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Six alloys based on {Fe-30wt.%Cr} and containing from 2.5 to 5.0 wt.%C,
were synthesized by foundry way then tested in oxidation at high
temperature. The obtained types of microstructures were hypo-eutectic,
eutectic or hyper-eutectic, this depending on the carbon content. The alloys
were all composed of a metallic Fe(Cr) matrix and of high fractions of carbides
(mainly Cr

7
C

3
). Polished samples were exposed to air during 50h at 1000,

1100 and 1200°C. The oxidized surfaces and affected sub-surfaces were

analyzed. The bulk microstructures were also characterized to specify the
microstructures at high temperature. The oxides were composed of an outer
thick (Fe,Cr)

2
O

3
 scale and of a thin inner layer of Cr

2
O

3
. In the sub-surface a

thin carbide-free zone generally has appeared just under the oxide scale. All
alloys seem having correctly resisted against oxidation at 1000 and 1100°C,

but the three carbon-richest ones (4 to 5 wt.%C) obviously suffered
catastrophic oxidation.  2012 Trade Science Inc. - INDIA
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INTRODUCTION

Iron alloys with high carbon content may generally
containing large fractions of of hard phases able to lead
to high values of hardness for the alloys. In binary Fe-C
alloys, pro-eutectic cementite (Fe

3
C) and ledeburite

(austenite-cementite eutectic) appeared during solidifi-
cation of white cast irons[1,2] or the {ferrite + Fe

3
C}

eutectoid compound (pearlite) present in carbon steels[3]

are examples of such hard phases or compounds. Other
examples are the not-stable phases which can be ob-
tained by quenching steels or SG cast irons from the
austenitic domain (martensite)[4]. For more complex al-
loys, containing other carbides-forming elements, other

hard carbides particles can be obtained. For instance,
when chromium is present the iron-based alloy are able
to reach high levels of hardness thanks to the appear-
ance at solidification of numerous interdendritic chro-
mium carbides, as in some iron-based bulk alloys[5] or
of hardfacing coatings[6]. High levels of both carbon and
chromium may lead to bulk alloys, which are easy to
elaborate by casting and which may display first high
volume fractions of carbides for an enhanced hardness
and wear resistance. They may also show a good re-
sistance to high temperature oxidation, which can be
useful in case of temperature increase due to friction in
service. Chromium, which was first added as carbide-
former element then plays a second role: forming a pro-
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tective oxide scale[7]. However, in contrast with super-
alloys containing the same levels of chromium[8], this
element is maybe not so efficient against oxidation in
such alloys containing high chromium carbides. Indeed
a great part of chromium is trapped in carbides and is
maybe not so available to diffuse towards the oxidation
front, while the matrix, impoverished in chromium, may
be not able to supply chromium with a sufficient flux.

The aim of the present work is to study, at several
high temperatures, the oxidation behavior of six ternary
iron alloys displaying chromium and carbon contents
typical of alloys for wear applications, especially syn-
thesized by conventional casting, with regards to the
carbides quantity.

MATERIALS AND METHODOLOGY

Composition of the studied alloys; synthesis

Six compositions {Fe-30wt.%Cr}+ xC with a car-
bon content x (wt.%) equal to 2.5 (alloy �Fe25�), 3.0

(�Fe30�), 3.5 (�Fe35�), 4.0 (�Fe40�), 4.5 (�Fe45�) and

5.0 (�Ni50�) were chosen for this work. Thermodynamic

calculations were first performed to know by anticipa-
tion the stable microstructures of the corresponding real
alloys at the temperatures of the oxidation tests, as well
as the chromium repartition between matrix and the chro-
mium carbides. These calculations were performed by
using the Thermo-Calc software[9] and a database which
contains the descriptions of the Fe�Cr�C system and of

its sub-systems[10-16]. The same software was thereafter
also used for obtaining some information about the car-
bon content in the sub-surface after oxidation.

The six alloys were elaborated by foundry in inert
gas (atmosphere of pure argon, 300mbar), by melting
pure elements (>99.9%, Alfa Aesar) using a high fre-
quency induction furnace (CELES). Solidification was
achieved in the water-cooled copper crucible of the
furnace in which the melting occurred. Each obtained
ingot (mass of about 40g) was cut into four compact
samples of about 125 mm3. One sample was prepared
for the examination of the as-cast microstructure, and
the three others were used for the oxidation tests.

Oxidation tests; metallographic characterization

After surface preparation, the samples were exposed
to the laboratory air in a resistive tubular furnace for 50

hours, and thereafter cooled outside in ambient air. One
sample per alloy was oxidized at 1000°C, the second

one at 1100°C and the third one at 1200°C.

The as-cast samples and the oxidized samples were
embedded in a cold resin mixture (Araldite CY230 +
Strengthener Escil HY956), then cut in two parts
(Buehler Isomet 5000 precision saw), then polished
under water (SiC papers from 120 to 1200 grit) and
finished to obtain a mirror-like state (textile paper con-
taining 1µm�alumina particles). Metallographic obser-

vations involved a Scanning Electron Microscope
(SEM, XL30 Philips) used essentially in the Back Scat-
tered Electrons mode (BSE) with an acceleration volt-
age of 20 kV. Additionally, X-Ray Diffraction was per-
formed using a Philips X-Pert Pro diffractometer (wave-
length Cu K) to specify the phases present in the bulk
at the temperatures of the oxidation tests. A Cameca
SX100 microprobe (Wavelength Dispersion Spectrom-
etry) was used to obtain WDS profiles over the oxide
scales still present on surface and the oxidation-affected
sub-surfaces of the alloys, to specify the oxides� na-

tures and estimate the chromium depletion.
Vickers indentations were performed in the bulk of

the oxidized alloys using a Testwell Wolpert apparatus
(load: 30kg), to value the possible hardness variation in
the bulk during the oxidation tests.

RESULTS AND DISCUSSION

Initial microstructures of the alloys

After solidification and solid-state cooling down to
room temperature the six alloys display the microstruc-
tures rich in carbides illustrated in Figure 1. These as-
cast microstructures allow showing first that the alloys
are of the hypo-eutectic type for Fe25, almost eutectic
(Fe30) and of the hyper-eutectic type for the four car-
bon-richest alloys (Fe35 to Fe50). Indeed dendrites of
matrix can be seen in the first alloy, even if the main
compound is obviously a {matrix + carbides} eutectic.
The alloy containing 3.0wt.% of carbon is wholly made
of this eutectic compound, and coarse acicular carbides
are additionally present in the alloys containing between
3.5 and 5.0wt.% C.

High temperature microstructures according to
thermodynamic calculations

Before performing the oxidation tests on these al-
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loys the metallurgical stable states at the oxidation test
temperatures were carried out using Thermo-Calc in
order to better know the repartition of the two most
oxidable elements present in these alloys: Cr and C.
The results are presented in three tables.

peratures. In such alloy the main phase is the carbide
phase and no longer the matrix although the latter is the
continuous one in the microstructure.

Predicted repartitions of chromium and carbon at
high temperature

At the high temperature envisaged for the oxidation
tests, chromium and carbon are the two most oxidable
elements, as this can be confirmed by consulting Ellingham
diagrams. It is then of importance to know how these
two elements are distributed in the microstructures, es-
pecially since chromium (useful for keeping a good be-
havior on long times by forming a protective scale of
chromia on the alloys) and carbon (which oxidizes in
gaseous species able to perturb this external chromia
scale) may be more or less mobile if there are trapped in
the carbides or in solid solution in the matrix. Thermody-
namic calculations may be of great usefulness to estimate
the compositions of the matrix (for the too light element
carbon) and of the carbides (for both Cr and C because
of the small size of some of these particles).

Phases 1000°C 1100°C 1200°C 

Fe25 
mat.FCC (58.01%) 
+ M23C6 (41.99%) 

mat.FCC (65.50%) 
+ M7C3 (8.78%) 

+ M23C6 (25.73%) 

mat.FCC (77.09%) 
+ M7C3 (22.91%) 

Fe30 
mat.FCC (68.68%) 
+ M7C3 (31.32%) 

mat.FCC (70.04%) 
+ M7C3 (29.96%) 

mat.FCC (71.75%) 
+ M7C3 (28.25%) 

Fe35 
mat.FCC (63.33%) 
+ M7C3 (36.67%) 

mat.FCC (64.71%) 
+ M7C3 (35.29%) 

mat.FCC (66.41%) 
+ M7C3 (33.59%) 

Fe40 
mat.FCC (57.97%) 
+ M7C3 (42.03%) 

mat.FCC (59.34%) 
+ M7C3 (40.67%) 

mat.FCC (61.01%) 
+ M7C3 (38.99%) 

Fe45 
mat.FCC (52.52%) 
+ M7C3 (47.48%) 

mat.FCC (53.86%) 
+ M7C3 (46.15%) 

mat.FCC (55.47%) 
+ M7C3 (44.53%) 

Fe50 
mat.FCC (46.93%) 
+ M7C3 (53.07%) 

mat.FCC (48.20%) 
+ M7C3 (51.80%) 

mat.FCC (49.73%) 
+ M7C3 (50.27%) 

TABLE 1 : Types and mass fractions of the phases theoreti-
cally present in the microstructures of the studied alloys at
the temperatures of the oxidation tests (Thermo-Calc calcu-
lations).

In the first one (TABLE 1) one can see that the
matrix ought to be always austenitic since the predicted
network is Face Centered Cubic for the six alloys at
the three temperatures. The carbides ought to be M

7
C

3

in most cases: for the five alloys containing more than
3.0wt.%C and for the one containing 2.5wt.% but at
1200°C only. For the latter one M

23
C

6
 carbides are

expected at 1000°C and the two types of carbides may

co-exist at 1100°C. Thanks to the very high carbon

contents of these alloys the carbides are very present in
term of mass fractions, even for the C-lowest of these
alloys (Fe25) at 1000°C since it contains the low car-

bon-consuming M
23

C
6
 carbides (42% in mass of car-

bides). Generally the carbide�s fraction increases logi-

cally when the alloy�s carbon content increases (e.g.

from 31 to 53% between the Fe30 and Fe50 alloys)
and decreases when the temperature increases (a loss
of about 3% of carbides in mass between 1000 and
1200°C). Many of these mass fractions may lead to

more than 50% in volume fraction thanks to the lower
density (less than 7g cm-3 at room temperature) of car-
bides by comparison to matrix (more than 7g cm-3),
confirming what one can qualitatively feel by examining
some SEM micrographs of Figure 1. Furthermore
obtaining more than 50% of carbides in mass fraction is
already observed for the Fe50 alloy at the three tem-

Figure 1 : As-cast microstructures of the six alloys issued
from foundry practice (SEM micrographs taken in BSE mode).
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The theoretical compositions of the FCC matrix
at 1000, 1100 and 1200°C are given in TABLE 2.

One can first note that the contents in chromium and
in carbon obey the same trends versus temperature
(they both increases when the considered tempera-
ture increase, consequences of the decrease in car-
bide mass fraction at constant stoichiometry). In con-
trast they follow opposite ways when the alloy�s car-

bon content increases at constant temperature: the
chromium content decreases and the carbon content
increases:
� Concerning chromium the content decreases from

about 18 to 9wt.% at 1200°C between Fe25 and

Fe50, and from only 12 to a little more than 5wt.%
at 1000°C. Such low chromium contents, espe-

cially for the C-richest alloys, may be not sufficient
to allow a chromia-forming behavior if only matrix
can participate to the chromium supplying of the
oxidation front.

� Concerning carbon its content may reach more than
1 wt.%C in the matrix (Fe50 at 1200°C), as is to

say about four times this value in atomic percent !
However this remains lower than the 2wt.% of
maximal solubility of carbon in austenite in the case
of binary Fe-C alloys (at the eutectic temperature
of about 1150°C). Such high contents of carbon

present in solid solution in matrix, as is to say in
conditions of high mobility (notably for such small
atoms), are likely to favour intense emission of CO

x

gases with the disturbing effect attended against the
protective scales.

to decrease when the carbon content increases. More
carbon logically leads to a higher participation of iron,
element more present in the alloys than chromium which
is fixed to 30wt.%). The slow carbon weight content
evolution is only due to this Fe/Cr ratio variation, since
the atomic weight of Fe and Cr are not the same (52g
Mol-1 for Cr and 56g Mol -1 for Fe). Carbides may thus
act as an important supplier of chromium to feed the
oxidation front if their dissolution is sufficiently fast, but
unfortunately they may also release high quantities of
carbon and consequently of carbon oxide gases, with
the possible detrimental effect on a protective oxides
scales.

wt.%Cr 
in matrix 

wt.%C 
in matrix 

1000°C 1100°C 1200°C 

Fe25 11.81 0.31 14.67 0.45 18.07 0.60 

Fe30 11.48 0.32 13.55 0.49 15.59 0.69 

Fe35 9.18 0.40 11.32 0.59 13.44 0.80 

Fe40 7.47 0.50 9.55 0.70 11.66 0.93 

Fe45 6.23 0.62 8.18 0.83 10.21 1.06 

Fe50 5.33 0.74 7.13 0.96 9.04 1.20 

TABLE 2 : Chromium and carbon weight contents in the
matrix at the temperatures of the oxidation tests (Thermo-
Calc calculations).

The theoretical weight contents in chromium and in
carbon issued from thermodynamic calculations for the
six alloys and the three temperatures are given in TABLE
3. The chromium content in the M

7
C

3
 carbides tends

wt.%Cr in 
carbides 

wt.%C in 
carbides 

1000°C 1100°C 1200°C 

Fe25 55.13* 5.53* ** 70.12 8.88 

Fe30 70.60 8.88 68.47 8.87 66.60 8.86 

Fe35 65.95 8.85 64.26 8.84 62.73 8.83 

Fe40 61.07 8.82 59.84 8.81 58.69 8.81 

Fe45 56.30 8.79 55.46 8.79 54.65 8.78 

Fe50 51.82 8.76 51.28 8.76 50.74 8.76 

TABLE 3 : Chromium and carbon weight contents in the
carbides at the temperatures of the oxidation tests (Thermo-
Calc calculations); The difference to 100% of the sum is the
Fe content in the carbide phases.

For all alloys and all temperatures the carbide phase is
(Cr,Fe)

7
C

3
 (*except for: *Fe25 at 1000°C for which the carbide

is (Cr, Fe)
23

C
6
 and ** Fe25 at 1100°C in which carbides are

both M
23

C
6
 (55.32%Cr, 39.15%Fe, 5.53%C) and M

7
C

3

(70.19%Cr, 20.93%Fe, 8.88%C).

General surface and sub-surface states of the oxi-
dized samples

Three samples per alloy were exposed to high tem-
perature oxidation in laboratory air for 50 hours at
1000°C, 1100°C or 1200°C. After cooling (in air out

of furnace), the embedded and polished oxidized
samples were examined by electron microscopy, which
led to the micrographs presented in Figure 2 for the
Fe25 to Fe35 alloys and in Figure 3 for the Fe40 to
Fe50 alloys. Qualitatively it appears generally that most
of the samples correctly resisted high temperature oxi-
dation, except the three carbon-richest ones at 1200°C

(Figure 2). Indeed very thick oxides have obviously
grown on the Fe40, Fe45 and Fe50 when they were
exposed at 1200°C, by consuming the alloys from their

external surface and by replacing them by more than
1mm of multi-constituted oxides. Furthermore oxida-
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tion at 1200°C seem having had other consequences

for these alloys especially rich in carbon and initially in
carbides: they are now absent over a deep zone from
the {thick oxide � alloy} interface (several hundredths

µm) and the ones still existing in the samples core seems

having known a decrease in surface fraction. In con-
trast the other samples oxidized at only 1100 or 1000°C

and the three carbon-lowest alloys oxidized at each of
the three temperatures display not so thick oxides on
their surfaces and not so deep carbides-free zones.

Figure 2 : Surface states of the three carbon-lowest alloys after 50 hours of oxidation at the three temperatures (SEM
micrographs taken in BSE mode).

Characterization of the external oxides

As it can be seen on the micrographs presented in
Figure 2 and Figure 3, the oxide scales remaining on
the surface of the samples appear irregular, fissured
or broken. The cooling obviously induced the loss of
parts of these oxides formed at high temperature, un-
der the usual stresses due to their difference of ther-
mal contraction with the substrate. This oxide spalla-
tion was probably favored by the multi-oxide struc-
tures of these scales as well as their bad compactness
due to high levels of porosity. It was then not tried to
measure their average thickness. However the natures
of these oxides were specified by performing WDS
concentration profiles. As often encountered for chro-
mium-rich iron-based alloys, and as this may be sus-
pected from the different levels of gray seen in the
scales on the SEM/BSE micrographs of Figure 2 and
Figure 3 (inner layer much darker than the outer layer),
the oxides formed over the studied alloys are mul-

tiple. When chromia is present, this is as an inner layer
existing between the alloy and other oxides (Figure
4). Furthermore chromia can be purely Cr

2
O

3
 in some

cases (e.g. Figure 4 left) but it generally also contains
iron, either in small quantities (e.g. Figure 4 right) or
with levels similar to the chromium ones (e.g. Figure
5). In that latter case one often sees that the chro-
mium content in the (Fe,Cr)

2
O

3
 decreases from the

inner part to the outer part of this oxide, the iron con-
tent displaying the inverse trend (e.g. Figure 5 left).
The carbon-richest alloys present some areas where
oxidation was particularly fast (notably at 1100 and
1200°C), leading to very thick oxides. In addition to

the preceding oxides, these thick scales are addition
alloy composed of a most external part of Fe

2
O

3
 (e.g.

Figure 6), the presence of which clearly shows that
the concerned alloys have totally lost the chromia-form-
ing behavior that they still demonstrated for lower tem-
peratures.
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Characterization of the sub-surfaces

These natures of oxides may be put in relation with
the chromium contents in the alloys on extreme surface.
The minimal values measured on the WDS profiles are
displayed in TABLE 4. These values are still rather high
for the three carbon-lowest alloys (for which they tend
to increase with temperature) but they are significantly
lower for the three carbon-richest alloys since many of
these surface chromium contents are close to 10wt.%
and even lower in some cases. When these values
(TABLE 4) are compared with the Cr-contents pre-
dicted in the matrix by Thermo-Calc for the same tem-
peratures (TABLE 2) it appears that these minimal chro-
mium contents measured on extreme surface are almost
equal to the matrix ones, and often more or less higher
the latter ones. A little deeper the chromium contents
are higher again, this being a consequence of the actual
dissolution of carbides which seem to playing their role
of reservoirs of chromium that they release to feed the
oxidation front by diffusion through the carbide-free zone
previously formed.

These carbide-free zones were measured and the
average values of their depths are given in TABLE 5. It
appears that, at a given temperature, the carbide-free
zone developed slower for alloys richer in carbides (ex-
cept Fe40, Fe45 and Fe50 at 1200°C) but faster for a

given alloy for a higher temperature. This remains true

until the formed oxide is still protective: when oxidation
becomes catastrophic (Fe40, Fe45 and Fe50 at
1200°C) carbides disappear rapidly over much deeper

areas from the external surface, revealing a fast con-
sumption of both chromium and carbon.

Figure 3 : Surface states of the three carbon-richest alloys after 50 hours of oxidation at the three temperatures (SEM
micrographs taken in BSE mode).

Figure 4 : WDS microprobe profiles revealing the presence
of chromia either as an inner layer separating the alloy from
more complex oxides (left) or as a single oxide (right).

This disappearance of carbides due to oxidation
led to decide verifying if the natures of the bulk�s car-

bides, the surface fraction of which seem unchanged
between before and after oxidation tests (maybe ex-
cept after exposure to 1200°C: little decrease in sur-

face fraction), were or not affected by oxidation. Ex-
periments of X-Ray Diffraction were carried out, lead-
ing to spectra, some examples of which being displayed
in Figure 7 and Figure 8. It appears that the high tem-
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perature natures of the carbides were kept (Cr
23

C
6
 and/

or M
7
C

3
 in Fe25 and M

7
C

3
 in the other alloys), after

the post-oxidation cooling which was not too slow to
allow the possible medium and low temperature car-
bides changes. In contrast the FCC matrix was gener-
ally partly transformed into its BCC low temperature
type.

and simultaneously two types of carbides. In contrast
as encountered in Nickel-based alloys[17] and Cobalt-
based alloys[18] graphite never appeared, neither in the
as-cast microstructures nor in the ones stabilized at
1000, 1100 and 1200°C. Thus, at high temperature, a
great part of chromium is involved in the formation in
the numerous carbides especially as these ones (M

7
C

3
)

are not the chromium-richest ones (the Cr-richest M
23

C
6

are present only in the Fe25 alloy at the two lowest
temperatures of interest here). Fortunately these car-
bides also contain a part of iron instead chromium, and
in addition, there is a significant part of carbon atoms
which are not involved in carbides but stay in solid so-
lution in the matrix at high temperature (e.g. more than
1wt.% out of the 5wt.%C of the Fe50 alloy, according
to Thermo-Calc calculations). However this leads to a
matrix strongly impoverished in this element which is of
great importance for the resistance against high tem-
perature oxidation. The most characteristic case is the
great difference between the 30wt.%Cr in the whole
Fe50 alloy and the 5.3wt.%Cr in its matrix at 1000°C,

according to Thermo-Calc calculations.

Figure 5 : WDS microprobe profiles revealing the presence
of tri-oxide of chromium and iron simultaneously, separated
from the alloy with a more or less thick chromia sub-layer;
illustration (left) of the increase in {Fe/Cr} ratio by moving
{int.  ext.} through the (Fe,Cr)

2
O

3
 oxide.

wt.%Cr on surface 1000°C 1100°C 1200°C 

Fe25 17.2 15.2 18.0 

Fe30 11.2 15.4 14.8 

Fe35 11.6 12.3 15.5 

Fe40 18.3 11 / 

Fe45 6.0 8.3 / 

Fe50 8.3 15.4 / 

TABLE 4 : Minimal chromium weight contents near the ex-
ternal surface (one WDS profile per oxidized alloy).

Carbide-free zone depth (µm) 1000°C 1100°C 1200°C 

Fe25 7 14 45 

Fe30 6 12 34 

Fe35 7.6 12 34 

Fe40 7.6 12 610 

Fe45 3.5 5.9 500 

Fe50 0 4.7 640 

TABLE 5 : Average depths of the carbide-free zone.

General commentaries

Despite their very high contents in carbon the stud-
ied alloys present microstructures which are all double-
phased {matrix + carbide}, except Fe25 when stabi-
lized at 1100°C, which contains also the FCC matrix

Figure 6 : WDS microprobe profiles illustrating the {Fe
2
O

3

 (Fe,Cr)
2
O

3
  Cr

2
O

3
} succession by crossing the whole

oxide thickness from the air/oxide interface towards the ox-
ide/alloy interface, in the case of the two carbon-richest al-
loys where they were severely oxidized.

Fortunately it appeared that the chromium contained
in the carbides can be generally released thanks to the
carbide�s dissolution in order to rise and maintain at a

higher level the chromium content in the sub-surface
matrix, more precisely in the newly appeared carbide-
free zone. One can logically think that the carbon in
solid solution in the matrix close to the oxidation front
diffused rapidly and left the samples as gaseous oxi-
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dized species, with consequently a destabilization of the
neighbor carbides which become dissociated in carbon
and chromium atoms. This allowed supplying these ar-
eas in new chromium atoms which diffuse towards the
oxidation front. It appeared in most cases that the ki-
netic of carbide�s dissolution and of the resulting chro-

mium releasing was high enough to maintain, not a
chromia-forming behavior but rather a (Fe,Cr)

2
O

3
-

forming behaviour. The presence of (Fe,Cr)
2
O

3
 exter-

nal scales, eventually separated from the metallic sub-
strate with a thinner sub-layer of Cr

2
O

3
, is usual after

oxidation at high temperatures for chromium-rich iron-
based alloys with not so high carbon contents, and the
high temperature oxidation behavior of the studied car-
bon-rich alloys is not much worse than for the low C
iron alloys with the same Cr content[19,20], except of
course the three C-richest alloys notably at 1200°C.

Nevertheless one can think that these alloys espe-
cially rich in carbon are more threatened by the immi-
nence of general oxidation than C-lower similar alloys
since their chromium contents on extreme surface are
significantly lower than the latter ones, as shown in Fig-
ure 9 in which the surface Cr contents after the 50 hours
of oxidation at the three temperatures are graphically
presented together with similar previous results obtained
for C-lower 30wt.%Cr-containing ternary iron alloys.
It can be also noticed that, although the external scales
formed are of the same nature (i.e. mainly (Fe,Cr)

2
O

3
),

these oxides are here much more porous than for the
C-lower alloys. This difference may be due to the car-
bon content especially high in the alloys studied here,
for which one can imagine the releasing of higher vol-
umes of gaseous carbon oxides during oxidation. The
worse quality resulting for these external scales is of
course detrimental for their protective role. In addition
the low Cr contents of extreme surface may result from
a dissolution of the carbides which is not fast enough.
The competition of kinetics between the chromium con-
sumption at the oxidation front and the chromium re-
leasing by dissolving carbides seems becoming unfa-
vorable since the depth of the carbide-free zone after
50 hours of oxidation continuously decreases when the
carbon content in alloy increases, as already seen above
(TABLE 5) but as more generally evidenced in Figure
10 in which older results concerning C-lower 30Cr-
containing iron alloys are added: especially deep for

Figure 7 : XRD spectra acquired in the bulk of the Fe30 alloy
after oxidation at 1000, 1100 or 1200°C.

Figure 8 : XRD spectra acquired in the bulk of the Fe40 and
Fe50 alloys after oxidation at 1000 or 1100°C.



Patrice Berthod et al. 225

Full Paper
MSAIJ, 9(6) 2013

An Indian Journal
Materials ScienceMaterials Science

the alloys with 0 to 0.8wt.%C, the carbide-free depth
falls to a low level for the alloy with 1.2wt.%C and
goes on decreasing until reaching almost 0 µm for the

Fe50 alloy after oxidation at 1000 and 1100°C. The

kinetic competition has become too difficult for the
dissolution of the carbides of the Fe40, Fe45 and Fe50
alloys, the carbides of which were especially coarse for
many of them, which did not allow them to help the
oxidation resistance of their matrix particularly poor in
chromium (around 10wt.% and even lower).

Catastrophic oxidation effectively occurred before
50 hours in three cases: Fe40, Fe45 and Fe50 at
1200°C. The corresponding samples were being con-

sumed all around, with the fast growing of multi-consti-
tuted non-protective oxides, with even a thick external
part of hematite (Fe

2
O

3
) covering the (Fe,Cr)

2
O

3
 ox-

ide, a very deep carbide-free zone under the oxidation
front, and a progressing desappearance of carbides in
the bulk.

These phenomena lead not only to a decrease in
size of the still metallic part of these samples but also to
a fall of its hardness (Figure 11). It can be noticed that
the other samples were also affected by at least little
modification of their carbides (especially after expo-
sure to 1200°C), as metallographically observed and

as revealed by a lower but significant softening in Fig-
ure 11 too. This softening is obviously more pronounced
for the alloys studied here than for the Fe-30Cr-2.0C
alloy earlier studied after exposures at the same tem-
peratures[21], the hardness values of which are added in
Figure 11 for comparison. In contrast, the hardness of
the six alloys have seemingly increased by comparison
with the ones measured in the as-cast conditions. This
may result from the presence of a part of matrix which
is still compact FCC after cooling, harder than the less
compact BCC (Back Centered Cubic) one, as shown
by the XRD measurements.

Figure 9 : Evolution, versus the alloy�s carbon content and

the oxidation temperature, of the chromium content on the
extreme surface of the oxidized alloys (at theoxide/alloy
interface).

Figure 10 : Evolution of the average depth of the carbide-free
zone versus the alloy�s carbon content and the oxidation tem-

perature.

Figure 11 : Evolution of the average hardness versus the
alloy�s carbon content and the oxidation temperature.

To finish one can remark that it was not really pos-
sible to try correlating the thickness of oxides (mea-
sured where they were not lost by spallation) and the
chromium quantities having left the alloys. Indeed the
oxides were first not only of chromium but also of both
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Fe and Cr with variable parts of each metallic element,
and second the interface oxide/alloy did not stay at the
same position but obviously moved inwards, as sug-
gested by the irregular interface and by the participa-
tion of iron in significant quantities in the external ox-
ides. For the same latter reason it was not envisaged to
value the carbon lost by the alloy, and then the volume
of gaseous carbon oxides formed to explain further the
amount of porosities in the oxides.

CONCLUSION

The six studied alloys demonstrated behaviors in
high temperature oxidation which were rather good with
respect to their especially high levels of carbon and vol-
ume fractions of carbides and the low chromium con-
tent resulting in the matrix. Carbides effectively assume
the role of chromium reservoir for allowing the alloys
resisting high temperature oxidation, in addition to the
high hardness and the wear resistance that these hard
particles bring to this type of alloy. However there may
exist a limit of service temperature, identified as 1200°C

for 50°C in air for a 30wt.%Cr-containing alloy with

more than 4wt.%C, for which an inadequacy appears
between the consumption rate of chromium and the ki-
netic of chromium releasing by dissolution of the car-
bides. Further work can be envisaged to shift farer this
limit, for example by choosing higher chromium con-
tents for enriching matrix in this element at constant
carbide�s fractions, or by improving the fineness of the

coarse primary carbides using either faster cooling rate
or inoculants.
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