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Microstructural development in the
oxidation-induced phase transformation of
Fe-Al-Cr-Mn-C alloys
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Electron microscopic analysis has been used to investigate the interfacial phenomena in a
high-temperature alloy system. During high-temperature oxidation of Fe-8.9AI-3Cr-31Mn-
0.87C alloy at 800 and 1000° C, an oxidation-induced transformation « layer was observed
between the y matrix and the oxide scale. The morphology of the oxidized sample was studied
by scanning electron microscopy, and the elemental redistribution of the constituents was
evaluated using an electron microprobe. The concentration of elements was detected with the
ZAF-corrected quantitative program. It is believed that the formation of the o layer was caused
by the selective oxidation of manganese during the oxidation process. The thickness of the «
layer increased with both oxidation time and temperature, the temperature having the greater

influence on this transformed layer. In addition, the interfacial concentrations at the y/ and
o/oxide boundaries were employed to investigate the selective oxidation of manganese.

1. Introduction

The Fe-Mn-Al alloy systems have good high-
temperature oxidation resistance due to the presence
of aluminium, and the addition of chromium leads to
the formation of an «-Al,O, layer by acting as an
oxygen getter [1, 2], or possibly as a stabilizer of
a-Al,O; rather than y-Al,O; which is less protective
[3]. The combination of manganese and carbon is
believed to be an austenitic stabilizer which extends and
stabilizes the gamma loop in iron and then retains the
face centred cubic austentic phase. Several investi-
gators have studied the high-temperature oxidation of
Fe-Mn-~Al alloy systems in recent years [4-12]. More
recently, Duh er al. investigated the oxidation of Fe—
31Mn-8.9A1-3Cr-0.87C alloys [13] and Fe-Mn-
9.6A1-0.8C alloys with various contents of manganese
[14] at 800 and 1000°C; Kao et al. [15] studied the
alloys of Fe-xMn-yAl-zC (x = 29.6t034.4,y = 7.8
to 8.4, z = 0.3 to 1.3); Smolik et al. [16] investigated
the Fe-30Mn-8Al-1C-xSi alloys (x = 0.2, 1.5); and
Lopes et al. [17] worked on the Fe-36.47Mn-0.13C-
7.38Al alloys.

In some of the oxidation work in the Fe-Al-Mn-
based alloy [5, 6, 9, 11, 15, 18], it was found that a
second phase with different crystalline structure existed
between the alloy matrix and the oxide scales. Similar
observations have been reported in Fe-Mn [19], Fe-
Mn-Cr [20], and Fe-Mn-Ni-Si [21, 22] systems. The
purpose of this study was to investigate the oxidation-
induced phase transformation phenomena in this new
Fe-Mn-Al-Cr alloy system. The morphology of the
oxide scale was studied by scanning electron micro-
scopy and the concentration profiles of the elements
were evaluated using a quantitative analysis pro-

0022-2461/88 $03.00 + .12

© 1988 Chapman and Hall Lid.

gramme in an electron microprobe. The growth of the
oxidation-induced transformation is discussed in
terms of the diffusional interaction among the species
and the interfacial topography between the metal
matrix and the induced layer.

2. Experimental procedure

2.1. Alloy preparation

The alloy was prepared from electrolytic iron (99%),
electrolytic manganese (99.96%), electrolytic chro-
mium (99.92%) and high-purity aluminium (99.96%).
Before melting, these raw materials were dried in a hot
air furnace. The alloy was fabricated in an L-HIS 8/III
vacuum melting furnace. Iron, aluminium and chro-
mium were first loaded at about 10 mbar. Manganese
and carbon were the elements to be charged last.
Argon was introduced into the chamber to reduce the
evaporation of manganese and carbon.

After melting, casting was performed into a steel
mould at about 1600° C. The ingot was hot forged at
1200° C to reduce the thickness from 4cm to 2.3¢m
and then homogenized at 1200° C for 12h. After sur-
face finishing, the alloy was hot rolled at 1000° C from
20mm to 2.5mm in thickness. The alloy was surface
finished again to avoid any impurity diffusion into the
matrix. Annealing was then carried out at 1150° C for
50h in a quartz tube with flowing argon. The com-
positions of the alloy were analysed by wet chemical
analysis and are listed in Table I.

After these treatments, the alloy was ground to
remove the oxide scales. Rectangular specimens,
10mm x 25mm x 2mm in dimension, were cut
from the alloy. The specimen surfaces were abraded
and polished up to 0.05 um Al,O, powder, washed in
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TABLE 1 The compositions of the austentic alloy analysed by
wet chemical analysis

Mn Al Cr C S Fe
30.95 8.87 2.98 0.87 0.013 Bal.

wt %

distilled water, ultrasonically degreased in acetone
and rinsed in alcohol. All specimens were stored in
alcohol to prevent pollution.

2.2. Oxidation

The oxidation experiment was carried out in a three-
zone horizontal tube furnace (Therco/Mini Brute) at
800 and 1600° C with dried air pumped at a flow rate
of 400cm’min~'. The air was dried by passing
through a calcium chloride drying tube before enter-
ing the furnace. The constant temperature zone
(+3°C) for the furnace was about 16cm long. The
oxidation times for the alloy were 24, 48, 250h at
800°C, and 9, 12, 24, 48, 120h at 1000°C. After
oxidation, the samples were furnace cooled to prevent
scale spalling during cooling. Several samples were
purposefully water quenched to freeze the high-
temperature state for the concentration profile
measurement. The detailed experimental condition is
given in Table II. Two specimens were oxidized for the
same condition each time. One was for electron micro-
probe analysis, and another for the X-ray diffraction
study. A reproducibility test was also employed for
each oxidation condition. The samples for microprobe
analysis were cold mounted, sectioned with a diamond
saw and polished to 0.05 um Al,O,.

2.3. Analysis

The possible phases of the oxidized sample were iden-
tified with a Shimatzu X-ray diffractometer equipped
with a copper target, nickel filter and a graphite single-
crystal monochrometer.

The oxidized sample was subsequently abraded
with no. 600 SiC paper from the external surface
towards the matrix to reveal the different oxide scales.
The overall abraded thickness was about several tens
of micrometres each time.

The morphologies of the oxide and the inner layer
were examined with an optical microscope (OM) and
a scanning electron microscope (SEM). The elemental
redistribution after oxidation was detected with an
electron microprobe (Jeol JCXA-733) by quantitative
analysis of the concentrations of iron, aluminium,
manganese and chromium with the aid of a ZAF-
corrected program. The carbon profile was analysed
by the line scanning technique instead. X-ray mapping
was also employed to investigate the elemental distri-
bution. These concentration data were stored in a
personal computer for further calculation and plotting
usage.

TABLE II Oxidation conditions employed at 800 and 1000°C

Temperature (°C) Time (h)

800 24, 48*, 250*
1000 ot 12t 24* 48t 1207

*Furnace cooled.
Y water quenched.
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Figure ] X-ray diffraction pattern of the austenitic matrix.

3. Results

3.1. Structure before oxidation

After the homogenization annealing process, the alloy
exhibited a homogeneous pure austenitic phase based
on the X-ray diffraction results, as shown in Fig. 1.
The lattice parameter was calculated to be 0.367 nm.

3.2. Morphology of the oxide scale

3.2.1. Oxidation at 800° C

The morphology of the sample oxidized for 24 h is
presented in Fig. 2. On the basis of the SEM images
and the X-ray mapping results, it is observed that the
oxide scale is manganese rich. The oxide-metal inter-
face is rich in aluminium, which is further identified as
a-Al, O, from the X-ray diffraction data. The high
chromium concentration in the metal-oxide interface,
as indicated in Fig. 2d, corresponds to the presence of
chromium carbide.

With the aid of the X-ray diffraction pattern, the
phases of the external oxide scale were identified
as (Fe, Mn);0, with some a-Fe,O,;, which were
always spalled away during cooling to room tem-
perature. With successive abrasion of the sample sur-
face, the internal oxide layer was found to consist of
mainly (Fe, Mn)AlL,O, and (Fe, Cr),0; with a little
u-Al, O;.

3.2.2. Oxidation at 1000° C

The morphology of the sample oxidized for 12h was
almost identical to the furnace-cooled and water-
quenched conditions. From the X-ray mapping results
of the samples oxidized for 12 h as presented in Fig. 3,
the oxide scale was found to be rich in manganese and
aluminium, while the precipitate of chromium carbide
was not found. SEM images and the X-ray mapping
results for the sample oxidized for 24 h are also shown
in Fig. 4.

On the basis of the results from X-ray diffraction
data of the samples oxidized for 12 and 24h, the
phases of the surface oxide scale were identified to be
mainly Mn,O, together with some Fe,0,. After suc-
cessive abrasions, Mn,; O, gradually disappears, while
MnO, MnAl,Q,, (Fe, Cr),0; and a-Al,O, showed up.
With the aid of the overall X-ray diffraction data [12],
a diagrammatic representation of the oxide scales of
the sample oxidized at 1000°C is shown in Fig. 5,
which gives a pictorial view of the microstructural
development of the alloy during oxidation.



(b)

3.3. Morphology of the oxidation-induced
layer

3.3.1. Oxidation at 800° C

From the pictures of the X-ray mapping of manganese
and iron, as shown in Fig. 2, a concentration decrease
of manganese is observed from the matrix towards the
oxide scale, while an increase is found for iron. The
interesting region between the matrix and the oxide
scale is the oxidation-induced « layer. On the basis of
the SEM images of the samples oxidized for different
times at 800° C, it was found that the interfaces of the

Figure 2 Electron micrograph of the sample oxidized at 800°C for
24 h: (a) SEI image, (b) Fe X-ray map, (c) Mn X-ray map, (d) Cr
X-ray map, (e) Al X-ray map.

matrix and the a layer were not planar but exhibit
wave-like boundaries. as shown in Fig. 2a. Even the
250 h sample exhibited a wavy interface between the
matrix and the « layer. The interface between the
oxide scale and the « layer was also wavy for all
samples oxidized at 800° C for 24 to 250 h. The thick-
ness of the « layer was found to increase with oxi-
dation time.

3.2.2. Oxidation at 1000° C
The o layer can be identified from the X-ray diffrac-
tion pattern as shown in Fig. 6 for the sample oxidized
for 48 h after surface abrasion.

Observation of the SEM images as shown in Figs 3a
and 4a taken after 12 and 24 h oxidation, respectively,
showed that the interfaces between the « layer and the
matrix are all planar, while the interfaces between the
oxide scale and the a layer were still wavy. On com-
parison with the samples oxidized at 800°C, it was
obvious that the thickness of the a layer at 1000° C was
much larger than that at 800° C. For the sample oxi-
dized at 1000°C for 12h, the layer was even wider
than that oxidized at 800°C for 250 h.
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3.4. Quantitative analysis
3.4.1. Operation conditions
The operation conditions for the quantitative analysis
with the electron microprobe were as follows: acceler-
ating voltage 25kV, beam current 2 x 107*A and
working distance 11 mm. In order to avoid the charg-
ing caused by the cold mount resin and also to make
good electric conduction of the specimen, a thin film
of gold about 10nm thick was coated with a cool
sputtering coater (Polaron E-5100).

In the quantitative analysis, the trace line was
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Figure 3 Electron micrograph of the sample oxidized at 1000° C for
12h: (a) SEI image, (b) Fe X-ray map, (¢) Mn X-ray map, (d) Cr
X-ray map, (¢) Al X-ray map.

chosen to be that with little porosity or inhomogeneity
along the transverse course. The analysis was started
with the y matrix side to avoid possible charging prob-
lems caused by the oxide scale and adjacent cold
mount resin. One other merit for doing this was to
check whether there was a rather constant concentra-
tion in the y matrix (which is a indication of stable
working condition). After one normal analysis, the
sequence of the trace line was reversed from the oxide
scale back to the y matrix for the reproducibility test.
In general, several trace lines were employed for each
specimen.

3.4.2. Oxidation at 800° C

For samples oxidized at 800° C for 24, 48 and 250h,
the morphologies of the y/a interface were all wave-
like. In the analysis of the sample oxidized for 24 h,
two trace lines, A and B, were applied, in which the
curvature of the interface region between the o layer
and the y matrix was different. The widths of the «
layer for trace lines A and B are estimated to be 11 and
4 um, respectively. It was found that the concentration
associated with various trace lines turned out to
be nearly the same, even though the interfacial



morphologies varied. The total amount of elemental
concentration was normalized to 100% in the y matrix
and the a layer, while the concentration of elements in
the oxide scale was left as the raw data. The concen-
tration profiles for oxidation at 24, 48 and 250 h are
shown in Figs 7 to 9 respectively.

For an oxidation of 250 h, the concentration of each
element was almost constant in the y matrix. At the
interface of the y—-« boundary there was a concentra-
tion drop for aluminium and manganese from the y
side towards the « side, while the concentration of iron
increased. Within the o layer region, the concentration
of aluminium bounced to a level below that in the

Figure 4 Electron micrograph of the sample oxidized at 1000° C for
24 h: (a) SEI image, (b) Fe X-ray map, (¢) Mn X-ray map, (d) Cr
X-ray map, (¢) Al X-ray map.

y matrix. The abnormal behaviour of the aluminium
will be discussed later. The concentration of iron
increased continuously across the « layer from the y/a
side towards the a/oxide side, while the concentration
of manganese decreased monotonically. With respect
to the y matrix, the concentration of chromium
decreased a little in the « layer region. At the interface

MnO O
(Fe,Cr),;03

O Q MnAl,0,

oxidation induced « layer

matrix

Figure 5 Diagrammatic representation of the oxide scale of the alloy
oxidized at 1000°C.
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between the o layer and the oxide scale, there was a
dramatic increase in the concentration of aluminium,
which is believed to be the a-Al,O; layer and some
aluminium-containing oxides. A local enrichment for
the concentration of chromium existed around this
region where the chromium carbides precipitated.

Within the oxide scale region, there was local
enhancement of the iron, manganese and aluminium
concentrations, as shown in Fig. 9, which was con-
sidered to be the (Mn, Fe)Al,O, oxides in these local-
ized regions. In the region about 90 ym away from the
y—a interface, there was enrichment of iron and chro-
mium, where the (Fe, Cr),0, was formed.

In order to gain a better understanding concerning
the movement of each species during oxidation, a
detailed quantitative analysis for elements iron, man-
ganese, aluminium and chromium is carried out
around the interfacial region of y/a and y/oxide. The
analysis scheme was performed by automatically shift-
ing the sample stage in the electron microprobe every
1 um around the interface region. The resulting inter-
facial compositions at both the y/a and o/oxide inter-
faces are presented in Table ITI for oxidations of 24, 48
and 250 h. Also listed in Table IIT are the manganese
concentration gradients across the o layer. The impli-
cation of the manganese concentration gradients will
be investigated.

80r
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Figure 7 Concentration profiles of the sample oxidized at 800° C for
24h. (O) Fe, (®) Mn, (a) Cr, (0) Al
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3.4.3. Oxidation at 1000° C

For samples oxidized at 1000° C, the planar interfaces
between the y matrix and the o layer region were
always observed when the oxidation time was longer
than 9 h. Because of the nature of the wave-like inter-
faces between o and oxide scale, quantitative analysis
of the elemental concentration was carried out with
respect to the morphologies of samples oxidized for
various times. There are three trace lines, A, B and C,
in the analysis for the sample oxidized at 1000° C for
12h in order to elucidate the concentration change
due to the different widths of the layer. The concen-
tration profiles of the sample oxidized for 12, 24, 48
and 120 h are presented in Figs 10 to 13, respectively.
The analysis scheme is the same as that in the case of
800° C oxidation.

After oxidation for 120 h, the concentration of each
element was essentially constant in the y matrix. At the
y-a interface, there was a drop of concentration for
both aluminium and manganese, while the concen-
tration of iron increased. Within the o region, the
concentration of iron rose from the y/a side towards
the a/oxide side, while the concentration of man-
ganese decreased continuously. The amount of alu-
minium increased to a level above that in the y matrix.
The concentration of chromium increased somewhat
in the « layer region, which is different from the case
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Figure 8 Concentration profiles of the sample oxidized at 800° C for
48h. (O) Fe, (@) Mn, (a) Cr, (0) Al
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Figure 9 Concentration proflies of the sample oxidized at 800° C for
250h. (D) Fe, (®) Mn, (a) Cr, (0) AL

for oxidation at 800° C. At the interface between the «
layer and the oxide scale, the concentration of alu-
minium increased rapidly where the a-Al, O, layer and
some aluminium-containing oxides were formed. Within
the oxide scale, there were increases of manganese and
aluminium, which are believed to be the oxide of the
MnAlLO,. Near the outside of the oxide scale, the
concentrations of iron and chromium rose due to the
formation of (Fe, Cr),0; oxides. On the outermost
side of the oxide scale, only manganese was detected
where the Mn, O, was formed.

The interfacial composition for each element was
evaluated in the same way as that for 800°C oxi-
dation. Table IV lists the interfacial compositions for
12 h oxidation with respect to various trace line analy-
sis. A summary of the data for different oxidation
times is presented in Table V.

4. Discussion

4.1. Influential factors in the quantitative
analysis

4.1.1. Coating effect

The advantages of the gold coating on the oxidized

sample for quantitative analysis have been stated in

Section 3. A further advantage of the coating is the

resulting stable working conditions during analysis. It

was observed that the position of the uncoated sample

a-layer

¥-matrix

Concentration (wi%)

i Ddrl

0 b i Lo 1 L

~100 -50 0 50 100 150

Distance (um)

Figure 10 Concentration profiles of the sample oxidized at 1000°C
for 12h. (O) Fe, (®) Mn, (a) Cr, (0) AL
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Figure 11 Concentration profiles of the sample oxidized at 1000°C
for 24h. (O) Fe, () Mn, (a) Cr, (0) AL

in the sample stage of the microprobe shifted about
several tens of micrometres after analysis, while the
coated sample did not. It is believed that the heat
produced by the electron beam bombardment on the
sample will be conducted away quickly for the coated
sample. However, for the uncoated sample, such heat
might make the cold mount resin strained.

The extent of electron-beam heating can be esti-
mated from the formula provided by Reed {23}

AT = 48Eifkd, (1)

where AT is the temperature rise (° C) in the specimen
at the point of impact of the electron beam, E; is the
operating voltage in kV, i is the beam current (uA), k
is the thermal conductivity, (Wem™'°C™"), and d, is
the probe diameter (um). In this Fe-Mn-Al alloy
system, the temperature rises about 5°C for k ~ 0.7,
which would not introduce any significant effect on
the quantitative analysis.

4.1.2. Etching effect

During quantitative analysis, it was found that the
concentration of aluminium first dropped in the y/a
interface and then regained its value as the in the y
matrix. For other elements there was no such jumping
behaviour. After many analyses, it was found that the
abnormal jump in the aluminium concentration

100
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Figure 12 Concentration profiles of the sample oxidized at 1000°C
for 48h. (1) Fe, (®) Mn, (a) Cr, (O) AL
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Figure 13 Concentration profiles of the sample oxidized at 1000°C
for 120 h. (O) Fe, (®) Mn, (a) Cr, (O) Al

occurred when there was a fissure in the y/a interface.
Fig. 14 shows the line profile of aluminium near the
interface. There is a drop of aluminium content for the
cracked interface, as seen in Fig. 14a. However, no
drop of aluminium is observed for the uncracked
interface, as shown in Fig. 14b. The error due to the
magnitude of the surface effect on analysis precision
was estimated by Yakowitz [24]. It was reported that
the softer the X-ray line of interest, the worse the
possible effect of a non-flat specimen examined at a
given voltage would be.

4.2. The formation of the « layer

For the initial stage of oxidation, it was believed that
manganese and iron had greater mobility than alu-
minium and chromium. It was reported that at §00°C
the dissociation pressure of Mn, O, was six orders of
magnitude greater than that of Fe,O,, hence there was
a significant thermodynamic driving force for the
formation of a layer of Mn,O; outside the Fe,O; [19].
This is consistent with the experimental observation in
this study that an external layer of Mn;0, exists at
1000° C. Therefore, the oxidation of the alloy becomes
selective for manganese rather than other base metals.
Because of the effect of manganese on the stability of

the austenitic phase in Fe~-Mn-Al-Cr alloys, the sclec-
tive oxidation of manganese would cause the trans-
formation of the alloy matrix from the face centred
cubic (fcc) y phase to body centred cubic (bcc)
phase. This kind of oxidation-induced phase trans-
formation has been reported in other ailoy systems
[19-22].

In the Fe-Mn-Al-Cr base alloy, carbon also stabil-
izes the austenitic structure. During oxidation, the
phenomenon of decarburization could be observed for
the initial stage. Nevertheless, no o layer was found in
the decarburized layer for the sample oxidized at
800°C for 3h as shown in Fig. 15. In order to dis-
tinguish the roles of manganese and carbon in the
oxidation-induced transformation layer, the line
profiles of carbon and manganese were detected for
the sample oxidized at 1000°C for 12 h with the elec-
tron microprobe as shown in Fig. 16. It was found that
the manganese concentration decreased monotonically
within the a layer towards the oxide layer, which
clearly indicates manganese depletion caused by oxi-
dation. A build up of carbon was observed near the
y/a interface, while there was no signifiant change in
the carbon concentration throughout the remaining
regions of the « layer. The depletion of manganese
across the « layer can be appreciated with the aid of
Figs 17 and 18, which indicate that the manganese
concentrations change dramatically from the y matrix
to the o layer for the samples oxidized at 800 and
1000° C for different times.

As the solubility of carbon is low in the o phase, the
excess amount of carbon originally dissolved in y
phase is ejected from the o layer due to the removal of
manganese during oxidation. The movement of car-
bon is diffusion-related and thus spatially dependent.
It is more difficult for carbon to diffuse outward
through the wide range of « layer. Instead it moves
toward the y phase and hence the carbon concen-
tration builds up around the y/o interface region as
observed in Fig. 16, or alternatively forms the carbides
within the « layer. Fig. 19, the optical micrograph of
the sample oxidized at 1000° C for 120 h, indicates the
latter condition.

Figure 14 The line profile of aluminium near the y/a interface, (a) for sample oxidized at 800° C for 250 h, crack visible at the interface, (b)
for sample oxidized at 1000°C for 120h, no crack observed at the interface.
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Figure 15 The line profile of carbon for the sample oxidized at
800°C for 3h.

4.3, Effect of oxidation temperature and time
on the growth of the « layer
From SEM observation, the morphologies of the inter-
faces between the « layer and the y matrix were seen to
be all wave-like for the samples oxidized at 800° C for
24, 48 and 250 h. As the oxidation time reached 250 h,
the nonplanar morphology of the interface tended to
smooth out. For samples oxidized at 1000° C for longer
than 9h, the y/a interface appeared to be planar for
oxidation times of 12, 24, 48, and 120 h. The thickness
of the o layer for specimens oxidized at 800 and
1000° C is presented in Fig. 20 as a function of oxi-
dation time. The layer thickness increases with increas-
ing oxidation temperature for the same oxidation
time, and it also increases with the increasing oxi-
dation time for the same oxidation temperature. It
appears that the « layer grows as the time increases,
which implies a possibly diffusion-controlled process.
The thickness of the a layer for the sample oxidized
at 1000° C for 24 h is estimated to be 150 um, which is
almost 20 times larger than that oxidized at 800° C for
24 h. It is apparent that temperature plays a significant
role in the growth of the oxidation-induced transfor-
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I
|
I

@ layer

Figure 16 The line profiles of manganese and carbon for the sample
oxidized at 1000°C for 12h.
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Figure 17 Concentration profiles of manganese for the samples
oxidized at 800° C.

mation layer. From the interfacial concentration data
presented in Tables III and V, it is observed that C%"%,
the concentration of manganese at the a side of the y/a
interface, decreases as oxidation time increases, while
Ci%°, the manganese concentration at the a side of the
ofoxide interface, increases as the oxidation time
increases. Because the concentration at the y side of
the interface, Cj¥*, is almost identical for 24, 48, 250 h
at 800° C and also for 12, 24, and 48 h at 1000° C, the
decrease of C{™ indicates that more manganese is
driven away through the a layer towards the oxide
scale as the oxidation time increases. An abnormal
increase of C#!* is observed for the sample oxidized at
1000° C for 120h. It is proposed that the concen-
tration jump results from the slower removal of man-
ganese due to the formation of a dense protective
a-Al,O; layer in the innermost region of the oxide
scales.

The concentration gradient of manganese within
the o layer could be evaluated from the difference of
the interfacial concentration between C!* and C5%°
divided by the width of the « layer. These values are
also listed in Tables III and V. For oxidation at both
800 and 1000° C, the manganese concentration gradient
becomes smaller as the oxidation time increases. In
other words, the manganese concentration profile
tends to be flat out as the oxidation progresses. This
implies that a diffusion controlled mechanism might

¥ - matrix a-layer
~ 31—12h
2 ‘ 18.7 [
3 < 5.\2\
24 h
3
§ 189
g 102
§ a—s8h
=
5 15.3 9.0
I 20 h
16.1 141
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) 87 w8 21

Distance {um)

Figure 18 Concentration profiles of manganese for the samples
oxidized at 1000°C.



Figure 19 Optical micrograph of the sample oxidized at 1000° C for
120 h; carbides precipitated within the « layer.

operate during the oxidation-induced transformation.
In general, the diffusion process is dependent on the
temperature and time. Based on the results as indi-
cated in Table V, the concentration gradient of man-
ganese for a specimen oxidized at 1000°C for 12h is
0.15wt % um™"'. The same concentration gradient is
observed for a specimen oxidized at 800° C for 48 h. 1t
appears that the oxidation temperature has more effect
on the oxidation-induced transformation compared to
the oxidation time.

4.4. Surface roughness effect

It is interesting to note that a localized nonplanar
y/a interface might sometimes develop at 1000°C
oxidation in the reproducibility test. It is believed
that the wavy interfaces result from the surface rough-
ness during polishing treatment before oxidation.
Douglass et al. [20] reported that there was a great
difference in the rate constants of over four orders
of magnitude between the electro-polished samples
(4.0 x 107°g?cm*sec™') and the abraded samples
(1.6 x 1072 g*cm*sec™!) at 750° C. The much slower
oxidation rate of the latter could be attributed to
greatly enhanced manganese diffusion through the
high dislocation density, cold worked layer, and thus
the protective Mn, O, layer was formed outside. It was
also pointed out that for the faceted surface morphol-
ogy, the scale growth was limited by the slow arrival
of oxidant molecules [25].

For the surface with some scratches produced during
the improper polishing, the selective oxidation of man-
ganese is somewhat less time consuming than that with
a scratchless clean and smooth surface. It is argued
that the nonplanar morphology of the oxidation-
induced transformation layer is caused by the time
delay of the removal of manganese.

5. Conclusions

1. Electron microscopic analysis technique was
applied to investigate the interfacial phenomena in the
Fe-8.9A1-3Cr-31Mn-0.87C alloy system.

2. An oxidation-induced transformation o layer
was formed between y matrix and oxide scales during

250}
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—~ 200} e

§ | {/
— L /

%150_L {/
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R

5 1OOE/

>
& [t

51724 45 120 250
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Figure 20 The thickness of the « layer for the samples oxidized at
(0) 800 and (®) 1000°C.

high temperature oxidation of the alloys at 800 and
1000° C.

3. The morphology of the y/x interface was planar
for the samples oxidized at 1000°C for 12, 24, 48,
120 h, while it was nonplanar for samples oxidized at
800° C.

4. The formation of the « layer is caused by the
selective oxidation of manganese at 800 and 1000° C.

5. The elemental redistribution was quantitatively
analysed by the electron microprobe and the interfacial
concentrations at y/a and a/oxide were employed to
probe the selective oxidation of manganese.

6. The oxidation temperature played a more
important role in the oxidation-induced phase trans-
formation than the oxidation time.
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