HIGH TEMPERATURE OXIDATION OF LOW CARBON
STEELS CONTAINING

RESIDUAL COPPER

by

Dilip Kumar
B.Sc. (Engg.), Ranchi University, Ranchi, India

A Thesis submitted in partial fulfilment of the requirements for the Degree of
Master of Applied Science (M.A.Sc.)
in
The Faculty of Graduate Studies

(Department of Metals and Materials Engineering)

We accept this thesis-aszonforming to the required standard

The University of British Columbia
- December 2001

© DILIP KUMAR, 2001




In presenting this thesis in partial fulfilment of the requirements for an advanced degree
at the University of British Columbia, I agree that the Library shall make it freely
available for reference and study. I further agree that permission for extensive copying of
this thesis for scholarly purposes may be granted by the head of my department or by his
or her representatives. It is understood that copying or publication of this thesis for
financial gain shall not be allowed without my written permission.

Department of Metals and Materials Engineering
The University of British Columbia
Vancouver, Canada

Date December 4, 2001



ABSTRACT

Oxidafion studies were carried out on low carbon steels containing 0.2%, 0.39% and
0.78% (wt) Cu at temperatures 1000°, 1100°, 1200° and 1275°C for times 5 minutes to 2
hrs in air. Oxide growth curves were plotted from the weight gain data. Thé scale
surfaces were examined under optical microscope as well as SEM. Analyses by EDX,
XRD as well as XPS were also performed on a few of them. Cross-sectional examination
of samples was carried out under SEM in order to study the Cu enrichment at the
substrate surface. The growth curves displayed parabolic behavior in general, even during
the early stages of oxidation. However, the parabolic rate constants dropped to lower
values after a certain time at 1200°C as well as 1275°C. Usually, the scale was adherent -
in the beginning. However, it became detached from the substrate wlith passage of time.
Decreasing Cu content and decreasing femperature enhanced the scale detachment. Oxide
surfaces in the steels oxidized for times 1 hour or less exhibited growth of whiskers of
CuFe,O4 spinels over the scale comprising mainly of FeO. Increasing temperature
increased the diameters of whiskers marginally and decreased their lengths. Increasing
Cu reduced the growth of whisker. The whiskers disappeared from scalé surface when the
steel was oxidized for 2 hours and what remained afterwards on the surface consisted
only of Fe,03 crystals. Enrichment of Cu was observed at the oxide-metal interface and
the grain boundaries close to the steel surface even in the early stages of oxidation at all
- temperatures. However, the enriched phase at the surface was discontinhous and

separated from the substrate at 1000°C. Grain boundary enrichment of Cu was very
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marginal at 1000°C. At 1100°C, the size of Cu rich phase increased for lower Cu levels
(e.g. 0.22% and 0.39%). However, this phase remained discontinuous and separated from
substrate for these steels. On the other hand, a continuous layer of Cu was observed at the
surfacé-at most of the locations for 0.78% Cu steel. Additionally, there were locations
near the interface devoid of any surface enrichment but accompanied by penetration of
grain boundaries by the enriched layer. Increasing the temperature above 1100°C caused
enhanced internal oxidation of Si, Mn and Fe. Increasing the time of oxidation
accentuated this process. Incféasing the time also increased the Cu content of the
enriched layer at both 1000°C as well as 1100°C. The thickness of the enriched phase
also increased with time. Increasing temperature too, had a similar effect. However,
increasing the time to 2 hours at 1200°C and 1275°C caused the thickness of highly
enriched layer to decrease. No penetration of grain boundaries by the enriched phase was

observed at 1200°C and 1275°C.
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HIGH TEMPERATURE OXIDATION OF LOW CARBON
STEELS CONTAINING

RESIDUAL COPPER

1. Introduction

High temperature oxidation of steels is of great interest in metallurgical,
electrochemical and process industries™. For example, reheating furnaces are used to
heat slabs prior to hot rolling in steel industries. These furnaces expose the steel to an
oxidizing environment for several hours in raising the slab temperature to 1215-1300°C.
More recently, tunnel furnaces are being used to heat continuously cast thin slabs to
1100°C for ~half an hour' ixior to hot rolling. The heating process causes growth of
“oxide scale on the surface of slabs. Although the sbale is removed prior to rolling it
constitutes a loss of product, typically 1-3% of the total steel throughput for
conventional reheating furnaces. Scaling of thin slabs in tunnel furnaces is also of
concern due to large surface area to weight ratio, although the heating time is much
smaller.

Scrap loaded electric arc furnace (EAF) steelmaking reqﬁires only 1./3“1 to 1/6™
of the energy needed in blast furnace/BOF sfeelmaking process where iroﬂ oxide is the
starting material®®. Additionally, EAF also generates much less amount of CO, in

proportion to the energy consumption. Thus recycling and reusing of steel scrap is



>

highly desirable for global environmental protection. However, steel scrap contains
significant copper levels (upto 0.35% or, mbre). It is also being predicted that
concentration of copper in steel scrap is going to increase further, e.g. to 0.45% by the
year 2020 in Japanm with a similar trend in other countries™®!. Most of copper in the
scrap is transferred to the steel product as the oxidation refining process during
steelmaking does not remove it ¢, Additionally, copper might be alloyed intentionally
in steels for improving the mechanical as well as corrosion properties'®”).

When steels containing residual copper are heated at elevated temperatures e.g.
in reheating/tunnel furnaces prior to rolling, iron is preferentially oxidized during
scaling process and copper remains behind due to its nobility compared to iron'®*".

This results into enrichment of copper at the steel surfaces. The enrichment proceeds'
until the solubility limit of copper in s'teel is reached, when a second, metallic copper-

rich phase precipitates at the metal-scale interface. This causés a concentration gradient

of copper to be established between the surface and the interior. As a result, diffusion of

copper takes place towards the interior. The balance between enrichment and diffusion

changes with temperature and above a certain temperature diffusion is so fapid that the

concentration of copper at the surface remains below the solubility limit!!"). The furnace

atmosphere aiso is irnportantuo] as increased oxygen content in thé furnace’ gases
enhances scaling and hence copper enrichment at lower temperature, e.g. 1100°C.
However, at higher temperatures, e.g. 1250°C, increased scaling due to higher oxygen
content cau:ses Qcclus}on of copper into the scale.

If the scaling temperature is below fhe melting point of copper, this phase is

], may act as a barrier to diffusion of iron

solid and due to its low solubility of iron””




resulting into slower rates of oxidation. If, however the scaling temperature is above the
melting point of copper, the new phase is precipitated as a liquid at the scale-metal
interface. When such steel is subsequently deformed, e.g. during hot rolling, the copper
infiltrates the grain boundaries of austenite in the surface and sub surface regions. As
these grain boundaries are unable to withstand shear and tensile stresses, they are forced
open and the surface appears crazed. Further rolling results into minute surface
discontinuities of an irregular nature, elongated in the direction of rolling -of the stn'pm.
Such slabs must be scrapped.or rgtumed for surface conditioning. This phenomenon in
steelmaking is known as hot shortness’.

(121 that

Additionally, residual copper in steels can render the scale more adherent
can result into incomplete descaling prior to hot rolling. As a result, special descaling

methods might be needed since residual scale rolled into steel surface causes surface

defects and/ or, excessive roll wear.
2. Literature Survey

2.1 Low carbon steels - general

There is a plethora of literature available on oxidation of metals at high
temperaturés and many books have been written on this topic by sei@ral authors, e.g.
Birks and Meierl”) and Kofstad!"®). However, few investigations were reported on high
temperature oxidation of low carbon steels and those conceming steels with residual
copper were fewer still. Most of these investigations were carried out at the laboratory
scale. For example, the effects of water vapor and carbon dioxide on scaling rates were

reported by Rahmel and Tobolski™. Sacks and Tuck!® reviewed the potential impact

of many variables based on previous research in the field of high temperature oxidation.




The methods of reducing the scale formation through favorable control strategies were
described by Cook and Rasmussent'*1"}, They showed that scale-free heating could only
be attained by burning the fuel with stoichiometric, preheated air, and that tight control
of the air/fuel ratio was required throughout the operation. The presence of water vapor
and carbon dioxide was found to increase the rate, with ‘water vapor having a larger

k(18]

effect at higher temperatures. Sachs and Tuc studied the effect of oxidizing gases on

the high temperature oxidation of iron and steel in an integrated heating strategy for

(9] studied the billet reheating

application to reheating furnaces. Hemsath and Vereecke
in a direct-fired laboratory furnace by buming the fuel at low air/fuel ratios with

preheated air and demonstrated that their strategies resulted in substantial savings by

[20] [21]

minimizing the scale formation. Kuhn and Oeters“" as well as Selenz and Oeters
examined the effect of several species, providing data on the coefficients of linear rate
behavior occurring during initial stages of oxidation. Minaev et al® studied the effect
of fuel type and temperature: on scale Iformation for five grades of steel. The fuel with

the lowest oxidizing potential gave the least scale at the higher temperatures, but the

effect was less marked at lower temperatures. The effect of cold working on oxidation

(23] 1241

of iron was studied by Caplan and Cohen'*" and Caplan et al**". At temperatures upto
550°C, cold worked iron exhibited oxidation rates greater than annealeli samples which
was attributed partly to poor scale adhesion for the annealed specimens.

Jarl and Leden™ were among the first few to collect oxidation ;iata under
industrial conditione. The results were incorporated into a model for on-line calculation

of oxide scale formation in a walking beam reheating furnace. The experiments were

conducted on carbon-manganese steels at 900-1200°C in a laboratory chamber furnace



as well as in a walking beam furnace fired by propane and heavy oil containing 0.3-6.0
vol.% O, It was reported that oxidation rates at 1200°C were 4 to 5 times higher than
that z;t 900°C and that increasing oxygen content in the gas markedly increased the
oxidation rate at temperatures >900°C. A combination of linear as well as parabolic
models was proposed and the predicted. values of linear and parabolic rate constants (k
and k,) were compared with those obtained from experimental results. The developed
model seemed to give a good description of the experimental results. For example, it
could describe a mainly parabolic oxidation rate; the influence of the oxygen content in
atmosphere on the initial oxidation rate qouid also be accounted for. For the paraboﬁc
rate constant (kp), the deviation between theoretically calculated and experirn‘entally‘.‘.
determined values was within 40% which was claimed to be good. Losses of metal
heated in the chamber furnace at 3.0 vol.% O, were also recalculated and a good
agreement with the measured values was found. Further, the model was implemented in
a program for computer control system for the walking beam furnace and it was found‘
that agreement between the amounts of measured scale formed in the furnace during
various heating conditions and calculated losses was good. However, only one
measurement of scale loss was undertaken in the industrial envirom:x‘lent7 Hence this
~ agreement might not be true for all the predictions. |

Experiments were conducted by Abuluwefa et al?®! by putting dd@r samples
over the actual.slabs ih a fumace fueled by coke oven gas. It was found that 80% of the

total scale was formed when the temperature was in excess of 1000°C. Widely differing

results of scale weights for an identical grade of steel under identical conditions (except

the differences in furnace operating conditions) were found. However, it was not




possible to quantify the widely differing results. Empirical expressions for oxidation
rate constants were also presented and it was found that the ratio of industrial and
theoretical rate constants was a strong function of temperature. A Possible explanation
of this behavior w.as considered to lie in the fact that scaling of a slab in the industrial
furnace was assumed to be, for any given time, to be occurring at the computed average
temperature of the slab. In reality the effective temperature of the scale layer was higher
than the temperature of the slab.

Oxidation behavior of low carbon steel samples in binary gas mixtures of
oxygen and nitrogen was studied by Abuluwefa et al®” at oxygen concentrations !-
15% and temperatures 100-1250°C. It was found that at gas flow rates lower than 4.2
cm/s, oxidation rates were increasing with increasing flow rates and at flow rates above
this value, the oxidation rate became independent of the flow rate. The oxidation rate
curves (Fig. 1) showed two distinct regions, namely linear for 5-10 minutes depending
upon temperature and parabolic or, sometimes logarithmic afterwards. Increasing the
oxygen content increased the linear rate constant (k) and for a fixed oxygen content, k
was mildly dependent upon temperature. An activation energy of about 17 + 4 kJ/mole
was obtained from the In(k)) ~ 1/T plots which was typical for a gas phase diffusion
controlled mechanism. It was also found that subsequent oxidation rate followed a
parabolic law. The parabolic rate constant (k,) was derived from straight portions of wt.

gain vs. time plots and the values were in good agreement with those reported by earlier

authors®®”). In addition, kp was‘independent of the gas composition.
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Fig. 1 Weight gain during oxidation in a gas mixture™”” containing 6% O,
and 94% N,.

A series of screening experiments was performed by Ormerod et al'!! to assess
the effects of independent variables on the parabolic scale growth coefficient in the high
temperature range. Steel grade, oxidation atmosphere, oxidation temperature, gas
composition and steel surface texture were used as independent variables. It was found

that effect of temperature was the greatest and for low carbon grade, the cast surface

had a lower oxidation rate than the machined surface. The results generally showed




parabolic behavior and the rate constant obtained typically was comparable with the
“data obtained by previous authors.

Oxidation of low carbon steel in nitrogen based a;mospheres of Oy, CO,, and
H,0O was studied by Abuluwefa et al®® in the temperature range of 800~1150°C. It was
found that reaction rates during oxidation in the binary atmospheres of COé-Nz and
H,0O-N; followed a linear rate law and were proportional to the partial pressures of CO,
and H,O. Rates of oxidation in H,O-N; atmospheres were found to be higher than those
of oxidation in CO,-N, atmospheres. Moreover, these rates were controlled by reactions
at the oxide surface and were highly dependent upon oxidation temperature. Oxidation
in termary and quaternary gases of Oz, CO, H,O and N; showed that the magnitude of
the initial linear oxidation rates depended mainly on the concentration level of free
oxygen in the oxidizing atmosphere and the presence of CO, & H,0, at their respective
concentrations, contributed little. The oxidation process in these atmospheres followed
an initial linear rate law, which then gradually transformed to a parabolic rate law.
Experiments on ternary and quaternary systems iﬁdicated that the predominant
oxidizing agent was free oxygen. Moreover, the combined presence of the gaseous
components in furnace atmosphere behaved in an additive way with respect to initial
rates of oxidation. Initial linear rates for oxidation in multi-componént systems were
predicted by the summation of caléulated individual linear ratios for oxidation in each
gaseous component. Good agreement between measured and calculatedd rates was
obtained, particularly for higher O.

Microstructures of scales resulting from 1 hr of oxidation in CO,-N;, H;O-N;

and ternary/quaternary atmospheres containing O, were also examined. It was found



that for the samples oxidized in O, containing gases, scales consisted of higher oxides
e.g. Fe30q, FeyO3 and Fe,O and they became detached from metal substrate at early
stages of oxidation. On the other hand, only Fe O was present as oxide phase and no
pores or, scale detachment from the metal substrate was observed in the microstructure
obtained from oxidation in CO; and H,O atmospheres. This was attributed to formation
of a layer of pores parallel to the metal substrate in the early stages of oxidation.
However, the studies on microstructures were very limited. Perhaps the greatest
criticism o‘f this work will be to the size of their samples (i.e. 18X18X8 mm) which was
very small for oxidation experiments due to possible edge effects.

Laboratory ispthermal and non-isothermal experiments were conducted .by
Abuluwefa et al'®! along with plant trials on oxidation of low carbon steels in
quaternary atmospheres of O,, CO,, H,O and N; of compositions (I - 1% O,, 10% CO,,
3% H,, balance N; and II - 6% O3, 6% CO,, 3% H,, balance N, ) close to that of
individual walking beam reheat furnace. It was found that the initial linvear rate
constants were most sensitive to O, concentration in the gas mixtures. For example, k
for the low oxygen was less than half of that for high oxygen, despite the higher
concentration of CO; in the former. Also, a slight dependence of k; on temperature was
observed. This dependence came frorh the fact that rates of oxidation in CO; and H,0O
atmospheres are surface reaction controlled and hence are dependent on reaction
femperature. However, as the scale thickness increased the process.. gradually
transformed to follow a parabolic law, i.e. oxidation became controlled by diffﬁsional_

transport through the oxide layer. Increasing the oxygen level enhanced the transition

from linear to parabolic oxidation.




In non-isothermal experiments, it was found that initial oxidation proceeded
exponentially with time. However, the oxidation rate was .observed to slow déwn at
900°C due to metal scale separation. At this temperature, a comparati\}ely more rigid
oxide (Fe;Os4 or, Fe,0O3) formed preventing Wusfite_ from deforrrﬁng plastically. Due to
this, samples became unable to accommodate dimensional changes resulting into
separation of scale from the metal surface. This hindered the outward diffusion of iron
cations. It was also found that decreasing heating rate decreased the oxidation rate;
However, due to metal scale separation, the effect of furnace atmosphere on the rates of
oxidation was less pronounced.

In trials conducted in industrial reheat furnace in atmospheres with low (1.5%)
and high (3.0%) O,, it was found that reheating at low air/fuel ratio resulted in a
reduction of steel loss of approximately 35% (Fig. 2). A general equation for prediction
of weight gain due to oxidation during reheating was developed using isothermal linear
and parabolic oxidation rate constants. The agreement between predicted and measured
weight gain was poor due to metal scale separation that could not be quantified.
Examination of weight gains obtained from oxidation in the laboratory and from
industrial reheat fumace showed that much more oxidation took place during reheating
in the industrial furnace. This suggested that oxidation in the industrial reheat furhace
followed a linear rather than parabolic mechanism. Accordingly, weight gains for
oxidation during reheating in the indus.trial furnace were compared with thé predicted
values using the isothermal linear oxidation rate constants. The predicted and measured
rates during reheating with fhe low oxygen atmosphere were in good agreement.

However, for reheating with the high oxygen atmosphere, the predicted oxygen curves

10




350 :
AV
300 — v
, High oxygen 8 v
"o 250 - atmosphere  * o
- . A R
\ . L0 0 0
x 200 - ) .{‘ oW -.A'
N’\ ) :',AV . "»v
§ 150 - LN
o 'Av B - DO Low oxygen
~ 100 A ;0 atmosphere
mg T~
ve 00
"’ === Predicted
0 — T I T T
50 100 160 200 250 300
Time in Furnace (minutes)

Fig.2 Weight gain curves for oxidation of low carbon steel during
reheating in the industrial walking-beam furnace. Open and solid
symbols represent low and high air/fuel ratio trials, respectively®.,

were found to be higher, especially at longer reheating times. This indicated that a
certain degree of solid state diffusion control existed for oxidation during reheating with
the high air/fuel ratio. Accordingly, it was concluded that the controlling mechanism in

the oxidation of low carbon steel during reheating in the industrial reheat furnace was

intermediate between linear and parabolic, whereas the linear mechanism predominated.



Limited study of scale microstructures .indicated that scales consisted of all three
oxides, i.e. »FexO, Fe304 and Fe;O3 in both the cases (laboratory and industrial). Scale-
metal separation was observed at 900°C as discussed earlier. In industrial reheating
also, séale-metal separation took place, however the phenomenon appeared to be less
significant (possibly due to large dimeﬁsions of steel riders).

2.2 Low carbon steels cohtaining residual copper

Influence of residual elements (e.g. Sn, Sb, As and Ni) on scaling and hot
shortness of low carbon steels containing residual copper was studied by Melford™"
who was the first among researchers to examine high temperature oxidation of this
steel. It was found that presence of Sn reduced the solubility of Cu in austenite by

“approximately a factor of three. Hence a molten Cu-rich phase was expected to
precipitate at a much lower level of enrichment at elevated temperature in presence of
Sn. Moreover, the existence of Sn in the molten phase after its precipitation extended its
stability over a wider range of temperature. The effects of Sb and As were similar. The
addition of Ni was found to have a beneficial effect provided no Sn was present. Ni at
1200°C was found to be no more soluble in a molten Cu-Sn rich phase than it was in
austenite. Moreove;r, the addition of Ni in amounts equal to Cu content did not stabilize
the austenite at 1200°C and hence increase the solubility of Cu in presence of Sn. It was
also found that MnS inclusions in the steel fixed some Cu by forming CuS around these
particles. |

Based on the results, a semi-empirical expression was proposed for limiting
residual content in steel for a particular soaking practice in the reheating furnace. A

mechanism was also suggested for dissipation of Cu layer, i.e. that of detachment and
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occlusion in the oxide scale. This was possibly. because inward diffusion of oxygen
atoms became more predominant than the outward transport of Fe ions once a molten
Cu-rich phase appeared on the surface. This resulted into formation of FeO at the
interface between the molten phase and -the rest of the substrate. This in turn, it was
proposed, might lead to an efficient containment of the molten material since it was
often observed that molten metals frequently did not wet the oxides of other metals
although they might wet their own oxides perfectly. Additionally, the rates of

enrichment and dispersion of copper in austenite (Fig. 3) were compared by determining
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Fig. 3 Comparison of enrichment and dispersion rates for copper in iron™",
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the scaling rates for mild steel (0.23%C, 0.27%Cu) and taking the published diffusion
data to calculate the rate of dispersion by diffusion. From the calculations, it would
seem that dispersion of copper wbuld be most rapid ébove 1080°C. However, this was
in poor agreement with experience, possibly because of .less accurate and relevant
diffusion data.

The work done by Melford was a pioneer research on the effect of residuai
elements on oxidation and hot shortness of mild steel. For example, ithis investiga.tion
was the first to point out that the effect of Sn on reducing the solubility of Cu in
austenite was much more prominent than its effect on decreasing the melting point of
Cu-rich layer. Additionally, it also suggested for the first time the mechanisms of
dispersion of Cu-rich layer at higher temperatures, namely diffusion and occlusion.
Many researchers took lead from this and did work to elaborate -further on these two
mechanisms, subsequently. However, this work suffered from some pitfalls, ﬁamely

(1) It was predicted that dispersion of copper should‘ be more ﬁredonnnant than
enrichment at temperatures above 71080°C, however this could not be substantiated with
evidence. On the other hand, it was found that Cu-enriched layer contained 70% Cu,
15% Ni, 10% Sn and 5% Fe after oxidation at 1250°C (time was not mentioned). This
was a very high enrichment level at 1250°C and led credence to belief that enrichment
continued and dissipation by diffusion was insignificant even at this temperature.

(ii) It was also mentioned that very high Cu enrichment (and no Ni enrichment)
near the surface of an alloy (5% Cu, 5% Ni, and 2% Sn) was observed in a sample

" heated in a neutral atmosphere. This was an evidence that showed that Cu-enriched
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phase precipitated even in absence of oxidation. No comment was made on this
observation.

Hot shortness and scaling of steels containing 0.41% Cu as well as 0.35% Cu,
0.066% Sn was studied by Nicholson™®" by oxidizing them at 1100°C for two hours and ‘
carrying out hot bend tests at temperatures 725-1350°C. Deep Cu penetration along
grain boundaries was observed and severe cracking was seen suddenly at 1075°C for
0.41% Cu steel. The cracking was negligible below this temperature. The other mild
steel containing 0.35% Cu and 0.066% Sn began to crack at 725°C and surface break-up
was seen up to a maximum of 1100°C. A third ‘steel containin.g 0.35% Cu and 0.33% Ni
did not crack up to the maximum temperature of 1350°C. Additionally, increased
severity of cracking was found with ilncreasing Cu content and higher soaking times.
Also, there was a critical soaking temperature above which cracking did not occur.
These observations were in general, in good agreement with those made by Melford®?.
It was also found by Nicholson that the effect of Cu on occlusion in the scale was
relatively small at temperaturés below 1100°C. However, as the temperature was
increased, the percentage of Cu occluded in the scale increased significantly with
increasing Cu content.

It was presented that there seemed to be three factors controlling the critical
temperature of steel, namely scaling rate, diffusion of Cu into austenite and occlusion of
Cu into the scale. While a lower scaling rate woﬁld be expected to reduce the rate of
deposition of Cu at the metal surface, it also rendered a smaller portion of this Cu
~harmless by occlusion into the scale. This was the reagon for increased severity of

cracking with decreasing oxygen content or, decreasing scaling rate, particularly at
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higher temperaturés. It was argued that higher solubility of oxygen was expected in the
liquid Cu that might cause oxidation to take place at the Cu/steel interface, thus
enveloping Cu into the scale. It was also found that Ni was also occluded but not to the
same degree as copper.

Solubility of Cu in austenite as well as dihedral angle of Cu-rich phase at
austenite grain boundaries was measured by Salter™ at various temperatures ranging
from 900 to 1275°C. It was found that solubility of copper in austenite decreased near
the melting point of copper (Fig. 4) resulting into an increase in the amount of
undissolved Cu-rich phase. It was argued that the apparent dip in solubility at 11QO°C
could be explained by eutectic instead of peritectic at the Cu-rich end of the Fe-Cu
phase diagram. This effect was possibly caused b}l the presence of C, Mn and Si. It was
also discussed that there was a minimum value for the dihedral angle of the Cu-rich
phase near the melting tem@erature of Cu (Fig. 5). Thus, the ﬁaximum amount of Cu-
rich phase out of solution coupled with a minimum dihedral angle at the melting point
of copper caused maximum grain boundary penetration at this temperature resulting into
likelihood of maximum embrittlement at 1100°C. Above this temperature, more Cu
went into the solution and at the same time dihedral angle of the Cu-rich phase also
increased. This was the reason for reduction in severity of hot shortness beyond
1200°C.

The work of Salter was very interesting and significant as it threw new light on
the origin of Cu penetration during scaling. The work on solubility of Cu at higher

temperatures was in contrast to the published work.
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Study on scaling and hot shortness of Cu-containing low carbon rimming and

[10]

killed steels was undertaken by Nicholson and Murray"" at temperatures 900-1350°C

under different environments. It was found that Sn accentuated the effect of -Cu
primarily because of its effect in reducing the solubility of Cu in austenite. Ni reduced
the effect of Cu by increasing its solubility in austenite and also by increasing the
melting point of Cu-rich phase. Nickel also increased the scale adherence due partly to
surface roughening occurring during oxidation and pérhaps more strongly to the
stabilization of austenite to room temperature by locally enhanced Ni content. This
would prevent the de-scaling action caused by the shear forces set up at the interface
when austenite transforms the ferrite.

The effect of oxygen content in the atmosphere was also studied and it was
concluded that while hot shortness increased at lower temperatures with increasing
oxygen content, at higher temperatures it passed through a peak above which increasing
the oxygen content decreased the surface cracking. This was due to the balance between
the scaling rate causing enrichment and diffusion of Cu in the substrate as well as
occlusion causing dispersion of the enriched layer. Lowering the oxygen content at a
given temperafure reduced the scaling rate and hence the Cu-enrichment was reduced.
However, it also reduced the copper occlusion by reducing the partiai pressure at the
interface (Fig. 6). At lower temperatures however, occlusion was not so important. A§
the temperaturé was increased the process of Cu occlusion into the sca&e became
increasingly ifnportant and greatly reduced the Cu build up at the intérface. The effect
of deoxidizing elements was to reduce surface hot shortness due té copper particularly

at high temperatures and oxygen contents. This was because the deoxidizing elements,
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Fig. 6 Effect of furnace oxygen content on occlusion of copper into scale for
0.16% Cu steel™.
e.g. Al, Mn and Si could oxidize readily under the low oxygen partial pressure in the
region of the metal surface and thus promote the occlusion process of Cu.

Increasing the water vapor content was to increase the scaling rate without
increasing the occlusion rate to the same extent as oxygen. Increasing the water vapor
content therefore increased Cu-build-up and'surface cracking. The reason for this was
not clear.

This work covered the effects of several parameters such as temperature,
deoxidizers, oxygen and moisture contents in the furnace, etc. on scaling as well as hot

shortness of mild steels. The authors should also be credited for their investigation on
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scale adherence due to presence of Ni. The irhportance of dispersion of enriched layer
by occlusion at higher temperatures and oxygen contents was also highlighted.

Scaling characteristics of complex Cu-bearing steels (1.83% Cu, 1.7% Si, 1.03%
Mn and 0.8% Mo) as well as plain Cu-bearing steels (3.0 wt % Cu) were investigated
by Cox and Winn® by oxidizing at temperatures of 900-1100°C for 20 and 6 hours
respectively in the air. It was found that for plain Cu steels at 900°C, Cu was present at
the steel surface as almost continuous phase and in the wustite layer in the form of
globules. In the Cu-Si-Mn steels oxidized at 900°C, the copper was not concentrated at
the steel surface, but dispersed as small globules in the wustite layer. At 1100°C the Cu-
steels contained large areas of relatively pure Cu at the interface. Discrete formations of
iron silicate were also observed within the FeO grains and at some FeO grain
boundaries. However, thé Cu-Si-Mn stéels contained an additional layer present
between the steel and the wustite. This layer consisted of a two phase matrix containing
Fe and Mo mixed oxide crystals and dendrites of FeO.

In Cu-steels oxidized at 1100°C, the copper phases contained 0.0-5.0% ‘Fe and
hence would be completely liquid at this temperature. In comparison, the Fe content of
Cu-layer in the Cu-Si-Mn steél was 15-60%. At 1100°C, alloys in this composition
range would be in a mushy state containing liquid Cu and austenite. The high Fe content
of the Cu iayer was attributed to the presence of the adjacent silicat;a layer close to the
FeO layer which reduced the rate of Fe diffusio_n outwards through FeO and allowed the
Fe content of CQ layer to build up. The reduced fluidity of Cu alloy in Cu-Si-Mn steels

at 1100°C was considered to account for the improvement in hot working properties

(i.e. absence of hot shortness) of these alloys.
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This paper described the effect of presence of elements such aé Si, Mn and Mo
on the Cu-rich layer and hence on hot shortness. This work showed that these elements
could reduce the fluidity of Cu-rich phase and hence prevent the hot shortness at
1100°C. However, the authors did not compare plain Cu steels and complex Cu steels
containing identical amounts of Cu. Rather, complex Cu steels had much less Cu (i.e.
1.85%) in comparison to plain Cu steels with 3% Cu.

Effects of alloying elements (e.g. Ni, Mn, Sn, Sb and As) on solubility and
surface energy of Cu in mild steel was studied by Salter™ By heating for 2 hrs at
temperatures between 900 and 1250°C. It was found that Ni caused an increased
solubility of Cu in austenite (Fig. 7) and had little effect upon the dihedral angle in the
critical temperature range (i.e. in which Cu had minimum solubility and minimum
dihedral angle in austenite). However, it markedly decreased the dihedral angle at
higher temperatures. Ni also caused a slight increase in the melting point of Cu-rich
phase thus restricting the hot shortness range. Mn generally had little effect on dihedral
angle. However, it did cause a modest decrease in the solubility of Cu. It also lowered
the melting temperature of Cu-rich phase slighty. Sn, Sb and to lesser extent As caused
a serious reduction in the solubility of Cu in austenite (Fig. 7). Henc;e increasing the
content of rthese elements in the steel resulted in an increase in the amount of
undissolved phase thus decreasing the degree of scaling necessary for causipg the Cu-
rich phase to be formed. All these elements in increasing order caused an overall

" increase in the dihedral angle, i.e. decrease in wettability, particularly in the critical
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range, i.e. 1050°-1150°C. However, the effect of Sn on dihedral angle was not
significant. This meant that Sn and Sb increased the amount of Cu-rich phase to the
greatest extent and hence had the maximum effect on hot shortness. All these elements
also caused marked reduction in the melting point of Cu-rich phase, thus tending to

increase the hot shortness range.
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This fundamental work is an example of detailed studies on fhe effect of other
residuals on the solubility and dihedral angle of Cu in austenite. This investigation
classified residual elements into three categories, namely beneficial (Ni), neutral (Mn)
and detrimental (Sn, Sb and As). This classification agreed well with the previously
observed effects of these elements upon severity of hot shortness. The results therefore
offered good explanation to some of the fundamental factors affecting the problem.

Effect of Ni on high temperature oxidation chara}cteristics of low Carbon steels
containing 1.15% Cu, 0.04 -1.16% Ni and 0.40% Si (with Ni:Cu ratios varying from
0.03 to 1.0) was studied by Fisher™! by heating them at 1150°C for 5 hrs in a gas
mixture of 65% N3, 11% O, and 24% H,O (by vol.). It was observed that the oxide
scale consisted of four layers, namely Fe,O3, Fe304, Fe304 + FeO and FeO + patches of
Fe»S104. The first two layers were fairly compact, however part of the third layer and all
of the fourth layer was very porous. The pores possibly formed when the space created
by the outward diffusion of Fe ions was not filled by plastic shrinkage of the scéle. The
inner layer also contained occluded metallic particles. The number of these occluded
metallic particles increased with increasing content of Ni in the steel. Additionally,
increasing Ni content caused the average Cu content of the occluded phase to decrease
while both the average Ni and Fe contents increased. In steels containing Ni:Cu ratio of
0.35 or greater, the composition of the scale varied with distance from the scale/metal
‘interface. This was mainly due to selective oxidation of the particles aftér they got
occluded into the séale.

Additionally, a zone of very fine oxide particles was also noticed ~ 40 um deep

in the metal. These particles were <1 um in diameter and were apparently formed by
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internal oxidation of Si in steels. Steels containing low Ni:Cu ratios also exhibited large
(several microns) wustite particles and fayalite particles in the internally oxidized
zone.The scale/metal interface and internally oxidized zones of steels with Ni-Cu ratios
of 0.1-0.35 were similar in appearance. Cu-rich phase was in the form of a continuous
film adjacent to the scale/rﬁetal interface. This phase could also be observed in some of
the austenite grain boundaries in steels with Ni:Cu ratio of 0.03. Increasing Ni:Cu ratio
to 0.4 caused the disappearance of very fine SiO; particles. Also, there were large areas
devoid of any Cu-rich phase. There were areas in the internally oxidized zones where
some enrichment of Cu had occurred apparently without forming a molten phase. In the
steel with Ni:Cu ratio of 1.0, no Cu-rich phase at the interface and in the intérnally
oxidized zone was observed. This reduction of Cu concentration at the interface resulted
from occlusion of Cu into the oxide enhanced by ‘higher Ni content. ’I/‘he presence of Ni
- caused enrichment of Ni with Cu at the scale/metal interface and increased the oxygen
solubility in the enriched layer enabling oxygen to diffuse inward to the matrix where- it
formed FeO. Additionally, the ability of Ni to increase the solubility of copper in
austenité was also important. These two phenomena prevented a molten Cu-rich phase
from forrm'ng before occlusion by internal oxidation and intrusion of wustite could
separate the enriched region into the scale.

This work established why Ni is so effective in controlling the build up of Cu-
rich layer at the interface. However, the effects of varying amounts of Cus as well as
oxidation time were not examined.

~ Effects of Sn and Ni on the solubility and surface energy of copper in mild steel

was studied by Salter*®) by varying Cu content from 1% to 15% and adding 5-15% Ni

24



as well as 1-5% Sn to them. It was observed that effect of Sn on the solubility of Cu in
austenite predominated over that of Ni. The solubility of Cﬁ decreased drastically with
increasing Sn content (Fig. 8) and of all the steels examined, only that with 14.8% Ni

exhibited noticeable level of solubility of Cu in the austenite. It was also noticed that
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Fig. 8 Effects of mutual additions of Sn and Ni on the solubility of Cu in
mild steel at 1250°C.
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relatively little Sn was needed to counteract the beneficial effect of a significant amount
of Ni. Additionally, for a given Ni and Sn content a maximum amount of undissolved
Cﬁ-rich phase was expected between 1000-1050 °C. Increasing Sn content clearly
showed a marked increase in the volume fraction of Cu-rich phase but increasing Ni
content only had a marginal effect.

Dihedral angle measurements indicated a minimum at 950°C. Also, Ni tended to
cau-se an overall lowering of the dihedral angle value, particularly at temperatures above
950°C. However, Sn content did not have clear effect.

This work clearly showed that presence of Sn would rapidly counteract any
beneficial effects gained from the presence of Ni. However, this study was not done
under oxidizing environments. Also, the results showed a dip in dihedral angle at
950°C. This was different from the earlier work done by the author that mentioned this
minimum at 1050°C. No comment was made on the reasons of this variation. Moreover,
there was too much scatter in some of the data.

Enrichment of Cu during scaling of cold rolled low carbon steels was discussed
by Mayland et al™, It was proposed that the degree of enrichment was determined by
the balance between the build up of the p_hase'due to oxidation and its dispersion by
diffusion as a result of the concentration gradient existing between the surface and the
interior of the steel. Rate of formation of Cu layer was also reported as a function of
reheating température for different Cu contents of steel (Fig. 9). It was predicted that
there existed a critical temperature for each Cu level above which enrichment ceased

and dispersion by diffusion predominated. The bend test results"® for a number of low
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Cu (1.8-3.04 wt% ) and Ni (1.35-3.06 wt%) and other elements such as Al, Cr, Si, etc.
(1-3 wt%). Additionally, experiments were also conducted on high purity steel
containing 2.19-2.37 wt% Cu and 0.01-1.1% Ni. It was found that temperature was one
of the main parameters governing oxidation and the rate appeared to increase drastically
when the temperature increased from 900° to 1100°. However, the rate of increase was
much lower when the temperature was increased further to 1200°C. It was also noticed
that a metallic phase (95% Cu + 5% Fe) appeared in _the inner oxide layer (FeO) which
remained dispersed in the oxide at low temperatures (e.g. 900°C). However, this
enriched layer became nearly continuous at higher temperatures (1050°-1200°C), and
the detrimental penetration within the austenite grains occurred.

It was further observed that of the elements less oxidizable than Fe (e.g. Ni and
Co), Ni modified the mechanism and gave rise to internal oxidation. The austenite grain
boundaries were internally oxidized, while at the scale/métal interface a two phased
zone composéd of oxide and metallic globules (Fe + Ni + Cu) could be detected. The
distribution of these elements varied with temperature. In fact, the behavior of steels
containing Ni oxidized at 1200°C was similar to that of a Ni-free steels oxidized at
900°C. In both cases the Cu-containing metallic phase was not molten due io the
presence of Ni at the operating temperature and evenfually became entrapped within the
. oxide scale, with a discontinuous distribution. The internal oxidation was thought to be
due to the liberation of oxygen by dissociation of Fe and Ni oxides at the interface and
migration of oxygen through cracks and pores in the oxide layer. The element Co had
~ only small solubility in Cu-rich phaég and hence it gave a separate Fe-Co phase which

concentrated along the Cu-rich phase and did not modify the phenomenon. However, by
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addition of Co and Ni, one could enhance thé solubility of Fe in the Cu-enriched phase
and certainly increase its melting point.

On‘ the ther hand, Si and other alloying elements more oxidizeable than Cu
(e.g. ‘Al, Mn, Mo, P, Ti, Cr, Zr) did not modify the general behavior of Cu-rich phase.
These elements usually appeared as occlusions in the oxide scale. At low temperétures
(900°C) the effect on the scale was not marked (FeO zone often entrapped some
particles such as silicates and special spinels). However, Si additions seemed to affect
the oxidation process to some extent as it gave nise to a fine distribution of metallic
phase into the oxide scale. At higher temperatures (1100-1200°C), however the inner
oxide scale was viscous or, perhaps liquid and as a result the oxidation rate increased
rapidly. Hence the beneficial effect of Si did not exist at higher temperatures.

This report presented a good work on the effect of Ni as well as other alloying
elements on scaling characteristics of mildA steels. It provided some excellent
photographs of Cu-enriched phases at the interface. It also presented a review of the
previous work on oxidation and hot shortness of Cu containing steels. However, the
presentation about the effects of other elements such as Co, Al, Mn, P, etc. was not in
detail. Although it was mentioned that detrimental penetration of grain boundaries‘
occurred during oxidation, evidence for this was given only for high Cu (e.g. > 3.0
~.wt%) steels. Grain boundary penetration for low Cu (< 1.0 wt%) steel; was not
exhibited.

A mathematical model for copper enrichment during reheating was presented by

18

Bergman and West'™. Their model assumed that (i) there was uniform concentration of

Cu initially (ii) enrichment did not extend to the center of the specimen (iii) diffusion
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coefficient of Cu in austenite was independent of composition and (iv) there was no
enhanced diffusion down grain boundaries. The model predicted that the enriched

copper layer thickness was continuously increasing with temperature (Fig. 10). This was
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Fig. 10 Calculated thickness of Cu layer after one hour isothermal
treatment'*" : :

in sharp contrast to earlier models®” that envisaged a maximum in enriched layer

thickness at around 1100°C. It was argued that prediction of their model was supported




by the work of Kohsaka and Ouchi® that found increased severity of cracking due to
reheatiﬁg at 1250°C.

This was an important although brief paper on Cu enrichment during reheating
and questioned the existing theory that predicted a maximum in Cu layer thickness at
around 1100°C due to predominance of dispersion process by back diffusion at
temperatures above this.

Scaling and cracking due to residual Cu was studied by Kajitani et al® in steels
containing 0.2% C, 0.01-0.25% Si, 0.5% Mn and 0.2-1.5% Cu. It was found that
cracking occurred at and above 1050°C and the upper temperature limit for cracking
increased with increasing Cu concentration as well as decreased with increasing Si
content of steel.} Investigations on the m(;rphology of Cu precipitates after oxidation
revealed that in the sample oxidized at 1000°C, Cu which was solid at this temperature
existed in the porous layer of FeO adjacent to the metal surface. Studies by EPMA .
showed high Si content in this layer. At 1100°C, however liquid Cu precipitated in
contact with steel. This Cu penetrated into austenite grain boundaries and resulted in
crack formation. At 1300°C where crack did not occur, liquid Cu existed at the grain
boundary in the FeO layer, and it was not obse_rved at the steel surface. Cracking
therefore did not occur at this temperathre.

It was proposed that morphology of Cu precipitates was largely depefndent. upon
oxidation of Si in steel. Using the phase diagram of FeO and SiO; system, it was argued
that composition of Si-rich grain boundary phase in the scale lied on the liquidus liﬁe of
FeO (Fig. 11). Tﬁis means that the boundary phase was liquid at 1300°C. In contrast,

below the eutectic temperature of 1177°C, FeO and '2FeO.Si02 were stable. Hence the
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porous layer produced at 1100°C was solid and composed of FeO and 2Fe0.SiO,. The
change in the morphology of scale by changing temperatures influenced the Cu
precipitation (Fig. 12). For example, at 1300°C liquid Cu precipitated at the steel
surface and then it was trapped into the grgin boundary phase in scale which was liquid

at this temperature. On the other hand, at 1100°C where the scale was solid, Cu

continued to precipitate at the steel surface.
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The decrease in upper limit temperature for crack formation was possibly due to
increased Si-rich liquid boundary phase for higher Si-steels that helped in entrapping
liquid Cu precipitates. | |

The issue of whether Cu was trapped into the scale or not, was related to the
interfacial energy between liquid Cu and scale (Ycu-scale). If Ycu-scale Was smaller the
liquid Cu was trapped into the scale, otherwise it was in contact with the steel surface. It
was mentioned that 7Ycu.scale decreased at 1300°C because of the liquid scale formation
and hence Cu was trapped into the liquid grain boundary in the scale. They suggested
that Cu continued to exist at the steel ’surface at 1100°C because interfacial energy
between liquid Cu and steel was small. On the other hand, at 1000°C, interfacial energy

between solid Cu and steel became large, and Cu was absorbed into the porous layer of
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scale. This work discussed the effect of temperature and Si on the morphology of Cu
precipitates at the interface. Enrichment of Cu based on in‘terfacial energies and phase
diagram of FeO-SiO, system was also explained. However, the effect of Cu on the
morphology was not described as only cases of enrichment in the highest Cu content
(1.5 wt %) were mentioned.

Effect of alloying elements (Cu, Sn, Ni) on hot workability of low carbon steels
(0.05% C, 0.01-0.02% Si, 0.3% Mn, 0.0-0.3% Cu and 0;0-0.04% Sn) was studied by
Imai et all*”! by oxidizing them in air at temperatures between 1000-1300°C for 2 to 3
hours and deforming the samples (40%) under tensile load. It was found that Sn
enhanced cracking induced by Cu-enriched liquid phase and that presence of only Sn
(i..e. no Cu) in the steel did not cause any cracking at all. Additionally, enrichment of Cu
but no enrichment of Sn at the surface was found. A higher content of Cu (> 5%) and
low or negligible contént of Sn (< 1%) was observed at a distance of 10-20 pm below
the surface (interface). It was speculated that Sn diffused back into the steel and was not
enriched at the scale/ steel interface. However, Cu did not diffuse so rapidly as Sn and
hence was enriched. This was supported by-the evidence of an order of magnitude
higher diffusivity of Sn in austeﬁite as compared to that of Cu. It was.concluded that as
Sn had an order of magnitude higher diffusivity in the austenite as compared to Cu and
a]so had greater solubility limit (e.g. 16% at 1100°C), even if Sn was enriched under the
sfeel surface, liquid Sn-Fe alldys would not form and hence no surface cracking in Sn
bearing steels would result.

Increasing the Ni content affected the surface cracking and 0.3% Ni could

suppress the cracking almost completely. This was due to formation of a solid layer
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(confirmed from phase diagrams) of 12% Cu- 19% Ni - Fe at the steel surface which
separated the liquid layer having 63% Cu- 12% Sn - Fe. The solid Ni enriched layer
prevented the Cu rich liquid layer from coming iﬁto contact with the steel surface. Thé
amount of Cu-enriched liquid phase also got reduced due to presence of Ni. It was
proposed that Cu concentration in the austenite at steel surface became higher as the
ratio of Ni to Cu in the steel was increased. This resulted into higher value of Cu atoms’
flux, i.e. Jcu (= -D.9C/0x) back into the steel and resulted into smaller amount of liquid
Cu-Sn phase and suppressed the surface cracking.

Sn reduced the solubility of Cu in the austenite and hence increased the ambunt
of liquid Cu rich alloy at the surface. In addition, Sn also decreased the solidus
temperature in Cu-Fe alloy, e.g. 10% Sn lowered the solidus temperature of Cu from
1083° to_835°C. These two faptors accounted for observance of more severe cracking in.
Sn-bearing steels at 1100°C. Additionally, cracking occurred at a temperatufe as low as
1000°C in Cu-Sn bearing sfeels.

Effect of Sn. and Ni on precipitation of Cu-rich phase in low carbon steels was
studied in this investigation. It was tried to correlate the findings with solubility data
ffom phase diagrams (calculated using the computer program Thermo-Calc). However,
the concept of occlusion of Cu-rich phase due to Ni-rich layer was not discussed
although, something similar did appear to happen in the samples.

High temperature oxidation and hot workability of low carbon (0.05% C) steels
containing 0-0.3% Cu and 0.02—0.15% Ni was studied By Imai et al!. Microstructures
and composition of phases formed at the scale/steel interface were investi gated and they

were correlated with surface cracking. It was found that 0.3% Cu steel exhibited
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cracking when oxidized only at 1100°C. Oxidation at 1000°C and 1200°C did not cause |
any cracking. Also, this cracking phenomenon was absent in the case of 0.3% Cu -
0.15% Ni steel as well as Cu-free steels.

Microstructural examination revealed that scale/metal interface of 0.3% Cu
steels was smooth at 1000-1100°C. At higher temperatures however, the interface
became uneven as metallic phases were occluded into the scale. Also, internal oxidation
occurred noticeably. There was much less copper in the layer at the interface at 1200°C
as it was largely occluded into the scale. At lower temperatures the enriched layer had
higher content bec‘ause of no occlusion into the scale. Microstructural investigation
further showed that Cu enriched phase formed at the interface in 0.3% Cu steels
oxidized at 1000° as well as 1100°C. However, at 1100°C Cu enriched layer had
penetrated some of the grain boundaries near the interface. Whereas at 1000°C, no
penetration was observed. Also, at 1000°C the enriched phase appeared blocky whereas
that at 1100°C was elongated and continuously spread over a layer distance. At 1200°C,
however the unevenness of the interface was noticeable and metallic phase was
occluded into the scale at 12Q0°C. Cu was enriched in thé occluded phase and also in to
steel near‘the scale/steel interface.

Presence of Ni (0.3% Cu - 0.15% Ni steel) was found to iricrease the unevenness
of the scale/metal interface as it caused more occlusion of t};e metallic phase into the
scéle at 110°C. Both Cu and Ni were enriched in the scale as well as at the interface. At
1200°C, the metallic phases were more occluded and finely djstributed in the scale. The

ratio of Cu to Ni contents in the metallic phases lowered with distance in the scale from
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the scale/steel interface, although there were increasing amounts of Cu and Ni as one
moved away from the interface in the scale.

It was proposed that at 1100°C, in 0.3% Cu - 0.15% Ni bearing steels, high Cu
(i.e. 66% Cu - 15% Ni - Fe) phase got eq'ui1librated with low Cu (i.e. 16% Cu - 16% Ni -
Fe) phase at the interface. As the oxidation progressed the high Cu i)hase got detached
and hence occluded in scale. However, at 1200°C diffusion of Cu back into the steel
became more predominant. Also, the steel was more heavily oxidized resultiﬁg into
earlier occlusion of Cu rich phase in the oxide. Due to these two factors, the
conéentrations of Cu at the steel surface as well as in the occluded phases >were
relatively low (i.e. 16% Cu, 27% Ni).

Effect of Ni on the scaling of low Cu containing steels was examined in this
work. and a theory was proposed behind occlusion of Cu-rich phaseé in the oxide.
However, results were reported only for low Cu steels and no study was attempted on
the effect of Ni on high Cu steels.

Distm‘butfon of alloying elements near the oxide/metal interface was studied by
Geneve et al*? for low carbon steels (0.04-0.06% C, 0.05-0.09% Ni and 0.02-0.26%

" Cu) oxidized at 900°C in air. A peak in concentration of all the elements except iron
was found near the interface. it was argued that enrichment of elements depended upon
oxidatiqn kinetics of the alloy, the concentration and diffusion rates of elgrnents and
whether they were more or, less oxidizable than iron. For the elements that were more
oxidizable than iron, e.g. Si, the reaction could lead to internal oxidation, 1i.e.
precipitation of SiO; just below the interface. Som¢ of these precipitates were

incorporated into the scale during its growth. This was the reason for increased

37




concentration of Si in the scale side of the interface compared to the metal side.
Elements less oxidizable than iron did not participate in internal oxidation and remained
enriched at the metal surface as iron transferred into the scale. This was the case with Ni
that exhibited greater concentration on the metal side than on the scale side of the
interface. However, an element such as copper reached its solubility threshold and
hence precipitated and some of the precipitates ended up into the scale when its growth
took place. This_ gave rise. to increased concentration on_the scale side as compared to
the metal side of the interface.

It was found that increasing Cu content caused large amounts of Ni to appear
into the scale, instead of remaining in the interface on the metal side. Also, Ni atoms in
the scale were located primarily in the Cu precipitates in which Ni had a high solubility.
lower scale thickness in general, was observed for steels higher in residual elements
suph as Cu. -This was because these elements accumulated near the metal/oxide interface
and provided a diffusion barrier for iron atoms, inducing a decrease in the oxidation
rate.

This investigation described the study of enriched layer using Auger Electron
Spectroscopy. This work more or, less confirmed the findings reported by earlier
workers®* ¥ However, the observation that increasing Cu caused Ni.'to appear in the
scale rather than concentrate on the steel surface was >contrary to what previous authors
had reported. Earlier investigations had revealed that it was Ni that caused Cu to get

incorporatéd into the scale by the process of occlusion.
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3. Scope and Objectives

It is evident from literature survey that oxidation of steel has been the subject of
several studies and the present understanding of mechanisms of scaling, enrichment and
dispersion of copper layer is well advanced. However, the literature is deficient in
many important areas, e.g. characterization of oxide microstructures, particularly
evolutipn of microstructures during early stages of oxidation. Also, much remains to be
done in terms of kinetics of oxidation in particular, the effect of copper on the kinetics.
Since the focus has been on oxidation for longer times, the process of enrichment during
the initial stages of oxidation (e.g. for times less than 2 hours) remained virtually
untouched. Similar is the case of modeling the Cu-enrichment process during scaling.
Although a small number of work was reported, a few simplifying assumptions as well
as non-incorporation of dispersion by occlusion of Cu into the models made them
inaccurate.

There is also disagreement on the enrichment and disper_sion. of copper. While
th¢ majority of investigators indicate that diffusion of copper away frém the surface into
the bulk becomes predominant after a certain temperature (depc_anding upon copper
content of the steel) which results in the disappearance of copper enriched layer, some
others suggest that enrichment continues even beyond 1300°C.

The objectives of the present work, therefore were:-

1) To examine the evolution of scale microstructures for oxidation times < 2 hours.
(ii) To determine the effects of copper content and temperature on the

microstructural features of the scale.
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(iii) To characterize the development and morphology of copper enriched
precipitates at the interface.

(iv)  To determine the kinetics of oxidation in presence of Cu.

(v) To obtain insight into the competing processes of Cu-enrichmeni and dispersion
during scaling.

4. Methodology and experimental details

4.1 Experimental set-up

The experimental set-up (Fig. 13) was the same as that used by Ren™ for
conducting experiments on oxidation of IF steels. It consisted of a cylindrical chamber
(of 55 mm diameter and 495 mm hot zono length) housed in a furnace heated by
resistance coils around the chamber. The bottom of the cylindrical chamber was
connected to _air/argon supply for providing the required atmosphere during
experiments. A thermocouple (K-type) insertod horizontally near the centre of the
furnace, provided actual temperature to the control system which then adjusted current
to maintain the seti temperature. The sample was hung through a suspension wire from a
microbalance (Denver Instruments’ Model M310). The microbalance was kept on a
platform that could be moved up and down on a vertical frame with the help of an
electronic control. It was also possible to adjust the position of the microbalance on the
platform along the horizontal direction. The microbalance was connected to a personal
computer with a data acquisition software (COLLECT from Labtronics Inc.) for
collecting the weights and storing them onto the hard drive periodically. A dummy

sample of inconel to which a thermocouple (K-type) was connected was also kept
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hanging very close to the actual sample for monitoring the exact temperature near it.
The other end of the thermocouple was connected to a temperature recorder.

4.2 Experimental details

Samples of low carbon steels containing 0.22%, 0.39% and 0.78% Cu (Table 1)
were selected for undertaking the studies. They were cut into rectangular pieces
of approximately 37 mm X 25 mm X 3.5 mm dimension. Just before beginning the

experiments, each sample was ground using SiC grinding papers of 120, 240 and 320

Weilrht gain data aquisition microbalance.

Dummy samplé
‘emperature acquisition

Suspension
\wire

Jjack

. ‘Ll‘ ‘fiurnac
Computer Temperature
recorder

“Dumimy
»sample

AT iy, RO T

Fig. 13 Details of the experimental set-up'**
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Table I Composition of steel samples investigated
Cu C Mn S Ni Sn Al N
(% (% (% wt) | (% wt) | (% wt) | (% wt) | (% wt)
(% wt) wt)
wi) ‘ :
0.221 | 0.065 | 0.281 | 0.005 0.099 0.010 0.056 0.0036
0.393 | 0.065 | 0.307 | 0.006 0.098 0.010 0.035 0.0037
0.780 | 0.065 | 0.350 | 0.006 0.095 0.009 0.057 | 0.0050

grit so that the pre-exiting oxide layer was removed from the surface. The sample was
then ultrasonically cleaned in acetone, dried and then lowered into the furnace chamber
(that was already set at the experimental temperature) under inert argon atmosphére.
The argon was kept flowing into the' chamber till the sample acquired the requisite

‘ tempe?ature (i.e. for approximately 3 minutes). Air (dried and frozen) flow was then

- started and the argon flow was stopped. The supply of air was maintained at the rate of
6.0 m/minute (calculated from actual flow rate). This flow speed was chosen based
upon the wofk done by earlier workers who demonstrated that weight gain during high
temperature oxidation became independent of the flow rate beyond a value
corresponding to the speed of 3.0 m/minute.

Samples were oxidized at temperatures of 1000°, 1100°, 1200° and 1275°C for 5
minutes, 1/2 hr, 1 hr and 2 hrs. These temperatures were chosen as they are close to
those used for heating/reheating of steel slabs prior to hot rolling. Weights were

' periodicaliy recorded using the microbalance every 80 seconds. During the process, the
- whole system was cqntinuously monitored for any fluctuations in temperature and the

furnace was held at the appropriate temperature. After the desired time the argon flow
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was restarted and air flow was put off. \The sample was then raised from the hot zone
and held in a cooler zone (~ 400°C) until it equilibrated. It was then removed from the
furnace and sealed in a bag for future examination.

4.3 Characterization of oxides

The oxidized samples were inspected visually. Examjnatioﬁs of oxide surfaces
were carried out under scanninvg electron microscope (SEM) for studying the evolution
of microstructures. Energy dispersive X-Ray (EDX) analysis was performed on many of
them for knowing the compositions of the microstructural constituents. X-Ray
diffraction as well as X-Ray photoelectron s;;ectroscopy (XPS) were also carried out on
some of the samples in ofder to determine the phases present on the surfaces.
Additionally, several samples were cut and their cross-sections were mounted and
metallographically prepared.i These were etched v;fith 2.0% Nital and then examined
under SEM for studying the development of microstructures and morphology of copper-

rich precipitates at the interface.
5. Results

5.1 The Oxidation Rate Curves

The raw data allowed weight gain (mg/cm?) to be determined as a function of
oxidation time at a particular temperature. These weight gains (mg/cm?®) were plotted
against time (minutes) as shown in Figs.14-16.

In general, all the weight gain ~ time curves exhibited parabolic behavior at
lower temperatures, i.e. 1000°C and 1100°C (Fig. 14, 15 & 16). The parabolic nature of
growth curves at these temperatures was further evidenced by plotting squares of weight

gain (Wz) ~ time (t) which were 'straight lines for all the steels tested at 1000°C and
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1100°C (Fig. 17, 18 & 19). At higher temperatures (i.e. 1200°C and 1275°C), however
the growth curves for all the three steels appeared to exhibit non-parabolic behavior
(Fig. 14, 15 & 16). Observing the W? ~ t curves at these temperatures (Fig. 17, 18 &
19), it was found that they consisted of two straight lines indicating that the growth

curves were still parabolic but the slopes of these curves changed to lower values after a

certain time showing the evidence of reduction in the oxidation rate.
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The overall effect of copper was to decrease the rate of oxidation (Fig. 20-23),
the sample with the highest copper content (0.78%) showing the lowest oxidation rate.
This difference was more pronounced at 1100°C than that at 1000°C (Fig. 20-21). For
example, the difference in weight gain after 60 minutes between samples containing
0.22% copper steel and 0.78% copper steel was approximately 20 mg/cm2 at 1100°C as
compared to 10 mg/cm2 at 1000°C. However, as the temperature was further increased,
this difference in oxidation due to copper tended to decrease. As can be observed from
Figs. 22-23, the weight gains for all copper levels became close to each other after 80

minutes at 1200°C and after 60 minutes at 1275°C.
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5.2 Microscopic Studies

5.2.1 Surface Examination
Scale surfaces of all the specimens oxidized for times less than 2 hr. (i.e. 5 min., ¥ hr.
and 1 hr.) usually revealed dark as well as bright areas when inspected visually or,
observed under optical microscope (Fig. 24). The bright areas were detached and lifted
from the steel surface whereas the dark areas remained attached. In general,
examination of such scale surfaces exhibited velvet-like appearance, particularly in the
darker regions (i.e. attached to the substrate). When viewed under SEM (Fig. 25), these
consisted of two regions (i) those showing nucleation and growth of oxide whiskers and
(i1) those free from whiskers. Further observation at higher magnification depicted the
non-uniform nature of whisker growth in regions attached to the substrate (Fig. 26). In

general whiskers were 2-18 um in length and 0.7-2.5 um in diameter (Fig. 27).

Fig. 24 A typical scale surface showing dark (attached to the substrate) and bright
(lifted) regions (Optical Image - X2).
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Fig. 25 Nucleation and growth of whisker blades on attached regions of scale
surfaces. (SE Image - X40)

Fig. 26 Non-uniform growth of Fig. 27 Whiskers on the scale surface
whiskers on the scale surface (SE image - X1.0k).
(SE image — X100).

Observation of grains free from whiskers (Fig. 26) under higher magnification

on the samples oxidized for 5 minutes (at 1200°C) exhibited formation of regions
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having parallel lines with different orientations (Fig. 28), i.e. a substructure within
individual grains. Fine cracks were also seen mainly along parallel ridges. However,
some cracks did appear to extend across the substructures. Examination of other grains
free from whiskers revealed another variant of the sub-structure within individual grains
(Fig. 29).

Examination of grains showing whisker growth revealed the presence of small
nuclei of blades in certain areas whereas fully developed blades were prevalent in other
locations. Figure 30 shows a substructure region with large number of nuclei of whisker
blades. It is clearly evident that the parallel lines were disappearing at the positions of
nucleation. Moreover, ridges along substructure boundaries were also being eaten away
by nucleation and growth of whiskers.

EDX analysis (Fig. 31) over the tips of these nuclei showed enrichment of Cu

(28.85%); in many cases this enrichment being more that 30.0% Cu. Strong peaks of

Fig. 28 Substructure formation Fig. 29 Another variant of structure
within individual grains free within grains free from
from whiskers on the scale whiskers on the scale surface
surface (SE image - X100). (SE image - X1.0k).
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QUANTIFY

Line Msthod _Intensity K-ratic ZAF __ Concentration 2 Sigma _Z A B
O KA ~ZAF 6446 00760 1.9668 14.94wt%  0.33wit% 0878 2247 0.996
FeKA1 ZAF 32622 05707 0.085 56.21wi%  O41wi% 1022 1.001 0.963
CuKA1 ZAF 9020 02562 1.125 28.85wi% __ 040wi% 1.054 1.069 1.000

Tntal 100.00 wi%
Fig. 30 Nuclei of whisker blades Fig. 31 EDX analysis at the tip of a
in the grain substructure blade nucleus showing
(SE image — X100). enrichment of Cu .

cakV 18w

(@) (b)

Fig. 32 Enrichment of Cu over a region in the substructure containing nuclei of
whisker blades.(a) X-Ray map of Cu (b) SE image — X5.0k).

oxygen as well as iron were also observed. X-ray mapping also revealed enrichment of

Cu on these blades as shown in the Figures 32a & b.
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Regions with fully developed blades were of two types, i.e. sparsely populated
(Fig. 33) and densely populated (Fig. 34). The former showed blades of cross-section

1.5-2.5 um and length 10-12.5 pm. A few shorter blades (i.e. 3-6 um length) were also

Fig. 33 Sparsely populated blades on Fig. 34 Densely populated blades on
the scale surface. the scale surface
(SE image — X4.0k) (SE image — X5.0k)

The densely populated region showed much longer blades (15-17.5 um) which were
entangled with each other (Fig. 34). However, the cross-sections remained similar to
those of blades in sparsely populated regions as mentioned earlier, i.e. 1.5-2.5 pm. EDX
analysis over one of these blades indicated very high enrichment (50.62%) of Cu (Fig.
35).

5.2.1.1 Effect of Cu content

Examination of surface microstructures of oxidized steels containing different
Cu did not reveal any difference in the enrichment levels of Cu in the whisker blades.

However, higher Cu samples revealed in general, shorter and thinner blades (Table II).
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5.2.1.2 Effect of Temperature

In general, samples oxidized at lower temperatures exhibited much less adherent
scale as compared to those oxidized at higher temperatures. Whisker growth also
was affected by temperature. For example, whiskers were almost absent from scales

formed at 1000°C except on very tiny isolated areas. Additionally, the steel sample

oxidized at lower temperature (e.g. 1100 °C) showed finer and longer blades (Fig.36 &

Table III).

Ccums{
?
1364 ~.
J
\

1023

682 |

[=Ths 4

QUANTIEY - o .
Line _ Method IntensityK-ratio ZAF __ Concentration 2 Sigma 2 A F

O KA ZAF 11.85 0.03%8 2147 854 wt% 046wWi% 0.864 2495 0997
Fe KA1 2ZAF B87.44 04357 0.937 40.834 wt% 0.58wi% 1.003 1006 0829
CuRA1 ZAF 57.73 04665 1.085 S5062wt%  0B4wt% 1034 1.050 1.000
Total 100.00 wt%

Fig. 35 Result of EDX analysis over the tip of a blade in the centre of Fig. 34.

Table II Effect of Cu content on whisker growth (5 minutes at 1200°C)
Wt % Cu Nuclei dia. Blade length Blade dia.
(1m) (m) (m)
Base Tip
0.22 1.5-2.5 10.0-17.5 1.5-2.5
0.39 1.0-1.5 4.0-8.0 1.0-1.5 0.6-0.8
0.78 0.7-1.0 2.0-4.0 0.7-1.0 0.4-0.6
55




Fig. 36 Finer and longer whisker blades at lower temperature (0.39% Cu
oxidized at 1100°C for 5 minutes)
SE image (X4.0k).

Table III Effect of temperature on whisker growth
(0.39% Cu; S minutes at the given temperature))
Temperature Blade Blade dia.
(°C) length (um)
(wm) Base Tip
1100 12.0-17.0 0.7-1.0 0.25
1200 4.0-8.0 1.0-1.5 0.6-0.8

5.2.1.3 Effect of Oxidation Time
There was no effect of time as such on the enrichment of copper in the whisker
blades. The dimensions of the blades also remained unchanged except that the tips of

majority of blades got blunted and thickened with the passage of time (Fig. 37 and
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Table IV). Additionally, the oxide scale tended to get detached from the metal substrate

Table IV Effect of oxidation time on whisker growth
(0.39% Cu at 1100°C)
Oxidation Blade Blade dia.
time length (um)
(minutes) (wm) Base Tip
5 12.0-17.0 0.7-1.0 0.25
60 12.0-17.0 1.0 0.25-0.5

Fig. 37 Blunting and thickening of whisker blades on scales formed after longer
oxidation time (0.39% Cu, 1 hour at 1100°C).

5.2.1.4 Effect of Oxide-Metal Adherence
In general, the oxide was largely adherent to the metals surface initially for all

the copper levels and all the temperatures studied. This was evident by larger areas of
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whisker growth during the initial stages of oxidation. However, with the passage of
time, the scale became detached from the metal surface as mentioned earlier. This
detachment of the scale was iﬁvariably_ followed by formation of new scale underneath
and its subsequent growth. Also, the detachment of the scale occurred after longer times
for samples containing higher copper content. For example, the scale was completely
detached in the sample with 0.22% Cu steel oxidizéd at 1100°C when observed after 30
minutes whereas that in 0.78% Cu steel, it remained attached even after 1 hour.

As mentioned previously, all the samples oxidized for times less than 2 hr. at
1100°C and above revealed two different zones (i) thése having adherent oxide layer
and (ii) those showing detached scale. Almost invariably, these two regions existed side
by side with each other on the oxide surface (Fig. 38a & b). It is clear from the surface
relief features in these two rnicrographs that the growth of existing oxide layer
somehow-stopped in the regions of detachment. This is clearer from Figure. 38¢ which
is showing the two regions at a slightly higher magnification as well as Figure 38d that
is depicting the transition region at a much highér magnification. Figure 38e shows the
detailed microstructure in the center of the detached region of the scale in Figure 38c.
Very similar structure was also observed on the surface of scale formed at 1000°C. It
can be noticed frbm Figures 38d and 38e that whisker blades collapsed slowly on the
scale surface affer scale detachment and their relief features at the .boundan'es became
faint and disappeared with the passage of time.

At other locations of detachment but side by side with adhered regions, different
stages/ features of scale growth were observed (Fig. 39a & b). Surface microstructures

on samples oxidized for 2 hours or more invariably showed features like those in
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Figures 38e, 39a and 39b. No whisker growth was observed on the surfaces of their

scales.

(c) (d)

Fig. 38 Detached and adhered regions on the scale surface (a) 0.39% Cu oxidized
at 1100°C for 30 minutes (SE image — X30). (b) 0.39% Cu oxidized at 1100°C for 5
minutes (SE image — X60). (c) Two regions in the centre of (b) shown at a higher
magnification (SE image —X400). (d) Transition region in the centre of (c) at a still
higher magnification (SE image — X4.0k). (e) on the next page.
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Fig. 38e Microstructure in the centre of the detached region in (c) formed possibly
due to collapsed whisker blades (SE image — 4.0k).

Fig. 39 Different features of scale microstructures formed on detached
regions of scales of samples oxidized for times longer than 5 minutes
(a) (SE image — X500). (b) (SE image - X1.0k).
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5.2.2 Cross-sectional Examination

Examination of cross-sections of the original specimens révealed equi-axed
grains of ferrite (Fig. 40). EDX analysis over the grain boundaries as well as inside
grains revealed that copper content in the areas within the gréins was m;)re or, less
matching with the general composition of the alloy. For example, locations within the
grains had copper content of 0.64 - 0.90% for the steel with 0.78% Cu. On the other
hand, the grain boundaries showed marginally higher Cu levels. For example, in the
sample with 0.78% Cu, the grain boundaries indicated 0.90 - 1.10% of Cu. However,
Cu coﬁtent in very few isolated locations on the grain boundaries was 1.2-1.8% Cu.
Additionally, no non-uniformity along the cross section as well as on the surface of the
steel samples was observed. This means that copper was in general uniformly
distributed as solid solution in the alloy and only the grain boundaries were marginally
enriched.

5.2.2.1 Oxidized Samples of 0.22% Steel

Examining the microstructures of 0.22% Cu steel oxidized at 1000°C for 5
minutes revealed enrichment of copper along grain boundaries near the surface (Fig.
41). Additionally, copper was also enriched within the grains along the surface. EDX
analysis over these enriched grain boundaries showed copper content of =2.6%. The
depth at which copper enrichment was observed was in general 8-12 um from the
surface.

Increa‘sing the time of oxidation to 2 hours caused a large number of grain
boundaries near the surface to be enriched continﬁously with copper (Fig. 42).

Additionally, some of the interior grain boundaries below the surface were also
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Fig. 40 Equi-axed grains of ferrite in the cross-section of a test
specimen (0.39% Cu) (SE Image - X500).

Fig. 41 Cross-section of 0.22% Cu steel oxidized at 1000°C for 5 minutes
showing enrichment of Cu along grain boundaries close to
the surface (a) SE image (X2.0k). (b) BS image (X2.0k).
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Fig. 42 Microstr(lalliture of the cross-section of 0.22% Cu steel oxi(dbi)zed at 1000°C
for 2 hours showing continuous enrichment of Cu along grain boundaries
near the surface (a) BS image (X 1.0k) (b) SE image (X 1.0k).
enriched. Copper enrichment was also noticed along certain preferred planes and
directions in the interior of some of the near-surface as well as sub-surface grains (Fig.
42). Some of the enriched regions near the surface appeared to be blocky (massive), e.g.
region such as D (Fig. 42). The copper enrichment was found to be 5-10% on grain
boundaries depending upon distance from the surface, near surface regions showing
higher levels. The blocky region showed ~8.5% Cu whereas those embedded in the
oxide (region F) showed very high level (e.g. 76.49% Cu) as shown in the EDX
spectrum in Figure 43. The enriched region embedded in the oxide also showed the
presence of oxygen (3.95%). In addition, other elements such as Si, Sn and Ni were also

present increasingly more near the surface. However, there was no continuous film or,

enriched layer at the surface of the steel observed as shown in the figures discussed
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Fig. 43 Result of EDX analysis over blocky regions embedded in the scale showing
high Cu-enrichment (0.22% Cu steel oxidized at 1000°C for 2 hours).

above. What appeared were discontinuous, isolated enriched regions (~69.36% Cu

max.) at the surface (Fig. 44).

Increasing the oxidation temperature to 1100°C (5 minutes) showed more
pronounced grain boundary enrichment near the surface clearly. An extremely thin (<
1.0 um) layer of Cu-enrichment (pointed by an arrow) was clearly visible on the
specimen surface (Fig. 45). Increasing the oxidation time at 1100°C to 2 hours caused
further enrichment of copper along grain boundaries both near the surface as well as in

the substrate region.




(a) (b)
Fig. 44 Microstructure in the cross-section of 0.22% Cu steel oxidized at 1000°C
for 2 hours showing discontinuous isolated regions (at the surface) enriched
with Cu (a) BS image (X 3.0k) (b) SE image (X 3.0k).

(a) (b)
Fig. 45 Microstructure in the cross-section of 0.22% Cu steel oxidized at 1100°C
for 5 minutes showing pronounced grain boundary enrichment (near the
surface) with Cu (a) BS image (X 3.5k) (b) SE image (X 3.5k).
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The enriched layer (~1.0 um thick) at the surface (Fig. 46) showed considerable amount

of Cu (i.e. 85.85% Cu - in region G). Massive (blocky) regions also appeared more
frequently and also with larger size and enrichment, e.g. 7.72-11.22% Cu. Enriched
grain boundaries below the surface (A, B, C & F) had varying amounts of Cu, i.e.
5.96%-66.37% depending upon the distance from the surface. Examining the enriched
grain boundaries regions below the surface at higher magnification (Fig. 47) again
revealed preferential enrichment along certain directions and locations.

Additionally, there were locations near the surface (Fig. 48) de?oid of surface
enrichment but accompanied by very high levels of Cu enrichment (75.40-79.75%) at
the grain boundaries (regions C and D). The areas within the grains also exhibited high
levels of Cu enrichment (A - 16.39%; B - 9.43%). Moreover, a large number of
internally oxidized particles some of them enriched with Cu were also seen (Fig. 46- 48)
near the oxide metal interface.

5.2.2.2 Oxidized Samples of 0.39% Steel

Increasing the copper content to 0.39% and oxidizing for 2 hours at 1000°C
caused again appearance of discontinuous regions of copper enrichment on the surface
in addition to enrichment aléng grain boundaries as well as within the grﬁins (Fig. 49).
Comparing this photomicrograph with those for 0.22% Cu steel (Fig. 42-44) oxidized
for 2 hours at 1000°C, it was found that enrichment levels were greater and some of the
enriched massive regions appeared near the surface (region B). Enriched zones with
grains near the surface also appeared separated by pores. Highest enrichment recorded
at the surface was 85.03% Cu, however, majority areés were showing Cu levels of 71.0-

75.0%.
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(a) (b)
Fig. 46 Microstructure in the cross-section of 0.22% Cu steel oxidized at 1100°C

for 2 hours showing more or less continuous layer enriched with Cu
(a) BS image (X 1.0k) (b) SE image (X 1.0k).

(a) (b)
Fig. 47 Microstructure in the cross-section of 0.22% Cu steel oxidized at 1100°C
for 2 hours showing Cu-enriched grain boundaries (region A of Figure 46)
in the subsurface region (a) BS image (X 5.0k) (b) SE image (X 5.0k).
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(a) (b)
Fig. 48 Microstructure in the cross-section of 0.22% Cu steel oxidized at 1100°C
for 2 hours showing regions devoid of surface enrichment but accompanied
by high levels of Cu along grain boundaries .
(a) BS image (X 2.0k) (b) SE image (X 2.0k).

(a) (b)

Fig. 49 Microstructure in the cross-section of 0.39% Cu steel oxidized at 1000°C
for 2 hours showing pronounced appearance of discontinuous regions of Cu
enrichment at the surface and the grain boundaries (near the surface).
(a) BS image (X 3.0k) (b) SE image (X 3.0k).
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Increasing the oxidation temperature to 1100°C (2 hours) caused thicker (5-8
um) Cu enriched regions to appear on the steel surface (Fig. 50). These areas appeared
to be wavy and gave the appearance as if regions around grain boundaries were getting
preferentially enriched as mentioned previously. The Cu enrichment varied from 7.43%
at a distance of 20 um from the surface to 84.45% at the surface. This was clearer by
photomicrograph of enrichmeﬁt at another nearby location (Fig. 51). The Cu content of
the region A was 86.88% wﬁereas regions B and C showed only 9.8% and 11.35%
respectively. Viewing the location in the above figure at a higher magnification clearly
showed that enrichment began occurring at boundaries and also ét preferential loca_tions
within the grains at regions on the grain boundary (Fig. 52). It is worth noticing that
there was extremely thin (0.2-0.5 um thickness) Cu enriched layer on the steel surface
below the oxide layer (Fig. 51 & 52). Also, there were isolated Ipal’(icles in the oxide
which were highly enriched in Cu.

5.2.2.3 Oxidized Samples of 0.78% Steel
Oxidizing the highest Cu content stéel (under the present study) for 2 hours at 1000°C
caused many more large number of Cu enriched massive regions to appear on the
surface (Fig. 53). It is worth Comparing Fi‘gure 53 with Figures 42 (0.22% Cu steel at
1000°C for 2 hours) and 49 (0.39% Cu at 1000°C for 2 hours). The copper enrichment
over massive regions varied from 78.02% to 89.56% in comparison to 71.00 to 75.00%
in 0.39% Cu steel samples. Also, Cu enrichment along grain boundaries was much more
neair the surface (7.37% to 8.14%) as compared to that (1.0-3.5%) for 0.39% steel.

Additionally, Cu enrichment became continuous along grain boundaries near the
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(a) (b)
Fig. 50 Microstructure in the cross-section of 0.39% Cu steel oxidized at 1100°C
for 2 hours showing thick and deep regions of Cu enrichment along grain
boundaries (a) BS image (X 1.0k) (b) SE image (X 1.0k).

(a) (b)

Fig. 51 Microstructure in the cross-section of 0.39% Cu steel oxidized at 1100°C
for 2 hours showing clear penetration of Cu enriched layer along grain
boundaries (near the surface) and very thin or, no enriched deposit on the
specimen surface (a) BS image (X 2.0k) (b) SE image (X 2.0k).
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(a) (b)

Fig. 52 Microstructure in the cross-section of 0.39% Cu steel oxidized at 1100°C
for 2 hours showing enrichment of Cu along grain boundaries and at
preferential locations within the grains.

(a) BS image (X 4.0k) (b) SE image (X 4.0k).

(a) (b)

Fig. 53 Microstructure in the cross-section of 0.78% Cu steel oxidized at 1000°C
for 2 hours showing large number of Cu enriched massive regions
disjointed and separated from the substrate .

(a) BS image (X 2.0k) (b) SE image (X 2.0k).
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surface covering them completely all along ir,xdiVidual grains.A Enrichment was also
present within the grains below the steel surface as mentioned previously, however it
was much more pfonounced. It is also worth noticing that Cu enriched massive regions
at the surface were disjointed and separated from the substrate by pores, voids as well as
particles (Fig. 53) as observed for lower Cu content steél previously.

Oxidizing 0.78% Cu steel at 1100°C for 5 minutes revealed the existence of
continuous Cu rich layer (1-5 pwm thick) for the first time (Fig. 54) with Cu content
varying from 86.15% to 91.25%. Thin lines of Cu enrichment (2.69-5.42%) along grain
boundaries were also observed near the surface. At certain locations, however there was
no presence of enriched phase at the surface (Fig. 55), but the grain boundaries were
enrichedl (6.53-17.72%) as mentioned before. Additionally, a large number of extremely
fine voids (a few as big as 50 um average size) were also noticed (Fig. 56).

Increasing the oxidation time to 1 hour caused 3-8 p,fn thicig layer of Cﬁ
enrichment to appear in general everywhere on the surface (Fig.57). However, the
enriched layer was extremely thin and was barely seen. at certain locations on the
surface (Fig. 58) as noted préviously (Fig. 55). However, the Cu enrichment along grain
boundaries at these regions was very significant (~67.78%). At most“of the locations
(Fig. 59), the surface showed 82.35-93.10% Cu (e.g. location A) whereas grain
boﬁndaries showed 15.92% Cu (locations B and C). The areas within the A‘grains also

showed 12.60% Cu. There were also signs of Cu enriched zones getting engulfed into

the oxide layer (Fig. 59).
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(a) (b)
Fig. 54 Microstructure in the cross-section of 0.78% Cu steel oxidized at 1100°C

for 5 minutes showing continuous layer of Cu enrichment at the surface.
(a) BS image (X 1.0k) (b) SE image (X 1.0k).

(a) (b)
Fig. 55 Microstructure in the cross-section of 0.78% Cu steel oxidized at 1100°C
for 5 minutes showing grain boundaries enriched with Cu and the steel
surface devoid of any enrichment.
(a) BS image (X 1.0k) (b) SE image (X 1.0k).




(a) (b)
Fig. 56 Microstructure in the cross-section of 0.78 % Cu steel oxidized at 1100°C
for 5 minutes showing the presence of voids below the surface.
(a) BS image (X 100) (b) SE image (X 100).

(a) (b)
Fig. 57 Microstructure in the cross-section of 0.78% Cu steel oxidized at 1100°C

for 1 hour showing thick continuous layer of Cu enrichment at the surface.
(a) BS image (X 800) (b) SE image (X 800).
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(a) (b)

Fig. 58 Microstructure in the cross-section of 0.78% Cu steel oxidized at 1100°C
for 1 hour showing deep penetration of grain boundaries by Cu enriched
phase and very thin layer at the surface..

(a) BS image (X 1.0k) (b) SE image (X 1.0k).

(a) (b)
Fig. 59 Microstructure in the cross-section of 0.78% Cu steel oxidized at 1100°C
for 1 hour showing thick continuous layer of Cu enrichment at the surface
at a higher magnification. (a) BS image (X 3.0k) (b) SE image (X 3.0k).
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Increasing the oxidation time at 1100°C further to 2 hours resulted into larger

number of voids. This also caused highly enriched Cu layer to 'have penetrated more
deeply along grain boundaries near the surface (Fig. 60). Additionally, highly enriched
continuous layer of Cu was markedly absent from the sﬁrface. What was noticed instead
were isolated patches of 4-8 um thick regions highly enriched with Cu (Fig. 61). The
Cu content along grain boundaries (Fig. 61) varied between 23.95-87.01% (locations A
& C). Presence of tin and oxygen was also noticed from the EDX spectrum (Fig. 62).
The regions on grain boundaries adjoining these Cu riéh phase (location B) shqwed Cu
content of 9.57%, whereas the isolated highly enriched regions (location D) at the
surface had a .Cu content of 98.50%. Additionally, voids and pores were prominent
along grain boundaries as within grains near the surface at many places (Fig. 63).

A few internally oxidized particles were also seen particularly, near the surface
(Fig. 60 & 61). Analysis by EDX over these particles showed them to be of two types,
one containing some Cu (~4.02%), e.g. the bright particle (in the back-scattered electron
image) in Figure 61 and the other (dark paﬁicle) with almost no Cu at all. These
particles of the latter type were found to be consisting mainly of oxides of Fe along with
Mn (11.88%) and Si (11.47%). Howevef, the particle containing Cu showed very small
amounts of Si (1.16%) and Mn (0.92%). Traces of Al, P and S were also seen (Fig. 64).

Oxidizing this steel (i.e. 0.78% Cu) at 1200°C for 5 minutes caused again Cu-

rich layer (7 to 10 um thick) to appear continuously on the surface. Enrichment

accompanied by considerable internal oxidation as well as formation of pores (Fig.

65). Enrichment along grain boundaries near the surface was also observed. At these
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(a) (b)

Fig. 60 Microstructure in the cross-section of 0.78% Cu steel oxidized at 1100°C
for 2 hours showing deeper penetration of Cu enriched phase along grain
boundaries and internally oxidized particles near the surface.

(a) BS image (X 600) (b) SE image (X 600).

(a) (b)

Fig. 61 Microstructure in the cross-section of 0.78% Cu steel oxidized at 1100°C
for 2 hours showing Cu enriched phase along grain boundaries and
internally oxidized particles near the surface in the above Figure at a higher
magnification (a) BS image (X 1.0k) (b) SE image (X 1.0k).
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Line Method _Intensity  K-ratio ZAF  Concentration 2 Sigma Z A F
O KA PRZ 6.97 0027 2996  7.95wt% 1.190 wt% 0.792 3.791 0.998
Fe KA1 PRZ 94.68 0.088 0.857  7.55wt% 0.155 wt% 0.991 1.015 0.852
CuKA1 PRZ 515.42 0796 1.036 8246wt%  0.624wt% 1.025 1.010 1.000
SnLA PRZ 30.17 0017 1199 2.03wt% 0.129 wt% 1.172 1.033 0.991
Normalized. Factor 1

Fig. 62 Result of EDX analysis over Cu enriched phase along grain boundaries
(region A in Figure 61) in the cross-section of 0.78% Cu steel oxidized at
1100°C for 2 hours.

(b)

Fig. 63 Microstructure in the cross-section of 0.78% Cu steel oxidized at 1100°C
for 2 hours showing voids along grain boundaries as well as within grains
near the surface. (a) BS image (X 600) (b) SE image (X 600).
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Fig. 64 Result of EDX analysis over dark internally oxidized particle in Figure 61
in the cross-section of 0.78% Cu steel oxidized at 1100°C for 2 hours.

(b)

Fig. 65 Microstructure in the cross-section of 0.78% Cu steel oxidized at 1200°C
for S minutes showing Cu enriched layer at the surface as well as internally
oxidized particles. (a) BS image - X 1.5k. (b) BS image - X 1.5k.
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locations, the enriched layer tended to remain in contact with the substrate. However,
the enriched region appeared to have begun to separate from the steel in some other
areas (Fig. 66) due to formation of large voids and internally oxidized particles at the
interface between the enriched layer and the metal surface. EDX analysis revealed very
high levels of Cu on the enriched layer (Fig. 67) varying from 88.41% (region C) at the
~ extreme end of the surface to 4.3% (region F) at the grain boundaries. These were lower
than that for steel oxidized at 1100°C for 5 minutes. Some Ni, Sn, Si as well as Al were
also observed. (Fig. 68). Most of the locations 'at grain boundaries below the surface
indicated much lower levels of enrichmént (<2.0% Cu).

I’ncreasing the oxidation time at this temperature to 1 hour at 1200°C caused
further separation of Cu enriched layer. The thickness of enriched layer also increased
marginally to 10-15 um. Enrichment along the grain boundaries also continued. At
other locations however, the ;hickness of enriched layer was less, i.e. 2-10 um (Fig. 69).
In these locations, a lot of iﬁtemal oxidation was observed due to which the enriched
layer appeared to have broken contact with the steel surface significantly. A lot of oxide
and Cu enriched particles were also seen everywhere near the surface. In some of the
locations, the high Cu regions (e.g. 88.5% at locations A and B) appeared’to have
existed side by side with low Cu (7.76% at locations C and D) regions (Fig. 70). In
addition, Cu rich phase appeared to be surrounding some of the oxide precipi}ates inside
the metal close to the surface (Fig. 70). The grain boundary area near the surface (region
E) indicated a lot of Cu, e.g. 20.83%. Presence of oxygen was also detected over the

highly enriched regions on the surface.

80




Fig. 66 Microstructure in the cross-section of 0.78% Cu steel oxidized at 1200°C
for 5 minutes showing the beginning of separation of Cu enriched phase at
the surface from the substrate (SE Image — X 1.5k).

(a) (b)
Fig. 67 Microstructure in the cross-section of 0.78% Cu steel oxidized at 1200°C
for 5 minutes showing Cu enriched layer at the surface as well as internally
oxidized particles. (a) (BS image - X 5.0k. (b) SE image — X 5.0k.
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Fig. 68 Result of EDX analysis over the region C of Cu enriched phase in
Figure 67.

(b)

Fig. 69 Microstructure in the cross-section of 0.78% Cu steel oxidized at 1200°C
for 1 hour showing reduced thickness of Cu enriched layer at the surface.
Also prominent is significant separation of Cu enriched phase from the
substrate. (a)BS image - X 800. (b) SE image - X 800.
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(a) (b)

Fig. 70 Microstructure in the cross-section of 0.78% Cu steel oxidized at 1200°C
for 1 hour showing existence of high Cu region side by side with low Cu
region and surrounding of internally oxidized particles by Cu enriched
phase. (a)BS image - X 800. (b) SE image - X 800.

At some rare locations, Cu-rich phase did appear to form along grain boundaries

(Fig. 71), but it appeared to be broken and disjointed due to presence of voids and

possibly oxide particles. At few other locations, internal oxidation occurred quite deep

along the grain boundaries (Fig. 72). EDX analysis at the edge of this internally
oxidized grain boundary showed 26.88%Cu, 14.91% O and other elements such as Al,

Si, P and Mn (Fig. 73). On the other hand, it showed much less copper (7.25%), higher

oxygen (27.99%) and higher amounts of other elements such as Al, Si, S, P, Cr ad Mn

(Fig. 74) at the centre.
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(a) (b)

Fig. 71 Microstructure in the cross-section of 0.78% Cu steel oxidized at 1200°C
for 1 hour showing Cu enriched phase penetrated along grain boundaries
but broken and disjointed due to presence of oxide particles and voids.
(a) BS image - X 2.0k. (b) SE image - X 2.0k.

(a) (b)
Fig. 72 Microstructure in the cross-section of 0.78% Cu steel oxidized at 1200°C
for 1 hour showing internal oxidation along grain boundaries near the
surface(a) BS image - X 800. (b) SE image - X 800.
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Fig. 73 Result of EDX analysis over the edge of internally oxidized grain
boundary in Figure 72.
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Fig. 74 Result of EDX analysis over the centre of internally oxidized grain
boundary in Figure 72.
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Increasing the time of oxidation to 2 hours (at 1200°C) caused further separation
of Cu enriched phase from grain boundaries due to enhanced internal oxidation
(Fig.75). The internally oxidized particles became much bigger in size especially close
td the steel surface. There appeared to be progressively less enrichment along grain
boundaries. The thickness of the enriched layér on the surface also tended to decrease
(e.g. to 3-5 um). At locations in between, it appeared as a thin line. Enrichment of Cu at
the surface (Fig. 76) was found to be 82.12-88.71% (locations A and B). Some O, Sn
and Ni were also present. However, the enrichment along the thin layer (region C) and
at the grain boundaries (region D) was 14.97% Cu and 3.16% Cu réspectively.

The internally oxidized particles appeared to be coated with a highly enriched
Cu layer (Fig. 77) containing 78.29% Cu, some Ni (1.44%), Mn (1.98%) and oxygen
(4.49%) (location A). The centre of these particles (location B) consisted mainly of iron
oxide with trace of Cu ana Mn (< 1.0%) and significant amounts of oxygen (22.17%).
Considerable Si (i.e. 8.5%) was present neaf the edges (i.e. at the interface between Cu
rich phase and Fe-oxide). Particles farther from the steel surface contained smallc;,r
amount of Cu in the enriched layer around them (e.g. at a a distance of 50 um they
contained less than 1.0% Cu).

Increasing the oxidation temperature to 1275°C (2 hours) caused the depth of
internally oxidized zone to increase further, voids and internally oxidized panicles to

- become more numerous and Cu enriched layer to become thinner (1-3 um) as well as

more separated into the scale (Fig. 78).
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(a) (b)
Fig. 75 Microstructure in the cross-section of 0.78% Cu steel oxidized at 1200°C
for 2 hours showing thin Cu enriched phase at the surface and numerous
internally oxidized particles (a) BS image - X 400k. (b) SE image - X 400k.

(a) (b)
Fig. 76 Same as above at a higher magnification
(a) BS image - X 2.0k. (b) SE image - X 2.0k.
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(a) (b)
Fig. 77 Microstructure in the cross-section of 0.78% Cu steel oxidized at 1200°C
for 2 hours showing internally oxidized particles surrounded with Cu
enriched phase (a) BS image - X 2.0k. (b) SE image - X 2.0k.

(a) (b)
Fig. 78 Microstructure in the cross-section of 0.78 % Cu steel oxidized at 1275°C
for 2 hours showing thin Cu enriched phase at the surface and numerous
internally oxidized particles (a) BS image - X 300k. (b) SE image - X 300k.
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Additionally, existence of regions mildly enrichéd with Cu (7.97% Cu and 1.88% Ni)
jusf below the highly enriched regions (Fig. 79) became more pronounced and spread.
over much longer distance (15-20 um). Th;: surface enriched layer contained 83.70%
Cu; 1.45% Ni and 2.96% Sn. It also exhibited distinct oxygen (3.3%)" peaks. The
surface enriched layer was further separated by large oxide particles (Fig. 80).

Oxidation at higher temperatures (e.g. 1200-1275°C) of lower Cu content (e.g.
0.39%) steels for 2 hours did not shdw the presence of any highly enriched continuous
layer (Fig. 81). Rather, the Cu enriched layer was broken, discontinuous and getting
engulfed into the oxide scale very markedly (Fig. 81 and 82). Also, Cu content of the
enriched layer was ~6.09% at the surface and it decreased gradually to less than 1.0% at
a distance of 15 um from the surface. Again, a lot of internally oxidized particles were
observed. At 1200°C, the features were similaf except that Cu content was lower at the
surface.

5.3 XPS Studies
XPS studies on a sample (0.78% Cu steel oxidized at 1200°C for 5 minutes) carried
over an area with dark appearance (e.g. in Figure 24). indicated -distinct 2p - peaks of
CuO (Fig. 83) as well as those of Fe;0; (Fig. 84). It could be noticed from the spectra
in these figures that the peaks of CuO (particularly, 2ps,) were much sharper whereas
those of Fe,O3; were broadened. A broéder peak of Fe,O3; was indicative of presence of

FeO too, as the binding energies for 2ps» peaks of these two oxides are very

close
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(a) (b)
Fig. 79 Microstructure in the cross-section of 0.78% Cu steel oxidized at 1275°C
for 2 hours showing side by side existence of regions mildly as well as
severely enriched with Cu (a) BS image - X 2.0k. (b) SE image - X 2.0k.

(a) (b)

Fig. 80 Microstructure in the cross-section of 0.78% Cu steel oxidized at 1275°C
for 2 hours showing separation of thin Cu enriched phase at the surface by
large internally oxidized particles.

(a) BS image - X 1.0k. (b) SE image - X 1.0k.
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(a) (b)

Fig. 81 Microstructure in the cross-section of 0.39% Cu steel oxidized at 1275°C
for 2 hours showing absence of continuous layer of Cu enriched phase at
the surface and presence of internally oxidized particles.

(a) BS image - X 500. (b) SE image - X 500.

(a) (b)
Fig. 82 Same as above at a higher magnification.
(a) BS image - X 2.0k. (b) SE image - X 2.0k.
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Fig. 83 CuO spectra from XPS studies performed over the scales of
0.78% Cu steel.
(i.e. ~711 and ~709 eV respectively). Similar results were obtained when XPS spectra
were taken over an area (on the same sample) with bright appearance. However, the

peaks of both CuO as well as Fe;O3 showed less intensity indicating qualitatively that

these were present in smaller amounts.
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Fig. 84 Fe,03/FeO spectra from XPS studies performed over the scales of
0.78% Cu steel.

Finally, XPS spectra for a sample of 0.78% Cu steel oxidized for 2 hours at
1200°C did not indicate any peaks of CuO (Fig. 83). Additionally, the peaks of Fe;O;
were sharper than those for the sample oxidized for 5 minutes (Fig. 84). This indicated
that possibly little or, no FeO was present on the surface of the oxide scale formed over

this sample.
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54 X-R;ly Diffraction Studies
X-ray diffraction studies carried out on the surfaces of oxide layers revealed strong
peaks of spinels, i.e. CuFe;04 / CuFeMnOy in the case of steels oxidized for times less
than two hours. The samples oxidized for 5 min. also revealed strong peaks of wustite,

i.e. FeO (Fig. 85). In addition, peaks bf hematite, i.e. Fe;O3 also were observed.
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Fig. 85 X-Ray diffractionvpattern showing peaks of CuFe;0Q,/ CuFeMnO,, FeO
and Fe;O; on the scale surface of 0.39% Cu steel oxidized for 5 minutes at

1200°C.
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6. Discussion

From oxide growth curves ( W2~t plots), it can be observed that they exhibited
distinct parabolic behavior even during the early stages of oxidation (e.g. for t.imes less
than 5 minutes). In fact, it could be argued after seeing the plots that if at all, the linear
stage existed, it was during very early stages of oxidatipn, 1.e. for times less than 80
seconds. This is similar to what Abuluwefa et all?”} reportéd.’ They observed a linear
stage of 2 minutes or, less during the oxidation of mild steel in an envirdnment with
high oxygen potential. Sheasby et al™™ also observed parabolic rate curve from the
beginning during oxidation of low alloy steels in pure oxygen. It is expected that for an
atmosphere of high oxygen actiyity such as air, the reaction processes at the scale-gas
interface are rapid enough so as not to be rate limitingm. As a result, the scale formed
becomes sufficiently thic.k and the transport of ions across the scale becomes the rate
controlling process. This causes the oxidation rate to decrease with time as per the
parabolic law under such conditions. -

Increasing Cu in steels caused a reduction in the rate of oxidation because a
greater thickness of Cu-rich layer appeared on the surface of the substrate with higher
Cu. Although the layer appeéred to be thin in the beginning, it might be vstill acting as a
barrier to the diffusion of ions across it. Additionally, increasing Cu f:ontent also caused
more adherent Qxide scale to form causing the scale to have smaller tendency to detach
from the substrate. This resulted into scale being more protective. Reduction in
oxidation rate due to increase in Cu content was found by previous investigators”" 1

However, Olson et al* did not observe any variation in rates of oxidation of Fe-Cu

alloys at high temperatures. This is possibly because they studied the oxidation behavior



in H,O/H, mixture. Increasing adherence of scale in steels with higher copper levels
observed during present investigations was noticed by steel plant dperators who had
been hot rolling these steels*®). This was also observed by previous investigatorsm. The
observed increase in scale adherence due to Cu in steel is possibly because the scale-
metal interface became very uneven due to occlusion of Cu-enriched layer into the
oxidé as v;/ell as localized inward. advancement of the oxides into the metal. This
resulted into good interlocking bond between the oxide and the metal substrate. This
was even more prominent for greater Cu levels and at higher temperatures. Vannerberg
and Hammer!™*® reported interlocked tenacious scales during oxidation of Fe-Cu alloys
at 625°C. Nicholson and Murray[m] also argued that increased surface roughening at the
interface caused more adherent scalés in higher‘Ni steels. Hov;lever, Olson et al[47_] did
not observe any variation in rates of oxidation of Fe-Cu alloys at high temperatures.
This is possibly because they studied the oxidation behavipr in H,O/H; mixture.

The change in the slope of W2~t plots at higher temperatures (i.e. 1200 and

1275°C) was indicative of reduced oxidation rate after a certain time. This was probably

" due to precipitation of Cu-enriched layer at the surface. The enriched layer (including

both high Cu as well as low Cu regions (Fig. 79) was much thicker (e.g. 10-20 pm)
after a certain time at higher temperatures, acting as the second effective barrier that
impeded the diffusion of ions in addition to the first one, i.e the oxide scale. )

At Iower temperatures (e.g. 1000°C) diffusivities were smaller causing lesser
rate of oxidation. This resultéd into smaller tendency to formation of copper-rich phase
on the substrate. This was obvious from the micro-structural examination of cross-

sections as Cu layer was in the form of massive, discontinuous regions (Fig. 49, 53) at
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1000°C. The maximum thickness of the Cu layer was only 3-4 um at 1000°C and it was
. much less at most of the locations in general. For 0.22% Cu sample, it was not even
noticed in the cross section (Fig. 42) and was barely seen on the surface. Hence, thé
difference in oxidation due to variation in copper content was small at 1000°C. As the
‘temperature was increased, continuoué copper layer began to form/increase in thickness
resulting into larger difference in oxidation behavior at 1100°C. However, this was still
not thick enough so as to cause any appreciable change in the rate constant with time
and hence the oxidation rate.

At higher temperatures (i.e. 1200° and 1275°C), the differences in weight gain
due to Cu content decreased particularly after longer times because highly enriched Cu
regions were getting occluded into the_'scale (Fig. 76-81). Accordingly, the thickness of
the highly enriched layer decreased at the surface. This made it less effective as a
barrier to diffusion. However, a region (10-20 um thick) mildly enriched with Cu was
alWays present below the surface irrespective of Cu content in the steel. Whatever little
difference in scaling due to variation in Cu content was observed at higher
temperatures, it could be attributed to the difference in Cu content of the mildly
enriched region as well as to the presence éf a very thin layer of highly enriched region
at the surface (Fig. 79). | |

Formation of whiskers on-the scale surface during the present investigations was
vvery surprising as most of the previdus workers reported that whiskers formed at much

lower temperatures. For example, Voss et all*®!

reported the growth of hematite

whiskers during oxidation of iron and mentioned that they formed at temperatures from

400° to 850°C. Earlier, Gulbransen and Copanm] also reported growth of oxide




whiskers on Armco iron at 500°C in dry oxygen. Kofstaadm] mentioned in his
cémprehensive review on high temperature oxidation that whisker growth never
occurred during the initial stage of oxidation but was always associated with thiéker
films or, scales. However, Gulbransen and Copan[‘m found in their study that whiskers
were ‘only present during the first few hours of reaction. The present investigation
supports the work done by Gulbransen and Copanm] as growth of blades was observed
on the scale surface during oxidaFion for times less than two hours. Additionally,
whiskers were found to be hollow from witﬁin and their growth used to get stopped
after blunting of their tips (Fig. 33-37). Voss et al™*! also observed holldw tunnel in o-
Fe,O3; whiskers. Based upoﬁ their results as well as review of previéus work, they
argued that the whiskers grew at their tips and the prﬁnary mechanism for their growth
was surface diffusion along the central tunnel. In addition, diffusion along twin
boundary along the blade axis also played a minor role. Preferential growth along the
axis was also evident during the present studies as the blade cross-sections rarely
" differed from those of the nuclei formed during the early stages. It was reported in the

{50]

literature™ that whisker blades nucleated at the sites of emerging dislocations on the

oxide surface and that the hollow tunnel along thé blade-axis developed due to existence
of the dislocation core!®® %, |

It was found that the length as well as width of whiskers did not alter very much

with the passage of time. Similar results were also found by Voss et all*®!, It‘is possible

‘that although primary mechanism was growth along the hollow tunnel, marginal

sidewise growth also occurred due to lattice diffusion in the lateral direction. Due to this

lateral growth, the tunnel eventually became clogged, most likely at the tip that stopped




its further growth. Reduced growth of whiskers in higher Cu samples might be because
of decreased rate of oxidation due to greater enrichment of Cu at the surfaces.
Increasing the temperature of oxidation shorte'ned the length of whisker blades and
" increased their diameter marginally. This is because at lower temperatures, volume
diffusion was less prominent and sidewise growth of blades took place to a lesser
extent. Hence, chances of blocking up of the hollow tunnel were less likely resulting
into unhindered growth along the length.

Formation of parallel lines (Fig. 28, 29) within a substructure in the oxide grains
was possibly due to plastic deformation of the oxide scale as it collapsed on the
receding metal. Plastic deformation of scales is known to be caused by growth stresses
during the early stages of oxidation, i.e. when the scale is relatively thint 1> %, Ridge-
like appearance along parallel Hnes as well as along substructure boundaries indicated

11 observed formation of

the possibility of preferential oxidation. Lee and Rapp
substructures under hot-stage SEM during high temperature oxidation of iron in oxygen.
Ridge like 'appear'ance on the scale surface was observed by Raman et al®¥ during
oxidation of 9Cr-1Mo steel énd by Prescott et al® during high temperature'oxidation
of B-NiAl.

Presence of FeO in the X-Ray and XPS spectra indicated.vthat the regions
showing parallel lines and substructure formation that inhabited the whisker colonies
were possibly made of FeO. Stronger peaks of CuO and Fe;O; in dark regiodns (Fig 24)
indicated that they were densely pOi)ulated with whiskers of CuFe;O, spinels whereas

bright regions weré sparsely populated with them as indicated by weaker peaks of CuO

and Fe,0;, This was confirmed by observing these regions under SEM. The absence of
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CuO from XPS spectra for the samples oxidized for two hours indicated that CuFe;0O4
whiskers vanished from the surface during later stages. What remained on the surface
after 2 hrs, was only Fe,O; as confirmed by sharpness of its peaks in these samples.
How this happened, is still not clear at this stage. It is possible that due to detachment of
the scale, the whisker blades collapsed on the oxide surface and got further oxidized.
Additionally, it is also probable that crystals of Fe;Os3 nucleatéd everywhere on the

3] a1s0 observed similar Fe,O3

sqrface and covered the entire surface (Fig. 39). Ren

structures on the surface of low carbon steels oxidized for times more than 2 hrs.
Detachment of scales with the passage of time observed during oxidation

occurred in order to relieve the growth stresses. It has been widely discussed in the

literature!> 5% 5456}

that there are multiple sources of growth stresses during -oxidation
reactions of metals and alloys, e.g. oxide growth mechanisms, differences in volumes of
oxide and substrate, changes in the scale, specimen geometry, scale-metal epitax_ial
relationship, etc. These growth stresses may be relieved through various mechanisms,
e.g. plastic deformation of scales, scale detachment ét the scale/metal interface, etc. As
long as the scale is thin, its plastic deformation by dislocation glide and vacancy
inserfion into the metal with annihilation at grain boundaries, dislocations and second
phases should permit the inherent chemical bohds to maintain intimaté contacts at the
metal/scale interface®™®. However, as the scale grows in thickness it- may not be able to
deform sufficiently rapidly to maintain adherence to the receding metal. ;I‘his might
cause development of voids and cavities as well as cause detachment at the interface. It
is also possible that under the severe compressive stresses the oxide film buckles in

order to release the strain energy[5 7,
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The observation that grain boundaries were getting enriched in the beginning of

oxidation at lower temperatures (e.g. 1000°C) was notable. It is highly probable that at
lower temperatures (e.g. 1000°C) diffusion was occurring predominantly along grain

boundaries. Hence copper diffused along grain boundaries due to concentration gradient
near the surface. As the temperature was low and copper content was below 80.0% wt,
the enriched phase remained solid. This was observed by Zou and Langexlsﬂ as well as
Imai et al"**!. The voids observed along graiﬁ boundaries must have been created due to
condensation of vacancies™ .

Massive regions enriched with Cu at the surface were disjointed and separated
from the substrate by pores at 1000°C because the scale was unable to deform at this
temperature. Condensation of vacancies also must have played an important role!*® %9,
It is also possible that as the enriched region was solid at this temperature, there was
high interfacial energy .between this and the solid substrate. Kajitani et al® also
observed Cu-enriched regions at the surface disjointed and separated from the interface.
They argued that it was possibly due to higher interfacial energy between Cu-phase and
_steel. in comparison to that between Cu-phase and scale.

It is possiblé that once the grain boundariés at the surfaqe region were ¢nn'ched
enough ‘in Cu and also Sn, the enﬁched layer became molten. The presence of Sn
accentuated this process .ﬁs it is well known to lower the melting point pf Cu-rich

phase[m

. Once molten, this easily penetrated the grain boundaries very deep inside the
surface as they had the lowest dihedral angle at 1100°CP. At lower temperatures (e.g.

1000°C), however this did not happen as the Cu enriched region was not molten due to

smaller amounts of Cu (<90.0%) as well as Sn (<3.0%). A Fe-Cu-Ni (<5%) phase at
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this temperature with the prevailing composition should be solid®!, Presence of isolated
highly enriched (with Cu) particles at 1100°C (Fig. 51) in the scale indicated the
beginning of occlusion of enriched regions into the oxide layer. However, this was
barely perceivable at 1100°C and was very prominent at higher temperatures.

Increasing the temperature, particularly above 1100°C caused very enhanced
internal oxidation of Si, Mn and Fe. This was more so with increasing times of
oxidation. This was because Cu-rich phase that was liquid at 1200°C and above had a
“much higher solubility and mobility of oxygen atoms™. Due to this, more and more
oxygen atoms could dissolve} into the liquid Cu-enriched phase and diffuse into thé
substrate rapidly. In addition, greater diffusivities lat higher temperatures also must have
contributed to this.

Increasing the time of oxidation resulted into enhanced thickness of Cu rich
layer due to more oxidation. Increasing temperature in general caused the thickness of
the Cu-rich layer on the surface to increase because higher temperature iﬁcreased the
diffusion coefficients causing enhancéd migration as well as selective oxidation of Fe.
However, increasing the time to 2 hrs at 1200°C as well as 1275°C caused the Cu rich
layer (highly enriched) thickness to decrease because (i) a lot of Cq-rich phase was
getting occluded into the scale due to enhanced intrusion of oxide into the metal
~ substrate. (ii) more and more Cu rich phase was precipitating at intemall}" oxidized
particles. Several authors reported occlusion of Cu rich layer into the scale with
increasing time and at higher vtemperatures._ For example, Fisher™ reported entrapmént
of Cu-rich phase into the oxide due to internal oxidation of iron brought forth by the

presence of Ni in the steel. Kajitani et al® also observed occlusion of Cu-rich phase
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i.nto th¢ scale due to heavy internal oxidation. However, the observation that Cu rich
layer was getting precipitated at internally oxidized particles was not reported earlier in-
the literature.

There were significant ambunt; of Si (and also Al, Mn, etc.) near the edges of
the many internally oxidized particles and Fe everywhere on them. It is possible that
FeO and SiO;, éombined after i'nte;nal oxidation to form 2Fe0.SiO (i.e. Fayalite) which
then combined again with FeO to form a low melting eutectic with é melting point of
1177°C. As this phase was liquid at 1200° as well as 1275°C, liquid Cu-rich phase
precipitated at the boundaries of this molten eutectic phase due to lower interfacial
energy. Kajitani et al® used similar arguments in explaining the precipitation and
“entrapment of Cu-rich phase along grain boundaries in the scale formed at 1300°é in
low carbon steel containing residual Cu. Increasing oxidation time as well as
temperature (e.g. from 1200°C to 1275°C) enlarged the size of the internally oxidized
particles and also increased the copper content of the enriched phase around them, as it
allowed further oxidation causing more copper to diffuse and ﬁve at the interface due
to favorable interfacial energy as discussed above.

InC{easing temperature also caused a large number of pores to form all over the
cross-section. However, they were more numerous near the surface. This was a
" confirmation that mass transport occurred by vacancy diffusion and pores formed
because of condensation of vacancies!'®.. Formation of pores near grain boundaries at
lower temperatures again confirmed that primary mechanism of transport was grain

boundary diffusion, whereas pores were formed everywhere at higher temperatures

indicating that lattice diffusion was becoming important at elevated temperatures.
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The existence of mildly enriched regions below highly enriched zones (Fig. 79)
' cén be explained by internal oxidation as well as lattice diffusion back into the
substrate. It is possible that internal oxidation at numerous locations within the surface
| (below the liquid Cu-rich region) caused the formation of low melting eutectic at the
interface between internally oxidized particle and the substrate and consequently Cu-
enriched region precipitated there due to smaller interfacial energy as explained in the

previous paragraphs.
7. Conclusions

(i) The oxide growth curves displayed parabolic behavior in general, even during
the early. stages of oxidation. However, the parabolic rate constants dropped to lower
. values after a certain time at 1200°C as well as 1275°C. This was possibly due to
precipitation of sufficiently thick Cu enriched layer at the steel éurface.

(ii) The oxide scale was mainly-adherent to the substrate surface initially for all
Cu levels and temperatures studied. However, the scale became detached from the métal
surface after passage of time in order to relieve the growth stresses. The scale adherence
increased with increasing Cu contént as well as increasing temperature because of
greater occlusion of Cu enriched phase into the scale as well as localized inward
advancemént of scale into the metal resulting into interlocking bond between oxide and
the substrate.

(iii) Oxide surfaces in the steels oxidized for times 1 hour or, less exhibited
growth of whiskers of CuFe;O, spinels over the scale comprising mainly of FeO.

Increasing temperature increased the diameters of whiskers marginally and decreased

their lengths due to greater extent of volume diffusion. Higher Cu steels exhibited
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reduced growth of whisker blades due to reduction in the oxidation rate. These _blades
disappeared from the scale surface when the steel was oxidized for 2 hours and what
remained on the surface was only Fe,Os.

(iv) Enrichment of Cu was observed at the oxide-metal interface and the grain
boundaries close to the steel surface even in the early stages of oxidation at all
temperatures. However, the enriched phase at the surface was discontinuous and
separated from the substrate at 1000°C. This happened because the interfacial energy.
between Cu phase and the steel was greater than that between enriched layer and the
scale at this temperature. Grélin boundary enrichment of Cu was very marginal af
1000°C as this phase was solid and separated from substrate. At 1100°C, the size of Cu
rich phase increased for lower Cu levels (e.g. 0.22% and 0.39%). However, this phase
remained discontinuous and separated from substrate for these steels. A continuous

“layer of Cu was observed at the suﬁace at most of the locétions for 0.78% Cu steel.
Additionally, there were locations near the interface devoid of any surface enrichment
but accompanied by penetration of grain boundaries by the enriched layer. This
occurred because Cu rich phase became molten as it contained high concentration of Cu
and then penetrated the grain boundaries because of the lowést déhedral angle at

1100°C.
(v) Increasing the temperature above 1100°C caused enhanced internal oxidation

of Si, Mn and Fe. Increasing the time of oxidation accentuated this.process. This was
due to enhanced solubility of oxygen in Cu rich phase as well as higher diffusivities at

1200°C and above.

106




(vi) Increaéing time increased the Cu content of the enriched layer at both

1000°C as well as 1100°C. The thickness of the enriched phase also increased.

Increasing temperature also had a similar effect. This was due to enhanced diffusion
coefficients. However, increasing the time to 2 hours at 1200°C and 1275°C caused the
thickness of highly enriched layer to decrease due to occlusion of Cu rich phase into the
scale as well as its precipitation at internally oxidized particles. -

(vii) No penetration of grain boundaries by the enriched phase was observed at
1200°C and 1275°C as it got separated from the substrate by internally oxidized

particles and pores.

8. Further work

It was »observed during the present investigation that precipitation of Cu along
grain boundaries near the surface did not occur at temperatures 1200°C and above
because of separation of enriched phase from the substrate due to enhanced internal
oxidation as well as precipitation around internally oxidized particles. It is possible that
similar phenomenon might happen at 11005C in an atmosphere with higher oxidizing
power than air. Hence it would be interesting to undertake work on oxidation of steels
at 1100C using a gas mixture with oxygen content more than that in air.

It also will be interesting to exploré the precipitation.of Cu enriched phase after
oxidation for times much less than 5 minutes. This might bring gfeater insights into the
mechanism of precipitation of the Cu rich phase é_t the surface as well as grain
boundaries near the surface of steel.

Additionally, it will be worthwhile to study the precipitation of Cu phase during

high. temperature oxidation of binary Fe-Cu alloys (<1.0% Cu), particularly at
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temperatures 1200°C and above as fayalite will not be present to facilitate the

precipitation around internally oxidized particles.

Further, as very little work was reported in the literature on the modeling of Cu

enrichment it will be useful to model the processes of enrichment in the oxide-metal

interfacial zone as well as precipitation around intemally oxidized particles.
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