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The effects of trace impurities on the adherence of oxides to ultra low carbon steels were
investigated. Three steels, of differing chromium, aluminium, silicon, nitrogen and oxygen con-
tent, were oxidized at 850 K in 10% C0,-90% N, gas and then oxidized at 770K in 10%
CO,-10% 0,-80% N, gas. Surface analysers, i.e. a Mossbauer spectrometer, Auger electron
spectrometer and/or ion micro analyser, were utilized in the present study because of the very
thin layer of oxides formed (1.0 to 2.0 um). The following results were obtained. The oxide on
the Al-containing steel spalled at the outer—inner oxide interface, where aluminium was
enriched and many cavities appeared. The inner oxide layer, oxidized by the transport of CO,
or O, gases along the outer layer grain boundaries or micropores, became thick. This
generated a stress at the outer—inner layer interface with the resultant formation of cavities. On
the other hand, the oxide on the Cr-containing steel showed good adherence to the metal.
The inner layer, enriched with chromium, did not become thick and had no cavities at the
interface. The addition of chromium to the Al-containing steel resulied in good oxide
adherence because chromium acted as a barrier to the aluminium enrichment.

1. Introduction

Many investigations concerning the oxidation of
carbon steels have been performed for a variety of
environments (CO,, O,, H,0, air etc.) and tem-
peratures [1-7]. According to these papers, voids or
cavities can exist in the oxide layer or at the
oxide—metal interface, so that oxides can lose
adherence and occasionally spall [1-6]. Investigators
have tried to relate these phenomena to such variables
as surface roughness, amount of rolling, impurities,
specimen geometry, in-diffusion of gas, injection of
vacancies into the metal or out-diffusion of iron
atoms, etc. [1-9]. However, most of this work has
been done on steels containing a few hundred p.p.m.
carbon, mainly to study the effect of carbon content
on the void formation, or to study the thick oxide
layers formed with the scanning electron microprobe
(SEM) or the optical microscope (OM).

In recent years, because of improvements in smelt-
ing techniques, ultra low carbon steels containing very
low impurity levels have become readily available
(especially in electronic components). However, these
impurities in steels were remarkably enriched at the
surface or grain boundaries on annealing in a variety
of gaseous environments (vacuum, H,, N,, etc.), so
that chemical properties (on oxidation, plating, coat-
ing with paint) or mechanical properties were affected
by these enrichments [10]. So far as oxidation is con-
cerned, it is generally considered that the enrichment
of chromium, aluminium and silicon at the steel sur-
face can decrease the oxidation rate constant because
these elements form thin protective oxides which
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inhibit the transport of oxidizing agents. On the other
hand, it has also been reported that additions of some
impurities (for example silicon) increase the oxidation
rate constant (especially in wet gas) [11, 12]. These
differential results can be explained by the difference
in the amount or kind of enriched impurities at the
surface or the grain boundaries.

To investigate the enrichment of impurities, new
analytical equipment has been developed. These are
useful tools to use in clarifying the above problem.
This paper describes the results of a study, which
makes use of some of this new analytical equipment,
of the effects of trace levels of impurities, primarily
aluminium and chromium, on the adherence of the
thin oxide layer formed on these low carbon steels; it
also clarifies the relation between the impurity enrich-
ment and the adherence of the oxides.

2. Experimental conditions

Cold rolled ultra low carbon steels of three com-
positions, 0.2mm thick, were utilized in this study.
The three steels varied in regard to the amount of
chromium, aluminium, silicon, nitrogen and oxygen
present, as shown in Table I. In this work, each steel
was provisionally designed as “Cr-steel”, “Cr—Al-
steel” and ““Al-steel”, respectively, according to its
content. Fig. 1 shows the steps in the preparation of
the samples. The three steels were degreased by tri-
chloroethylene to preclude surface contamination,
washed in an ethylalcohol bath, followed by immer-
sion in a purified water ultrasonic bath. The surface
cleanliness was confirmed with the scanning Auger
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TABLE I Chemical composition of steels (p.p.m.)

Element Steel
Cr-steel Al-steel Cr—Al-steel

C 55 39 36

Si <10 130 40
Mn 2350 2660 2870

P 161 153 157

S 130 191 228
Cr 489 74 182

Al <1 397 479
Ni 148 146 164
Cu 40 40 40

A" <5 <5 <5
Mg <1 <1 <1
Na <1 <1 <1

K <1 <1 <1
Ca <2 <2 <2

N 10 46 47

(8] 338 64 57

Fe Balance Balance Balance

electron microprobe (SAM, Perkin Elmer Co. SAM-
590A) and/or ion micro analyser (IMA, Hitachi Ltd.
IMA-2). These steels were annealed at 1000 K inan H,
atmosphere (dew point, 290 K) for 3600 sec to relieve
the cold rolling stress and to enrich impurities at the
surfaces. These were then oxidized at 850K in a mix-
ture of 10% CO,—90% N, gas (dew point, 313 K) for
300sec and at 770K in a mixture of 10% CO,-
10% 0,-80% N, gas (dew point, 313K) for 120 sec.

These oxidized samples were then evaluated as
follows:

1. The oxidized samples were broken in liquid N,
and the fractured surfaces and the related adherence
of the oxides were studied with SEM. This is a simple
and suitable method to evaluate the oxide adherence
and to consider the reaction of oxides and metals by
observing their interfaces.

2. The structure and crystal anisotropy of the
oxides were examined with a X-ray diffractometer

Cold Rolled Steel
t=0.2mm

Degreasing
tricloroethylene —ethy! alcohol —water

4

Annealing
Hp , 3600sec, |O00K, dew point=290K

Oxidation
10% CO2 -90% N2
850K, 300sec , dew point =3i3K
+
10%C02-10%0, -80%N>
TT70K, 120sec, dew point=313K

(_Oxidized Steel )

Figure 1'Sample production process.
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(XRD) andjor conversion electron Mossbauer
spectrometer (CEMS).

3. The diffusion of impurities in the steels to the
oxide or the oxide—metal interface zone was analysed
with SAM and/or IMA.

3. Results

3.1. Properties of oxidized steel

Fig. 2 shows SEM fractographs of the three oxidized
steels. The adherence of the oxide is best for the Cr-
steel. With the Al-steel, the oxide obviously consists of
a double layer as indicated by the inner oxide layer
grown remarkably at the interface between the spalled
outer oxide layer and the metal. This outer layer is
considered to be brittle due to the number of areas
where it has spalled. The oxide on the Cr-—Al-steel
exhibits superior adherence to that for the Al-steel but
not as good as that for the Cr-steel.

The thickness of the oxide on the three steels is in
the range of 1.0 to 2.0 um as determined by SEM from
sample cross-sections. The Al-steel had the thickest
oxide layer, due to the presence of the relatively thick
inner oxide layer. Conversion electron Mdssbauer
spectra (CEM spectra) and XRD data suggested that
the oxide consisted of a double layer «-Fe,O; and
Fe,0, structure. FeO did not form under these oxidiz-
ing conditions. When the oxidized steel was measured
by CEMS at the upper most surface, peaks identified
as Fe;0, appeared in the spectra. Because of the
escape depth of the K-shell conversion electron is
under 0.1 um [13], the above mentioned CEMS results
suggested that the thickness of the ¢-Fe,0; layer was
less than 0.1 um and that most of the oxide consisted
of Fe,;0,. Furthermore, the colour of the sample sur-
face was nearly black, the colour of Fe;O, [14]. With
regard to the orientation of the crystal of Fe,O, or the
metal, no remarkable differences in anisotropy were
observed among the three samples.

Detailed examination of the oxide—metal interface
of the Al-steel indicates better adherence in some areas
(Fig. 3a) than in others (Fig. 3b). No cavities were
observed at the oxide—metal interface (actually, it is
the outer—inner oxide interface, as indicated pre-
viously) where the oxide adherence was good, while
many cavities were observed in areas where adherence
was poor. Within the oxide, many voids (indicated by
the arrow in Fig. 3) were observed. No voids or cavi-
ties were observed on the Cr-steel sample studied in a
similar fashion. Furthermore, it was noted that the
number of voids and cavities increased with an
increase in the ratio of aluminium content to
chromium content in these steels. These results suggest
that the adherence of the oxide to these steels may
depend on the ratio of aluminium to chromium con-
tent. Upon analysing the elements at the oxide—metal
interface with SAM, aluminium, carbon, oxygen and
iron were detected. Fig. 4 shows the depth profile of
the detected aluminium KLL-Auger electron peak
intensity, divided by the iron LMM - Auger peak, asa
function of the sputter-etching time by argon ion gun.
It is clear that aluminium is enriched in the cavity area
of the oxide—metal interface of the type shown in Fig.
3b, but the chemical state of aluminium was not



clearly identified. An O KLL—Auger peak in the
cavity area was also detected. This suggests that the
Fe,0, (oxide on steel) consists of double layers and
that the spallation point is this interface between the
outer and the inper oxide layers as indicated pre-
viously in Fig. 2. With a good adherent oxide layer, as
shown in Fig. 3a, aluminium was not enriched at this
interface.

oxide
¥ outer

layer

oxide

oXide

Figure 2 SEM fractographs of oxidized steels. (a) Cr-steel, (b) Al-
steel and (c) Cr-Al-steel. -

3.2. Influence of impurities on the adherence
of oxides

Aluminium was enriched in the inner oxide layer in
some areas on the Al-steel sample, while other impuri-
ties seemed to be uniformly distributed. It is not clear
what factors caused the aluminium enrichment. IMA
was utilized for obtaining the depth profiles of various
elements.

Before obtaining the profiles of the oxidized steels,
the surface enrichment phenomena for the annealed
steels were analysed with IMA. Table II shows the
ratios of the ion peak intensity for several enriched
elements to that for *’Fe* at the surfaces of annealed
steels (the peak intensity *’Fe™ is determined at 1000
in this table). The concentration of aluminium at the
Al-steel surface shows a value two hundred times as
great as that at the Cr-steel surface. On the other
hand, the concentration of chromium at the Cr-steel
surface shows a value one hundred times as much as
that at the Al-steel surface. It was not believed that
silicon and other elements which enriched similarly to
each other in each steel, were primarily responsible for
the spallation phenomenon. It is therefore significant

—

Figure 3 SEM fractographs of oxidized Al-steel at the interface, (a) without cavity, and (b) with cavity.
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Figure 4 SAM depth profile of aluminium at the interface of oxi-
dized Al-steel.

to study the effects of chromium and/or aluminium
enrichment on oxidation.

Fig. 5a shows the depth profiles for chromium,
silicon, aluminium and manganese in oxidized Al-steel
as a function of the oxygen ion sputter-etching time
determined by IMA. Manganese was dissolved in
Fe,0,, while aluminium, chromium and silicon were
enriched in the inner oxide layer. This tendency was
most pronounced for aluminium. The depth profiles
for oxidized Cr-steel are shown in Fig. 5b for com-
parison. Manganese was dissolved in the outer Fe,0,
layer similar to the Al-steel case. However, the inner
oxide layer was not enriched with aluminium or sili-
con, but it was enriched with chromium. Comparing
the two depth profiles (Figs. 5a and b) it can be seen
that the inner oxide layer in the Al-steel, which is
enriched with impurities, is thicker than that in the
Cr-steel.

The above results obtained with the IMA also indi-
cate that the inner oxide layer enriched with alu-
minium somehow acts as a cavity source and initiation
region for the oxide spallation. The depth profile data
for the Cr—Al-steel were excluded here, because it was
similar to the profile of the Cr-steel.

The micro-Vickers hardness values for the oxides
on Al-steel and Cr-steel were 105 and 87 MHyv,
respectively. This fact also indicates that the oxide on
Al-steel is harder and more brittle.

4. Discussion
4.1. Factors affecting adherence of the oxide
Factors to be considered concerning oxide spallation

include the following [15]

1. Stress in mono-oxide.
2. Adherence of the oxide to the base metal.

Stresses produced during oxide generation arise
from factors such as the difference between the molar
volume of the oxide and metal, differences in crystal
orientation, recrystallization of the oxide and the con-
traction of the oxide by point defects [15, 16]. Oxide
adherence at the interface can be affected by factors
such as gas bubble production by the oxidation of
carbon, vacancy injection into the metal from non-
stoichiometric oxides like Fe,0, and out-diffusion of
iron atoms [1, 2, 17-19].

Since the molar volume of the oxides, usually indi-
cated by the Pilling—Bedworth ratio [16], is the same
for both the Al-steel and the Cr-steel, the stress
created by the difference between the oxide molar
volume and metal is not considered to be the primary
reason for the present oxide spallation phenomenon.
There is no difference between the crystal orientation
of the oxide on the Al-steel and that on Cr-steel, so it
is not the primary reason either. Furthermore, it is
believed that any recrystallization stress in the oxide is
similar on each steel and that contraction of the oxides
is less than 0.1% [15]. Thus, factors relating to stresses
generated during mono-oxide formation cannot
explain the spallation phenomenon.

Cavities, generated at the oxide—metal interface
have often been considered to be caused by the oxi-
dation of carbon, the vacancy injection and the out-
diffusion of iron atoms. With the ultra low carbon
steels, void generation by oxidation of carbon is
impossible [19]. Since Fe,0,, which comprises most of
the oxide, is a p-type semiconductor with a cation-
deficient structure it contains cation vacancies. With
thick oxide films, Boggs and Kachik [1] and other
authors reported that vacancies were injected into the
Fe,O,~Fe interface to produce cavities. However, this
phenomenon might not occur because the present
oxides were very thin.

Relative to the adherence of oxide to the metal, it
was previously observed on the Al-steel samples that
the Fe,0, consisted of double layers, and that spal-
lation occurred at the outer—inner oxide layer inter-
face. Also, it was observed that many cavities existed
at this interface and that aluminium was enriched in
the inner thick oxide layer. Considering these resuits,
the hypothesis that CO, or O, gas, with access to the
oxide—metal interface through cracking and/or grain
boundaries in the oxide, may internally oxidize the
metal and create an inner oxide layer [20], is applicable
to the present work. Enriched impurities (chromium,
aluminium or silicon) may be the key components in
the initially generated oxide (the thickness may be less
than 1 um), whichever involves pores or boundaries.

TABLE II The ratio of the ion peak intensities of enriched elements to the Fe ¥ peak at the annealed steel surfaces with IMA.

(Sputter-etched by an oxygen ion beam, *’Fe* peak = 1000)

52Cr+ 27A1+ 285i+ SSMn+ 24Mg+ 22Na+ 39K+ 40Ca+ 31P+
Cr-steel 92 0.2 1.1 120 32 7.0 54 7.0 ~0
Al-steel 0.9 42 0.7 95 1.3 6.6 4.2 9.4 ~0
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Figure 5 IMA depth profiles of chromium, silicon, aluminium and manganese in oxidized steels. (a) Al-steel, (b) Cr-steel.

This factor is discussed in more detail in the next
sections.

4.2. Model for oxidation

As no previous oxidation investigations in the mixed
gas (CO, + N,) have been reported, it is difficult to
compare the present work with the investigation pub-
lished by other authors. However, the authors believe
that the oxidation of Al-steel can be explained by an
internal oxidation by CO, and/or O,.

By virtue of cracking and/or grain boundaries in
these coarse and fragile oxides, CO, (or O,) gas has
access to the oxide—metal interface. According to
work by Gibbs [21], an inner oxide layer at the
oxide—metal interface is produced by the reaction
3Fe + 4CQO, — Fe,0, + 4CO or 3Fe + 20, — Fe,0,.
We believed that aluminium enrichment influences the
generation of the initial (very thin and rough) oxide
which contains many cracks, pores and boundaries,
when the Al-steel was first oxidized in 10% CO,—
90% N, gas, and that internal oxidation subsequently
occurred in 10% CO,-10% 0,-80% N, gas by the
transport of CO, or O, gas through this initial oxide.
Newly generated inner oxide may produce a stress at
the outer—inner oxide layer interface and the resultant
formation of cavities. The thermal cycle of heating
and cooling may also include a stress due to the dif-
ferences in coefficients of thermal expansion. With
cavity formation causing the oxide to become less
adherent, the outer oxide layer is easily spalled under
the influences of these two stresses. It aluminium was
not enriched at the interface, the tendency of the initial
oxide toward fragility and coarseness and the gener-
ation of inner oxide or cavities could be prevented.

In the case of the Cr-steel (diffusion coefficient of
chromium in steel is greater than that of aluminium)
chromium may also serve as a barrier for aluminium
enrichment, as the inner oxide layer on Cr—Al-steel

was thin and oxide spalling was not very obvious
(Fig. 2). The oxide on Cr-steel grew perpendicularly
to the metal surface to form a single Fe,O, layer.
Therefore, it can resist the thermal-cycle stress and the
spallation. The effect of chromium enrichment may be
the generation of an initial outer oxide involving few
cavities, pores and boundaries.

5. Conclusions

The authors investigated the effects of trace impurities
on the adherence of oxide to ultra low carbon steel.
The results are summarized as follows.

1. The spallation of oxide on Al-steel occurred at
the outer—inner oxide interface, where many cavities
appeared and aluminium was enriched.

2. Aluminium in Al-steel was enriched in the inner
oxide layer, while chromium in Cr-steel was enriched
in the inner layer and restricted the enrichment of
aluminium. However, the inner layer on Al-steel was
thicker than that on Cr-steel, because the transport of
CO, or O, gas through the fragile and rough outer
layer resulted in internal oxidation of the substrate
metal. The generation of the outer layer and the trans-
port of gases were influenced by the aluminium enrich-
ment at the surface on H, annealing.

3. The addition of chromium to Al-steel improved
the adherence of the oxide to the metal.
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