsptus épaisses et on observe une
augmentation du nombre de précipités de Cu quatshéur en cet élément augmente.

Mots-clés: Couches d’'oxyde, Adhérence, Test de traction, titjné d’'oxydation,
Aciers au carbone, Aciers recyclés, Aciers auisilic Aciers au cuivre.



