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PREFACE

The work described in this document is submitted for
the Degree of Doctor of Philosophy to the Council for
National Academic Awards. It was carried out at Swinden
Laboratories (The Divisional Research & Development Department
of the Special Steels Division of the British Steel
Corporation) in the period 1965-1972, during which time a
proportion of the working week wes devoted exclusively to
this project.

During this pericd the author has attended post gradugte

lecture courses held at Sheffield Polytechnic on

(1) The mathematics of diffusion

(2) Statistics and the design of exwmeriments.

In addition the author has attended conferences on the oxida-

tion of metals including:

(1) "Reheating for Hot Working" held by the
I.3.7. in London in December 1567,

(2) "High Temperature Oxidation of Iron
& Steel' held by the I.S.I. and B.1.S.R.A.
in Londcn in lMay 1968. |

(3) "Ihe Adhesion and lMechanical Properties
of Oxides" held by the C.®.G.B. in
Leatherhead in Fébruary 1968,

(L) "The Mechanical Yroperties and Adherence of
Scale Layers" held by ithe Buropean Federation
of Corrosion in Disselidory in December 1970.

results of this work were presented at some of these.
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The author would like to express his appreciation to
Dr. K.J. Irvine for permission to submit this thesis and
to Dr.'s A. Nicholson and G. Briggs forguidance, interest
and helpful discussions during their supervision of the work.
Thanks are also gratefully expressed to my cdlleagues and
friends at Swinden Laboratories for the specialist assistance
given.

Words can not express my appreciation for the encourage-
ment and the incredible patience which my wife has ghown
during this time.

The work desciribed herein is to the best of my knowledge
original, except where reference is made to others, and no
part of it has peen submitted Tor an award at any other

college or university.

Project Metallurgist ' ’ D.R. Sergeant
Bar & Viire
Rotherham Works June 1974
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1. SYNOPSIS

me aa e i O - aam B

The literature relating tc scale formation and adhesion
has been reviewed, with particular referencec to the factors
which have been found to influence the adhecrence of scales
formed on mild steels during rcheating. The methods used to
assess scale adhesion and the current thoughts on the mechanism
of adherence are also outlined. In addition the practical
importance of scale pitting problems and current methods of’
scale removal are considered.

Laboratory oxidation and scale adhesion tests have been
carried out on silicon killed, rimming, semi-~xilled and a
silicon~-killed aluminium treated steel under simulated rehecating
conditions. Temperatures in the range 95OOCL1B5OOC were studied
for times of up to three hours in atmospheres simulating the
products of combustion of uncleaned coke-~oven gas burnt to give
6% freec oxygen in the furnace atmosphere.r

The oxidation behaviour was studied by metallographic
examination of the scale and‘écaleﬁnetal interface and by thermo-
gravimetric techniques.

The amount of oxidation was found t0 increase rapidly with
temperature and only approximately parabolically with time.
Deviations from classic oxidation theory are discussed with
referenée to the structure and composition of the scale and
metal/scale interface. Although the amount of oxidation was

similar for each steel studied, marked differences were found



in the characteristics of the metal and scale in the metal/
scale interface region. In particular the depth of metal/
scale entanglement, which increased with temperature gnd time,
varied considerably with steel composition.

liethods of wmredicting the amount of oxidation and the

. v

characteristics of the metal/scale interfacs region are outlined

and shown to give reasonavle correlation with practical results.
The effect of reheating times of 1 to 2 hours and tempéraw
tures in the range 1050 to 1200°C on scale adhesion have been
examined using modifications to a pasic apwaratus for studying
scale adhesion. It has been shown that fraciure occurs at the
scale/inetal interface and conseguently the method can ne used
to stuvdy the factoré affecting scale adhesion, as distinct
from scale cohesion.
The scale adhesion on the alwainium treated steel gave
no clear trend with temperature or time, probaibly necause of
the precipitation of an aluminium rich phase at tie scale
metal interface wnich promoted lack of adhesion. GSimilar
results were obtained with the silicon-killed steel at tempera-
tures below 115000, again probably because of the presence of
silicon rich phases at the scaie metal interface. A decrease
in adhesion was found on the rimning steel specimens with
increasing temperature in the range 1050 to 1100°¢ propadly
because of a nlanar meital/scale interface and the presence of
low melting point sulphur rich liguid phases at the metal

surface. In general the scale adhesion was found to increase



with time and temperature avove 1106°%¢ vecause of an increase
in the depth of metal/scale entanglement with these factors.
The greatest adhesion was found on the silicon-killed steel .
at the highest temperature studied.

A theory has neen pronosed based on the observations made
and on the results of experiments designed ©0 investizate
the uiechanism of scale/metal entanglement and whereas nickel
enrichment is necessary to form a stable irregular metal/scale
interface, the presence of liguid phase markedly influences

the growth of the metal/scale entanglement.

- 2.  INTRODUCTION

In mosi{ cases the processing of steel involves reneating
at somé.stage for hot working.The oxidation of the steel during
the reheating operation can lead to a variety of problems.
et least of these is that resulting from adherent scaie being
Tforced into the surface of the product during subpseguent hot
working and giving rise to surface defects which may either
reguire a costly surface conditioning operation or lead to
scrapping of the material.

This work was undertaken to obtain a retter undersitanding
of the factors which affect scale adhesion and therefore
indicate methods of reducing the 'scale nitting' defect. As
part of the programne it was intended to improve a basic technicue
developed at Swinden ILaboratories and to assess its suitapility
Tor the study of scale adnesion as distinect froim scale cohesion.

If this was successful then the method was to be used to
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investigate the factors affecting scale adhesion. Concurrently
a separate study was to be carried out to investigate tne
oxidation characteristics of the stecls using metallographic
and thermogravimetric techniques in order that the results

of the scale adhesion exercise could be interpreted. At the
time of initiastion of this study considerable interest was
being shown by a particular svorks within the company and the
materials and variables selected for examination were based

on this plant in order that the results should have a specific
application,

The varianles selected Ter study were:

(1) Steel composition (as influenced by the

method of ingot production used).

(2) Reheating time.

(3) Reheating temperature.

Viorks experience has indicated that the method of ingot
production has an effect on the oxidation/scale adhesion
characterisvics of mild steels. The materials selected fér
study include the major methods cf conventional ingot production
i.e. silicon-kilied, balanced (or semi-killed) and rimning.

The effect of alumninium (an alternative steel de-oxidising

v}

2ddition) was studied using a silicon-killed steel to which.

o

-

aluminiuvm was adaed.as a grain refining agent. In order 1o
separate the variables of reheating temverature and time
isothermal tests were carriec out at temperatures in the rang
950-135006 for times of up to 3 hours. These parameters were
selected to cover the range of practice used For the reheating

of stock from small billets to large slabs. 7he atmosphere

seleccted was based on the compustion of uncleaned coXe oven



gas burnt with approximately LO% excess air.
In the experimental section it is proposed to consider

the work carried out under three separate headings, namely,

(a) the oxidation characteristics
(p) the scale adhesion characteristics
(c) Additional work generated by the

results of (a) and (b).

3. RaVIET O PREVIOUS WORK

Increasing effort ié being devoted to the influence of
scale adhesion on surface defecis produced during hot working
' and.recent works have contributed much to the understanding
of the mechanisms and the variables which influence scale
adhesion,

In this section the available information relating to
the formation and adhesion of scale to steel and the current
experimental technigques are outlined.

| 1iild steel may be regarded as an impure iron and it is
useful to review the mein features of the oxidation of iron
as a basis for the work on steel. The oxidation of iron and
steel has been the subject of many investigations, and there
is a large amount of literature available on this subject, however,
what aﬁpears to be the most relevant information is summarised
below.

3.1 The Oxidation of Iron

N Or 4o . . - . .-
Above 570°C three stable oxides form on iron, consisting
of an inner layer of wistite (Pe0), an intermediate layer of

masnetite (Feaoh), and an outer layer of huematite (I*c.0
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At 7OOOC these phases are in the proportions 95% FeQ, LS choh,

1% Fe and these proportions are essentially independent

203

of time and increasing temperature. The iron-oxygen equilibriunm

phase diagram (rig.1l) shows the stability ranges of the oxides
and it is interesting to note that the stability range of FeO
does not include the stoichiometric composition. The oxide

is iron-deficient and the defects in thé lattice consist of
vacant cation sites. Diffusion is thus cationic (Fel") via
vacant cationic sites although above 85000 diffusion of oxygen
through the vilstite also avpears to take place37u. However,
the observations of Ingel and Weveru were based on the move-
‘menf of markers in the FeO layer, and more recent wd§k5 has
shovn that the results of marker movement can also he explained
in terms of inward creep of the scale layer and a decreasing
rate of diffusion of vacancies. In addition Mroweo6 has showm
that the movement of markers in the scale can be explained

by a 'dissociative mechanism’7. When loss of adhecion occurs
at the metal/scale interface, dissociastion of the scale is
ascumed tc occur leading to the formation of free oxygen which
reacts with the metal surface to form new oxide. In this weay,
the apparent inward diffusion of the anion in scales having

a cation defective lattice can be explained. The dissociation
takes place preferentially at grain boundaries in the scale
forming micro-cracks and porosity which progresses into the
compact layer. ihen the compact scale layer is entirely con-
sunsed the oxidation can take place by inward migration of
oxygen and outward diffusion of iron. Both cations and anions

< . . X . - . &
diffuse in magnetite but anions (077) only diffuse” through

heemztite. A mwodel of the oxidation of iron hss been put

-
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forward by Hauffe’ based on the ¥apgner oxidation theory 7,

wnich explains the formation of the three-layer oxide on iron
in terms of the cationic and anionic diffusion and the
interactions'to mroduce each layer are shown schematically in
Fig.2. After the initial adsorption of oxygen on the iron
surface and reaction to produce wistite studied by Gulbransen
the growth of the oxide layers are govefned by the diffusion
of iron and oxygen and are therefore paraboli02’5’5’8’12 with
time. 'Ihis can be represented vy w2 = kit

wvhere:

W = weight gain/unit area'(g/cme)

kX = oxidation rate constant for temoer ture
studied (ggcm‘,'u sec” )
The rate constant k is inversely proportional to the tempera-
6 . o.
ture  with slight irregularities reported at 620°C, above
which the rate controlling step is the diffusion of iron
through the wistite. ©The activation energy for this reaction
has been determined metallographically at 40 500 cal/'mole2
for air oxidaition and more recent1y12 thermogrravimetrically
at 46 800 cal/mole for both oxypen and air oxidation. . Confirmation
of the validity of the Wagner theory to the oxidation of steel

. 13 . .
“has been shown - oV comparison of calculated and experimentally

determined oxidation rate constants.

The di¥fusion of iron from the metal into the scale results
in the Tormation of vacancies in the metal at the metal/oxide
interiace. The vacancies may oe remnoved by inwerd creep of

L, 1k

the wlstite cr maydiffuse inuvo the metal resulving in

internal cavitation which can have a mariked influence on creep
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ductility™ . With thin specimens vacancies have veen found

to diffuse through the metal to the opposite sﬁrface with

the Tormation of an adherent scale on one suriace and a non-
16’5n Adherence can also be
117

adherent scale on the other

maintained by the presence of holes in ohe neta , Or by tue

presence of internal oxides18 which act as sinks for the
vacancies producea by the oxidation weaction.

The presence of stresses in the growing oxide layer has
been demonstratedl9 by vapour depositing iron and other metals
ontoAmica strips and subjecting the coumposite formed to an
oxidising environment. 3ending of the strips on oxidation
was assumed 10 indicate siresses generated by the oxidation
process. The vapour deposit was most probably DOrous however
and the stresses may have been generated in this case by

I

oxidation within pores in the metval. Ingel and VWever ™ have
confirmed the oresence of growth stresses as the oxidaition
of an iron strip in the form of a helix caused a reduction

O . .
2 Iias showil the

in the helix diameter. In addition, lialdy
presence of small grains in the metal and oxide at the metal/

scale interface of oxidised specimens indicating thav tae

)

cl

stiresses 1lnduced at the interface were suifficient to genera

-

dislocation movement and sub-grain formation. Stiress atv the

metal/scale interface may affect the adhesion of the scale

ler!

and this 1s important especially during the cooling of small
specimens .

The coolin~ of oxides on iron have been extensively
5,21,22

studied , and the precionitation of marmetite in the

outer region of wlstite has been observed. On ceoling From
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temperatures in excess of 57000 pro-~eutectoid magnetite is
precipitated in the outer, oxygen-rich layer of wilstite (see
Fig.l) and below 57000 vistite pecomes unstable and decomposes
into magnetite and iron. <The reaction is relatively slow

and isothermal transformation diagrams have been obtained for
pe0o? 2t (see Fig.3), which indicate that the maximum rate of
transformation occurs at QSOOC and deccmnosition takes place
inore readily with increased oxygen contents. The mechanism
of transiormation helow 57000 has been extensively studied22

by both cooling and reheating wilstite followed by isothermal
treatments in each case. Iron is precipitated first in the
temperagture range 57OOC—MBOOC with an increase in the oxygen
content of the surrounding wistite which eventually decomposes
into magnetite and more iron. 3Below u8OOC magnetite is pre-
civitated first with iron enrichment of the wﬁstite until
decomposition is complete with the formation of iron and more
magnetite.

.During cooling, stresses are set up at the metal/scale
interface because of the differential coefficient df expension
of' austenite, ferrite and wistite. On cooling to the tempera-
ture oi' the austenite to ferrite transformation temmerature
compreésive stresses are set up in the wiustite. However, when
the'underlying metal transforms 1o Tferrite an increase in
volume of the metal results (approximately 1) which may be
sufficient to cancel the compréssive stresses and leave the
wilstite in tension. #Further cooling to room temperature results
in compressive stresses again veing set un in the FeO at the
interface. During slow ccoling, stresses way also be generated

by the precipitation of Fezou within the PeO layer.
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. . 1,2
The scale on pure iron is generally compact and adherent™’

with smooth metal/scale interfaces. UNon~adherent scales can be
produced, depending on the geometry of the specimen used,

for example with iron wire heated in air& and in such cases
an inter-relationship between the adherence and scale Forma-
tion is also observed. Vhen a gap is forméd at the interface
during the heating period, and not on cooling because of
differential contraction considerations, diffuéion of iron
ions into the scale from the metal is not possible and the
non~adherent wistite is oxidised to magnetite with a corre-
sponding fall in the oxidation rate. A fissure or crack in
this layer allows oxygen access to the metal surface and the
reaction to produce FeO is again wpossible, this is accoupanied
by an increase in the oxidation rate. In this case, the
scaleAstructure depends on the adherence, in other cases the
scale stirucvure can influence adnesion, for example.Feters
and Engel23 found that alloy elements concentrated in the
scale near the scale metal interface have an effect. The
interdenendence of scale adhesion and scale formation on iron
has also been reporved oy other workers asnd it is proposed 1o
review the factors which affect scale formation and adhnesion
concurrently opelow.

3.2 Taclors AfTecting Scale Tormation and Adhesion to Steel

A large proportion of the work descrioced below is pased
on metallographic ooservations on samples cooled to room
temperature. These can only differentiate between adherent and
non-adherent scales accordins to the presence of gaps at the

sary to differentiate

Q
[}

interface and some internretacion is nece
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belween gaps formed at reheating temperatures and those
formed. on cooling. “The main reéults of some physical methods
of assessing the degree of scale adherence are referred to
briefly in this section but will be dealt with more fully
later.

3.2.1 3teel Composition

Small amounts of impurity elements can affect the scale
characteristics quite marikedly, Armco iron, which has a low
level cf impurities has been shown to have a less aduerent
, . 1 . .

scale than pure iron for example™. A convenlent method of
q s . . e 23 e o
classilying the impurity elements is by regard to the free
energies of formation of their oxide with that of iron.

3.2.1.1 Alloy nlements I.ess Hoble than Iron

Silicon
The presence of silicon leads to the formation of

2L

particles of oxide below the metal surface a phenomenon
known as internal oxidation. The particles are rich in SiO2
and decrcase in size with distance from the metal surface.

The depth to which they peneirate has been shown to bear a
paravolic relatiocnship with timegS. As the scale-metal inter-
Tace moves inwards the particles of silica are in effect trans—
ported to a zone of higher oxygen potential and combination

with wilstite takes placezu"26

to forim fayalite (FegsiOu)
partvicles which remain at'the interface at low temperatures.

A schematic representation of this process can be seen in Fig.l.
If the silicon content is high enough, fayalite can pe present
as a continuous protective layer at the metal/scale interface

with a reduction in the scaling rate. An addition of 1y Si
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to iron has been observed to result in a reduction in scaling
of 80,5. Iayalite forms a eutectic with wilstite which melts

0.27 . U . e
at 1177 °C and above this temperature the molten eutectic
wets the grain boundaries of the wiustite, penetrating in some
cases t0 the scale surface and resulting in an increase in the
scaling rate probably because of high oxygen soluoility and
diffusion rate in the liguid phase.

Silicon has been reported to cause high scale adhesion
- ; . R .- v R 28 .
when ineasured at high temperatures by Ghosh and Rolls using
an impact test, because of the liguid phase cusnioning the olow.
afg - T A, E2 4 b R 25 : . P
With room temnerasure tests however™, the adherence of the
scales on pure iron was markedly reduced with additions of
silicon (Fig.5). 7This was explained by the presence of solidified
fayalite/wistite eutectic at the metal/scale interface.

Chromiun

Iron alloys containing chromiun also exhinit internal
oxides when sunjected to reheating under oxidising conditions.
The internal oxide particles in this case consist of 03205
which appear to obey similar rules as those produced by silicon,

. cs . .. 25,26 N s A
at least for small additions of chromium « Depletion oIl
chromium in the alloy has also been observed owing 10 pre-

. TR : 29
Terential oxidation of the caromiwn into the scale ™ . Chyoniluln
. s S ) s 26,30
concentrates in the scale in a similar manner 10 silicon
and islands of FeCPgouh&Ne peen observed in the inner wdstite
layer. A spinel of iron and chromiwn oxides can oe formed
in the magnetite layer. Uith siall additicons of chromiuwn O
vure iron the oxidation rate increases initially but the amount
of oxidation, compared to nure iron, is less for longer periods

™ PR | J _z—l . . - . - - ' .
ol oxidation”=. Increasing chromiwa content ol the material
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S 5 . . . 31,3
results in a decreasing oxidation rate” ’)2.

Aluminium

For small alloy additions, aluminium has a similar effect |
on the oxidation characteristics as the above element326’3o’33.
At a reheating temperature of 85000 in an oxidising atinosphere
for example, iron containing 0.017.5 Al contained traces of
an FeO»Aleo3 spinel at the alloy/oxide interface, whereas
an alloy containing 0.1% Al gave a well established interfacial
layer of spinelu. Alwainium has veen reported to decrease

23

the adherence of scales assessed using a cold devachment

test (Fig.5). This effecct of aluminium has been confirmed
77
recently with a hot hend test by Bateman and Rrolls”” at 9$50-

e I).

|3

- (@) L) - : * - s [ET Xy '
1050°C for Fe-Al alloys containing 0,1-0.2 Wity (‘ab

Phosphorus

The presence of 0.05% P in iron has been _shown23 to result
in the nresence of a dark phase at the metal surface which was
assuned to be ilron-phosphate aﬁd reduced cold scale detachment
stress REE noted on this alloy when compared with pure iron
(Fig.5). Other workers have reported that phosphorus decreases
the oxidation rate of iron slight1y32. ‘
llancanese

This element behaves diffe ne sobove eclements

Lpd
(o}
=
o+
3
<
ct
@)
Leury
*
=

Z
as manganese oxide forms a sciid solution with wﬁstiteJu’
hence no concentration.occurs and it can also substitute for
i N o . - 32, 35.
iron in the magnetite and hzematite scale layers’=: -
Internal oxidation occurs in iron-manganese alloys, which
because of the mutual solubility of iron-manganese cxides has
been reported to consist of FeO-~:nO particles which also obey

Lo

a parabolic denth law” . Tvring the oxidation of stecel,

(o)

internal
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. . . - . . LA 2
oxidation has been ovserved to consist of (Fe/mn)25102 b and
hence the presence of manganese in Tayalite/vlistite eutectics
is to be expected, but little effect of manganese on the
s - B TSP - S Sl e o 37
oxidation rate of an Fe-lLy: 3i alloy or a 13% lin steel hes

been found. HManganese (0.15 and 0.625%) has been reported to

25

have little effect on the cold scale adherence of pure iron
(Fig.6).

Carpon

Carbon oxidises preferentially to iron to form gaseous

carbon monoxide and this results in a denudation of the under-

. v . . 38 . s
laying metal in caroonj . Thus decarburisaition can take place

to a considerable depth and has a detrimental effect on the

properties of the denuded layer. Conseguently

metallurgical
the subject of decarburisation has rececived much attention,
the greater part of which is not covered by the terms of this
review. It is relevant nowever, that the gaséous evolution
of CO is thoughtto lead to disbbntinuities (i.e. cracks and
blisters) in the scale 1aﬁer and at the metal surfaceﬁg. The
onset of fracture .of the scale depends upon the gas pressures.
developed and the adhesive and cohesive stfengths off the scale,
and some assessments of this relationship have been attempted
38,40,41

The gaseous evolution of CGC has been put forward to
explain the decrease in scale adhesion measured by a hot impact
test obnserved with thick porous scales28 formed on steel after
reheating at high temperatures. (Table 2). Carbon additions
to pure iron\have been found to decrease the cold séale adherence

23 ($ig.6).



3.2.1.2 Alloy Elements 'iore Noble than Iron

'Nickcl

Nickel concentratesin the metal at the metal/scale
interface owing to selective oxidation of iron. The magnitude
of this concentration or enrichment effect is demonstrated by
the results of telford and Duncu@buzg who found areas of metal
containing up to 33% nickel in the oxide/metal interface region
of a 0.14%% Ni steel. Pure iron-nickel alloys containing less
than é% Ni oxidised in dry oxygen at 1OCOOC produced similar
scales as did pure ironu3 and the enrichmeﬂt in the surface
metal was found to be up to 80% Ni. Alloys containing more
then 2% Ni exhibited 80-90% nickel enrichment and wustite was
replaced by an iron-nickel oxide spinel as the stsbhle phasé in
contact wiéh the metal. iarked grain boundary snd internal
oxidation occurred and void formation was obscrved behind the
large internal oxide particles. This effect of increascd internal
oxidation oeneath an enriched nickel layer has qlso_been observed

.L " ad - . “ .
by other workcrsgk' L5 Non-adtherenti scales have been produced on

an Fe-1% Ni alloy oxidised at 8OOOC under similar conditionsuG,

“at 800°C after cooling to room temperature the oxide layers consisted
predominantly of the higher oxides of iron. At 1OOOOC, adherent
scales were produced similar to those on pure iron, but contained

a lower proportion of wustite. Inner gones of mixed metal and

boxide have frequently been reporved in the scalé.

HMetal particles have besn observed in the scales formed

L8

on nickel bearing steels in carly work by Steadu7 and Pfeil
which were shown to be rich in nickel. The particles were

fourd to be present in a zZone corresponding to the original
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specimen dimensions. It was postulated vhat the existence

of nickel rich particles in the inner oxide layer was explained
by the fact that nickel oxide is unstanle in iron oxide
containing more than 72% ifon. Sachsu9 found thaé denending

on the partial pressure of oxygen in the furnace atmosvhere

and the nickel content of the steel the metal in the oxide

may forin either a filigree pattern or exist as discreet

.

particles when onserved on a owransverse metallcgrapnic section.

0, . . . .
In further vork” he showed that the nickel content of these

particles increased with the distance of the metal from the

T t
S S ~ 50 = PRV -
advancing oxide surface. BSachs postulated that the metal
particles appeared in the scale by itwo mechanisms, the
preferential oxidation of iron and entrappment of metzl in the
scale by grain poundary penetration and internal oxidation
mechanisms, also the transient solution of nickel in iron
oxide could occur, followed by vrecinitation oﬁ suitable
metal nuclei. 7This second feature was considered necessary
to explain the growth in size of the metal particles with
increasing distance from the metal oxide interface. In latef

51

vorx Sachs examnined the mechanism of scale/metal entanglement
on low alloy steels in more detail and postulated that the
filaments were {ormed by a process of internal oxidation. As
the internal oxides grew they were assumed to result in
enrichment of the metal surrounding them, coalescence of taese
internal spheroids into rods was assumed to fake vlace and

when the advancing metal oxide interiTace apnroached the enriched

Tilaments of metal they protyuded into the scale layer.
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Considerable plastic flow was required in the oxide to
creep past the filaments and Sachs considered that the
presence of a liguid phase in the inner scale layer would
assist the flow of the scale. Treferential oxidatiion of

the iron would continue in the filamenis as they projected
into the iron oxide and they would therefore become enriched
in nickel and would shrink in size and would eventually
break up into discreet pariicles further out in the scale
layer. This work was concerned mainly with steels having up
to 3% nickel but the formation of a metal/scale entangled
layer called s contaminated zone was ooserved DYy :ioreau and
Gagnetm'L on mild steels containing residual nickel levels
(approximately 0.2%). Neverthneless, nickel enrichments of
up to 3% nickel were found in the metal in the oxide layer
on the steels. Growth of meitzl/scale entanglement has also

52

been found by Srown in steels containing from 0.0Li t0 0.l

nickel at temperatures betweeﬁ 1100°¢ and 1300°C. At teimmpera—
tures up to 90006, however, enrichment cf nickel occurred
ahead of the advancing interface out no particles were found
in the scale layer. INickel enricnment occurred in the suriace

grain bhoundaries at low temperatures; an effect also cobserved
i 53 N . .

by other workers””. It was observed that Tor oxidation in

air the change in dehaviour was associated in the change of

the scale characteristics. At the lower temperatures the

oxide was adherent and compact and the oxide did not contain

any metal particles wheveas at the higher temperatures a non-

adherent scale was found wiilch contained metal varticles.
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Further experiments5a were carried out to éssess the effects
of oxidation under atmospneres of low oxygen partvial pressure
giving oxidation conditions similar to those found under
blisters and non-adherent oxzides to evaluate the factors
affecting the change from one type of behaviour to the other.
However, similar structures were found at 900°C as found in
air and a non;adherent and porous scale was formed at 1100°C
again similar to that in air. Oxidation in oxygen gave an
irregular interface but with Tew metal particles in the scale
at 1100°C and no explanation of thié nor of the formation of
the entangled zone in air and water vapour hydrogen mixtures
and water vapour ab 1100°C was advanced. In further work55

the metal particles observed in the scale were shown oy removal
of successive layers of metal by polishing 10 consist of a
metal filigree. The mechanism of formation was considered to
be by oxide dissociation within pores in the'inner scale layer
coupled with internal oxidation of the underlying metal.

The growth with time of the outer varticles (on a transverse
section) was explained by the inward creep of the scale and
compaction gnd recrystallisation of the metallic filigree
acconpanied by oxide dissociation. The differences in
behaviour found in the earliérvexpariments in different
‘atmospheres was explained by considering that oxidising gases
could penetrate the pores in the scale layer in atmospheres
containing water vapour or 002 by redox type reactions as pro-
f:6

posed by lahmel” .

wagnerb7 has predicted that in the presence of a nonle
e.g. nickel, and a less nonle clement, e.g. iron, a uniform

scale layer and conseouently & planar meital/scale interface
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will be stable only if dififusion .in the alloy is relatively
rapid compared with diffusion in the oxide of the less noble
metal.

Thus when the rate conitrolling stepr in the oxidation
reaction is the diffusion of iron through the enriched layer
and not the classical diffusion of iron through the scale,

a planar xide/metal interface will cease to0 be stable. The
development of an irregular metal surface promotes the lateral
diffusion of the enriching elements with respect to the
direction of oxidation. Hence, witn an enriched 1ayerAat the

an

)
13

4-
9

12

imetal surface, oxidation cen proceed at a faster rate w

irregular metal/scale surface than with planar interface.con-

ditions. In a mathematical treatment of this theory Vagner

aments increase with

l,_,l

predicts that lthe lengtn of the metal i
nickel content and the amount of oxidation, size and spacing
of the filamentis also jincreases with time and temperature. The
effectiveness of niclkel in nroﬁotipﬁ irregular metal surfaces
in mild steel is demonctrated by the results of srown and

54 5 s . . . . . o
Ao found that with nicikel contents of 0.04% irregular

S 4
licars
o . N A s ur 20 . - o o
surfaces resulted and oy Lialdy who showed that even with
nickel contents of C.C02% irregular metal/scale interfaces could

be prcduced.

Hickxel has neen reporied to increase the hot adherence
i 58559 ; a1 RPN
off scale on siteel s, and also is said to be a contrioutory

> ] Q 5 LI . . -
factor in rolled-in scale cdefectis-”. Small additions of nickel

e

have been shown to decrease the scaling rate compared to pure

ironu3’ub’52.
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Copner

- This element also concentrates at the metal Surface58’6o’6l
owing to preferential oxidation of iron and can lead to
precinitation of copper-rich nhases at the metal surface.
The cold scale adherence on pure iron is decreased at scale
formation temperaturesup to 85000 and increased above this
temperature by additions of OoppePZB, (Fig.6). The enrich-
ment of coppef has been reported to decrease the oxidation
rate of steel at 9000058 but above this temperature no erffect
was found. Liquid copper phases were found at high tempera-
tures which lead to marked grain ooundary cvenetration of copper
and surface defects on subseaquent hot rolling.

I3

Sulnhur

PrecSiumetsfustatimhan

Pronounced sulphur enrichment has been found in the

scale on an iron-sulphur alloy containing only 0.003% 835

I

R o) S . . .
oxidised at 8C0°C. Some grain boundary penetration of sulphides

32

also occuvrred. Farly work suggests that the svlohur exists
at the interface as FeS formed by reaction of the InS in the
metal with FPeO in the scale at the metal surface. No enrich-

ment of sulphur was Tound in the scale in this case and it

was suggested that volatile sulphur oxides formed and escaped

QIO

through the scale layer. Sulphur particles have peen ooserved
. TR O%Z
in the scale””’“” but it was not clear if these were formed

by diffusion of sulphur or by feultly volishing technigues.
Recent work on the oxidavion of high sulphur iron-vase material
(0.099 8) in combusted town and natural gas atmospheP0328

resulted in the formatvion of wilstite~Terrous sulphide eutectic
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gt the interface. This phase had 2 low melting point and
caused a marked increase in the scaling rate, and grain ‘
boundary penetration.

Increased scale porosity has been noted in high sulphur
material which, it was suggested indicated that some of the
sulphur may have been oxidised to gaseous sulphur oxides and
thus escaped through the scale. 7This seems unlikely in view of
the formation of sulphur phase in the scales by pick-up from
the oxidising atmosphere as discussed below, although it should
be possible if the dissociation pressure of the Jiquid phase
formed wecre to exceed the sulphur paritial pressure in the
atmosphere., Hipgh hot scale adherence in this case28 wvas

thought to be due to a high degree of grain poundary nenetra-

v,

tion and liguid phases in the scale layer. Sulphur was found
to decrease the cold scalc adherence of pure ircn with oxids-
. n a=n0 N -
tion temperatures of 850°C and below, apbove
. 223 oy
adhesion resulted (Fig.G).

3.2.2 Oxidising inviromnment

3.2.2.1 Turnsce Atmogrhere Composition

. ) . s RS 10
According to the classical parabolic oxidation theory9’

the oxidation kinetics for compact adherent scales are
governed by the diffusion of metal ions through the oxide.
Consequently, the oxidation rate should be independent of tne
furnace atmosnhere, providing that there is sufficient oxygen

present for wistite to pe a stavle phase in contact with iron.
62

This

2

nas oveen confirmed for pure ircon at 70000-95000 in

(.

oxygen and argon mixtures but with commercial steels the rate
of oxidation depends to a large extent on the composition of

7

the stmospnere-’,

3]
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The stoichiometric combustion of fuel oll or gaseous
hydro~-carbon fuels resuvlts in the formation of carbon dioxide,
water vapour and nitrogen in the combustion products, if the
fuel also contains sulphur, gaseous sulphur compounds will
be vresent. The combustion of such fuels with less than the
required amount of air for complete combustion resulis in
the pnresence of some carbon monoxide, and if excess air 1s
used free oxygen aprears in the atmosphere. The atmosphere
produced oy burning fucl stoichiometrically is often feferrea
to as 'meutral', that containing free oxygen is Xnown as
toxidising' and that containing free carbon monoxide is called
'redvcing' although under commercial reheating conditions
all are usuvally oxidising with respeci to iron. The adhesion

slightly
of scale on steels has been shown to increasepas the oxvgen

content of the furnace atiiosphere is decreased in the aosence

of 80228’ 23, 6_7’: 614-3

markedly incre=zses the scale adhesion especially with low

63,64 .

oxygen contents . Gteels heated in atmospheres formed

- o C -
The presence of O 5 AN the atmosphere

by the combustion of fucl o0il were more adherent than those’
heated in atwmospheres produced by burning tovm's gas (low S)
for example64. The presence of sulphurous gases in the
atmosphere also influences the amount of oxidation obtained.
At'115OOC for example, in the absence of sulphur dioxide,
Preece and Riley37 found that the addition of free oxygen
to a neutral atmosphere increased the scaling rate of steel,
and the addition of L% carbon monoxide Lo tihe same vase
atimosphere reduced the scaling rate by approximately 10
Vion 0,2% sulphur dioxide in the neutral atinosphere however,

“the scaling raie increased and the addition of oxygen increased



the scaling rate to a maximum at 1% oxygen. TFurther
additions inhivited the scaling influence of sulvhur dioxide and
above 5% oxygen the scaling rate was found to be indepnendent

of the presence of sulphur dioxide. Illore recent work by

55

o

ROlls indicates thatv sulnhur pick-up in the scale increased

as the reheating temperature is increased. This effect has

(':\!_58

also been demonstrated by ITicholson and iurra , Who also
showed that the sulphur content of the scale increased with
decreasing oxygen and increasing S0p content of the furnace
atmosnhere. ‘The amount of excess oxygen reguired to suppress
the sulphur pick-un to a low level was also found to increase
with temperature to over 6% at 130000. Sulphur pick-up in
the scale was also noted with an atmospheré containing U
oxygen and C.1-0.15% S in the temperature range 1150-125000
65

, Was due to liquid phases in the

c

scale wnich increased the likelihood of sulphur transport rrom

which it was suggested

the atmocphere. The mechanism of transport of sulphur through
the oxide layers have recentiy been reviewed by Tuck66 and
although the exact mechanisin is not known, the most likely is
thought to oe the ingress of gaseous mixtures containing
sulvhur through small pores or micro-cracks which are peing
continupusly Tomaed and healed.

Sulphur normally forms iron-sulohide in the scale at
the metal surfec; and this forms a low melting point eutectic
with wistite. ‘“he presence of this low melting »oint phase,

which is liquid at reheating temneratures, is thought to explain

the enhanced scaling rate ovtained aboveB/. Combination of

N

sulphur can also ocecur with the elements which concentrate in
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67,68,69

the metal surface In the case of copper this can

be beneficial to some extent and result in the formation of

a high melting pnoint sulphide, thus preventing the penetration
of low melting point copper down thc austenite grain
boundaries. In the case of nickel, low meliting point nickel
sulphide is formed which forms complex eutectics in the

scale and resulis in marked grain boundary penetration.

The presence of water vapour or carnon dioxide can have
pronounced erfects if non-adherent scales tend to pe formed
(the non-adherent nature may be due to specimen shape for
example, and this will be discussed later). In such cases

, c
the introduction of these gases has been shown by Rahmel””
to accelerate the oxidation of iron. ‘he mechanisi suggests
tiiat carbon dioxide or water vapour are transported into
gaps in the scale where carpon monoxide - carbon dicxide or
hydrogen-water vapour gas mixtures are formed, which transfer
cxycen from the scale via the gas vphase {0 the metal surface
by means of an alternating oxidation and reduction action.
Transport of the gases throuvgh the scales to ﬁhe gans is
envisaged via microcracks and inter-connecting porees. In this
way gans formed at the metal surface may he healed and scale

adherence maintained. (See Figs.7 and 8).

3.2.2.2. Alresnhere Flow Rate

In laporatvory work it is iwmportant to be able to
eliminate the atmosphere flow rate as a variaonle, as the rate
of delivery of oxygen to the oxidising surface depends on flow

70

rate as well as composition of the atmosphere. Harly work

on mild stecl oxidised in carbon dioxide, stemm and air at
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12500C showed that the oxidation rate increased progressively -
with flow rate until a critical flow rate was reached beyond
which the amount of oxidation was unaffected by rate of
atmosphere flow. Flow rates of 0.025 m/sec for carbon

dioxide and 0.076 m/sec air and 0.117 m/sec for steam were
recorded at this critical level. liore receanl work on mild
steel7l scaled for upto2hours at 110006 in é synthetic
atmosphere containing water vapour, oxygen, carbon dioxide

and nitrogen, placed this critical level at 1.52-3%.05 m/sec.
It was pointed out, however, that the concept of ‘'ecritical

dwell time' (specimen length divided oy gas velocity) was a

\}

-4

betfer criteria to take as 1if too long a time were avallable
for the gas to be in contact with the specimen, denletion of
the oxidising constituvents could occur. In addition comparison
of data from experiments using different sized specimens is

possible using this method although the effects of stecl

composition and furnace atmosphere must also be ceonsidered.

)

For synthetic atmosphere simulating burnt towan's gas critical

3.

dwell times of between 0.06 and 0.13 sec were determined
which were approximately one-tenth of the criticallspeeds
required for air or COp or HoO atmospheres. Further work72
has shown that flow rate has no effect on the oxidation of

mild steel in air at temneratures of 6OOOC, 800°C and 1000°C

using a range of flow rates between 0.05-0.9 m/sec.

3.2.3 FPhysical Characteristics of Svecimen

3+24 %1 Initial Surface Condition

It has been shown1 that the adnerence of scale is

increased if the metal surface is electropolished prior to
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okidation. This was explained by suggesting that the

grains of’ abrasive present in the surface metal layers on
mecnanically aovraded surfaces are removed by the electro-
polishing. It was assuied that the grains of abrasive
concentrated at the iron-oxide interface and led to an increase
in adherence similar to the impurity elements discussed above.
The decreased adnerence found on abraded samples has

been explained5 by considering the surface oxide layers to be
placed under stress by oxide filling cracks in the surface

and this view has been supproricd by the fact that internal
stresses have been shown73 to be less marked in thin oxide
layers on finely abraded material then on coarsely abraded.
Other work however2 has shown that sand blasted metval surfaces
produced more adhévent scales. In addition it was pointed

out that textures can be present on as-rolled strip which

21

af'fect its oxidation rate and presumably the asdherence ol its

scale. In view of the rapid change in the topography as
oxidation proceeds with the establishment of irregular metal/
scale interfaces and liguid phases in the interface region,

it is unlikely that the initial surface condition of the specimen

will have a marked influence on the adhesion of scales formed

under commercial reheating conditions.

3¢2:%.2 Specimen Geometlry

The scale on rectangular specimens has been shown
to lose adherence at the corners due to restriction of
lateral growth or the mutual support wnich the scale on each

side affords for the other, thus restricting the inward flow
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ol

. . . . 1
of the scale to follow the receding metal surface™’ . A

< because of &

reduction in the scaling rate thus occurs
reduction in the outward flow of iron ions into the scale.

For cylindrical specimens the inwards flow of oxide is again
Vrestrioted and large gaps have bheen observed on specimens
cooled to room temperature at the metal/scale interface. (Fig.
Ba).. This has been confirmed on small cylindrical specimens
by Bruce and HancockﬁJr using a vibrational technigue; it
was demonstrated that the scale formed in air was cracking
continuouslj during growth, and it was pointed out that

eometrical factors should pe taken into account when assess—

o

ing the kKinetics of oxidation.

37

Barly work in furnace atmospheres containing nitroegen,
water vapour, carbon dioxide and oxygen, found 1little

influence of specimen dimensions on the scaling rate. Cylin-

-

vith length to diameter ratics of

drical specimens were used

. - . ie . . 56 . v
between 0.35 and 10. Iiore recent WOPK5 has shiown that for

o~

atmosphéres containing water vepour or carnon monoxide,
gaseous transvort of oxygen across such gans in the scale is
possible as discussed earlier and hence it is doubtful whether
the effect of specimen shape- is as marked in furnace atmospheres
containing water vapour and/or COQ‘(see Fig.8b).

It has vpeen shown75 that vhen studying oxidation Kinetics
it is important to consider the effect of the surface area
to volume ratio, (so~called specific area) on the instability
of the temperature of the process, as oxidation is an

exothermic reaction. Ilarked temperature rise can ne avoided
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by the use of specimens of high volume to surface area in
order that the temperature rise produced by the initial

hipgh rate of oxidation can be dissipated. In addition, the
rapid reduction of the specimen dimensions due to oxidation

at high temperatures must pe taken into account when calculat-
ing the oxidation rate and the rate laws apnlying to oxidation.

IT this is neglected it can lead to erroneous conclusions

about the kinetics of scale growth.

3e2.4  Sumaary

With conventional steelmaking techniques, elements
less noble thax iron are removed and such elements are found
in commercial steels by design. For cxample, caroon for
strength and manganese to reduce the harmful effects of sulnhur.
llancanese has been found to have relatively little effecwt
on the scale «characteristics dut Si and Al which are added to

during

W

steel to reduce the gaseous cvolution of carboh Monoxid
solidification (killed and semi-killed steels) have been
shown to have pronounced effects. Both form internal xidés
and concentrate in the scale at the metal/scale interface.
Silicon has been found to increase and aluminium (in largé
amounts) to decrease hot scale adhesion. ZHlements more noble
than iron are difficult to remove during steelmaking and if
large smounts of scrap metal are used in the process elements
such as copper and nickel pbuild up in the steel and may reach
high levels. TWickel is said 1o incresse the hot scale

adherence of steel, pecause of the irregular interface produced
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by enrichment effects. Sulphur is usually maintained at a
very low level in steel but high sulphur steels have been
found to have liguid sulphur-rich phases in the scale and to
exhibit high scale adherence. In general the sulphur content
of steels is sufficiently low for this effect to be very small
(with the exception of free-~cutting steels when sulphur
is added to improve the machining pro erties). However,
sulphur can also be absorbed by the scsle from the reheating
furnace atwosvihere. HMost conventional furneces utilise
sulphur-nearinge hydro-caroon fuels. To minimise the effects
of sulnhur concentration in the scele the fuel should be
burnt with an excess of air to give a minimumn o abouv 5¢ 02
in the atmospnere. This conbustion also results in HQO and
COp in the furnace both of wnich maintain the adhesion of the
wistite to the meital during growth. The atmoschere flow rates
involved in rehesting furnaces are normally high and greatly
in excess of the critical level, but there may be stagnant
arcas in large Furnsces. Surfaces reheated in mractice will
almost always already have an bxide layer and the topography
and chenical state of the surface métal will depend on its
prior nrocessing. For laboratory studies a reproducible
surface finish is usually selected; and althoucsh there is some
disagreément in the literature as to the effect of surface
finish on scale adhesion it mey be less importent when
considering thick scales. A very important aspect of the

laboratory study of oxidation kinetics is specimen shape and
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size. Specimen edges are known to lead to a pinning
eff'ect of the scale and subsequently more oxidation occurs
on plane surfaces. Svherical specimens eliminate edges and
would also have the optimum specific volume but tney are
very difficult to prepare. Cylinders are easily nrevared
to reproducinle dimensions and surface finishes but they
should pe as large as possible to avoid overheating effects
and to miniinise the change in surface area whicih occurs during
oxidation.

ror metallographic study of the oxidation which occurs
on the flat Taces of large slabs in the laboratory ror
example, rectangular specimens may be preferred. irowever,
consideration must also be given to the specimen ‘specific

area' to avoid overheating effects at high temperatures.

953 Physical Assegsment of Scale Adhesion
3.2.1 Room Temmerature Tesiting

] .- o h e . . 25,7
Fe3e1lel  Leasurement of Adnesion Force 5:76,77

The room termperature adherence of secondary scale
(i.c. scale formed during rolling and sunseqguent cooling) on
6 . . .
rolled plate was assessed7 Dy measuring the force reguired

to remove

)

small area of scale. The scale was removed by

atvaching a small brass cone 1o the plate surface with

0}

synthetic resin and loading normal to the plate surface in a
tensile macnine. The scale adhesion was expressed in g/cm2
of descaled surface. Using this technigue it was shovn that

adhesion valuves up to 100 g/cm2 could be ovntained on puré
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iron, (¥ig.7). <the adhesion was found to decrease with
increased final rolling tempefature and scale thickness in
the case of unkilled steels. The formation of intermediate
layers containing silicate provadly explains the lack of
variation in the adherence of scale on killed steels. The
precinitation of Fe301_L in the wilstite layer during slow
cooling (furnace cool) was shovn to have no measuravle effect
on the scale adhesion.

Further work23 by the same authors using pure iron
oxidisetl isothermally in the temperature range oOO-WO)OO“
with additions of swecific elements showed that the addition
of elemenvs whose oxides have a higher free energy off forma-

on than FeO resulted in the Tormation of« intermedlate layers

1=

%
petween tne wistite and the metal and reduced adhesion.
Wlements whose oxides were soluble in #e0 , only slightly

reduced the adherence and elements whose o tides hzd 2 con-

siderably smaller free energy of formadv 1on than FeO precini-

tated at the interface and increased the adhesion. Carbon

peak moved to lower temveratures as caroon increases. (Sce
igs.5 and 6).

77 which is

other form of tensile test has been used
based on the formation of an oxide layer in the space between
two adjoining metal specimens. The strength of wilstite,

magnetite and hematite grown at low temperatures were reported

as 4, »100 and »400 kg/cn® (56.9, > 1423, 5692 1b/sqg.in)
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respectively. ‘he author descrives the test as a method
for determining the strength of scales, but it 1s simila
23

in princinle to the method of iingel and Peters and has

erefore veen inciuded.

.
) N . L2
3.3.1e2 Imnact by Soherical Indentor

Mlat pure iron and Armco iron specimens werce reneated
in atmospheres of combusted propane, natural gas, town'

fa]

gas and the product of comobustion of fuel oil durnt with an
excess and deficiency of air at temperatures in the rangé
800-1000°C for 2 h. In order to produce an adherent unilorm
scale layer it was found necessary 1o sand-blast the metal
surface vrior to oxidation. After cooling, the scale wvas
suojected to an dlblence test similar to that used 6h enamel
coatings on steel. A drop hammer with a spherical head was

allowed to fall from a determined height on to the samnle

wirich wzs thus slightly deformed. ‘The area of scale detached

]

from the reverse side of the svecimen was taken as 2n indica-
tion of the adaerence of the scale.
Under compustion conditions of an air deficiency, no

separation of scale could be achieved using this technigque.

Yith ezxcess air the scale adherence anncared to reach a maxi-
mun at 1535 excess air, further additions of air decrease the

adnerence t0 a minimuan at 30% excess air. 7The presence of
yIphur in the furn mosohere (2600 ne/nd) was found b

sulphur in the furnace atmosphere (20 1 /i vias found to

Gecrease the conesion of the scale and assistv the exfoliation

of the magnetite layer, the adhesion of the wilstite apparently

being higher in the presence of sulnhur.
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3.3.1.3 Tensile ‘lesting

9]

Commercially produced 5 swg hot rolled wire rod
with carbon contents of 0.05, 0.09, 0.19 and 0.L9% C were
mechanically straightened, pickled and polished with 600
grade cmery paper. The rods were scaled at 700-900°C for
5 and 20 minutes in air. The air cooled scaled rods were

deformed &% in tension and the scale which spalled off during

this deformation was collected and weighed and graded for

size. The scszsle remaining on the rod was rewmoved by a modified

iodine extraction technigue, and weighed. The weight of

adherent scale increesed with the time and tewpersiture of

-

oxidation. The »nroportion or adherent scale increased with

the carvon content and decreased as the scale grew thicker.

The mechanism of scale spalling during the tensile testing

was suggested to be as follows:— a gap or plane of weakness

o

is formed very close to the interface towards the end of

tion, or more pronsably during cooling; when the rod is

()]
o

oxid
stretched, transverse cracks form in the scale, some of wnich
then falls off; a thin film of oxide remains on the surface
together with isolated colwmns of oxide holding some bloclks

of thick scale to the adnerent {ilm.

332 High Temperature Testing

!

. Ty . . 275 6
3.3.2.1 Hot Rendine??s0 : 19

Specimens size b5 mn x 5.5 mm x L owa (1.7 in x 0.216
x 0.158 in) were rcheated in comnercial Torging furnaces, onec

of winich utilised a liguid fuel oil, and the other consisted

in
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of & radiant heat electric muffle furnace. laximum tempera-—
tures in the range 1100—i30000 were used and hcating times
at these temperatures between 2 and 12 min were used. Bend-
ing to an angle of 20-30° was carried out in the furnace and
using this method the scale on electrolytic iron, a rimulng
steel and carbon steels containing 0.2 and 0.7% were all
shown79 to be brittle. However, no attempt was made to deter-
mine the amount of scale detached, br that remeining on -
the metal surface.

The adherence of 0.7% C steels with different contents
of residual elements oxidised in auvmosnhneres simulating the
combustvion of coke oven gas with and without free O2 and 5025

and treated at 1050, 1150, 1250°C for up to 2 h was tesied by

) . - s 63 . .
hot bending at different strain rates ”’. ‘4he thickest scales

exhinited the weakest adhesion (i.e. ratio of non-adherent ,
scale to the total amount formed). Stironger édhesion.was
snown by tiinner scales and those containing liquid'phases
and 'keyed-on' inner zones. o effect of sirain rate was
onserved, (Fig.9). |
7'ZA ’

A bend test’” carried out in the treatment furnace was
used to assess the adnerence (ratio of non-adherent scale G0
total formed); of pure iron and Fe-Al alloys containing 0.005-
0.2 wt % Al. Temperatures of 850—105000 were used for 0.5 - 2 h
in an atmosphere based on combusted town'é gas with and with-
out 5% free oxygen. ‘The scales on alloys containing 0.1-0.2y Al
oxidised at 950-1050°C were found to be less adherent than

on pure iron and alloys containing 0.02555 Al and 0.0L5y5 AL,
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(see Table 1). This was thought to be caused by the
presence of aluminium-rich oxidation products at the scale

/metal interface.

3.3.2.2 Vidbrational Technigue

7h

Bruce and rHancock have developed a techniqué for
studying the high temperature oxidation of metals by measur-
ing the chanzes in natural flexural frequency of a freely
suspended swecimen. They have shown thal such a change can

be related to the degree of oxidation and that the oxidation
‘rate was independent of the vibration. Speciiiens size

152.L mm x 5.08 ma (6" x 0.2") diameter were used for the
vibration experiments and the results were compared with
gravimetric results on 1" x 0.2" diameter specimens. Arco
iron and mild steel specimens were examined in an air atmosphere
at temperatures in the range 500—80000. Smooth weigh?t gain
versus time curves were obtained in each case using the
gravimetric technique, whereas discontinuities existed in the
change in freguency versus time curves obtained with the
vioration technique. It was suégested that such changes in
the freguency of the suspended specimen could only have been
bprought about by cracking of the oxide layer during growth.
The results indicated that this cracking was less marked at
the higher oxidation temperatures, probably because of
increased scale plasticity. 5y'examining the results ontained
by subjeciting specimens.oxidising in the gravimetric vioration

~apparatus to increasingly severe thermal shocks an assessment
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of the scale adherence of the growing oxide layers was

made. This technique utilises the differential coefficients
of expansion of iron and wlstite to produce circunferential
stress at the metal/scale interface which opposes the scale‘
adherence. Thus, if the temperature drop which causes 1loss
of adhesion is known, and this was characterised by a sharp
increase in the oxidation rate waen the specimens were
returned to the oxidisinz temperature, the stress could be
calculatved. Using this technigue it was found that the
adhesion of both Armco iron and a 0.2% C steel increased with
increasing temperature and was of the order of 35.2-281.6°
kg/cm2 (500-.000 psi) over the temperature range 600-8C0°C,
(Fig.lO). The increased adhesion was thought to be caused
either by changing'inﬁerfacial conditions or by increased
plasticity of the oxide with temperature, although only

elastic behaviour was assumed in the calculation.

58

%.3.2¢3%  Quenching Testis

Small steel specimens were rcheated in synthetic
atmospheres containing 02, NZ’ HQO and 802, in the proportions
commonly found in reheating furnaces, in a laboratory furnace
at temperatures in the range 900—130300. After rencating
under the conditicns for up to 6 h the specimens were water
guenched. The dried specimens wvere weighed, descaled using
a sodiuin anhydride bath and re-weighed. The scale removed
by descaling was recorded as adherent scale. “The amount of
adherent scale was found to increase rgpidly with temperatures
avove 1100°C and also to increase with oxidation time. The

water vepour and oxygen contents of the furnace atmosphere
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‘had 1little effect on adherence except insofar as their
influence on the 802. The presence of the latter in atmos-
pheres of low oxygen content caused an appreciable increase

in the amount of adherent scale.

3.3.2.4 Hot Commression fest22

Specimens 50.6 x 25.4 x 25.4 mm from a large variety

of commnercial steels were oxidised for 20 minutes in a
furnace heated with town's pas ournt to give 1% oxygen in the
furnace stmosphere with a maximun temperature of 1200°C.
They were then suojected to0 a scale adhesion test which
consisted of longitudinally upsetting the samples by 255% in
a small hand press. The amounts of total and adnerent scale
vere determined oy weighing and the percentage of adnerent
scale calculated, andAreported as a scale adhesion index.

The high temperature scale adhesion index ranced from
30 to 76 and the main conclusion was that nickel-steels show

a higher adherence index than the chnromiun steels.

28,6l

3¢3.2.5 Hot imvact Tests

28 to assess the high

A hot impact test was used
temperature adhesion of thick scales formed on 25.4 mm cube
samples of iron-pase alloys containing 0.l and 1% ¢, 0.3 and
3% 8i, and 0.0l and 0.1 S, at 1050° andg 1250°C. Atmosvheres
based on combusted natural gas or town's gas were used to
give a high and low oxygen potential atmosphere comprising

rd

70% N2, 207% HEO, 1055 COQ, with and without 5% Op. Oxidising
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times of up to i h were used and the adherence wasvassessed
using a falling weight with insufficient potentiél energy

to deform the sample, and the scale was removed by the

shock of the weight striking the sample. ‘hen all the scale
was retained on the sample it was regarded as strongly
adherent (an index of 100%), when all the scale became
detached it was considered non-adherent (an index of 0%).
This allowed a discrimination to be made between the con-
trasting adherences of scales differing in thicikness and
constitution (see ‘able 2).

Weak scale adnesion was shovnl by ithick porous scales
tnat had oecome heterogeneous in structure through the
evolution of gaseous carbon oxidation products and the loss
of ligquid phases. Strong scale adhesion, which occurred on
the high silicon and sulphur alloys.was attribputed to the
liquid wistite/fayalite and liquid wilstite/Terrous sulphide
eutectics in the scale and supb-scale wnich cushiocned the
effect of the impact test stresses. The marked adhesion was
not entirely dependent upon the mechanical xeying on effect
of the intergranular sub-scale peneitration wiaich often
produced a rough metal/scale interface. It was concluded that

liquid phases within the scale prohably assisted in crack

a
arrestment and stress absorption near the metal/scale inter-

face tnereby maintaining strong scale adhesion.

-
: o] . Coe A
Other workers b investigated the hot scale adherence

R 1

of carpon and special steels (Fi~Cr-iio) using a 'hammer test'.
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Mat specimens 6.35 mm thick and 50.8 mm wide were
oxidised at 1200°C for unp to I} h in atmosvheres produced by
burning fuel oil, town's gas and mixed fuel oil/tovm's gas
with up to 5% excess air. The specimens were supoorted on
edge in the furnace by recesses in a refractory brick and
the adherence of the scale was assessed using a falling weight.

10.5 kg cylindrical steel weight was allowed to fall from

¥

a Tixed height ontc the hot scaled sample which was held on
edge on a solid pnase with a palr of tongs. The impact of the

weight deformed the sample and removed the scale, and the

Fh

weignht of scale remaining was taken as the measurement of
adherence.
In general the quantity of adherent scale increased with

the time spent at the rehcating temperature. With low eicess

air and Tuel o0il the quantity of adherent scale was greater

B

than with 303 excess air. This was explained by the presence

=

of low melting point iron oxide/sulvhide eutectic at the
surface of the metal whiqh caused extensive intergranular
penetration of this phase and thus increased the adhesion.
Much lower guantities of adnerent scale resulted when town's

gas vas used as the fuel.

- - - ; ‘
3¢3.2.6 Hot Detaclument festéO

A brief investigation has been carried out by muliey

and RRolls of {the relationship petween scale cohesion and

-

adhesion of a 0.1 C mild steel. An oxide scale was formed
by merging the separate growths from the tips of a trans-—
versely sectioned tensometer specimen senarated by a small

zan. Oxidation was carried out in air at 1000 =nd 1100°C for
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up to 16 h. OCn testing the scale adhesion specimens 1t was
claimed. that fracture always occurred al one of the scale/
metal Jjoints although no evidence of this was put forward.
A peak was detected in the relationship petween scale
. . o) -
adherence and time after L5 I oxidation at 1020°C. In
f e e - /ol -
addition adhesion values of 73.95 kg/em™ and 61.2 kg/cm
were oontained at )O ¢ and 1000°C respectively after 3 h
ozidation, (see Pig.ll). 1In seperate expsriments using
specimens oxidised to completion the cohesive strength of
2
the wilstite/magnetite scales formed ab 1000°C was 211.2 kg/cn
. . . . 0
tite and nematite scale Toraed at 1100
) ] . 4 4- : o of 4. ~A~C A
was 176 kg/cn®. A plastic strain of 5.1% at 1000°C was
onserved indicaving the orittle nature of the scales Tormed.

The slight plastic pehaviour observed was thougnit to pe due

t0 a concentric inner shell of vilstite.

3.0 Discussion

Holta1 Mundainental Consideration

3..2.1 lLethods of Assessing 3cale Adhesion

Metallographic studies on material cooled to room
temperature can distinguish pnetween adherent and non-
adherent scales and the position of Ffraciure can be readily
identified. dowever, as with all methods based on specimens
cooled from the scale formation temperature the result
ovtained are of little value for assessing the high teuwpera—
ture scale adhesion. The different coefficients of exnansion

of steel and scale, the phase chanzes walch occur in the scal
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(FeBOl1L precipitation) and the metal (Y -¢) and the solid-
“ification of liquid phase and general decrease in plasticity
of the scale render the extrapolation of data obtained on
room temperature specimens to higher temperatures impossible.
For fundamental studies of scale adhesion therefore, it
is essential that the assessment is carried out at the scaling
temperature. This has been done as outlined above but the
value of such data is suspect in many cases. The major
objection to all the methods examined is that the position of
fracture has not been positively identified and therefore scale
adhesion and/or scale cohesion may be the actual character-
istics determined. This is true for &ll the methods which
or the »
rely on a gravimetiric determination of the scale/proportion
of scale non-adherent/adherent after testing.
’ The parameter used to describe ‘'scale adhesion' in the
hot bend testing33’63 for example is the amount of non-sdhsrent
scale expressed as a fraction of the total scale formed. It
is clear that lack of cohesion in the scale layer, resulting
in exfoliation of part of the scale over a large erea would
give exactly the same adherence index as loss of the total
layer over a smaller area. The stress system involved in the
bending‘of a composite steel/scale beam with the scale layer
varylng in plasticity encourages loss of scale bohesion and
hence this is nct regarded as a very sultable method of studying
adhesion. A obetter method of presenting the results is by
recording the amount of adherent scale remaining after test-
6L,

ing as used in the quench test58 and the hammer test™ " as this
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is less sensitive to the original scale thickness, although
similar results could still be obtained on a specimen showing
local loss of adhesion and one with general loss of cohesion.
The stress systems involved with the quenching method depend
to a large_extent on the specimen geometry and the temperature
at which scale separation occurs is not known, but it is
uhlikely that separation occurred bhefore considerable cooling
had taken place leading to some of the disadvantages obtained
with specimens tested at room temperature. The quénch test

is therefore not a good method although it has the possibility
of determining where fracture occurred as oxidation would not
take place even if the temperature of fracture is unknown.

The method of edge deformation as used in the hammer test6h

in which a large weight was allowed to fall onto the edge of

a tﬁin plate specimen did not appear to be a very selective
test probably because the deformation obtéined with successive
tests would be very difficult to reproducec. However; the

less definite trends could be determined depending on the
atmosphere conditions used. The deformation obtained would
also vary with temperature because of the varying strength
of the steel and at‘longer times because of the decrease in
thickness of "the specimen. The hot impact test used by R011328
did not>use the deformation of the specimen to remove the scale
and should therefore have given better results, but the
parameter used wnich was the adherent scale expressed as a
percentage of the total scale formed is again very dependent

cn scale cohesion. The same parameter was used to express

the results obtained with the hot compression test59 which
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again was not very selective, although this test was
probably representative of commercial forging conditions.

A much more quantitative assessiment was made by Hancock
and Bruce7u using the vibration technique with which it was
found possible to calculate the scale adhesion. The method
used for calculating the adhesion strength, was based on
determining the temperature drop necessary to give scale/
metal separation. This was said to have occurred when a
rapid increase in oxidation of the specimen was observed when
returned to the oxidising temperature. However, loss of
adhesion can occur with very little change in the oxidétion
rate if the scale 'blister' formed remained protective. Hence,
it is most likely, in view of the rapid oxidation rate
obtained, that cracking of the scale layer had also taken
place and it is not clear whether scale adhesion or cohesion
was being studied and no métallographic evidence of the
position of fracture was given. Additicnal information could
be obtained using this apparatus as weight gains caused by
oxidation can also be followed by measuring the change in
frequency altﬁough calibration of the instrument with a
thermobalance is advisable. In addition cracking of the
scale can be detected during growth, although loss of adhesion
and scale cohesion both influence the resonant frequency
there is no way of differentiating petween them. This method
ies very complicated and is more useful for examining the
broperties of growing oxide layers put is not particularly
suitable for the study of scale adhesion. In particular, to

use this method at higher temperatures would be difficult
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because of the introduction of steel transformation stresses.
. The hot detachment test used by Rolls8o yields direct
gquantitative results and should therefore be suitable for
fundsmental studies. Certain objections can be raised to
the method, not the least of which is that once again the
position of fracture was not identified. lHowever, the scale
cohesion strength was also measured by'tensile testing a
specimen oxidised to completion and this was found to be
much greater than the 'scale adhesion' measvred. Consequently,
it is likely that this test is actually measuring scale
adhesion. However, the growth of scale in the small gap
betﬁeen the two halves of a small steel tensile specimen may
lead to compressive stresses set up in the scale which help
to maintain adhesion. Conversely, there is the possibility
that vacancies produced at one metal/scale interface may
‘diffuse to the other metal/scale interface and result in a
non-adherent condition on one surface. In additicn, once
bridging of the air gap takes place by scale formation the
oxidising conditions would vary across the test surfaces
because of the variation in effective scale thickness which
may lead to rounding of the test surfaces.

Consequently, none of the methods described are con-
sidered particularly suitable for fundamental studies of
scale adhesion. This is predominantly bhecause the position
of fracture has not been determined, although the hot detach-

ment test may give the closest approach to this. HNevertheless,
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some useful information can be obtained by examining the

results obtained so far.

2.4.1.2 Comparison of Data

The effect of oxidising time and temperature is not

at all clear from the results of the various workers A
decreasing adhesion wivh increasing time and temperature
was found by methods which assessed the adhesion in terms of
the proportion or percentage of adherent scale and this is
probably influenced by the increasing scale thickness and
lack of scale cohesion discussed earlier. It is significant
that the assessments which used the weight of adhcrent scale
as a measure found an increase in adhesion with time and
temperature. This-was also the finding of the vibration method,
although for a much lower temperature range. The results of
the other quantitative method, the hot detachment tests, are
more confusing as adhesion was found {0 increasé with time
to a maximum at L4F h, but to decrease with température, Such
behaviour indicates at least, that this test is independent
of scale thickness. The detrimental effect of sulphur pick-
up from the atmosphere on scale adhesion was(indicated by
the quench test and the hammer test in atmospheres containing
sulphur compounds and a low oxygen level. Using natural gas
(sulphur-free) atmospheres the hammer test recorded a much
lower level of adhesion for example.

Similar effects of liquid phases were found in the scales
containing silicon~rich and sulphur-rich (from the steel)

liquid phases. Other effects of steel composition are those



- U6 -

of nickel which increased the adhesion59 and aluminium which
formed brittle particles in the scale and scale/metal
interface and caused a decrease in adhesion33. The effect

of liguid phases was found with methods using the amount of
adherent sc:ale53’6LL and the percentage adherent scale28 and
it is thus likely that the effect of liquid phases whether

in adhesion or cohesion is large enough to be indicated

by relatively insensitive test methods. The effect of nickel
must also be marked but has not been correlated, although

L1

Sachs " "postulated from metallographic work that nickel con-
tributes to adhesion. The effect of brittle particles of
aluminiwn is complementary to the low temperature detachment

23

test of Peters and Engell®™ who found that ‘the addition of

aluminium decreased the cocld scale adhesion.

3.4.1.3 Mechanism of Adhesion .

The works described above ha&e shewn tﬁat the factors
which affect scsle adhesion are very numerous and complex
and it is useful at this stage to examine the mechanisms
which have been advanced to explain scale adherence. Iliuch
of the work on oxides is devoted to improving the adhesion,
and thereby increasing the oxidation resistance and service
life of steels used in high temperature structural applica-
tions. The mechanisms of scale adherence have been discussed

82

by Stringer8l and Tylecote and although the 'adherence is

desirable’ approach has been mainly considered, the discussions



- L7 -

are in part applicable to scales formed during réheating
for hot working.

In general the coverriding factors influencing the
adherence of oxide layers are belie#ed to be those which
influence the fracture.mechanism at the metal/scale inter-

face in terms of crack nucleation and propagation.

3.4.1.4 Crack Nucleation

Cracks are believed to be initiated by stresses in
the scale which are set up during growth. Early work83
considered the volume ratio of oxide to metal, the Pilling-

. Bedworth ratio, and suggested that in the cases where this
ratio exceeds unity the oxide formed will be in compression,
if less than unity tension results. Iron oxidation is in
the former category, but the oxidation of iron takes place |
predominantly by outward diffusion of iron ions through the
wﬁstite9’10 and hence the volume change does not take place
at the metal surface and the scale in this region may not be

affected by the Pilling-Bedworth ratio32. The difference in

lattice spacing has alsc been considered by Stringer81 as a
source of stress at the metal/scale interface which it was
suggested decreased rapidly in the oxide with distance from
the metal surface. The existence of siress in growing oxide
layers on iron has been demonstrated by the decrease in

b

radius of a helically wound strip during oxidation™, and
further evidence has been put forward by Maldyzo, who found
a layer of small grains in the oxide and a narrow layer of

polygonised sub-grains in the metal at the surface, indicating

that the stress had been sufficient to generate dislocation
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movement in the metal. Stress induced during the oxidaﬁion
of small cylinders of iron has also been obsem'ed-ﬂ'L to
result in marked cracking at the scale/metal interface.

Iron diffusion into the scale layer produces a vacancy
in the iron lattice at the metal surfaceg’lo, and condensa-
tion of vacancies at the scale/metal interface may cause
crack nuclei. These may be removed by inward creep of the
scale or the vacancies may diffuse into the metal, as observed
by Dunnington et al16 during the oxidation of thin specimens
of iron. In fact the effect was so marked that vacancies
produced on one surface of the specimen which had an adherent

scale, were able to diffuse to the opposite metal surface

ﬁhich had a non-adherent scale.

3.4.1.5 Crack Propagation

Crack initiation is believed to be virtually unavoid-

able during oxidation processes and crack propagation is

1
B

therefore considered by Stringer to be the most important
Tactor governing scale adhesion. This is probsbly true for
oxidation under 'in service' conditions, i.e. low temperatures
and relatively brittle scales, but crack initiation may be
less readily achieved under reheating conditions with high
temperatures and more plastic scales. Nevertheless, in
Stringer's opinion, crack propagation depends upon the
plasticity of the scale and metal at the metal/scale inter-
face and crack proPagation is mofe difficult in plastic
layers. Ductile metai particles and pores in the scale also

retard crack propagation. Increased crack propagation is
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caused by low plasticity of the scale at the interface
and the presence of brittle particles.
The effect of increased plasticity has also been

advanced28’62

to explain the high hot adhesion obtained

on specimens containing liquid phases in the scale at the
interface. Similar phases have been shown to result in low
adherence on scale detachment tests carried out at room
temperature when the plasticity of these phases was markedly
reduced23. This effect of brittle materials has also been
bbserved33 during hot bhend testing Fe~Al alloys. In this

case a decrease in the adhesion was associated with the

presence of aluminium rich phases at the interiace.

3.2 Practical Considerations

3.4.2.1 Scale Behaviour during Hot Working

The bullk of steel is conventionally hot worked using
forging or rolling. Forging, of the open;die type consiste
of rapid blows or repeated'slow compression and scale removal
is not usually a problem, as the slight bulging of the material
not in contact with the forming tool surfaces and repeated '
shock detaches the scale readily. Problems may ve encountered
with the scale under the tool and also in closed die forging
which produces material to closer tolerances and more
rigoroué inspection standards, because of scale confined
within the forging die. Similarly, during rolling, only the
scale which enters the roll gap between the metal and the
roll is trouplesome and this is especially so for wide plate
production. The slabs are usually large and reguire con-

siderable reheating time, and consequently thick scales are
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produced. The problem is more acute when the stock is
rolled in one operation from slab to finished product size
as defective material cannot be dressed and re-rolled.

The limited information available on the mechanical
properties of the scale layer indicate that at temperatures
in excess of 95000 it has a higher hardness than the under-
lying metal8u, a low plasticity and a high tensile strength

80’85, thus it is probable that scale entering the roll gap

is forced into the metal with little deformation of the

scale and can form large defects.

3.4.2.2 Scale Removal

76,86

The application of birch brush, or bracken
has been used to aid scale removal during rolling in the
past. Techniques such as 'edge rolling' are also used and
in this method the slab is deformed a small amount by passing
through the rolls whilst turnsd on edge thus removing the
scale from the larger important faces. Other methods of scale
removal in use currently utilise edge rolling and rolls ﬁith
fluted or nobbled surfaces or more usually high pressure
water sprays. The mechanisms of descaling have been suggested86
as mechanical (e.g. wire brushing) deformation (or edge
‘rolling), deformation-rupture and hydraulic. The deformation
rupture model assumes that the enclosed spaces between the
rolls and the metal, formed by flutes or brushwood, generate
high steam ?ressures and the areas of contact locally deform
the metal and cause cracking of the scale. The hydraulic
descaling is considered to consist of the penetration of

high pressure water down cracks in the scale
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resulting in the generation of high steam pressures which

8 e .
7 utilising a single water

remove the scale. More recent work
spray nozzle carried out under laboratory conditions indicated
that thermal shock caused fracture normal and parallel to

the surface at the metal/scale interface. The fracture
parallel to the surface was extended under the action of
mechanical vibrations set up by the water jet and further
fracture normal tc the surface resulted in fragmentation

of this scale which was removed by the flow of water. Thin
gcales, high water pressures., and long times spent in the jet,
all led to better scale removal. Commercial descaling, which
utilises much higher pressure water was thought %o remove the

scale mainly by mechanical action similar to that of grit-

blasting.

3.4.2.3. Practical Relevance of Tests

It is extremely impqrtant, in view of the higher
hardncss of the scale layer than the metal at hot working
temperatures, that as much of the scale layer as possible
should be removed. The methods used for assessing scale
‘adhesion may simulate the stress conditionsg used in hot
working and the conditions which cause scale removal in these
methods of deformation.

The impact test28 for example simulates closely the
conditions found in a drop-~feorge, although the deformation
would be much greater in practicevandrthe hammer test6u may
give a better approach to the drop forging system. The
+99

compression tes is similar to a press-forging operation
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and the initial stages of rolling although high strain

rate rolling may bear more resemblance to the hamnmer test.

- The methods may be used to examine the déformation - rupture
mechanism of adhesion86, and can give useful practical
results if the amount cf adherent scele is taken as the
parameter to be studied.

'The amount of adherent scale, remaining on slabs of
rimming steel and silicon—killed steel after three rolling
passes has been determined, for a range of rolling tempera-
tures by Palin88. The amount of adherent scale, was found
to increase with temperature for each steel with greater
amounts of adherent scale remaining on the silicon-killed
steel. This practical demonstration of the effect of tempera-
ture and liquid phases on scale adhesion correlates with
the results of the impact and hammer test and also with the
guench test. Hence these methods are to be pfeferred over
the bend-test technique. The vibration rn<athod.7LJr is not
considered to be of use for studying high témperature (i.e.
reheating temperatures) scale adhesion from the practical
point of view because the (Z,~C<) transformation may interfere
with the results and at leasf would complicate the calcula-
tions. It is most probable that the sensitivity of this
"technique would be best velow 900°C. The hot detachment

method80 did not correlate well with the practical results

of Palin88, although for a different temperature range, but

guantitative measurement is obtained. This method is also
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sufficiently selective to show g variation in the parameter
measured with oxidising time and the results suggest that
fracture takes place at or very close to the metal surface
and it is therefore considered that the concept of hot

detachment is worthy of further development.

313 Summarx~ ‘

.‘ For fundamental studies the methods used to assess
scale adhesion have the serious limitation that the position
of Tracture has not been determined and hence scale cohesion
and/or scale adhesion may have been measured.

For practical studies, the impact, hammer and quench
tests give sone correlation with practical results and may
be suitable with refinements to study the amount of adherent
scale produced by different treatments. |

The hot detachment concept appecars to be suitable for
both fundamental and practical studies providing that the
position of fracture can be determined and good cowrelation
with practical experience can also be obtained.

Although many of the results are confusing, it would
appear that scale adhesion is increasedbwith reheating
temperature and time,; the presence of liquid phases in the
scale and mechanical keying-on effects. Brittle particles
at the scale/metal interface have been found to decrease
the adhesion. The word adhesion 1is used loosely here as the

position of scale fracture has not been identified.
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L. ASSESSHENT OF OXIDATION CHARACTERISTIGCS

The variation in oxidation characteristics with each
variable studied are considered in this section in terms
of metallographic examination of the scale and scale/
metal interface region, and thermogravimetric determinations
of the kinetics of oxidation. The investigation into scéle

adhesion will be considered in a later section .

L.l Experimental Procedure

Specimens were prepared from 76 mm square billets of
commercial steels (Table 3a) in the following way. The
billets were forged to 35mm. diameter oversize specimens
were turnéd from these forged bars and were sectioned into
cylinders. They weré machine ground to 30.48 mm diameter
by 25.4 mm high solid cylinders to a standard surface finish
of 16 CLA. The rimming steel specimens were prepared in a
different way. A rimming steel ingot wasrobtained and
sectioned, the depth of rim was determined by sulphur-printing -
and the rim removed. This wes then forged and specimens
prepared in the same wéy 2s aobove.

The specimens were stored immersed in oil, were degreased
using carbon tetrachloride, and dried using alcohol before
oxidation. They were oxidised in a twin tube horizontal
furnace.heated by electric resistance elements, (shown in
Fig.13). The temperature of the furnace was controlled
using a VWest Guardsman in conjunction with a mercury relay
and a variable transformer. In this way control of the

specimen temperature was achieved within iqoc of the required
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temperature. Cne tube of the furnace was used to pre-hecat

the atmosphere and the other tube was used to carry out

the heat treatment of the specimens. The degreased dried
specimen was placed on one of its circular ends in a

platinum boat in the furnace at the required temperature.

To prevent oxidation during heating up the furnace was flushed
with 10T/min of oxygen free nitrogen or high purity argon
until the specimen had reached temperature. This was deter-
mined by a rare metal thermocouple sheathed in recrystallised
alumina placed in close proximity to the specimen. The
required furnace atmosphere, Which simulated the combustion

of uncleaned coke oven gas burnt with approximately LO% excess
air (see Table L), was introduced again at a flow rate of
10I/min. The atmosphere was syhthesised using the component
gases, nitrogen, oxygen, (as air) and carbon dioxide which
were contained under pressure in sealed cylinders and supplied
via pressure reduction valves, regulating valves and flow
meters to a mixiﬁg chamber. Water vapour was introduced by
passing the.gas mixture produced through a water bath held

at a constant temperature and thereafter the transport tube
was maintained at approximately 100°C in order that the

watver vapour did not precipitate out of the gas. Sulphur
dioxide was introduced into the gas mixture as close to the
furnace as possible and was supplied from a cylinder by a
pressure reduction valve and flow meter in a similar way.

The oxygen and 002 contents 6f the dry gas mixture were

determined using an 'Orsat' apparatus by absorption in solutions
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of alkaline pyrogallol and sodium hydroxide respectively.
The water content was determined by weighing the water bath
and aiso by absorption using anhydrous calcium chloride.

The sulphur dioxide content was determined using a titration
technique89 (see Appendix 1). Specimens were heated at
temperatures of 950, 1050, 1150, 1250 and 1350°C for times

of 4, 1, 1% hours in the horizontal tube furnace. Three

hour tests were done in a vertical tube furnace with identical
furnace tube and with the same synthnesised atmosphefe as in
the horizontal tube furnace but in this case the specimens
were suspended on an electro-magnetic continuously recording
thermobalancego using a platinum suspension wire inserted

in small holes drilled in the specimen:

Temperature cont:ol was effected by a rare metal thermb—
couple sheathed in an alumina tube placed in close proximity
in a similar manner to gbove. After oxidation the specimens
were air cooled and encapsulated in a cold setting epoxy
resin. They were then sectioned into two cylinders énd one
of these was re-encapsulated under vacuum to fill any pores
and cracks in the scale. They were then prepared for metal-
lographic examination by hand grinding on carborundum papers

and polished using diamond paste on selvit cloth.

L.2 Results

h.2.1 Metallographic Exanination

It is proposed to consider the metallographic results
ootained on each steel with reference to the scale layers

and to the metal scale interface region in each case.



L.2.1.1 Scale Layers

Multi-layer scales were formed in all cases consist-
ing of a thin layer of F8203 a thicker intermediate layer
of FeBOh and a very thick layer of FeO adjacent to the metal.
The scales increased in thickness with time (Figs.1l4~16)
and reheating temperature (Figs.17-19) and were very porous.
They contained four different types of pore or cavity which
were common to all four steels. Two of these occurred pre-
dominantly in the wilstite and tended to be lined with a thin
layer of magnetite. In one case they tended to he ellipse~
shaped with the major axis parallel to the metal surface, and
this type occurred in the inner wiistite layer (Fig.20). The
second type was confined to the outer wistite region contain-
ing precipitated magnetite and tended to be elongated in a

direction normal to the specimens surface. This sccond type
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of pbrosity appeared to be most noticeavle at- oxida
temperatures of 115000 in each case (Fig.21). A third type

of discontinuity again in the wisiite layer took the form of
major cracks or fissures parallel to the metal suriace also
lined with magnetite. At lower temperatures this type of
discontinuity was confined to a single fissure near the metal
surface (Fig.22). The number of such fissures increased

with increasing oxidation temperature and time (see Figs.14=19),
the specimens subjected to high temperatures and long times
contained many such parallel cracks giving the wilstite a
multi-layer appearance. Finally a large number of angular

cavities of various sizes were observed randomly dispersed

in the FeO and FeBOu scale layers and these were not lined



- 58 -

with a higher oxide. In general the amount of porosity

in the scaleé increased with oxidising temperature and time.
The wistite layer contained many cracks some of which were
outlined by magnetite and in some cases these were seen to
interconnect other types of porosity. Crécks were also noted
which penetrated to the scale surface and in these cases they
contained haematite as well as magnetite.

Magnetite was precipitated in the FeO in the form of
rosettes and éuboids. These tended to be confined to the
outer wlistite region in most cases (Fig.20), but in some cases
they were evently distributed throughout the wilstite layers
separated from the inner wilstite by fissures (Fig.24). Semi-
continuous lines of magnetite were also observed in the
wiistite layer (Fig.25) often interconnecting cavities in the
scale. Magnetite was also found in the inner wlstite layer
bon the inner surfaces of porosity and discontinuities in the

scale, as outlined above.

A layer of discrete particles, darker in colour than
the wilstite was observed in the scale at the metal surface
on the silicon killed steels at 950°C and the Jlayer became
more compact with increassed oxidation time (Figs.26 and 27).
At 105000 small amounts of a. light coloured liguid phase
was also ncted in the scale cn these steels which was also
immediately adjacent to the metal surface. AL 115000 and
above a dark liquid phase was observed which wetted the
vustite grain boundaries, and appeared to form a eutectic
with Pe0 (Pigs.26 and 29). There were also small amounts of

- a light coloured liquid phase present in the complex eutectic.
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The amount of Jliquid inéreased with increased oxidation
temperature and time and well defined graiﬁ boundary networks
were observed in the scales on silicon-killed materials at
1150°C (Figs.29(a) and (b)). The amount of this complex
eutectic phase was not as great on the aluninium-treated
silicon-killed specimen and the penetraticn of a well defined
grain boundary network was not as extensive on thls steel.

The dark phase, seen to be liquid at high temperatures
was not observed in the scales on the semi-killed and
rimaing steel specimens. The light-coloured phase-was observed
however and the scale on the semi-killed steels in general
contained more of this constituent than did the scale on
the rimaing steel. The amount of liguild phases was less
than those observed on the silicon-killed steels.A They
increased in gquantity with time and temperature and well
defined grain boundary networks were observed‘in the wiistite
layer adjacent to the metal surface at the maximum.tempera~
tures studied (Figs.30 and 31).

The irregularity of the metal surface increased with
oxlidation time and temperature with each steel studied, the

results obtained on each steel are outlined separately below.

LL.2.1.2 Metal/Scale Interface

Silicon-Killed Steel

At 950°C the surfaces produced were relatively
smooth under an almost continuous layer of a dark oxide as
described above (Figs.32(a) and 26). ©Beneath the metal

surface in a band immediately adjacent to the metal surface
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there were a small number of globular oxides (internal
oxidation). The size of these particles increased as the
distance from the metal surface decreased. At 105000 more
general oxide penetration of the metal surface was observed
and. in scme cases oxide penetration occurred to a greater
depth down prior austenite grain boundaries, (grain boundary
oxidation) (Fig.32(b)). The éxide in this grain boundary
penetration contained quantities of liquid phases also
observed in the inner scale layer at this temperature. Internal
oxidation was again present and increased in extent with
increasing oxidation time. At 1150°C (Fig.32(c)) the grain
boundary penetration by complex eutectics and the extent

of internal oxidation increased. Also the surface penetraﬁion
of oxide became more pronounced and at the metal scale
interface an intermediate layer containing mixed metal and
scale began to appear (metal scale entanglement). All these
eftfects became more pronounced at 1250°C (Fig.32(d)), and

in particular the region of entanglement of scale and metal
particles or filaments increased noticeably. The metal in .
the entangled layer was lighter in colour than the bulk
metal and contained no precipitated oxide particles. The
amount of liguid phase in the entangled band increased with
time and temperaﬁure and in most cases liquid phases were
seen at the tips of the oxide penetrations into the metal.
At 1350°C (Figs.33 and 3L) the metal scale entanglement
formed an extensive, well-defined layer and the wlistite
grain size which was outlinéd by liguid phases was much
finer in the entangled layer than elsewhere. Internal

oxidation had increased still further at 135000, the depth
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of oxidation and the size of the particles being greater.
The smaller more deeply seated particles were seen to be
single phase and the larger particles near the surface were

duplex.

Aluminiun-Treated Steel

Similar results were obtained in this case as with the
silicon-killed steel examined gbove. The irregularity of
the metél surface increased with time and temperature and
the effect of these variables is shown in Figs.35 and 36. At
950°C the metal scale interface was relatively smooth with
no metal particles included in the scale, and a layer of
fayalite particles was present in the scale at the metal surface
(Fig.27). At 105000 metal particles were noted in the scale
layer and small amounts of a liquid phase were observed at
the tips of oxide intrusions into the metal (Fig.35(a)).
True metal-scale entanglement was only observed at‘l25000
and above with this steel (Figé.55 and 36). 4The depth of
the entanglement increased with time and temperature above
this temperature and the scale in the entangled band appeared
to have a fine grain size outlined by a liquid phase. The
metal again appeared lighter in colour in this band and
contained no precipitated oxides. Penetration of oxide down
‘austenite grain boundaries was not observed at 95000 at a
magnification of 500x for heating times of less than 1% hours
thereafter the depth of grain boundary penetration increased
with time and temperature. Internal oxidation was noted in

the form of a-band of globular oxide particles immediately
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below the metal surface at temperatures above 95000. The
depth of internal oxidation increased with time and tempera-

ture especially avove 115000.

Semi-Killed Steel

Similar metal surface features were ébserved on this
steel as with the two steels examined above, and the effect
of rcheating temperature and time on the interfaces produced
is shown in PFigs.37 and 38. In this case however the 1iquid(
phases seen in the metal scale entangled layer and in the
grain boundary penetration consisted only of the light
coloured eutectic also observed in the scale on this steél.
Grain boundary penetration occurred on all the samples examined
and the>depth of penetration into the metal increased with
increasing time and temperature. Internal oxidation was also
noted on this material at all temperatures studied above
95000 and the size of the oxide particles decreased~as the
distance from the metal surface increased. The depth of

internal oxidation again increased with temperature and time.

Rimming Steel

At 95000 relatively smooth interfaces were prdduced with
only very small amounts of cxide peneitration after 3 hours.
At 105000 traces of the light yellow phase were observed
within the oxide penetration, Fig.39, this increased in amount
with oxidation time and after 3 hours at this temperature
particles of metal became included in the scale from the metal
scale entanglement. Af'ter 3 hours at 115000 the liquid phase

could be resolved into a eutectic which appeared at the tips
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of the oxide penetrations. Slight metal scale entanglement
occurred after ¥ hour with metal particles again becoming
included in the scale (Fig.39(b)). The amounts of eutectic
in the metal scale entanglement increased thereafter with
temperature and time (Fig.40). Internal oxidation was not
detected using optical metallographic techniques below 115000.
At 115000 and above internal oxidation was observed as a

band of globular precipitates the size of these precipitates
decreased with distance from the metal surface.

In order to make comparisons of the metal scale inter-
face regions pdssible on the four steels examined, measure-
ments were made of the depth of metal scale entanglement, the
depth of grain boundary oxidation, and the depth of internal
oxidation at a magnification of 500x for each specimen studied.
The mensuration 1imité employed in this exercise are shown
in Fig.41. The results are shown in Figs.L2,43 and L4 and
all these effects can be seen o increase with btime and
oxidation temperatures. Samples of each steel oxidised for
1% hours at 1150°C were examined using an electron-probe micro-
analyser (GEC/AEI.SEM2). Particular attention was paid to
the metal and scale in the metal scale interface region and
the results are shown in Figs.U5-48. 1In all cases enrichment
.of nickel was detected in the metal in the mixed metal scale
zone and the enrichment increased with the distance into the
scale. The dark liquid phase seen on the silicon-killed
steels was shown tc be silicon rich ahd some sulphur rich

oxide was also found in the scales of these materials especlally
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in the tips of the oxide intrusions. The scales were
generally richer in manganese in the case of the aluminiwn-
treated steel. The liquid phases in both rimming and semi-
killed steels were found to be sulphur rich. The internal
oxidation near the surface of the metal was found to be
manganese ricn in general and to contain some silicon in the

case of the silicon—killed steels.

L.2.2 Oxidation Kinetics

The presentation of thermogravimetric data is usually
expressed as the gain in weight due to reaction with oxygen
per unit area of original specimen surface with time for
each temperature under study. After the oxidation of the
specimens used in this investigation howeve}, they were seen
to have decreased considerably in size and therefore in

surface area. A mathematical treatment was developed to

C
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take the decrease in surface area of the specimen as oxidation
rroceeded into account when presenting the kinetic oxidation
data. The method is described in Appendix 2. The results
expressed as gain in weight per uvnit area of"projected
specimen surface' (i.e. assuming a planar metal/scale inter-
face) with time are shown in Figs.u9~52. The amount of oxida~
tion increased rapidly with time and temperature for each

steel studied.

LL.3 Discussion

L.3.1 Scale Layvers

The scales formed were typical of those found on

commercigl steels reheated in oxidising atmosphereszu’39.
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Although the porosity of the scales made estimates of the
relative proportions of wlstite, magnetite and haematite
difficult, the magnetite and haematite layers gppeared to be
greater than the L% and 1% of the total scale thickness as
reported by Paidassil for scales on pure iron. The porosity,
cracks, and the presence cof higher oxides of iron in the |
inner vwillstite regions make it unlikely . that parabolic oxidation
as described by the WagnerlO/Hauffe9 mechanism is in operation
and this will be dealt with hore fully when the kinetics

of the oxidation are discussed later.

The angular porosity found on all the scales studied is
thought to be the reSult of mechanical damage during metal-
lographic preparation, although every effort was made to
avoid this by the ﬁse of double mounting techniques, vacuum
impregnation of the scéles and by the hand preparation.

The other types of porosity occurring in the FeO ail
showed well defined magnetite layers on their free surfaces
and hence were a product of the oxidation process and were
not formed by stresses set up in the scale during cooling.

The large fissures parallel to the specimen were probably caused
by growth stresses on the cylindrical specimens brought

about by the decreasing dimensions of the oxidising specimen7u .
Thebreasons for the appearance of porosity in the wistite

layer is not clear and has been considered by other workers.
Possible mechanisms for pore formation are thought to include,
in addition to cavitation by growtlh stresses; the generation

of high carbon monoxide pressures in the scale layer which

actually overcomes the local scale adhesion and formation of



a cavity resultsul; the egress of iron ions through the

scale and condensation of vacancies on the metal surface8’9;
Rahme156 has shown that pores are present on iron oxidised

in atméspheres containing CO2 or H2O whereas the scales formed
in air or oxygen are compact. Water vapour or carbon dioxide
are thought to become entrapped in the pores and stabilise

them. Oxidation of thc metal beneath the cavity is accomplished.
5 OT HQO and the pore is formed and is taken into

the scale layer. The elongated lenticular pores noted at.

by the CO

115000 may be explained by the dissociation mechanism put
forward by other workers6’7. It is sﬁggested that dissociation
of the wilstite can take place on void formation within the
wﬁstite layer because of the increasing oxygen potential of

the scale. The diésociation would be more favourable af grain
boundaries in the scale and the presence cof columnar grain
boundaries would explain this type of porosity.

Cracks observed in the FeO which contain magnetite were
probably formed by growth stresses in the scale during
oxidation, and the evolution of carbonaceous gases. Many
seams of magnetite both continuous and discontinuous are evidence
of healing of such cracks and it is probable that the forma-
tion and healing of these cracks are taking place continuously
as the oxidation proceeds. Cracks not containing the higher
oxides of iron were either formed by stresses set up during
cooling of the specimen in air or by mechanical damage during
metallographic preparation. The layers of discrete particles

in the FeO at the metal surface which were only present on
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specimens of the silicon-killed steels oxidised at low
temperatures probably consisted of the silicon-rich phase
fayalite. The formation of such layers has been described

by Rahme126 as an internal oxidation mechanism. Oxygen
dissolved in the metal surface causes dissolved silicon to

be oxidised to SiO2 at some depth below the surface. These
small particles grow as the oxidation proceeds and the

metal interface advances towards them. Gradually the

oxygen potential increases and the silica particles combine
with wustite which can now form. The fayalite particles

thus formed tend to collect at the interface and become com-
pacted by the inward movement of the scale layer (Figs.26 and
27). Evidence of melting of this phase at 1050°C (Fig.32(b))
would suggest that it is not fayalite as the lowest melting
point in tﬁe Fe-8i-0 system91 is the wlstite-fayalite eutectic
which has a melting point of 1177°C, howéver,.micrOprobe
analysis of this phase at 1150°C indicates that some sulphur
and manganese are also present and that the light coloured
liquid is also sulphur—fich. According to Olsanskij9l and
Vogel92 the presence of FeS in the SiOZ«FeO system will

iower the melting point appreciably, and evidence of melting
at 105000 was observed. Thoiander27 has suggested that the
“exothermic reaction of iron with oxygen could locally reise
the temperature and cause melting of the scale. It is |
difficult to visuelise how this can occur in thick scales if
the oxidation mechanism is controlled by the cutward diffusion
of iron ions through the wilstite, reaction with oxygen only

taking place in the outer scale layers as predicted by
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classical theory. However the presence of pores and cracks
in the inner wistite layer containing magnetite is evidence
for the existence of oxidising gases in the inner scale

layer and hence the direct access of these gases may cause
the temperature of the interface zone tc be higher than the
ambient furnace temperature and cause melting of silicon-rich
phases. The larger amounts of the complex liquid phases
observed in the high temperature scales formed on the silicon-
killed steel compared to the aluminium—treated steels is
probabvly related to the relative silicon contents of these
steels (i.e. 0.28% in the silicon-killed steel and 0.18% in
the aluminium-treated steel).

The sulphur-rich phases seen in the scales 6n the semi-
killed steel and rimming steecls were moliten at 1050°C,
although according to Hilty and Crafts93 the Fe-S-0 system
forms a eutectic at 920°C (Fé-FeO-FeS). There are two
possible sources of sulphur in the scale. Firsily, reaction
of manganese sulphide in the steel with FeO in the scale td
produce MnO and FeS leading to pregressive enrichment of
FeS in the interface has been suggested52 and evidence of
this has been reported elsewherezB. Secondly, sulphur en-
richment can occur by the transport of gaseous sulphur-oxides
through'the scale from the atmosphere and>evidence of this
has also been advanced37’67. The mechanism of transport of
sulphur through the scales has been extensively reviewed

66

recently by Tuck and although the exact mechanism is not
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known, the most likely was thought to be the ingress of
gaseous mixtures containing sulphur through pores in the

scale layers. The presence of sulphur in the scales on

steels oxidised in atmospheres containing 4% oxygen was noted
by Preece37 even though the addition of this amount of free
oxygen suppressed the increased scaling rate obtained with
neutral atmospheres. This has since béen confirmed by other
worker367’58 who found significant amounts of sulphur on
steels heated in atmospheres ccontaining sulphur dibxide. A
reduction in the amount of sulphur in the furnace atmosphere
also resulted in a reduction in the sulphur in the scale.
Evidence of cracks and pores in the scale containing oxidising
gases has been observed in this investigation and further
evidence for this mechanism will be advanced later. (See Figs.
20, 22-27). |

L.3.2 lMetal Scale Interfaces

The metal scale entanglement, grain boundary penetratioi,
and internal oxidation, increased rapidly with temperature
and approximately parabolically with time in each steel
studied (Figs.42-L4l). The phenomenon of metal scale entangle-
ment observed in each case at temperatures above 1150°C was
seen to contain liguid phases in the oxide intrusions into
the metal and enrichment of nickel in the metal filaments
protruding into the scale layer. This phenomenon has also
been observed on commercial steel billets reheated in
cormercial furnaces and on nickel steelszu’5l’52’5u’55. The
presence of the entanglement was suggested by sachs®! to be

the cause of high scale adhesion and rolled in scale defects.
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Although the nickel contents of the steels studied by Sgchs
were very much greater than those used here it is possible
that a similar mechanism to that suggested by Sachs was
operating. Brown55 found that the depth of the metal scale
entanglement increased with the nickel content and this may
explain why the rimming steel had less extensive metal scale
entanglement than the other steels examined (0.03% nickel
and 0.05% nickel). However, there are differences in the
extent of entanglement noted on the steels which have the
same nickel content and obviously octher factors are involved.
Because of the importance of this feature when considering
~ scale adhesion the mechanisms of formation of the metal scale
tangled layer will be discussed later. The grain boundary
oxide penetrations formed on these steels are not great under
these conditions and are very similar in the cases of the
silicon-~killed steels and the semi-killed steels with the
rimning steel exhibiting deeper grain’boundary penetratioﬁ
(Fig.43). 1In view of the grain boundary oxidation being
only very slight when compared to the extent and amount of
surface area covered by metal scale entanglement (compare Figs.
L2 end 43) the importance of grain boundary penetration in
the scale adhesion of scales formed on commercial steels such
as those examined here is not thought to be very great.
Internal oxidation was also observed on all the steels
examined (Fig.Ll). The deeper seated particles in the

silicon-killed steels were silica and all the steels showed
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manganese~rich globules associated with wlstite nearer the
surface. The internal oxidation of iron and manganese

alloys has been studied by Swisher9u and the innermeost internal
oxides were found to be virtually pure manganese-oxide

although there was an increasing proportion of villstite in
solution as the scagle metal interface was approached. Rahme126
has described the internal oxidation of iron silicon 2lloys

as outlined ébove but the situation is much more complex than
this as the internal oxides on the silicon-killed steels
probably contain quantities of manganese also and in the

case of the aluminium~kjilled steels aluminium oxide should

be present. The presence of oxygen'dissolved in the metal
beneath the scale-metal interface has been explained by the
dissociation of the FeO into free oxygen at the voids formed

at the metal surface, élso discussed above; the dissociation
pressure of the scale increases upon void formation to equalise
‘the chemical potential of oxygen. Another possibiiity is
transport of oxygen through the scale via cracks and pores

as descrined by Rahmel56 and by liquid phase transport in the
form of the oxygen pwm described by Tholander27, Voids at

the scale metal interface were not observed in this case and
the presence of liquid phases in the scale at the interface

and inner wistifte region and the presence of cracks and voids
in the scale layers, containing higher oxides suggests that
oxygen is brought to the surface in this case by a combination

of gaseous transport and liguid transport.

Several quantitative treatments of the phenomenon of
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internal oxidation which are based on fundamental considera-
tions for binary and ternary alloys have been attempted.
Rhines95 and Maak96 have derived equations which predict the
depth of internal oxidation under conditions of simulataneous
internal oxidation and scale formation for a simple binary
system. The method of Rhines is used in Appendix 3 to
calculate the depths of internal oxidation produced on the
silicon-killed and rimming steels used in this investigation
assuming that silica and manganese oxides are the only oxides
formed. Remarkably good correlation between the calculated
and actual results were obtained. The ﬁheory predicts that
the depth of internal oxidation decreases with increase in
soclute content. This is demonstrated by comparison of the
depth of internal oxidation c¢n the aluminium-treated steel
(1.54% manganese and 0.18% silicon) and the silicon-killed
steel (0.8% manganese and 0.28% silicon) and on the semi-
killed steel (0.65% manganese) and the rimming steel (0.345%
manganese) (Fig.4h). The importsnt feature is the amount

of solute in solution in the metal and not the amount present
as shown by the bulk analysis, as some is present in steel-

making deoxidation products.

L.3.3 Oxidation Kinetics

From the results shown in Figs.}j9-52 the oxidation
appears to follow an approximately parasbolic rate law., If
parabolic oxidation is assumed then the oxidation rate

constant for each temperature and steel studied can be

calculated as detailed in Appendix 2. The results are shown
plotted in Fig.53 and this can be used to interpolate values

of kp not experimentally determined to enable some practical
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use to be made of this data, as detailed later. Hoﬁever the
Arrhenius plot shown in Fig.53 does not obey a linear
‘relationship with temperature, and this suggests that the
mechanism of oxidation is not parabolic. In addition if

the results shown in Figs.lj9-52 are closely examined there

is a tendency for the oxidation to follow a linear relation-
ship with time for the higher temperatures and longer times
studied. This can be demonstrated by plotting the incremental
parabolic rate constant kp for each five minute time interval.
For example the incremental parabolic rate constant for the
silicon-killed steel oxidised at 132500 are shown in Fig.5k.

. After the initial high value probably caused by the exothermic
reaction of the ozxidising gases with the bare metal surface,

a rapidly increasiﬁg kp resulted. Obvibusly, parabolic

rate laws are nct obeyed in this case. If it is assumed that
the oxidation follows a constant non-parabolic rate e.g.

v o= k,t,; the incremental kj values can be calculated and

are shown plotted on Fig.5L4 also. Neglecting the initial
high value, the resulting rate constant is considerably

more consistent than the kp values. However there is still

a tendency for the value of kn to increase with time. The
value of n can be determined from the slope of a log w |
versus log t plot, which should produce a straight line
relationship if a consistent oxidation rate is followed.

Ir avlinear oxidation rate law was obeyed the value of n would
be unity, and for a parabolic rate a value of-2 would result.

Such log/log plots are shown in Figs.55-58 for each five
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minute time intervel of eéch steel and termperature studied.
These clearly demonstrate that not only is the parabolic

rate law rarely approached but that consistent rate laws

are also seldom achieved. Even with the well known character-~
istic of the log/log plot, which tends towards a straight

line relationship because of the compression of higher
numerical values on the log scale, manj of the lines produced
are increasing in slope at the higher temperatures, indicating
an increasing oxidation rate with time. For this reason,

the extrapolation of this data to longer times, for example

to correlate with the oxidation obtained in soaking pits,

" musf be suspect. For short re-heating times however,
reasonable correlations can be achieved and this will be
discussed later.

For fundamental consideration the log/log plots are
extremely useful and may be used in conjunction with metal-
lographic studies to investigate the mechanisms of oxidation.
With the silicon-killed steels for example there is a tendency
for the oxidation rate td gradually decrease with time at
95000. Pactors which may cause this decreasing rate are thé
build-up of fayalite particles in the scale at the metal/
scale interface, restricting the diffusion of iron ions
through the scale (See Pigs.26 and 27). A build-up of
residual elements in the metal surface layer would have a
similar effect by presenting a thickening barrier to the

diffusion of Ie-~ions into the scale. However enrichment
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effects should also occur on the other steels examinec which
do not show the decreasing rate, at 95OOC but a reasonably
constant slope which has a value of less than 2. Conse-
quently the oxidation is not goVerned only by diffusion in
the solid scale lattice and it is likely that the ingress

of oxygen is possible through cracks in the scale. Certainly
evidence of such cracks has been observed which contained

the higher oxide of iron indicating that they were in
’existence at the oxidising temperature and were not caused
by cooling or mechanical polishing stresses. These were
observed to be in close proximity to the metal surface

on a2ll steels studied (Figs.20,22,26 and 27). Consequently
the faster than parabolic rate observed on the rimming

and balanced steels at 95000 is céused by cracking of the
scale layer, allowing direct access of the oxidising gases.
Although similar cracks were obéerved in the scales on the
silicon-killed steels, these steels exhioit a gradﬁally
decreasing oxidation rate at 95OOC tending towards the
parabolic rate. This is thought to be caused by the build up
of a layer of fayalite particles at the metal surface.

At oxidation temperatures of 1050°C and 1150°C differ-
ences were again observed in the shape of the log/log plots
‘between the steels containing silicon and those essentially
silicon-free. The rimming and semi-killed steels exhibit
an initially high, gradually decreasing oxidation rate,
tending towards parabolic, whereas the steels containing
silicon showed gradually increasing oxidation rates faster
then an initial parabolic law. The high initial oxidation

rates obtained on the rimming and semi-killed steels tend
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towards a‘linear oxidation rate indicating that non-
protective scales are formed. Cracking of the scale layer
both normal and parallel‘to the specimen surface would
ailow the ingress of oxidising gases and a rapid oxidation
rate would ensue. As oxidation proceeded, self healing

of cracks, enrichment effects at the metal surface and the
build up of surface irregularity would all tend ito reduce
the rate of oxidation. The gradually increasing oxidation
rate obtained for the rimming and semi;killed steels at
1250°C and above and for the steels containing silicon at
105000 and above are the result of many complex mechanisms,
although the temperatures at which this behaviour commences
is much lower for steels containing silicon and hence liguid

phases may have a pronounced effect.

h.3.3.1 Effect of Licuid Fhases

Liquid phases have been observed in the metal/scale
entangled layer and at the tipé of the scale intrusions
into the metal, and at the higher temperatures a grain
boundary network of liquid phases was observed in the inner
FeO layer. Tholander27 has observed increasing oxidation
rates in the presence of liquid phases in the scsale layers
which were postulated to act és an 'oxygen pump'. Solution
of oxygen in the eutectic could occur in this case at some
point between the magnetite/wilstite interface and the steel
surface. This would dif'fuse to the metal surface more rapidly

than the outward lattice diffusion of iron and hence causes



the accelerated oxidation. Similarly the liquid phase may
act as a diffusion path for iron ions which would also
increase the oxidation rate. In the presehce of a liquid
phase, iron migration into the scale could take place and
the vacancies generated in the metal surface be removed by
the inwards flow of the liguid thus aliowing metal/scale
contact to be maintained. Liquid phase flow in this manner
has also been postulated to maintain metal/scale contact
when irregular metal/scale interfaces are produced51 and
liguid phases at the interface may thus promote the growth

of metal/scale entanglement.

4e3.3.2 Effect of Cracks and Pores

The presence of discrete porosity in the scales
effectively reduces the area of scale available for lattice
diffusion and should therefore reduce the oxidation rate.
However, in the scales ooserved in this case many of the
pores in the scale were seen to contain higher oxides on
their inner surfaces and this would suggest the presence of
~oxidising gases. In many cases such porosity was seen to
be connected by cracks in the scale also ccntaining the higher
oxides of iron, indicating that oxidising gases can penetrate
the scale layers almost to the metal surface itself. Such
~cracks were observed throughout the scale layers and evidence
for the healing of these cracks‘in the form of continuous
lines of magnetite in the FeOklayer was observed. It is
thus likely that the formation, by growth stresses and healing
off these cracks by oxidation is taking place continuously.

In addition Rahmel56 has shovn that porosity can be stabilised
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by gaseous mixtures of CO/CO2 or H2/H20 and that oxidation
can be increased by gaseous transport across pores by a
reduction/oxidatioﬁ reaction. Also it has been postulated66
that the ingress df 802 can take place via pores in the
scale and hence cracks and inter-connected porosity will
increase the amount of liquid sulphur-rich phases in the
scale. The amount of cracks, pores and fissures increases
with time and will therecfore tend to give an increasing
oxidation rate at constant temperature.

To what extent the cracking observed in the scales in
this investigation is caused by the geomeitry of the specimen
is not known. Cracking of the scale has been shown to cccur

2’4, and on small

at the corners of rectangular specimens
diameter specimens7u oxidised in air, and a reduction in the
oxidation rate resulted. With atmospheres containing 002
or/and HQO however Rahm6156 has shown that cracking of the
scale on small diameter specimens is replaced by a porous
adherent scale layer with an increase in oxidation rate over
that obtained in an oxygen atmosphere. In addition early

37

Worx by Preece and Riley using cylindrical specimens with
a length to diameter ratio of between 0.33 and 10 found
little influence of specimen dimensions on the oxidation
obtained in atmospheres containing 002 and HZO' Certainly
the scales formed on the specimens examined in this investi-

gation are very similar in structure to those formed on

comnercial billets observed by Sachs and Tuck39 and lMoreau



and Cagnetzu, with the possible exception of the large
fissures parallel to the metal surface. Ideally an infinitely
flat surface is required, thisvis.impractical and possibly
the closest practical.approaohrwould be a thin sheet specimen.
However for high temperature oxidation it is also necessary
to consider the surface area to volume ratio (specific area)75
which should be low if high initial specimen temperatures
caused by the exothermié oxidation reaction are to be dissipated.
To this end a spherical specimen is ideél but impractical
as a very large sphere would be required to approach a
plane sﬁrface and they are also véry difficult to prepare.

The cylindrical specimens used in this investigation
are thus a comprbmise, but the weight carrying capacity of
the continuously recording balance used enafled a very large
specimen to be studied (initial specimen weight approx 140 g).
In addition the results are shown later to give reasonable
correlation with theAcommercial oxidation obtained in reheating
furnaces and hence specimen geometry effects are not con-

sidered to have influenced the results to a marked extent.

h.3.3.3 Effect of Enrichment

Elements more noble than iron, notably nickel and
to some ¢xtent copper have been shown to concentrate in the
metal surface because of the preferential oxidation of iron.
Under planar interface conditions this would result in a
build-vp of a diffusion barrier to the outward migration of
iron. However, such elements have been shown to promote the
formation of irregular interfaces?t??219%55  yhion has
been explained by considering the relative diffusion rates

in the alloy and scale57. Planar metal/scale interfaces are’
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only stable if'diffusion in the alloy is relatively rapid
compared with diffusion in the oxide. In addition when

very irregular interfaces are produced such as the metal
scale entangled band observed here the predomihant diffusion
of the more noble elements take place laterally with respect
to the moving interface and it was postulated®’ that the
oxidation rate should be only slightly affected. Steels
containing 0.4% Ni and exhibiting metal/scale entanglement
have been shown to oxidise less rapidly than pure iron52.
However, the depth of entanglement increasses with time,
especially in the presence of a liquid phase and the increas-
ing surface area of specimen surface with time may result

in an increasing oxidation rate at constant temperature. In
addition it has been postulated69 that liquid phases contain-
ing sulphur can attack layers of metal enriched in Cu and Ni.

Summary of 433 _
The mechanisms of high temperature oxidation of commer-

cial steels oxidised in the products of combustion of fuel
oils containing sulphur are thus very complex. That the
oxidation obtained_can be gpproximated to a parabolic rate
law must be largely coincidental; and the assumption that
the oxidation is explained by lattice diffusion of iron
through the scale layers is erroneous. An éttempt has been
.made by careful examination of the data and detailed metal-
lographic study of the scale and metal surface to explain
fhe deviations from pargbolic oxidation obtained in this
case. From the practical point of view however, it is
convenient to express the oxidation obitained in terms of the
parabolic law in order that laboratory data may be used, with

reservations, for commercial re-heating simulation. The
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methods used for calculating the oxidation obtained under
commercial conditions from the isothermal laboratory data

are detailed in Appendix L.

L.3.4 Correlation with Practice

The oxidation obtained on 230 mm square blooms of
a rimming steel, a balanced (semi-killed) steel and a silicon-
killed steel re-heated in a pﬁsher type furnace heated with
uncleaned coke oven gas is detailed below. The chemical
analyses of these steels are given in Table 3(b). To obtain
a recor@ of the temperature achieved by each bloom during
passage through the reheating furnace Pyrctenax thermocouples
(Chromel-Alumel thermocouple sheathed in a siainless steel
tube packed with refractory material) were peened into the
surface of the blooms as shown in Fig.59. In this way the
temperatures of the top and bottom surfaces and the centrzal
temperature in each bloom was determired, -the resulis are
shovn in Figs.60-62. Flat bottomed holes'were drilled normal
tc flat machined regions on the blocms on the top and vottom
surfaces to determine the amount of oxidation produced by the
heating. This technigue uses the fact that the base of the
hole does not oxidise because of poor atmosphere circulation
and can thus be used as a reference point.

The three blooms were reheated separately under different
furnace throughout rates. The reheating temperatures used
were the same in each case, and furnace atmosphere analysis
was carried out above the stock during the passage of the
first trial bloom through the furnace. The results of this

analysis are detailed in Table 5. The furnace used was &
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conventional pusher furnace which was top fired in both

the preheat and the soak zone but underfiring was also used

in part of the preheat zone, the stock resting on the
refractcry hearth thereafter. The actual temperatures used

for the trisls were 136000 for the preheat zones and 134000
for the soaking zone. After reheating the blooms were
discharged and the change in depths of the drilled holes
determined after the removal of surface scale by grit blasting.
Samples were also taken from each hole position for metal-
lographic examination of the surfaces produced on bvoth
machined and as normally charged bloom surface areas. leasure-
ment of the depth of metal scale entanglement, grain boundary
penetration, and internal oxidation in each position were

also taken and the results are shown in Table 6. For the
purposes of the prediciion, extrapolated temperatures were
used for the time spent in the furnace after the thermo-
couples ceased to operate (see IFigs.60-62) and the results

of the predictions are also listed in Table 6.

Large variations were obtained in the oxidation character-
istics on a given material along the length of the bloom on
both top and bottom surfaces. Possible reasons for this are
atmosphere and temperature variations in thé furnace. The
results  ¢f the atmosphere analysis carried out during the
first trial shows that the atmosphere composition is not
constant (see Table 5) and appears to be more oxidising on
one side of the furnace. Also, température measurement along
the length of the blooms indicates that in addition to large
temperature differentials the furnace is hotter on one side

in the preheat zone and on the other side in the soak zone.
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In addition, in the case of the rimming and the silicon-~
tilled steel, more oxidation occurred on one side of the
furnace, and this is caused by higher temperatures and air
infiltration.

The prediction techniques used have produced encouraging
results in that the predicted values are comparable to the
measured values obtained. However, the large variation in
the measured values and the incomplete stock temperature/
time record which necessitated the use of extrapolateld values
Tor the calculation have resulted in some discrepancy.
Variable atmosphere conditions and steel composition would
also tend to reduce the correlation. As a further verification
of the prediction techniques used a specimen of the semni-
killed steel as used in the laboratory isothermal treatments
was subjected to a laboratory simulated reheating treatment
as received by the semi-killed steel in the pﬁsher furnace.
Reasonably good correlation between the predicted énd
simulated results was obtained and the results are shown in

Table 6.

L.t Conclusions

The oxidation of the four steels examined in the products
of combustion of uncleaned coke o?en gas are very similar.
vThey all exhibit metal scale entanglement, internal oxidation
and grain boundary penetration in the metal-scale interface
zone to varying degrees. Grain boundary penetration and
internal oxidation effects are considered less important from

the scale adhesion point of view than the metal scale
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entanglement phenomena. Less metal scale entanglement

was found on rimming steel and this is probaﬁly due to the
lower nickel content of this steel compared to the other
steels examined which were all of approximately the same
nickel content. However, differences in the depths of metal
scale entanglement were also obtained on the other steels
eand obviously other factors are involved and more work is
required on this topic. The amount of oxidation which
occurred on all foﬁr steels was very similar also and was
found to increase rapidly with temperature and only approxi-
mately parabolically with time. The departures from ideal
parabolic behaviour are thought to be caused by cracks and
pores in the scale layers containing oxidising gases and
liquid phases in the scales, e.g. fayalite-wlstite eutectics
and FeS-IFPe0 eutectics, and enriched layers at the metal surface.
Methods of predicting the oxidation characteristics obtained
under commercial reheating conditions from the isochermal

data reported here show reasonably good correlation.

5. PHYSICAL ASSESSMENT OF SCAL L ADHISION

The work described above provides information on the
characteristics of the scale and scale/metal interface regiomn.
In this section a technique for measuring the scale metal
adherence 1is described and the results are discussed in

relation to the results of the preceeding section.

5.1 Experimental Procedure and Description of Apparatus

In essence the adherence is determined by detaching the

scale on the circular end of a solid cylindrical specimen
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using a stainless steel gauze embedded into the scale layer
during oxidation. The original apparatus (seec Fig.63)
consisted of a modified Dennison creep testing machine. The
load was applied by hand, by turning the handle and measured
using a spring balance shown with due allowance made for the
magnification ratio of the beam. Tﬁis apparatus suffered
from problems of specimen/gauze aiignment, variable strain
rate, and inaccuracies in load measurement and very variable
results were obtained. Nevertheless, the technique was
thought to show promise and modifications were made. The
modified assembly is shown in Fig.6ly. The specimen and

gavze rod are attached rigidly with screw threads to shafts
running in linear opearings. The gauze extension rod bearing,
is generously sized and of square cross section so that no
torsional stresses should be transmitted to the gauze by the
loading meohanism; Strainihg the specimen‘assembly was
affected by a small variable sbeed electric motor, with a
constant speed thyristor control which was geared to the
large gear (gear A) causing this to rotate. The linear bearing
ehaft was threaded on the top portion externally and pessed
through infernal threads on this gear. Hence, as the large
gear revolved, the shaft was moved either up for testing or
down for application of the gauze, depending on the direction
of rotation of the motor. Thrust on the gear was taken by
roller bearings as shown.between the gear and machine chassis.

A linear roller bearing and shaft assembly was used which
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allowed the specimen/extension rod assembly toﬁmove
freely in the vertical plane and to rotate and at the same
time the lateral movement of the specimen was reduced to a
minimum giving good alignment of specimen and gauze. The
load measurement was achieved with strain gauges on a beam
of alloy steel (Jethete li.152). One end of this was rigidly
attached to the machine frame, the other end contacted
collars on the extended linear bearing shaft. The strain
gauge circuit was arranged in a full Wheatstones Bridge design,
half on ﬁop of the beam and half beneath the beam, for
maximum sensitivity and to give a linear output in compréssion
and in tension. The output from the strain gauge circuit,
that is the out of balance of the bridge was recorded using
a mirror galvanometer and an ultra violet recorder. This
was calibrated by removing the beam mounting block from the
machine and holding securely in a vice, the deflection of a
mirror galvanometer was then measured for different loads on
the strain gauge beam and typical calibration graphs afe
shown in Fig.65. Calibration was checked regularly during
testing as the strain gauges which were attached to the beam
using epoxy resin can become detached quite easily. The
compression calibration could be done in-situ by placing
weights on top of the bearing shaft.

The furnace used was a platinum resistance furnace controlled
by'a West Guardsman controller on a maximum/minimum current

principle and the temperature measurement was affected using
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platinum/platinum rhodium couples in alumina sheaths in

the hot zone of the furnace. The furnace gave a hot zone
approximately 75 mm 1qng with a temperature variation in this
zone of plus or minus 500 and the test surface of the
specimen was placed in the middle of this zone. The top and
bottom of the furnace were plugged with a refractory wool
(Kaowool) and the simulated atmosphere consisting of 6% 05,

| o balance Né, was introduced at
the bottom of the furnace through an alumina tube. With a

6% COy, 15% H,0, 0.125% SO

flow rate of 10 litres per minute, a slight positive pressure
was maiﬁtained in the furnace and hence in-leakage of air

was unlikely. The specimen used was a 19 mm dia x 50 mm long
cylinder with the cylindrical end machine ground to the same
surface finish as used in the oxidation tests described
earlier (16 C.L.A.). This specimen size in the furnace used,
gave approximately the same atmosphere velocity and also had
adcquate specific volume especially as the maximum temperature
used was 1200°C in these tests. The gauze used was made

of 18/8 stainless steel of 23 standard wire gauge, (i.e.

0.6 mm dia. with 8 wires per centimetre) and was formed into

a box shape with an 18/8 stainless steel strip support to
prevent collapse of the box and hold the gauze surface parallel
to the specimen surface during testing. The whole assembly
was held onto a screwed extension rod of 25/20 chrome-nickel
steel with a stainless steel nut. The nut, gauze and support
were expendable and were replaced for each test. The

specimen and gauvze assembly is shown in Pig.66, before and
after oxidation. A platinum/rhodium thermocouple was used

as shown, (o check the specimen temperature during rehecating
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at the test tempefature in nitrogen prior to oxidation.
Contamination of this thermocouple occurred soon after the
test commenced, probably because of iron oxide contamination
ét the higher tenperatures. The accuracy of this couple

was checked after ecach test by comparison with a standard
thermocouple and it was remade to the original specification
by discarding the contaminated zone, léter a nimonic tube
was fitted around part of the specimen length and the thermo-
couple was attached to this and contamination effects were
found to be reduced. The specimen and gauze assembly were
connected to the linear bearings with extension rods and put
intb the furnace, the test surface was placed in close
proximity to the furnace control couple and the gauze was
aligned with ﬁhe test surface approximately 0.5 centimetres
away. The top and the bottom of the furnace was packed with
refractory wool, and nitrogen (white spot i.e. 'oxygen free')
was introduced intd the bottom of the furnace through an
alumina tube. The specimen was allowed to attain the test
temperature and equalise in temperature, and if necessary
the furnace control setting was changed at this point to get
the specimen to the correct temperature as shown by the
specimen thermocouple. When the specimen was fully soaked
at the correct test tewperature, the atmosphere (nitrogen)
was replaced by the oxidising atmosphere. After a standard
time of half an hour, which was found by experience, the

gauze was brought into contact with the test surface under a



- 89 -

constant load of 500 grams using the constant speed
electric motor. At the end of the oxidation time, the
refractory wool from the bottom of the furnace was removed
as this had been found to interfere with the load measure-
ment and the gauze was detached at a standard cross head
velocity of 2.0 mm/min. Oxidation times of 1, 1% and 2 hours
and temperatures of 1050, 1100, 1150 and 1200°C were used.
for each of the steels cxamined apbove (Table 3(a)). It was
found that with lower temperatures or shorter times the
gauze did not become embedded in the scale layers and hence
failed to detach the scale when tested. With higher
temperatures and longer times the oxidation and tewperature
reduced the load carrying capacity of the gauze and the
gauze itéelf was pulled apart when the specimen was tésted.
The load required to detach the scale was measured, using
the precalibrated strain gauge beam and ultra violet recorder
as described above and after testing the gauze and specimen
assembly was reuioved from the furnace and the detached scale
inspected. Only tests which showed 100% detachment of the
original scale (neglecting the scale formed by oxidation of
the test surface after detachment) over the full circular
face were recorded. The scaled specimen diameter was measured
with a micrometer and the scale adhesion expressed as the
total load divided by the total cross sectional area of the
scaled specimen (i.e. the average stress in the specimen‘gt
the time of failure).

Specimens after testing always exhibited some scale on
the fractured surface because of oxidation after removal of

the initial scale layer. To determine the position of
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fracture and thus determine whether scale cohesion or scale
adhesion was being measured it was essential to prevent
oxidation of the metal immediately after testing and during
cooling to room temperature. It was found impossible to do
this with the furnace arrangement as shown and an assembly
shown in Iig.67 was devised. The specimen and gauze assembly
was enclosed in a thin wall, large diameter tupe of fused
silica, tightly plugged at its ends with the same refractory
wool used above and which could be assembled outside the
furnace, inserted into the furnace for testing, and removed
af'ter testing without dismantiing. The semi~-transparent fused
silica enabled the specimen/gauze alignment to he checked

on assembly into the épparatus and the tests were carried out(
in the same way as before with the exception that immediately
before testing, the‘oxidising atmosphere was replaced with
commercial pure argon (99.999% pure) which was passed through
a pyrex boiling tube immersed in liquid oxygen as é cooling
device. The heat exchange waé sufficiently efficient that
some liquid argon was formed in the boiling tube. The flow
rate was set at 10 litres per minute and after flushing the
whole assembly for about five minutes, the gauze was detached
at the same crosshead speed as used for the previous tests,
no load measurements were possible in these cases because

the Kaowool was not removed from the bottom of the furnace.
After testing the flow rate was increased to 25 litres per
minute during removal of the assembly from the furnace and
after removal from the furnace the flow rate was reduced and

the assembly left to cool to room temperature. The resulting
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fracture surfaces were examined visually and by a stereoscan
scanning electron microscope and they were also sectioned
for normal optical metallographic examination as descrived
above. Specimens from each cast (Table 3(a)) were given
standard oxidation times of 1 hour at temperatures of 1050,

1100, 1150 and 1ZOOOC to determine the position of fracture.

5.2 Results

The surfaces of the specimens after detachment of the
scale appeared in most cases essentially scale free when
protected from further oxidation (Fig.68). In most cases
small pieces of scale from the inner FeO layer were left
randomly distributed over the surface. Examination with the
stereoscan revealed extensive areas on each specimen which
were virtually scale free. Transverse sections through the
metal surface after removal of the scale 1ayeplon the silicon-
killed steel are cshowvn in Fig.69 and the resulis of the
Stereoscan examination on the fraciure surfaces of the scale
and metal are shown in Figs.70,71 and 72. On the silicon-
killed steel at 105000 the metal surface showed some pro-
trusions of metal filamenis, holes in the surface and pits
containing scale (Fig.70). Some scale also adhered to the
metal protrusions. Grain boundaries avpeared as.lines of
'irregular fissures and the scale was not a mirror image of
the metal surface and consisted of many small rounded particles
of scale. The Stereoscan recsults complemented the transverse
microscopy. At 1100°C (Fig.71) the surfaces obtained were
very similar except that they were much more irregular and

Fal

the protrusions of metal were larger, the scale again, had
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the appearance of boulders (Fig.72(a)). Similar results

were obtained at 115000 and 1200°C with the surfaces becoming
more irregular and the general size and length of the
protrusions increasing. Some geometrical shapes were found
on the scale fracﬁured surfaces on the Si-killed steel in -
some cases (Fig.72(c)). The surfaces found on the aluminium-
treated steel at 1050°C (see Figs.73 and 7L) were not as
irregular as those produced on the silicon-killed steel at
this temperature.r In addition, there were some essentially
planar areas on the metal surface which were covered with a
fine angular precipitate. These areas constituted a rela-
tively small proportion of the specimen surface and were
randomly distributed over the entire specimen surface. At
higher temperatures, the irregularity of the specimen surface
increased and at 1100°C was similar to that found on the
silicon-killed steel in some areas, but in other afeas sone
evidence of the angular precipitate on less irreguiar
surfaces was to be found. The metval surface increased in
irregularity with reheating temperature although there was
still some evidence of the angular precipitate even at 115000
and 1200°C in small isolated areas. In no case were the
angular particles found on the fractured scale surface.

The results on the balanced steel shown in Figs.78 and.79
were similar to those found on the silicon-killed steel in
that the surfaces were irregular aﬁd the metal protrusions
and pits increased with increasing temperature. No angular

precipitates were observed on any of the specimens of balanced
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steel and the scale was similar to that fouhd on the
fractured surfaces of the silicon--killed steel, The results
of the rimming steel are shown in Figs.80 and 81 and the
surfaces produced at 1O5OOC were extremely planar and
contained much more oxide than the specimen examined at
11000C, the metal surface was again essentially planar with
small protrusions and pits with less scale on the surface
and at 115000 the irregularity increased, but it was not
until a temperature of 1200°C was reéchéd, that the fractured
metal surface took on the appearanée of marked protrusions
and pits similar to that found on the other steels examined.
The results of the scale adhesion measurcment tests
are shown in Figs.82-85. TFor all specimens examined the
results were found to be of the same order of magnitude.
The adhesion appeared to increase with time although no
clear trend in this respect was found in the case of the
aluminium-treated steel at all temperatures and times studied
and with the siliccn-killed steel at temperatures below
1100°C. The results plotted are the average of four tests
at each temperaiure and time showing full scale detachment
end the variation in the resultis were approximately + 25%
of the load measured for the silicon-killed steels at tempera-
tures less than 1100°C and the aluminium~killed steel at all
test conditions, to gpproximately + 105 in the other cases.
The adhesion increased rapidly with temperature above 1100°C
and the highest adhesion of all was found at 1200°C with
the silicon~killed steel. The aluminium-trcated steel results

were erratic and showed nc clear trend with temperature.
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The balanced steel results showed a steadiiy increasing
adherence with temperature and the rimming steel had a very
high adhesion at the low temperature 1050°C, the highest

in fact of all the steels studied, but this decreased at
1100°C and increased thereafter similarly to the balanced

steel quality.

5.3 Discussion

5¢3.1 The Influence of the Gauze bn the Oxidatipn Produced

The gauze element was found embedded in the outer
FeO layer, and it is important for the method of assessing
the scale adhesion that the gauze should not influence the
-natural scale adhesion of the specimen. The gauze may
influence the adhesion in two ways, firstly by affecting the
oxidation prodﬁced and hence the characteristics of the
scale and scale metal interface which could have a pronounced
effect on the scale adherence, and secondiy, by maintaining
the adhesicn because of the compressive force applied to
the scale by the preload on the gauze which is found to be
necessary in ordef that the gauze should be well embedded into

the scale.

5.3.1.1 Influence on Oxidation

Consideranle oxidation of the 18/8 stainless steel
gauze occurred in the Fe0O layer (see #ig.86), and evidence of
spinel formation was observed in the scale immediateiy
surrounding each wire element. Theviron ion mobility in iron
chromium spinel lattice is ccnsiderably less ithan that in
the iron oxide latiice and in compact scales this would

result in a restriction in the iron ion movement in the scale.

[N.B. A Pletinum 5:\0.5{ was Eried € mimimrse Ehis c{fgct butc this

was Mot J‘erara cnoujt\ an A wes Aa;k‘ro‘,a_c{ S .(,‘e;b,-y\(j]
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In addition considerable reduction in the effective cross
sectional area of the scale available for diffusion would

be expected by the presence of the wire gauze element.
Accordingly, measurements of the depth of grain boundary
penetration and internal oxidation were made on the specimens
used to determine the position of fracture of the scale and
these results were found to compare favourabhly with those
measured earlier. The results obtained indicate that the
amcunt of oxidation and metal scale interface characteristics
were not affected by the presence of the gauze. This is
probably because of a marked gas phase transport and liquid
phase transport down cracks in the outer scale layers as

discussed above.

5.3.1.2 laintenance of Adhesion

This. was not a problem as the scales did not tend
to beccme detached at the metal scale interface, however
the fissures parallel to the metal surface in the scale were
not as apparent on the scale adhesion specimens as on the
specimens used for oxidation previously and this could be
because of the pressure on the scale by the gauze increased
the creep rate and consequently the fissures were not formed,
and the coherency of the scale was maintaiﬁed. lMackenzie
and BirchenalluL have shown that the creep of polycrystalline
iron oxide can occur under the action of an applied stress
and hence it is quite likely that this has occurred. It is

also probable that vecause the planar interface was examined
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in the scgle adhesion test and not the cylindrical Tace

as with the oxidation specimens examined previously, and the
tendency to form this striated scale layer is less in the

case of flat surfaces. However, one éhould still get the
mutual support of the scales at the edges of the specinmen
which tends to form laminated scales on small specimens even
on a planar surface as used here. In bractice however,

with large areas of billet or slab a laminated scale is not
formed and hence the scale adhesion specimens simulate
practical conditions more closely than the oxidation specimens
used previously. In general similar types of porosity were

' obsérved in the scale layers as on the oxidation specimens,
with the exception of the fissures parallel to the metal

scale surface and hence this is further evidence that the
gauze and the preload had very little effect on the oxidation.
In earlier work the scales on speéimens heated in air have
been shown to have magnetite wedges growing along the scale
metal interfaces at cracks in the scale at the specimen
corners. This effect of cracking and magnetite formation has
been ooserved by other workersu, and its formation is
described as being caused by the mutual support that the

scale on each perpendicular surface affords for the other.
This results in the scale being unable to follow the receding
metal scale surface and loss of contact at the edges results,
growth of magnetite along the metal éurface takes place by

the ingress of the oxidising atmosphere. Cracks and magnetite
seans around the edges of the specimen are undesirable in

this case as they will affect the scale adhesion results. An

example of the type of scale found at the edges of the
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specimens in this case shows that the edges remain essentially
rectanpgular, (see Fig.87) with no magnetite formation and
although there is a crack in the scale at the specilinen corner,
it does not contain magnetite and was probably formed during
cooling because of thermal stresses. The metal surface alsc
remained essentially level with no sign of concavity. The
absence of cracks containing magnetite and magnetite wedges
along the specimen surface in this case 1s probably related

to the presence of water vapour and 002 in the atmosphere56

which maintained oxidation at the metal surface, even with

gap formation, by a gas phase transport as discussed earlier.

5.3.2 Analysis of ILoad Curve

The initial preload on the specimen assembly appears
as a negative deflection of the strain gauge beam and
consequently at the start of the itest the removal of this
pfeload appears as an increase in load. Iurther movement of
the cross head picks the specimen assembly off the strain
gauge beam and a flat portion BC (Fig.88) of the curve results
until the bottom collar on the extended linear bearing shaft
contacts the beam assembly and thereafter a steadily increas-
ing load is applied to the scale metal surface as shown
by line CbD. Fracture occurred at point D with an instantaneous
fall in load to a low point E, which was caused by bounce
of the specimen and gauze on the beam, and recovery to point
F with the specimen and extension rod and the linear vearing
shaf't resting on the strain gauge beam which was again under
compression. The load was measured between point D and point
F which consisted of the total tensile force on the specimen

at the time of fracture. In certain instances when higher



- 08 -

temperature tests were attempted, for example 125000, curve
CD', resulted, which was the steady fall in load caused by
necking down of the gauze wires by plastic failure. The
rapid decrease in load is evidence for the very rapid pro-
pagation of the crack and consequently crack initiation is
thought to be the difficult stage in scale adhesion at these
temperatures and not crack propagation. It is possible
however that the plastic deformation of the scale at the
interface is confined to a very small laver of material and
smgll plastic deformations would not he detectable by this
technique because of the deflection of the strain gauge beam.
The figure presented for the scale adhesion assumes that the
critical failure always occurs at the metal scale interface
and not in the scale surrounding the edge of the specimen.
This is reasonable in view of the tensile strength orf the
scale which is excessively greater than the loads measured
in this case and by the fact that the scale cohesicn has been
found to be much greater than scale adhesiocn by Hulley and
RollsBo although the figures quoted are not of the same

order as those found here. The calculation of the load
divided by the total specimen-plus-scale area assumes that
the stress is evenly distributed over the whole cross section
of the specimen scale composite at the point of‘fracture,
this is obviously very difficult to achieve in practice
because of stress concentration effects and misalignment, but

these effects cannot be compensated for.
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5e¢3eh4 Analysis of Scale Adhesion Results

5.3.4.1 Silicon-Killed Steel

The relatively low adhesion at temperatures less
than 115000 and no clear trend with time at 1050°C are
difficult to explain. However, in view of the scatter
obtained at these temperatures with this test, which was of
the order of + 25% more testing is probably required to
establish the trend in this case. However, similar results
were obtained by Peters and Eng81123’76 on material cooled
to room temperature in wnich no clear trend'with reheating
temperature was found and they attributed this to the
- presence of the solid fayalite in the scale at the metal
scale .interface. Soiid fayalite particles have been observed
in the scale 1éyer on these steels at the metal scale
interface on samples pfeviously examined, reheated under
identical conditions. However, at 105000 evidence of melting
of this phase and the presence of sulphur rich liguid was
also observed and it is unlikely therefore that the fayalite
particles behaved in a brittle manner under these conditions.
At 1100°C the fayalite even if present as solid fayalite
and not in ccenjunction with sulphur and therefore liquid,
would have fairly high plasticity as the melting point of
this phase is of the order of 1140°C. Consequently, brittle
behaviour would not pbe expected and the scatter in the
results cannot be attributed to a orittle behaviour of con-
stituents in the scale at temperatures of 1050 and 1100°C.
However, there is a clear trend with time at temperatures of

0, ; . . . . .
11007C and above, the scale adhesion increasing with time
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and this is probably because of the increasing amount of
liquid phase formed at the metal scale interface with time
and the increase in surface irregularity. The increase in
scale adhesion with temperature was very marked above 115000
and this also coincided with a marked increase in the metal
scale entanglement and the amount of liguid phases in the

scale layer.

5¢3.4.2 Aluninium-~Treated Steel

This steel which was silicon-killed with an aluminium
addition did not show any clear relationship with time
~or temperature over the temperature and time conditions
studied. Angular particles were observed on the metal surflace
after the detachmeni of the scale and protection from further
oxidation in this case; at all the temperatures examined.
The erratic results are thought to be caused by the presence
of these particles leading to crack initiation in the scalc
at the interface at low stresses. This is a further indication
that crack initiation is the controlling factor in scale.
adhesion at the heating temperatures and not crack propagation.
The particles were analysed by an Ortec analyser (an attache
ment which can be used on a stereoscanvto give a qualitative
analysis of the field of view) and found to be aluminium rich.
Similar results have been found by Bateman and Rolls33 on
steels containing more than 0.045% aluminium. They concluded

that these were hircenite particles (Fe0.Al,0,) and loss of

203
adhesion was probably due 10 an increased creep resistance of
the wﬂstite/A12O3 solid sclution layer and by enhanced crack

propagation tendencies because of localiscd stress concentration
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within the scale and because of the brittle nature of the
particles relative to the scale. Under the conditions of
the test reported here the particles were not found in the
fractured scale layer and the failure appeared to have
occurred at the particle scale surface and not within the
particle or at the metal particle boundary. Consequently
the particles were not brittle in this case and it is
possible that growth of the particles at the interface
resulted in stress in the FPeO which tended to push the scale
from the metal surface. The fact thet these particles were
found in small areas randomly distributed over the specimen
surface and the total area of the specimen surface which
contained particles was very small indeed, is further evidence
to suggest that crack initiation is the main criterion in

scale adhesion.

5.3.4.3 Rimming Steel

Py

The very high scale adnesion ottained on rimming

steel at the low temperature compared with the two silicon
steels examined above indicated that the iron oxide bond is
greater than the iron-silicon rich phase bond or the iron-
sulphur rich bond. The presence of large areas of metal

and scale on the stercoscanresults shown in Fig.81(a) indicates
"that scale cohesion and scale adhesion is measured in this

case and this probably explains the high results octained

in view of the high tensile strength of scale at these
temperatures. Sulphur-~rich phases were observed in the scale

at the scale metal interface at llOOOC and this resulted

in a decrcase in the scale adhesion. The adhesion increased
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with time with an increase in surface roughness at llOOOC.
Increasing amounts of metal/scale entanglement at'1150 and.
120000 resulted in a steady increase in the scale adhesion.
The increase in adhesion with temperature and time was not
as marked in the case of rimming steel as with the silicon-
killed steel examined above and this is probtably because the
metal scale entanglement was much less in the case of the
rimming steel, and liguid phases which were sulphur-rich

and prooably of lower viscosity than the silicon-rich liquid

phases, were not as extensive.

5.2 4.4 Balanced Steel

Similar results were obtained for the balanced steel
as with the rimming stecel with the exception of the low
temperature (1050°C) results which were not as high in the
case of the balanced steel as on the rimming steel. MNetal-
lographic examination of scales found on this steel under
identical reheating conditions has been carried out earlier,
and it is interesting to note that more sulphur-rich phase was
found on the balanced steel at these temperatures, than on
the rimming steel in the metal scale interface regions.

The greater amounts of liquid sulphur phase found at lOBOOC
on the balanced steel probavly explains the low scale adhesion

obtained.

5.3.5 Mechanism of Acdhesion

5.3.5.1 letal/Scale intanclement

The adhesion increases markedly with the depth of
metal scale entanglement. This is most clearly demonstrated

in the case of the silicon-killed steel, although liquid
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phases also influence the adhesion for a given surface
roughness as discussed later. The mechanism by which metal

scale entanglement may increase the adhesion may include:

(a) a mechanical keying on effect,

(b) an increase in the surface area, and

(¢) by its influence on the crack
nucleation and propagation in the

metal scale interface region.

I'or the mechanical keying on effect either'the scale
metal interface bond is separated or the metal filaments
and scaie in the entangled layer are ruptured. This does
notvshow up on the load curve as plastic deformavion as it
is confined to a very small layer of material and the technique
used for measuring the change in load during the test would
not bhe sensitive enough to detect such very small plastic
deformations. 'On examination of the stereoscan pictures
it can be seen that there is some oxide still in the intrusions
intc the metal, the surfaces of the oxide are rounded and
it is possible that these were liquid or at least very plastic
at the temperature of testing and surface tension effects
weculd tend to round any fracture surfaces. It is not con-
sidered that these would be very strong at the temperature of
testing, especially at the higher temperatures. The metal
filaments do not appear as long as one would have expected
from the measurements taken of metal scale entanglement
depths on transverse metallographic samples in a previous
report. However, it is difficult to make accurate measure-
ments on the stereoscan pictures because the angle of view

is not knowm, also it is not known whether the filaments are
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continuous as suggested by Brown55, or whether they break up
into discrete particles further out into the scale layer

as proposed by Sachs51. Consequently the filaments may

have been ruptured but the fractured ends of the filaments
always appeared rounded on the stereoscan pictures, this
could have been caused either by oxidation in the scale or

by surface tension effects which may be sufficient to cause
rounding of the drawvn out fractured filament ends. It is
difficult to see in many cases how the scale has been removed
from peneath the filaments on the stereoscan photographs as
there is often an interwoven effect. This may be caused by
collapse of the filaments after removal of the scale as the
test surface was in the horizontal plane, with the filaments
pointing upwards and they would therefore tend to collapse
under their own weight. The scale did not appear as a mirror
image of the metal surface at the high tewmperatures and this
was aggin probably caused by surface tension effects and
liquid phases in the scale. There was very little scale

left oh the metal in most cases except the protrusions

into the metal and consequently the strength of the metal
scale bpond at the high temperatures was not very great and

is not as high for example}as on the rimming steel at 105000
wvhen a considerable amount of scale was seen tb be adhering
to the metal surface. Consequently, it is concluded that the
increase in adhesion must be caused by a keying on effect of
the filaments coupled with 2 low scale metal bond but a very
high specimen surface area. Because of the importance of
metal scale entanglement in scale adhesion, the mechanisms

of formation of the entangled layer will be considered in a

later section . The effect of metal scale entanglement on
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ihcreasing scale adhesion has also been indicated by the
examination of a pitted plate sample, (see Fig.90) the

metal scale interface region from a transverse metallographic
sample taken from the pitted area has the appearance of a
deformed entangled structure, there is however, very little
liquid phase present and this would not have been expected
from the results of a previous report and this matter will

be discuséed later.

5.3.5.2 Effect of Liguid Fhases

At low temperatures, the liquid phases formed on
the rimming steel and the silicon-killed steels appeared to
have decreased the adhesion. The adhesioﬁ being high for
example at 105000 on the rimming steel compared to the
balanced steel or the silicon-killed steel and this is
probably because there is very little liquid phase present
at the metal scale interface region on the rimming sieel at
this temperature. A decrease in adhesion on the rimming
and silicon-killed steels mgy have been caused by an increase
in the amount of liguid phase and an increase in plasticity
of the scale at the interface because of the exothermic
oxidation reaction27. Evidence of melting of the silicon-
rich phase at 105000 for exaﬁple would indicate that the
interface region temperature is considerably higher than the
furnace temperature, although this phase did contain some
sulphur which would have alsc lowered its melting point92.
At the high tenmperatures it is very difficult to secparate
the effects of liquid phases and metal scale entanglement.

Comparing the valanced steel, Fig.85 and the rimming steel,
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Fig.89 the same liquid phase is present in both these
cases, (sulphur-rich), and very similar resuits were obtained
at 1100°C and above although the walanced steel has con-
siderably more entanglement and more liquid phases than the
rimming steel in all cases. Consequently, it is likely
that the sulphur-rich liquid phases decrease the adherence
for a given surface roughness. Silicon- killed steels have
fhe greatest scale metal entanglement and also the greatest
high temperature adhesion and it is likely that the liquid
phase especiaglly if silicon-rich increases the depth of
metal scale entanglement.

The results ol the metallographic examination of the
pitted sample is puzzling, as from the metallographic examina-
tion of reheated specimens of the silicon-killed steel it
Would‘be expected that there should be large amounts of
liquid phases present in the interface region. However, no
liguid phase was observed in the oxide metal compacﬁed zone.
Consequently a sample of silicon-killed steel (Table 3(c))
was given a simulated reheating treatment in the laboravory,
which consisted of reheating for five hours at 125000 in a
furnace fired with towns gas. Subsequently, this was rolled
down by 75% with every ef'fort being made to maintain the
écale on the material before it entered the rcll gap. The
resulting scale metal interface is shown in Fig.91 and it is
similar to the one found on the pitted plate sample shovn
in Fig.90 with due allowance for the differing amounts of
deformation. Ixamination of the outer scale layers from the
material rolled in the laboratory indicates that the liguid
phiases have been forced frem the interface region into cracks

in the outer layer. This is very important in practice as
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the method used for scale removal is often high pressure
wvater. The actuval action of the high pressure water is not
clear87 but the scale may be removed by a penetration of
water down the cracks where steam is generated explosively
leading to removal of the scale. Cdnseqpently, if the
material is rolled before the high pressure water is applied
the liquid from the interfacerregion will be forced into
cracks in the outer scale layer and penetration of the water
down the cracks would therefore be impossible. It is also
possible that scale cohesion would be improved by the
presence of the liguid and consequently removal of the scale
by the kinetic energy of the water which has also been
suggested as the mechanism of high pressure‘water descaling87
yould be difficult. A further consideration is that the
iron scale bond is very strong as shown by the low temperature
rimming steel results and if all the liquid phases were

moved from the interface region, the adhesion may be con-
siderably increased, especially with an enﬁangled interface
structure. Ccnsequently it is imperative that the scale is
removed from the material prior to it being passed inio the

roll gap.

5¢3e5e3 The Effect of Cryvstalline Phases at the Metal
Scale Interface

The case cof the silicon-killed steel containing
aluminium deserves special mention as very low and erratic
results were produced by the presence of éluminium rich
particles at the scale metal interface. These particles were

most probably fecrmed by an internal oxidation mechanism, and
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the random and infrequent location of these particles on

the metal surface may have been caused by segregation effects
in the steel. I’rom the stereoscan photographs they appear
to have a very crystalline morphology and appear on the
metsal surface and not on the scale surface. Consequently
they have a higher affinity for the metal than for the scale,
very low solupnility in the scale and a'high melting point.
The growth of these particles may tend to push the scale
away from the metal surface and lead to crack nucleation.
They did not appear té have been fractured and it is also
likely that these particles can act as stress raisers at the
" metal scale interface and separation of the scale from the
varticle may be easy, ccnsequently cracks nucleate and
propagate along the particle scale interface. It was not
possible to positively identify the chemical composition of
these particles and consequently theif melting temperature

is not known. It is therefore possible thatl they may not be
ef'fective in reducing the scale adhesion and reheating

temperatures in excess of 1200°C because of liguefaction.

5.3.6 Compariscn with Other i/orkers

It should be noted that in this section althdugh the
results referred to in this exercise have bpeen shown to be
a measurement of scale adhesion this is not true in all other
cases mentioned and it is possible that scale cohesion was
being measurced. In general, scale adhesion was found to
increase with time in this exercise and this is in agreement
with the qualitative methods which express the 'adhesion'

as the amecunt of adherent scale remaining after the test.
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- This parameter is used in the gquench test58 and in the

hammer test6LL and in addition the hot detachment test of
Hulley and‘RollsBO indicates that 'adhesion' increases with
time to a maximum of L} hours and thereafter decreases with
time. The other methods of testing fcr example, the bend53’63,
and the impact test28 give opposing results in that the
'adhesion' was found to decrease with the time of reheating
and this is probably caused by the use of a parameter which
does not effectively reflect the scale adhesion.

Adhesion was found to decrease in general with tempera-
ture at temperatures less than 1100°C and this is in agree-
ment with work by Hulley and Rollsso who found that in the
temperature range 85O~105OOC adhesion decreased with
temperature although there is considerable discrepancy
between the valggxzitual adhesion force measured using Hulley
and Rolls' test and the tests referred to heré. The results
of Bruce and Hancock7u for the temperature range 850~105OOC
do not agree with either of these resultslas they indicate
that the 'adhesiornl increased with temperature in this range,
However the method of calculating 'adhesion'is rather empirical.
This method is however in agreement with other methods of

33,63

measuring scale 'adhesion' fér example, the bend tests
‘and the impact testing28.

The effect of liquid phases is not clear froﬁ the present
work and it appears that below temveratures of 1100°¢ liquid
phases appear 10 decrease the adhesion and avove 1100°¢

an increase in adhesion results but it is not.clear whether

this is due partly to the liguid phase or wholly to the
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metal scale entanglement. It is possible of course that
liquid phases increase the metal écale entanglehent and
therefore increases adhesion in that way. Several other
worlers have found an influence of liquid phases on scale
adhesion,; for example with the quench test58, sulphur
dioxide pick-up from the atmosphere was found to increase

28, liquid phases were

the 'adhesion', with the impact test
also found tc increase the 'adhesion' but this probably
increased the cohesion of the scale, because in this case

 the parameter was the ratio of the amount of adherent scale

to the total scale formed and this test failed to show

the increase in 'adhesion' with temperature and time. The

ha mmer test&'r found that 'adhesion' increased with low

excess air values with a sulphur-rich fuel and this is
obviously éaused by liquid sulphur pick-up in the scale.

The influence of the solid aluminium rich phases at the

metal surface which were foﬁnd to decrease the adhesion
confirmed the work of Bateman and RollsBB.using a bend test

and the parameter used in this case was again a ratio of

the adherent scale to the non-adherent scale and this indicates
that aluminium additions probably have a similar effect

on the scale adhesion as on the scale cohesion in that Rolls
found a decrease in 'adhesion' as measured by his parameter
because of the aluminiuwn particles. However, it is also

25 on the room

confirmed by work done by Peters and kngell
temperature ﬁensile strength of the metal scale bond in which
aluminiuwn was found to decrease the load required to detach
the scale.

The mechanical keying on effect of the metal scale
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entanglement has been suggested by Sachs at et51 basead

on metallographic observation of nickel stecels and rolled
in scale defects and also by Hough and iRolls using the
impact test63 in which it was found that scale 'adhesion'
was increased by a mechanical keying on effect of the metal
scale surface. This test again failed to show up many

of the effects of fime and temperature'and it is therefore
likely that the effect of the mechanical keying on was very
marked for this test to be able to show an influence of

this factor on scale 'adhesion'.

5.3,7 Practical Consideration

The object of this study was to provide information
on scale adhesion so that the adherences of scale to steel
may be more effectively controlled during reheating and
hot working operations. The results of this investigation
have shovn that with the exception of the zsluminium~treated
steels and the rimming steel at 105000 the adhesion increases
with temperature in the range 1050—120000 vecause of the
increase in the metal scale entanglement and the presence of

ligquid phases in the scale at the metal scale interface

region., Consecguently, if the materials examined in this
report could be reheated and hot worked below 115000 with
short reheating times, the results indicate that there would
be very little difficulty in removing the scale. However,
it is often the case that the material is reheated at

- temperatures in excess of 1300°C and a simple extrapolation
of the data presented here leads to the obvious conclusion

that the effect of such practice is very detrimental to scale
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adhesion. Nevertheless it is impossible to roll material

at low temperatures in many instances, large thin plates

for example invariably are produced from thick slabs which
require long reheating times and high initial rolling
temperatures in order that the final rolling pass is performed
above the minimum rolling temperature for these particular
steels. Within such limitations anything which can be done

to reduce the denth of metal scale entanglement and the

amount of liquid pheses in the scale layer will ve beneficial.
It has been shown that the depth of metal scale entanglement
is directly'related t0o the nickel content of the steel and
consequently, steels should ve manufactured with as low a
nickel content as possible. In addition the amount of liguid
phase in the scale can be reduced by maintaining the sulphur
and silicon levels in the steel at as low a value as possivle.
High aluminium figures are beneficial if it is possible to
include these in the steel duﬁing manufecture or other systems
which would produce a second phase particle at the metal

scale interface with a low solubility in iron oxide and a

high melting point. It is difficult to envisage such a

system which could be used for unkilled or balanced steels
as it appears that these parficles are produced in the metal
‘surface by an internal oxidation mechanism and this implies
that they have a higher affinity for oxygen than iron. Any
addition of such elements would therefore tend to kill the
stecl. Bven in fully killed steels a high aluminium in
solution is deirimental in many instances because of the

precipitation of aluminium nitride particles which considerably
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lower the plasticity of the metal during hot working
operations. Aluminium is also very detrimental to the free
machining properties of steels and it is therefore obvious
that there are many instances where such a technique as the
introduction of aluminium to a steel to minimise scale
adhesion would results in drawpacks in thé fabrication of
the product. During reheating, liguid phases can be introduced
into the scale from the furnace atmosphere in sulphur bearing
furnace atmospheres, especially if low oxygen contents in the
furnace.are used. With sulphur bearing fuels it is therefore
important that high excess air Qalues are used to give oxygen
contents well in excess of about 4%. A reduction in the
arount of cxidation would also lead to a reduction in the
scale thickness and therefore a reduction in the amount of
liquid phases and metal scale entanglement. Such a reduction
can be brought avout by reheating under controlled atmosphere
conditions but this 1is usually rather expensive. Having
reheated the material under the most favourable conditions
and with the imost favouravle stecel composition it is impera-

tive to remove the scale before it enters the roll gap as

discussed above.

5.4 Concliusions

A method has been developed to study the scale adhesion
of mild steels under simulated reheating conditions at
temperatures in the range 105000 to 1200°C and a direct value

of the adhesion is obtained.
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The location of fracture was shown to be the scale
metal interface in all cases and consequently the technique
can be used for the measurement of scale adhesion as opposed
to scale cohesion.

With silicon-killed steels the adhesion was found to
increase markedly wiin temperature and time above 115000
because of the increase in the depth of metal scale entangle-
. ment which resulted in an increase in surface area and a
mechanical keying on effect.

A silicon-killed steel containing aluminium gave no
clear trend with temperature or time over the conditions
studied because of the presence of aluminium rich crystslline
phases in discrete randomly distributed areas on the specilen
surface leading tec crack initiation at low stresses.

The adhesion on rimming steel increased with time and a
high scale adhesion resulted at lOBOOC in spite of<a rela-
tively planar metal surface, pfobably because there was very
little liquid phase present in the scalé at this temperaturec.
The adheéion decreased at 1100°C because of the presence of

liquid sulphur-rich phases and thereaftver there was a steady

increase in adhesion with temperature bhecause of an increase
in surface irregulariiy.

The scale adhesion was found to increase with temperature
and time on balancéd steel at a similar rate to that of the
rimming steel. The scale on the balanced steel contained
more ligquid sulphur phase than the rimning steel and also

censiderably more metal scale entanglement and it is proocable
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that the liquid sulphur phase decreased the adhesion

at these temperatures for a given surface roughness. However,
liquid phases most probably increase the depth of metal/
scale entanglement also and this will be examined in a later
‘section .

Scale adhesion may ve reduced in practice by limiting
the temperature fo.115OOC having a short reheating timg and
with low siliccn, sulphur, manganese and nickel in the steel.
Furnace atmospheres should preferably not contain any sulphur,
but if éulphur bearing constituents are present a high oxygen
content in excess of L% should be used.

It is imperative that all scale is removed pefore the
- material enters the roll gap otherwise it is very difficult

to remove.

6. INVESTIGATION INTO THE MICHANISHMS OF FCRHMATION AND
) TN A :

GROVTH O LISWAL, SCALS WHTANGLENSNT

In the preceding section it has peen demonstrated that
the phenomenon of metal/scale entanglement plays a.significant
role in scale adhesion. In an effort to reduce the metal/

scale entanglement and therefore reduce scale adhesion it

is useful to understand the mechanism of formation and growth
of the entanglement. The current theories have been reviewed

in detail in Section (1).

6.1 Summary of ‘iheories

The presence or nickel in steels is undoubtedly the

major facter influencing the formation of entangled layers.
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‘However, as the above work shows, the depth of metal/scale

entanglement can vary considerably on steels with identical
nickel contents oxidised under identical conditions, and |
obviously other factors are influencing the depth of entangle-
ment. The mechanisms to date may be summarised as folliows,
the initiation of the entanglement by nickel steels is thought
by Sachsu9"51 and by Browvn et 3152’5u’55 to be internal
oxidation mechanism, entrappment of nickel-rich metal occurr-
ing in the inner oxide layer. Growth of this oxide into the
metal and therefore the increase in the length of the filigree
or depth of the metal/scale entangled zone is accomplished

by plastic flow of the oxide or by gaseous oxygen flow across
pores, either by a redox reaction or by dissociation of the
oxide. The grcwth of the particle (or filigree) size with
distance from the advancing oxide surféce has»been suggested
to be either because of the diffusion of nickel in the scale,
(which is unlikely), or by combaction because of the inward
creep of the tulk scale layer. These proposals only partially
explain the observations of the various depths of metal/scale

entanglements found in this study . In particular internsl

oxide particles have not been seen to coalesce to the rod-

like form suggested by Sachs nor do the filaments appear as

cylindrical sheaths surrounding oxides when the scales are

detached which would also support this theory. A further
factor is the precipitate free nature of the metal in the

entangled zone which has also been observed by koreau and
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’Cagnet‘but which sc far has not been explained.

In order to achieve an uﬁderstanding of these points
the initiation of the entanglement was studied using short
time experiments as detailed below and in addition the
influence of internal oxidation, liquid phases, and nickel

enrichment was studied using a factorial experiment.

6.2 Experimental Procedure and Results

To investigate the initiation of the metal/scale entén—
glement, cylindrical specimens from a silicon-killed steel
(for ahalysis see Table 3(d)) prepared as described were heated
to 120000 in commercial oxygen-free nitrogen for 15 minutes
and then oxidised in an atmosphere simulating the procducts
of combustion of uncleaned coke oven gas burnt to give 6%
oxygen in the furnace atmosphere for periods of time between
one and five minutes. The specimens were water quenched aftcer
this time and prepared for meﬁgllographic examination as
described atove. The metal/scale interfaces produced by these
short time treatments ére shown in Pig.94. After 15 minutes
in commercial oxygen-~free nitrogen a consideravle amount cf

internal oxidation had occurred and an irregular interface

was produced. On introducing the oxidising atmospheres the
growth of oxide into the metal took place rapidly with liquid
.sulphur—rich and silicon~rich phases at the tips of the
penetration into the metal. Irregularity of the interface
increased with time andafter five minutes at this temperature

well defined metal/scale entanglement was oobserved.

)
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The separate and combined effects of nickel enrichment,
liquid phases and internal oxidation were examined using
a factorial eXperiment.l A base cast of iron was made as
pure as possible with commercially available material in a
basic lined high frequency vacuum furnace and the effect of
nickel was examined by the addition of 1% pure nickel to
this cast, the effect of internal oxidation was examined by
the addition of 1% manganese and the combined effect of
enrichment and internal oxidation by an alloy containing the
addition of 1% nickel and 1% manganese. The chemical analyses
of these casts are shown in Table 3(e). The effect of liquid
| phases Was to be studied using sulphur bearing and suiphur
free low oxygen atmmospheres based on the producis of combuétion
of sulphur containing and sulphur-free coke oven gas.

The 1.2 in diameter by 1 in high solid cylinders wvere
prepared for oxidation as described above, and oxidised at
1200°C for 1 h in the atmosphere composition given in Table
I(b) after heating to tewperature for 15 minutes in commercia
oxygen free nitrogen.' Aftér testing, the specimens were air

cooled and prepared for transverse metallography as described

earlier. The results are shown in Figs.95 and §6. Unfortunately
no sulphur-rich liquid phase could be found in the scales or

ét the scale/metal interface and consequently the effect of

the liquid phases in the scale layer could not be studied using
these steels. It was suggested97 that the addition of some
carbon to the ircn would probably assist sulphur pick up into
‘the scale and consequently the experiment was repcecated with
higher C steels. The resultings alloy compositions are shown

in Tavle 1.
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The full factorial experiment was repeated and the
results are shown in Figs.297-99. With the base composition
irregular metal/scale interfaces were produced in the sulphur-
free atmosphere. The addition of sulphur to the atmospheré
resulted in some liquid sulphur phases in the scale but a
very similar interface was produced to those produced without
sulphur. Similar results were ootained also with the
material containing 1% manganese except that internal oxida-
tion was more extensive in this case. With 1% nickel in the
base material metal particles appeared in the inﬁer scale
layer in the sulphur-free atmosphere but with the sulphur
bearing atmosphere however, extensive penetration of liquid
sulphur-rich phases occurred into the metal, and scale/
metal entanglement and grain boundary oxide penetration was
very marked. There was much more liquid sulphur found in
the scales than in the scales on the base‘casﬁ or the 1%
mangancsce steel in the sulphur bearing atmospheres; Very
similar results to the nickel steel were found on the cast
containing mangsnese and nickel and in order to gquantify the

effect of the variables the depth of metal/scale entanglement

— ——and internal—oxidation were measured. The separate and
combined effects of liquid phases, nickel enrichment and
-internal oxidation were determined using the factorial

analysis shown in the Appendix 5.

6.3 Discussion

6.3.1 Short Time Testing

The large number of internal oxide particles Tormed

in the oxygen-free nitrogen used after 15.minutcs oxidation
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at lZOOOC is not surprising as the gas used was only of
commercial purity. In no case have the internal oxides
appeared to coalesce to form rod like oxides as produced
by Sachs aﬁd only when the advancing oxide front reaches
the internal oxide particle does oxidation grow slightly
into the metal. The very rapid preferential growth of some
of the small surface irreéularities from the introduction
of the sulphur bearing étmospheres may te caused by the
point of contact of the liquid phases in the scale grain
boundarieé which resulted in more oxidation because of an
oxygen ﬁump mechanism as suggested by Tholander27. Alternatively
this may result from the penetration of the sulphur‘bearing
gases through cracks in the scale layer formed by gaseous
evolution of carbon oxidation products and this factor will
be discussed later.

Af'ter two minutes the whole of the ihterface consisted
cf the growths of oxides containing liquid phases into the
”metal ’ and filaments of precipitate-~free metal were
observed between the oxide intrusions. The size of the
advancing oxides compared with the internal oxides indicates
that the entrappment mechanisms proposed for the high nickel
steels cannot be operating with these short time conditions
because the internal oxides were very small. With longer
time tests, e.g. 3 hours at 135060 (see Pig.93) although
apparent islands of oxides appeared to be. forming bencath
the metal surface the presence of liquid sulphur phases
indicates that these are contiguous with the outer scale
layer and are not in fact internal oxide particles and only

appear as internal oxide particles because of a sectioning
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effect. It is thus considered more likely that the theory
of Wagner56 is in operation and that the irregular interface
is stabilised by the enrichment of nickel and the growth

of the oxide takes place into the metal.

6.3.2 The Factorial Experiment

The results of the faclorial experiment analysis are
shown in the Appendix5. With the alloy series containing
no carbon the absence of the liquid phasevlimited the con-
clusions which could be made,’however the presence of manganese
has resulted in some internal oxidation, and the presence of
nickel in the appearance of metal particles in the scales.
The presence of both manganese plus nickel did slightly reduce
the extent of intefnal oxidation compared with manganese
alone and had very little effect on the metal/scale entangle-
ment compared with the effect of nickel alone. Conseguently
it would appesr that internal oxidation does not influence
the effect of metal/scale entaﬁglement. The introduction of
carbon has allowed the penetration of the sulphur liquid
phase to the metal/scale interface and therefore the second
experiment was successful in this respect. The results of
the factorial analysis of the experiment in terms of the
effect of each variable and fhe combined effects of variables
on the metal/scale entanzlement, internal oxidation are
shown in the Appendix. It is sufficient to note here that
the presence of liquid phases or internal oxidation did not
lead to metal/scale entanglement in the absence of nickel.
Nickel on its own resulted in some metal/scale entanglement

but in the presence of a liqguid phase a very marked incrcase
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in metal/scale entanglement and grain boundary penetration
resulted. In the presence of nickel, manganese increcased

the amount of metal/scale entanglement slightly but in the
presence of sulphur and nickel, manganese decrcased the
metal/scale entanglement slightly. Consequently manganese
and therefore internal oxidation has no significant effect

on the depth of metal/scale entanglement. Sulphur on its

own or in ﬁhe presence of manganese had no effect but the
‘presence of sulphur increased markedly the amount of the metal/
scale entanglement in the presence of hickel. Cénsequently
for the phenomenon of metal/scale entanglement the presence
of an enriching element is required and the presence of a
liguid phase.markedly increases the depth of metal/scale
entanglement. These results have not taken into account the
effect of these variétions on the oxidation rate as no
measurement of the oxidation rates were recorded bgt from

the scale thicknesses obtained it was seen that the cxidation
rates varied widely especially in the presence of liquid
phases.

The effect of carnon in producing liquid sulphur phases
in the scale layer indicates that under these reheating
conditions sulphur has been fransported to the metal/scale

“interface via cracks in the scale iayer formed by the

gaseous evolution of carbon oxidation products. The evolution
of carbon oxides may alsc take place through small pores

as suggested by Engel and bohnenkamp38 and hence‘the ingress
of sulphur dioxide cculd take place via this porosity. In
addition nickel appears to have in some way catalysecd the

reaction to produce the liquid suvlphides which are assumed
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in this case to be iron sulphides/iron oxide eutectics.

This assumption is made on the basis that if nickel sulphide
were produced the liquid phases would be able to attack

the enriched areas resulting in a reduction in the amount

of metal/scale entanglement. This point could ve clarified
by a microprobe analysis but nickel was not found in the
liquid phases formed on commercial steels oxidised under
similar conditions examined earlier, and this indicates that
liquid nickel sulphides were prcbably not formed.

6.3.3 The licchanism of Formation of Metal/Scale
Entanglement (see Fig.100)

It is proposed that the'metal/scale entanglement
initiates at some instability in the initisl planar metal/
scale interface. This instability could be an internal
oxide particle or a steelmaking oxide or sulphide inclusion
in steel. In the absence of a liguid phaée the growth of
the embryo oxide inclusion is dependent on the creep rate of
the scale which would increase with temperature. The
presence of water Vapour or CO2 in the furnace atmosphere
may also maintain oxidation at the base of the growing oxide
because of a 'redox' type reaction. In the presence of a
liguid scale the creep rate is high and the liquid may act
as an oxyzen pump resulting in an increase in the penetration
rate. The presence cf nickel stabilises the metal protrus-
ions into the scale layer by enrichment effects because of

the preferential sclution of iron as proposed by Wagner and
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hence a stable irregular interface results which grows into
the steel at a rate which is commensurate with the creep
rate of the scale. The metal particles in the scale are
most likely part of a metal filigree which appears as
particles because of a sectioning effect and the particles
appeared to grow in size with distance from *“he oxidation
interface. This growth is most likely'caused by compaction
effects because of the inward creep of the inner scale layer,
the liquid or very plastic scale is exuded from between two
metal filigrees which are being compacted. Evidence for
this mechanism can be seen in Fig.93 (top left-hand side)

' Whefe part of the metal filigree has become folded over.

The space between the compacting metal surfaces is filled
with a liquid sulphur phase which would presumably be exuded
as the compaction continuéd and re-crystallisation of the
metal could then take place to form a larger discrete particle
observed on the transverse metallographic section. The
metal filigree may, in fact, break up into discrete particles
in the outer scale layers because of oxidation but this was
not shown by the experiments of Brown and therefore is not
considered likely. It would be necessary to undertake a
similar technique as used by Brown of successive polishing
and examination to determine this. It is considered that
the oxide penetrations into the ﬁetal also often appear as
discrete 'internal oxide particles' but many of these can be
seen to include liquid suiphur phases. Some of this liguid
.phase may have resulted from the manganese sulphides in the
metal, but the deeper seated particles can be seen to contain

no sulphur rich phase and in any case the small amounts of
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sulphur formed in this way would probably be dissolved in

the oxide complexes formed in these internallparticles and
not present as a discrete sulphur rich phase. It is concluded
that the presence of sulphur liquid phases in the 'internal
oxide particles' indicates that these are, in fact contiguous
with the outer scale layer. Consequently the metal/scale
entanglement actually exists as an oxide filigree penetrating
the metal. The oxide metal entangled zone, therefore, exists
in a form shown schematically in Fig.100(d) where the
meandering of the metal into the scale and the scale into

the metal has been neglected. The effects of the liquid

‘ phaées are to increase the flow of the scale and therefore
allow the growth of the oxide protrusions into the metal and
also to increase the oxidation rate at the tips of the
growing oxide intrusions because of a mechanism similar to
the oxygen pumnp described by Tholander.

However, this does not explain why there are no internal
oxide particles in the metal in the filaments in the
entangled zone. It 1s possible that solution of the internal
oxide particles could occur in the enriched alloy in the
entangled zone, but this would require a higher oxygen
solubility in the enriched zone than in the underlaying
metal and higher diffusion rates in this metal also. To
inveétigate this, two steels were made, g base cast containing
only residual nickel and ccpper levels and an alloy cast
containing nickel plus copper and tin (for analysis see
Table 3(f)). These were oxidised under an atmosphere consisting
of carbon monoxide/carbon dioxide mixture in argon at 1200°¢

(fable L{c)) in which it was anticipated that minimal scaling
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would occur. The alloy composition contained much more
internal oxidelthan the vase cast, after this treatment; as
shown in Fig.1l0l. Hence, the oxyvgen solubility in the alloy
compogition had increased but had also resulted in a very
extensive internal oxidation which was most probably

iron oxide. HMenzies and f[‘om].insonm‘L found nickel enrichment
at the metal/scale interface and considerable internal
oxidation behind the metal/scale interface which they
attrivuted to a higher oxygen solubility in nickel rich layers.
This has also been demonstrated by Fisheru5 who found that

the effect of small additions of nickel on the entrappment

of harmful liquid copper rich phases in the inner I'e0

layer could be explained by the formation of iron oxide
internal oxide particles. The presence of sufficient free
oxygen at the scale/metal interface to form iron oxide in

the presence of an iron oxide scale was expleined by the
dissociation mechanism put forward by Dravnieks and McdonaldY.
However, thougn it appears that the solubility of oxygen

is increased by the enrichment of nickel, it is unlikely

that sclution of the internal oxides takes place as the
presence of the enriched layer has resulted in more internal
oxidation in the case of the.alloy mentioned above. In
addition an increase in the size of the particles is observed
and they get fewer in number as the metal surface.is approached.
This preferential growth of some particles at the expense

of smaller particles is termed 'over ageing' or 'Ostwald
Pipening'98. This is demonstrated by ovservations made on
the oxidation cbtained in a billet containing a hacksaw cut

which was approximately 2 inches deep, the oxidation of this
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commercial mild steel billet in a furnace fired with

towns gas at 1250°C for one hour resulted in a scale which
completely sealed the top of the saw cut and the structures
shown in Fig.l102. Near the top of the cut some oxidation
had taken place and the typical metal/scale entangled layer
with normal internai oxide particles resulted, (Fig.102(a)).
Near the base of the cut, where the oxygen partial pressure
wés very low and very little scaling on the metal occurred
which was indicated by an extremely thin scale layer, the
structure shown in Fig.l02(b) resulted. Deeper into the
metal, typical internal oxide particles were formed but
nearer the surface ripening has occurred and only very few
large oxide particles are present ihdicating that the rinening
effect can be very marked. However, with an advancing

oxide metal interface the ripening would not be fast enough
to explain the absence of particles, in the metal in the
entangled layer, and the largést particles can be seen to be
guite small compared with the oxide intrusions in the
entangled layer in Figs.94,98,99.

If we consider a2 planar metal oxide interflace grdving
into a nickel containing steel, nickel is enriched ahead of
the interface. Neglecting fér the moment that sucn an
“interface is unstanle, the schematic represeniation is shown
in Pig.103(a). Oxidation proceeds by diffusion of iron
through the nickel enriched layer of metal at the metal surface
and transfer of iron to the oxide takes place. In order
to do this there must be a vacancy produced at the nickel
rich/steel voundary. In order for continued oxidation without

gross void formation in the metal, these vacancies must be
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annihilated by the diffusion of nickel inwards in order

that contact is maintained between the nickel rich layer

and the iron layer and that transfer of iron into the enriched
layer is still possible. This results in a bulk inward
movement of the nickel enriched layer. When this moving
nickel/iron interface encounters an internai oxide particle
formed in the iron layer ahead of the ehriched layer, it is
proposed that the vacancies produced in the vicinity of the
internal oxide condenses on the internal oxide particle at
the particle iron boundary, thus resulting in the bulk
inwards movement of this oxide with the enriched layer (Fig.
'103<b)). Cbnsequently, internal oxide particles would necver
appear in the enriched metal. The possibility of vacancy

‘s . . . - ) . 8.
precipitation on internal oxides has been proposed by Stringer !

18 who showed

and has been demonstrated by Tien and Pettit
that adherence was maintained on scaled specimeng containing
internal oxides, becauée the vacancies produced at the metal
/scale interface condensed on the internal oxide particles
and not at the metal/scale interface, thus promoting good
adhesion. The interfaces considered here are not planar,

but this mechanism is still valid for the entangled layer

at the base of the filaments which protrude into the oxide.
In this case, the bulk inwards movement of the whole metal
scale entangled layer will be necessary. Such movement has
been shown by the compaction theory which explains the growth
in size of the outer metal 'particles' and thus the necessary
compressive stress for the bulk inwards movement of the whole
enriched layer is demonstrated. For this mechanism to be

valid, one would expect that the internal particles should
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align themselves along the interface between the enriched
metal and the base composition. In addition they should
increase in size and get fewer in number by the ripening
effect. Such behaviour is observed in Fig.99(b) where the
oxide particles can be seen to be lining up in the metal
ahead of the oxide metal interface and increasing quite
markedly in size. In additiocn under conditions of very little
prior oxidation, and therefore little prior enrichment, for
example in the grain boundary penetration by liquid phases,
one would expect to find the internal oxides very close to
the oxide metal interface, because of the absence of the
enriched layer. Such behaviour is again demonstrated in
Fig.99(b), where internal oxides can be seen to be in very
.close proximity to the advancing liquid phase in the grain
boundary penetration.

Consequently, the absence of internal oxide particles
in vhe enriched metal in the ehtangled zone can be explained
by considering that the bulk inwards movement of the enriched
metal at least at the base of the filaments results in the
internal oxides being swept ahead of the advancing enriched
metal. This is sided by the condensation of vacancies which
are formed by the i{ransfer of iron from the base alloy
‘composition to the enriched layer on the internal oxide
particles. Ostwsld ripening of the internal oxide particles
can then occur with time until the particles are big enough
to Le encountered by the meandering liquid oxide intrusions

into the metal.
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6.3.1, Correlation with Practical Results

Using this hypothesié it is possible to explain the
difference in metal/scale entanglement found in the mild
steels exanined previously which had varying amounts of
entanglement, although all had ostensibly the same nickel
content. The rimning steel had, in fact, the lowest nickel
content (C.03%) and also the smallest amount of liquid phases
in the scale layer. Both of these features will tend to
reduce the depth of metal/scale entanglement produced according
to the above hypothesis. In addition, the results of the
factorial expériment indicate that the probable reason for'
the lower sulphur content on the rimming steel compsred to
the balanced steel examined previously is the very low
carbon content of the rimming steel which resulted in much
less suiphur pickup in the scale. The balanced steel (semi-
‘killed) which had‘a greater depth of metal/scéle entanglement
than the rimming steel also contained more nickel énd more
liquid sulphur phases. The two silicon-killed steels both
of which had 0.05% nickel also exhibited different depths of
metal/scale entanglements for the same oxidation treatments.
This can also be explained by the differences in the amount
of liguid phasc present in the inner scale layer. The steel
exhibiting the greatest amount of metal/scale entanglement
also contained the largest amount of liquid phase. It is
also possible that with silicon-killed steels the internal
oxide particles which would contain large prcportions of
silicon also influenced the depth of metal/scale entanglement
as the liquid fayalite-iron oxide eutectics would be produced

by the internal oxidation mechanism at the metal/scale
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interface and therefore the bulk of the liquid phase would

not have to penetrate the scale layer as is the case with
sulphur rich phases procduced by contamination from the
atmosphere. 'This effect was not examined 1in the factorial
experiment as it was necessary to separate the effects of

the liquid phases and the internal oxide particles which

cannot be done in the case of silicon.. The presence of sulphur
in the inner scale layer on the silicon-killed steels would

be detrimental as it lowers the melting point of the liquid

scale layer.

6.4 Conclusions

The phenomenon of metal/scale entanglement found on
mild steels oxidised under conventional reheating conditibns
is formed by the enrichment of nickel in the metal surface,
which leads to the instability of a planar metal/scale
interface. The initiation of the irregular interface may
be caused by internal oxide particles or steelmaking inclusions
which the initial oxide layer encounters as it grows into
the metal. The irregular oxide metal interface produced
is stabilised by the diffusion of nickel, and the oxide
intrusions grow intc the metal. The rate of growth of the
intrusions in the metal surface is dependent on the creep
rate of the scale and the depth of the entanglement increases
with time and temperaturc. The presence of liguid phases in
the scale layer increased the rate of growth markedly. Bulk
inwards movement of the inner scale layer takes place leading
to compaction of the outer metal in the entangled zone and
the internal oxides in the wetal are swept ahead of the

aavancing alloy enrichment at the base of the metal filaments
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by the bulk inwards movement of the enriched layer.

The differences in depths of metal/scale entanglenment
found on commercial steels, previously examined with similar
nickel contents, have been explained using this theory
and have been found to result mainly from the amount and
possibly the composition of the liguid phases present in the

inner scale layers.

7o SUGGESTIONS IMOR PURTHIR WORK
This work could be extended in three major areas, these

are:

Fede

(i) Extending the study to other variables
using the existing equipment. ‘
(ii) TFurther development of the technique.

(iii) 1Investigations into the fundamentals

c

of oxidation.

7.1 Study of Other Variables

These could include steel composition (i.e. high Wi
steels or Si/iin steels for example); furnace atmosphere (high
and low sulphur fuel for example) and the use of non-isothermal
conditions more closely simulating practical reheating. In
addition the technigue could be used to assess the effective-
ness of surface coatings/furnace atmosphere additions (e.g.

Alkyl Borates) claimed to reduce scale adhesion.

7.2 T™arther Development of the Techniague

It would be an advantage to increase the testing tempera-
ture to examine the effect of high reheating temperatures

often used in practice. Alternative gauze material may
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allow this. It may also be possible to adapt the technique
for use on thinner scale formed for example under heat
treating or 'service' conditions. Adaption for use on
material (e.g. billets) reheated in commercial furnaces
would yield useful information and overcome the difficulties

inherent with simulation in the laboratory.

7.% TFundamental Studies

Methods of reducing the growth of the metal/scale
entanglement should be studied, by a more comprehensive
study of the effects of, for example, furnace atmosphere and
of additions to the steel or surface coatings designed to
increase the melting point of the liquid phases formed.

In addition possible systems which could generate brittle
particles at the metal/scale interface should be investigated.
The technique of hot scale removal under a controlled
atmosphere coiloined with stereoscan techniques could also

be used to study the initial étages of oxidation under

isothermal conditions.

3974
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% hour Unetched (b)

THE EFFECT OF REHEATING TIME ON THE SCALES FORMED
(SILICON KILLED STEEL 1050°C)

x200

FIG. 14



Unetched

THE EFFECT OF REHEATING TIME ON THE SCALES FORMED
(SILICON KILLED STEEL 14 HOURS AT 1050°C)

x200

FIG. 15



Unetched

THE EFFECT OF REHEATING TIME ON THE SCALES FORMED
(SILICON KILLED STEEL 3 HOURS AT 1050°C)

X200

FIG. 16



Unetched

THE EFFECT OF REHEATING TEMPERATURE ON THE SCALES FORMED
(SILICON KILLED STEEL 11 HOURS AT 950°C)

x500

FIG. 17



- 159 ~

Unetched

THE EFFECT OF REHEATING TEMPERATURE ON THE SCALES FORMED
(SILICON KILLED STEEL 1% HOURS AT 1150°C)

x100

FIG. 18
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Unetched

THE EFFECT OF REHEATING TEMPERATURE ON THE SCALE
(SILICON KILLED STEEL 11 HOURS AT 1325°C)

x50

FIG. 19
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FIG. 20



Unetched

EXAMPLE OF LENTICULAR PORCSITY
(SILICON KILLED STEEL 3 HOURS AT 1150°C)
x200

FIG. 21



(a) % hour at 950°C

Etched

X750 3 hours at 950°C Etched (b)

EXAMPLES OF CRACKS IN THE WUSTITE LAYER ADJACENT TO THE
METAL SURFACE CONTAINING MAGNETITE

FIG. 22
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EXAMPLE OF SCALE STRUCTURE OF NON-ADHERENT SCALE
(RIMMING STEEL 11 HOURS AT 950°C)
%100 FIG. 24

Direction
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FIG. 25
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EXAMPLE OF THE DARK PHASE FORMED AT THE METAL SURFACE
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X500 FIG. 26
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FIG. 27



% o3 LIQUID PHASES IN THE FeO
GRAIN BOUNDARIES
(SILICON KILLED STEEL

S 1150°C 4 HOUR)

FIG. 28
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Unetched

LIQUID PHASES FORMED IN THE FeO LAYER
ON RIMMING STEEL AFTER 11 HOURS AT 1325°C

%500 FIG. 30

Unetched

LIQUID PHASES FORMED IN THE FeO LAYER IN
THE SEMI KILLED STEEL AFTER 11 HOURS AT 1350°C
x50 -

FIG. 31



(a) 950°C

(b) 1050°C

(c) 1150°C

(d) 1250°C

v

Unetched
THE EFFECT OF TEMPERATURE ON THE METAL/SCALE INTERFACE
FORMED IN THE SILICON KILLED STEEL AFTER 4 HOUR

x500
FIG. 32
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% hour ~ Unetched } (b)
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FIG. 33
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1 o (a) 1050°C
\ .

(b) 1150°C

e e © T (o) 1250°C
' ) .’ .
. o : Unetched
THE EFFECT OF TEMPERATURE ON THE METAL/SCALE INTERFACE PRODUCED

ON THE Al TREATED STEEL AFTER 3 HOUR

x500
FIG. 35
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FIG. 36



(a) 1050°C

(b) 1150°C

(c) 1250°C
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THE EFFECT OF TEMPERATURE ON THE METAL/SCALE INTERFACE
PRODUCED ON THE SEMI_KILLED STEEL AFTER i HOUR

x500
FIG. 37
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FIG. 38
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FIG. 39
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(c¢) 1% hours
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THE EFFECT OF TIME ON THE METAL/SCALE INTERFACE
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FIG. 4O
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950°C

Reheating time (h)

THE EFFECTS OF REHEATING TIME AND TEMPERTURE ON THE DEPTH OF
’ GRAIN BOUNDARY OXIDE PENETRATION
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Average depth of internal

oxidation (mm)

0.2 (a) Silicon-Killed Steel ‘ [ (b) Aluminium-Treated Steel
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Reheating time (h)

THE EFFECTS OF REHEATING TEMPERATURE AND TIME ON THE DEPTH
OF INTERNAL OXIDATION

FIG. Ui
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Silicon (20% Si) (a) Electron image (b)

Manganese

ELECTRON-PROBE ANALYSIS RESULTS
SILICON KILLED STEEL 1150°C 13 HOURS (ANOTHER AREA)

FIG. L6
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SCHEMATIC DIAGRAM OF ORIGINAL SCALE ADHESION EQUIPMENT

FIG. 63
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Before oxidation (a) After oxidation and testing (b)

SPECIMEN AND GAUZE ASSEMBLY
x1.3

FIG. 66
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MODIFICATION TO PREVENT OXIDATION AFTER TESTING
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Si-killed steel 1200°C 1 h @) Rimming steel 1100°C 1 h (b)

Al-treated steel 1150°C 1 h () Balanced steel 1200°C 1 h d)

SURFACES PRODUCED ON DETACHING SCALE
X 2 approx -

FIG. 68
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(@) 1050°C, 1 h

() 1100°C, 1 h

() 1150°C, 1 h

@) 1200°C, 1 h

FRACTURED SURFACE PRODUCED ON Si-KILLED STEEL

(Transverse metallography)

x 500

FIG. 69



) LR I et 55 )

x 1000 Scale surface @) x 1100 Metal surface showing grain boundary

L

x 2300 Metal surface (c)

FRACTURED SURFACES PRODUCED AFTER 1 HOUR AT 1050°C ON Si-KILLED STEEL
(Stereoscan electron images)

FIG. 70



(a) 1100°C, 1 h

() 1150°C, 1 h

() 1200°C, 1 h

METAL SURFACE PRODUCED ON REMOVING SCALE ON Si-KILLED STEEL
(Stereoscan electron images)

(@) and (c) x 2200
(b) x 2300 FIG. 74



(@) 1100°C, 1h

() 1150°C, 1 h

(¢) 1200°C, 1 h

SCALE SURFACES PRODUCED ON REMOVAL FROM METAL ON Si-KILLED STEEL
(Stereoscan electron images)

(a) and (c) x 2200
() x 2300 : PIG. 72
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(@) 1050°C, 1h

(b) 1100°C, 1 h

(¢) 1150°C, 1 h

(d) 1200°C, 1h

FRACTURED SURFACES PRODUCED ON Al-TREATED STEEL
(Transverse metallography)

x 500

FIG. 73



x 1000 Scale surface @) x 1200 Metal surface (b)

x 1400 Metal surface (c)

FRACTURED SURFACES PRODUCED AFTER 1 HOUR AT 1050°C ON Al-TREATED STEEL
(Stereoscan electron images)

FIG. 74



x 1100 Scale surface (a) Metal surface (b)

x 1200 Metal surface (c)

FRACTURED SURFACES PRODUCED AFTER 1 HOUR AT 1100°C ON Al-TREATED STEEL
! (Stereoscan electron images)

FIG. 75



x 1100 Scale surface showing crack (a) x 1100 Metal surface (b)

x 2200 Metal surface - note angular particles (c)

FRACTURED SURFACES PRODUCED AFTER 1 HOUR AT 1150°C ON Al-TREATED STEEL
(Stereoscan electron images) ) o

FIG. 76



x 1400
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Scale surface (a) Metal surface (b)

Metal surface showing angular phase (c)

FRACTURED SURFACES PRODUCED AFTER 1 HOUR AT 1200°C ON AlI-TREATED STEEL

(Stereoscan electron images)

FIG. 77
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S

S R

F& (b) 1100°C, 1 h
y

d) 1200°C, 1 h

FRACTURED SURFACES PRODUCED ON SEMI-KILLED STEEL

(Transverse metallography)

x 500

FIG. 78



x 1200 1050°C, 1 h (a) x 1200 1100°C, 1 h (b)

X 1400 1150°C, 1 h (c) x 1300 1200°C, 1 h d)

METAL SURFACES PRODUCED ON REMOVAL OF SCALE LAYER ON SEMI-KILLED STEEL
(Stereoscan electron images)

PIG. 79
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(a) 1050°¢C,
(b) 1100°C,
{e) 1150°C,
(d) 1200°C,

FRACTURED SURFACE PRODUCED ON RIMMING STEEL
(Transverse metallography)
x 500

lh

1h

1h

lh

PIG.

80



x 1100 1050°C, 1 h @  x1200 1100°C, 1 h ()

x 1000 1150°C, 1 h (c) x 1150 1200°C, 1 h d)

METAL SURFACE REVEALED ON REMOVAL OF SCALE LAYER ON RIMMING STEEL
(Stereoscan electron images)

FIG. 81
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FIG. 83
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N a

\A . /

Scale adhesion
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2 1 1 ] 1
1050 1100Tempemmre og 1150 1200
THE EFFECT OF REHEATING TEMPERATURE AND TIME ON THE
SCALE ADHESION ON RIMMING STEEL 6. %X FIG. 84
Scale adhesion
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Key as Fig. 22
1 [l 1 1

1050 1100Temperature ,,01150 1200

THE EFFECT OF REHEATING TEMPERATURE AND TIME ON THE
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OXIDATION OF GAUZE WIRE IN SCALE

x 500 ' FIG. 86

A ¢ >

x 25 Scaled specimen showing corner crack (@) x-500 Scale atcrack (FeO) -etched (b)

STRUCTURE OF SCALE AT SPECIMEN CORNER

FIG. 87
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X3 Example of Pitted Plate
(Note the pits may appear ag blisters due to an optical effect)

x 500 Section through Base of Pits - unetched

SCALE PITTING SURFACE DEFECT ON Si-KILLED STEEL

FIG. 90



k]
-
.

R

Reheated at 1250°C, 3 h - unetched (a)
(Towns gas furnace ~4% O9)

As above + 75% rolling reduction - unetched ()

LABORATORY ROLLING TRIAL METAL/SCALE INTERFACE
STRUCTURES PRODUCED BY REHEATING AND ROLLING ON Si-KILLED STEEL
x 250 ’

FIG. 91
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& @ * (- e A\d
SCALE LAYER FROM FIG. 30(b) SHOWING LIQUID SHAPE

FORCED INTO CRACKS IN THE OUTER FeO LAYER
x 250 unetched

FIG.

92
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COMMERCIAL SILICON-
KILLED STEEL (Cast 50442)

1340°C, 3 h, COMBUSTED
COKE OVEN GAS (6.0% )
X 750

FIG. 93



15min Np @) 1 min oxidising atmosphere (b)

2 min oxidising atmosphere (c) 5 min oxidising atmosphere (d)

SHORT TIME TESTS (Cast 50442) 1200°C
X 750 )

FIG. 94



Nil SO, (@) Plus SO» (b)

Base Cast

Nil SO, (© Plus SO- @

Base Cast plus 1% Mn

FACTORIAL EXPERIMENT (LOW CARBON SERIES)
X 500

FIG. 95
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()

Plus SO:

(@)

Nil SOz

Base plus 1% Ni

Plus SOz

()

Nil SO,

Base plus 1% Mn 1% Ni

FACTORIAL EXPERIMENT (LOW CARBON SERIES)

X 500

96
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Nil SOz (@) Plus SOz (b)

Base cast

Nil SOz (c) Plus SO- (d)

Base cast plus 1% Mn

FACTORIAL EXPERIMENT (HIGH CARBON SERIES)
x 500 T

FIG. 97



Base plus 1% Ni

Plus SOz (b)

FACTORIAL EXPERIMENT (HIGH CARBON SERIES)
X 500 B

FIG. 98



R Y <

Nil SOz (@)

Base plus 1% Mn, 1% Ni

Plus SO )

FACTORIAL EXPERIMENT (HIGH CARBON SERIES)
x 500

PIG. 99
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Oxide
Oxide
R
Metal ‘
\ | Metal
Internal oxides
or inclusions '

Liquid phase

(a) Initial stages of oxidation (b) Initiation of surface irregularity

Liquid phases
in scale

Metal
"Particles’
in scale

Oxides
in ———

metal. . Diffusion path
containing . of nickel
liquid

phases Metal

Diffusion path
of nickel

(c) Development of entanglement (6) Entanglement neglecting

the meandering effect

SCHEMATIC REPRESENTATION OF THE MECHANISM OF METAL/SCALE ENTANGLEMENT

FIG. 100
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- ' (o] 1 L ‘ ’ ¢

Base cast (@) Alloy composition + Cu + Ni + Sn (b)

EFFECT OF ENRICHMENT ON INTERNAL OXIDATION
x 250 ’ °

FIG. 101
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Near surface of cut (@)
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Oxide
Fe
N Enriched layer
Metal
Base composition
Vacancy

(a) Mechanism of oxidation with an enriched layer present and assuming
planar interface conditions

Enriched layer Igi

g \/’@ ' \ AMetal

/

Vacancy
condenses on
internal oxide

Internal oxide pushed ahead of
advancing enriched layer

(b) Behaviour of internal oxide particles with an
enriched layer present

FIG. 103



T e T

APPENDIX

DETERIINATION OF THE SOp CORTENT OF THE ATNMOSPHERE USED (89)

The addition of potassium iodate to an acid solution of potassium
iodide liberates iodine, which in the presence of étarch gives a blue
colouration. Sulphur dioxide reduces the iodine formed and decolourises
the starch Cinlex until the addition of more potassium iodate restores
the blue colour._

Thus if a known volume of the furnace atmosphere is passed through
acidified potassium iodide and the amount of potassium iodate which has to
be added during the absorption to maintain a blue colouration is determined,
the amount of SO, in the atmosphere can be calculated.

Soluticns Required

Standard Potassium Iodate:- Dissolve 0.223 g of KIOB in water.and
dilute to 1 litre. (1 ml K10, = 0.0001 g S)

Solution A:~ Hydrochloric acid 1.5%, Dilute 15 ml cone. HCJ to
1 litre with water.

Solution B:~ Potassium iodide 3%, Dissolve 3 g KI in 100 ml water.

Solution C:~ Starch solution 2%, Dissolve 2 g starch iz 100 ml water.

Solution for abscrption:~ Immedieaiely before use mix 80 ml of A, 1 ml
of Band 1 ml of C,

Pass a known volume of the synthetic atmosphere into the absorpticn
solution and titrate with the standard potassium iodate, i.e. just before
absorption the solution is made just blue by the addition of a few drops of
potassium iodate, and thence maintained blue during absorption by the constant
addition drop-wise of KIO3 until the blue colour remains stable for a few
mirutes, This is the end point of the titration.

6HC1 + KI05 + SKI = 31p + GKCL + 3H0
Addition of 802

S0, + I, + 2Hy0 = HpSO, + 2HI



APPENDIY. 1 (Cont'd)

With more KIO;S

K10, + 3!12804 + OHIL + 6K()fl,= 3K28 + KL + 31, + 6HC T + 3H,0

3 04
As 1 ml KIO3 = 0.0001 gS the volume of S0p in the furnace atmosphere

can be calculated,



AFFENULA &

' METHODS OF CALCUIATING THE OXIDATION KINETICS
It is usual to express gravimetric oxidation data in terms of the
gain in weight per unit area of the oxidising metal (g/bmz). If the
assumption is made that the surface area of the specimen does not change
during oxidation a typical oxidation/time curve results (a.2 Fig. 1 (a).

Oxidation theory predicts a parabolic rate law.

W = kb
Where:-
W = gain in weight/unit area (g/bm2)
t = oxidation time (seconds)
kp = parabolic oxidation rate constant.

The silicon killed steel in the example does not obey the parabolic
time law and the devietion increases with time (4,2. Fig.1(b). However
the surface area of the specimen does change as the oxidation proceeds
because of the transfer of metal ions into the scale,

Consequently the cylinder dimensions decrease and in order that the
oxidation kinetics may be studied accurately it is necessary to establish
the rate of change of the surface area of the specimen used, If it is
assumed that the scale consists of stoichiometric FeO only the oxidation
reaction may be written.

Fe + 0 = FeO

The atomic weight of iron and oxygen are 56 and 16 respectively and
hence 1 g of oxygen combines with 56 (i.e. 3.5) g of iron to form FeO.
Therefore the net transfer of ironTSnto the scale is egual to 3.5 x (gain
in weight of the specimen). The volume of metal lost from the culinder
is given by:

Vol. lost 3,5 x gain in weight (g)

(cr) " Density of iron (i.e. 8)



APPENDIX 2 (Cont‘d)

At any time (%) after the start of oxidation the volume of the
cylinder may thus be found if the original volume is known, and the area
at time (t) mey be calculated from the volume as follows.

To determine the surface area of a cylinder from its volume it is
necessary to have a relationship connecting cylinder length and cylinder
radiqs.

.An iron cylinder is assumed to oxidise at equal rates on both the curved
surface eand the flat ends. For a cylinder of length x and radius r this
implies that &§x = 20r.

Hence, = = 2r + constant.

If initially the radius ie a and the length is 1, then when x = 1,

r = a, Hence,

X

"

2r - b (1)
where b = 2a -~ 1, If the cylinder volume is denoted by V then,

V = 7rréx, Using equation 1,

s

i

r2 (2r - D) - (2)
If the surface area of the cylinder is denoted by S, then,
S = 2171 & 29rx |
Using equation 1,
S =21 + 2wr (2r - b) (3)
Thus S and V are in terms of r alone. |
It is required to find the radius, r, from equation 2 given the volume,
V, and hence to substitute this gadius into equation 3 to determine the
surface area, S. Equation 2 may be rewritten as the cubic equation in r,
27T ~7br? -V = 0
which must be solved for r, assuming the required value to be the one real
roots In accordance with the theory on cubic equations let

~4pPV = 2 (wb)3

(3

G

il

wh)2

(
(3)

(a2 ad) /3
: 2

H= -

P




e d e AT A A - N eV

then,

392 4+ 77bp ~ 3H
6 p

r =

Substituting this value into equation 3 yields the value of surface
area, S, corresponding to the volume, V, of the cylinder,

Using this method the specimen area for a cylindrical specimen can
be calculated as the oxidation proceeds and in the example a decrease in
area was obtained of &% after three hours (4.2 Fig. 1(e). If the actual
surface area of the specimen at any instant in time is used to calculate w
an increase in w results and still further deviation from the parabolic
time law is observed, In addition in this case, linear oxidation
tendencies are observed for the longer times when the decreasing area of
the specimen is allowed for,

The Incremental oxidation rate constant mey be calculated from the

weight gain/unit area data (correcied for diminishing surface area) for

cach five minute time interval as follows:

2 2 g2 2 _ . 2
kp1 = ‘v1 3 kp2 = “2 i‘v‘l § cevcece kp36 = w36 W35
300 300 300

Where w = weight gain/unit area (g/cm?)
300 = time interval (s) |
Then the units of kp the incrementasl oxidation rate constant are-
g2cm—4S-1
Additional deviations from the parabolic law are demonstrated by

the fact that the value of kp increases with time (Fig. 2)

& closer approximation to the rate laws governing the oxidation
process may be obtained by considering the general equation,

Wn = k(n)t.



Values of n may be determined from the slope of a log w versus log
plot end incremental k values determined in a similar way to that above.
A more consistent rate constant results (Fig. 54), but there is still a
tendency for kn to increase with time in the example. This is because
the log w versus log t plot is not straight line in this case and an average
value of n is used.

For practical use, however, it is more useful to assume that parabolic
rate laws are followed for the calculatién of the oxidation obtained under

non-isothermal heating conditions (see Appendix 4).



Gain in Weight (g/cm?)

Linecar //
0.30 [ Portion e
(o)
% - Based on original specimen area o/
v
o- " "decreasing " " o x/ Change in Specimen
o/ x/ Surface Area %
o/x/
0.20 | oij;//' 1g
-6
0.10 14
J2
0 ] ! 1 0

1 2

Oxidation time - h

OF SPECIMEN

a) EFFECT OF DECREASING SURFACE AREA

(Gain in weight)® - g®/cm?*

8 | o}
Key as above /
°  x
6 d//;// -
o/x/ ,’/
/. L
o’ X 7
ir o/x /// Parabolic
Pt xé - Behaviour
. 57
o~
2 | =
o
0 / I} : )
0 1 2 3

Oxidation time ~ h
b) NON-PARABOLIC BEHAVIOUR

(Si-KILLED STEEL OXIDISEX AT 1325°C)

-

Appendix 2 PFig. 1



CALCULATION OF THE DEPTH OF INTERNAL OXIDATION FOR
ISOTHERMAL OXIDATION

Several éuantitative treatments have been made of the problem of
internal oxidation based on fundamental considerations for binary and
ternary alloys. Rhines et alia 25 and laak 9¢ have derived equations
which predict the depth of internal oxidation under conditions of
simultaneous internal and -external oxidation for a simple binary system.

A3 FPig. 1 represents the distribution of dissolved oxygen and solute

metal (having greater affinity for oxygen than iron) at some stage in the
oxidation process, The oxygen.is imagined to be supplied at the outside
surface_at a rate sufficient to maintain saturation of the surface iron.

At the interface between the subscale and the alloy, oxygen meete the-
solute and reacts to precipitate its oxide, Since theasolute metal is
removed from solution by this process its concentrgtion is reduced in the
neighbourhood of the subscale/alloy interface to some limiting value, CL'
This provides a concentrétion gradient in the alloy, and diffusion of the
solute towards the interface occurs along the gradient CM"CL' As oxidation
proceeds the alloy becomes impoverished, thus reduéing the rate of delivery
of solute metal and the interface moves inwards,

In both Rhines et alia and Maak's treatment a number of simplifying
assumptions are made in deriviﬁg their eguaticns. For instance CL and
CP are taken as zero, which is reasonable for cases where very stable oxides
are formed, Also the precipitated oxide particles are assumed not to impede
the inwafd deffusion of oxygen, and the diffusivities of oxygen and solute
are regarded as independent of concentration.

‘Rhines et alia derive the following expression:-

s° = 2 CoDo 1
Cy o,/M S’l +6 [K, 3 E1 + .1'§8Dm o )
( T (6 /K, + JK)© )

ceeeeees (1)

\
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Where S = Depth of internal cxide penetration (cm)

Co = Solubility of oxygen (in iron) (weight %)

i

Do = Diffusivity of oxygen (cm/5)

" CM = Initial solute content (weight %)

It

O/1= Weight ratio of oxygen to metal in the oxide formed = 1,14

(Depth alloy oxidised)? ¢ oxidetion time, t (cme/8)
g2

il

Kg
KS = + t
Dy = Diffusivity of solute (cm?/S)

§ = density FeO x 2 At. Wt. Fe = 1.17
Density Fe x lol, Vt. Fe0

Equation (a) has been used to predict the depth of internal oxidation
in the Si-killed steel specimens tested in these éxperiments making a
further simplifying assumption that the oxide formed at the rcaction
interface is 8102 and that the subsequent conversion to more complex
oxides nearer the metal surface does not markedly affect the process,

Values of Co, So, ;E and DM arc given in Table A,3. 1, KE being
‘obtained from the thermobalance data in Fig, 41. The value of 9/M is

taken as 1.14 and £ is taken as equal to 1.17 and insensitive to temperature

changes.,
From Table A,3. it can be seen that:
2

Therefore eguation (1) can be simplified:-

o )
S = 2CO DO .t . ...‘.eo-...(2)

CM O/M (1 + 5 }\E g
(V%

The values for depth of intermal oxidation calculated from eguation
(2) are compared with measured values in A,3, Table 2, The agreement is
reasonably good in view of the assumpiions made and warrants a more
detailed study. Swisher and Turkdogan 94 point out that their oxygen

solubility data (and therefore their diffusivity data) is inaccurate at
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Temperatures below 1200°C and this may explain the relatively poor
correlation between theory and experiment at 105000 and 1150°C. A
further reason is that at these temperatures the measured values of s
are very small and therefore the experimental error in measurement is
likely to be appreciable. If it is accepted that equations (1) and (2)
are based on a reasonably accurate model, it is possible to make a number
of predictions from it. For example, the depth of internal oxidation
will decrecase with increasing Si contents in the steel, and increasing
the rate of oxidation at a given temperature will minimise the exient of
internal oxidation. Also in ferritic structures DM is increased by almosi
two orders of magnitude compared with austenitic structures., Thus DM in
eguation (1) becomes significant and this should lead to a reduced depth
of internal oxidation in steels that are ferritic at oxidation temperatures,
No attempt has been made to predict the size of internal oxide
particles‘from diffusivity data but this may be considered worthwhile

studying in future work.



A.3 TABLE]1

romporature | O
°q (weight %) (cm®/s) (/) (cm?/s)
1050 5 x107¢ [1.26x107° {1.7x1077 |5 x10-12
1150 9.5x307% [3.72x107° {3.2x1077 |2 x1071°
1250 16 x107% |9.44x107® | 5.6 x10"7 |8 x1071°
1325 22 x10°% [1.78x10"% }1.2x107¢ [1.79x10-°
1350 25 x10-% |2.29x107° | 3.5x10"¢ |2.8 x10-°

Values of Co, Do from reference 24
Values of Dy from  Bohmenkamp & Engle Arch f.d. Eisenhutte
Values of K ; from thermobalance data, this report\35 Oct 1964 pp 1011-1018

A.3 TABLE2 INTERNAL OXIDATION OF LABORATORY OXIDISED
SPECIMENS =~ CO MPARISON OF
PREDICTED AND MEASURED VALUES (CLST 50442)

Oxidation Oxidation | Measured Internal | Calculated Internal
Temperature °C Time h Oxin. Depth mm Oxtn. Depth mm
1050 i 0.011 0.002
% 0.018 0.004
11 10.018 0.606
3 0.024 0.010
1150 I 0.05 0.01
1 0.06 0.02
1% 0.07 0.03
3 0.08 0.04
1250 % 0.04 0.04
3 0.06 0.05
1} 0.08 0.09
3 0.10 0.12
1325 3 0.16 0.18
1350 I 0.06 0.06
i 0.07 0.08
13 0.10 0.14
3 0.14 0.19

nrg
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VETHODS OF CALCUTATING THE OXIDATION CHARACTERISTICS

OBTAINED UNDER NON-TSOTHERMAL CONDITIONS

Each method uses the assumpiion that a non-isothermal case such as
that shown in A.4 Fig. 1 (a) can be considered as a finite number of
isothermal treatments. The average temperature and the time spent at
that temperature for each step is determined for as many steps as possible,
The oxidaticn characteristic i.eovamount of oxidation (weight gain), depths
of metal/scale entanglement, internal oxidation, and grain boundry oxidaticn,
can be claculated in several ways.

Oxidation characteristics which do not obey a simple rate law may be
determined using a graphical method (see A.4. Fig. 1(b)). The amount of,
for example, internal oxidation after time t, at temperature T, is read
from the graph. This amount (X1) would have been férmed at some time less

than 1, at a higher temperature T2 and the additional internal oxidation

1
formeda at T2 is found by projecting horizontally X1 onto curve T2 and
progressing up curve Tp for time 1. This is repeated for each interval
until the final velue X is obtained.

Oxidation characteristics which do obey approximate rate laws can be

determined by calculation:~ For example if a parabolic law is followed.

w= [Kb= fEJU1 + koly + kglz etc

VWhere k1k2 etc. are the parabolic rate constant for the particular
characteristic at temperatures T1T2 etc.,

Irregularly shaped non-isothermal curves may be accommodated using
Simpsons Rule. In this case the curve is divided into strips of equal

time. Then if the rate constant is superimposed ou the temperature axis:-

w J'Area under curve

i

i

JViidth of strip x 1/3 [ (sum of end ordinates)
+ 2 (sum of other 'cdd' ordinates)

+ 4 (sum of 'cven' ordinatcs}}
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APPENDIX 5

ANATYSIS OF FACTORIAL DATA

The results of the factorial experiment are shown in Table A5/1
and the analysis of these data in A5 Table 2,

1. Tow Carbon Steels

In these steels the experiment failed to introduce sulphur as
a variable and therefore all considerations with sulphur as a
variable either by itself or as a secondary element will rot be
dealt with,

Nevertheless, from the results it can be seen that nickel when
present on its own leads to extensive metal/scale entanglenent but
has no effect on internal oxidation, The addition of manganese to
a Sfeel containing nickel increases the depth of metal/scale -
entanglement and also introduces internal oxidation.

lMangancse on iﬁs own has no effect on metal/scale entanglement
but leads to the presence of internal oxidation, The‘addition of
nickel decreases the extent of internal oxidation and introduces
metal/scale entanglement.

2, ligh Carbon Stecls

Similar effects of Ni and In were noted in the steels containing
carbon additions as for the low carbon series discussed above. The
effect of each element was greater in the high carbon.series with
more extensive metal/scale entanglements and internal oxidation being
produced with similar levels of nickel and manganese.

(a2) Metai/Scale Entanglement

Sulphur had no effect on the depth of metal/scale entanglement by
itself cf in the presence of manganese, In the presence of
nickel, metal/scale entanglement was increased by the addition

of sulphur, In the presence of both mangenese and nickel the

effect of sulrhur was less marked,
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Mangonese had nc effect on the extent of metal/scale

entanglement by itself or in the presence of sulpmur. A

slight increase was observed in the presence of nickel and a
slight decrease in the presence of both nickel and sulphur.
Nickel produced extensive entanglement on its own, and the

extent of entanglement increased markedly in the presenceof
sulphur. There was alsc a slighl -increase in entanglement

with nickel and manganese present but the effect of nickel and
sulphur and manganese was slightly less that the effect of nickel
and sulphur together,

Internal Oxidation

Sulphur had no effect on internal oxidation on its own or in

the presence of nickel, In the vresence of manganese the

depth of internal oxidation was increased by the addition of sulphur

anéd in the presence of both nickel and manganese the extent of
internal oxidation was decreased by the addition of sulphure.
Mangenese produced interral oxidation on its own. The elfect

jas reduced in the presenceof nickel and sulphur but increased

by the presence of both nickel and sulphur., The very rough
interface produced by the presence of nickel and sulphur, however,
made nmeasurement of the depth of internal oxidation difficult.
Nickel had no effect on internal oxidation on its own or in the
presence of sulphur, With manganese present, nickel reduvced the
extent of internal oxidation and with both marganese and sulphur

present nickel increased the extent of internal oxidation.



TABLE 1

RESULTS CF FACTCRIAL EXPERIMENT

Ab
Depth of Penetration (mm at x 500)
Conditlon Material ‘Atmosphere Metal/Scale Entanglement Internal Oxidation
Low Carboh High Carbon Low Carbon | High Carbon
1 {Base cast} Nil 80, Nil Nil Nil Nil
2 Plus SO, Nil Nil Nil Nil
3 {Base plus} Nii SO, 35 48 Nil Nil
4 1% Ni Diusg SO, 39 103 Nil Nil
5 Base plus } Nil SO, Nil Nil 40 43
6 1% Mn Plus SOp Nil Nil 37 38
7 Base plus } Nil 8O, 50 56 30 20
8 1% Wi, 1% Mn Plus S04 45 97 20 55

A5 TABLE 2

ANALYSIS OF FACTORJAL EXPERIMENTS

N In Presence Metal/Scale Entanglement Internal Oxidation
. Efiect of
Calculation Element of
" Element/s Low Carbon High Carbon Low Carbon High Carbon
2-1 S - 0 0 0 0
3-1 Ni - +35 +48 ()} 0
5-1 Mn - 0 0 +40 +43
4-1 Ni+S - +39 +103 0 0
6-1 Mn + S - 0 0 +37 +38
7-1 Mn - Ni - +50 +56 +30 +20
8-1 Mo+ Ni+S - +45 +97 - +20 +55
4-3 S Ni +4 +55 0 0
6-5 S Mn 0. 0 -3 -5
8-7 S Ni + Mn -5 +41 ~-10 s +35
4-2 Ni S +39 +103 0 0
7-5 Ni Mn +50 +56 -10 -23
8-6 Ni S+ Mn +45 +97 -~17 +17
7-3 In Ni +15 +8 +30 +20
6-2 in S 0 0 +37 +38
8-4 Mn ] Ni+S +6 -6 +20 +55
8-2 Mn + Ni S +45 +87 +20 +55
8-8 Ni+8 Ma +45 +97 -20 +12




