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Nitriding in the high temperature oxidation of

Fe-31Mn-9AI-6Cr alloy
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Hsinchu, Taiwan, R.O.C.

An alloy, of Fe~31.3Mn-8.92AI-5.96Cr-0.86C composition, was heated from 800 to 1000°C
in atmospheres of oxygen, nitrogen and dry air respectively. A needle-like structure was
observed between the alloy matrix and the external oxidation layer in the nitrogen-containing
atmosphere at temperatures higher than 800° C. The needle-like phase was identified as AIN
by both X-ray and STEM diffraction methods. Nitriding first occurred in the austenitic grains
adjacent to the free surface, with subsequent AIN growth towards the alloy matrix. The ferrite
phase, formed due to the precipitation of chromium carbide, prevented the growth of AIN. For
the alloy oxidized in air, AIN formed and the growth front of AIN was ahead of the oxides.
The aluminium content of the alloy matrix in the nitrided region was depleted by the formation
of AIN. Due to the rapid nitriding of Al, the formation of a protective oxide layer was retarded
and the oxidation resistance became less promising.

1. Introduction
The Fe—Mn—Al based alloy system has attracted sig-
nificant attention due to its potential as a substitute
for conventional Fe—Ni—Cr stainless steel. The Fe—
Al alloy is well known to have excellent high tempera-
ture oxidation resistance because of the formation of
the protective a—Al,O; layer during the oxidation
process. This alloy is, however, brittle and has poor
high-temperature strength due to its ferritic micro-
structure [1, 2]. The Mn-C combination, on the
other hand, is believed to extend and to stabilize
the austenite region in alloy steels which may have
good high-temperature mechanical properties. Hence,
an appropriate Fe—Mn-Al-C composition would
possess good high temperature strength, low tem-
perature workability, and better corrosion resistance
[3-¢]. :
Manganese and carbon in the Fe—Mn-Al-C
system are elements which stabilize the austenite phase
but are found to be detrimental to the high tempera-
ture oxidation resistance [7—9]. According to previous
oxidation studies, an a—Al,O, layer was frequently
not observed in the austenitic Fe—Mn-Al-C alloys
[10], or only discontinuous Al,O, was found [9, 11]. It
is argued that the presence of chromium leads to the
formation of an «—AlL,O; by action as an oxygen
getter [12, 13} or as a stabilizer of «—Al, O, rather than
the less protective y—Al, O, [2]. Hence, it is potentially
promising to add chromium to the Fe~Mn-Al or
Fe-Mn—-AIl-C alloys to improve the high tempera-
ture oxidation resistance [9, 14, 15].

During oxidation in dry air, it was observed that an
Al-rich needle-like structure was formed beneath the
oxide scale of Fe-Mn—Al alloys [11, 16, 17]. In the

presence of the needle-like structure, the oxidation
resistance of the alloy was poor. The needle-like struc-
ture was first considered to be an internal oxidation of
aluminium [11]. Recently Lopes and Assuncao [18]
indicated that it arose through nitriding of aluminium.
Hence, this study investigates further the microstruc-
ture and morphological development of the needle-
like structure. The role of the needle-like structure in
the oxidation behaviour of the Fe—Mn—Al based
alloy is revealed with the aid of electron microscopy
and kinetic studies.

2. Experimental details

The chemical composition of the alloy employed
in this study was Fe-31.30wt% Mn-8.92wt%
Al-596wt% Cr—-0.86wt % C. The alloy was pre-
pared from high purity materials and melted in an
argon shielded induction furnace. The ingot was
forged to 75% reduction in thickness at 1200° C and
then homogenized at 1200° C for 11 h. After surface
finishing, the alloy was hot rolled at 1000° C to 90%
reduction, giving a 2.5mm thickness. In order to
eliminate grain growth during oxidation and nitriding
experiments, the hot rolled alloy was surface finished
again and then annealed at 1150° C for 50h in a tube
furnace with flowing argon. Austenite was the only
phase present in the specimen after annealing and the
lattice parameter was determined to be 0.369 nm by
X-ray diffraction.

The alloy was ground, and two kinds of specimens
were prepared: one specimen, of dimensions 2 X
4 x 8mm, was used for thermogravimetric analysis
and for a morphological study; the other, of dimen-
sions 2 x 10 x 20mm, was employed for X-ray
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analysis. All samples were abraded and polished with
up to 0.05 ym alumina powder, ultrasonically washed
in distilled water and rinsed in alcohol prior to oxi-
dation and nitriding.

Experiments in this study were divided into three
categories with respect to the atmosphere employed:
(a) oxidation in pure oxygen; (b) oxidation in dry
air; (¢) nitriding in pure nitrogen. The gas flow was
200c.cmin™' for each case. The temperatures for
experiment in various atmospheres were set between
800 and 1000° C, and the time ranged from 2 to 48 h.
Oxidation kinetics were recorded continuously for
24 h with a ULVAC/SINKU RIKO TGD- 5000 ther-
mogravimetric analyser. Specimens for morphological
study and phase identification were either oxidized or
nitrided in a horizontal tube furnace. Occasionally,
the oxide scale spalled during cooling through the
300 ~ 350°C range. However, a technique was
developed in this study to assure the integrity of
the oxide layer. After oxidation, the test sample was
dipped into 2 ecm® of liquid zinc at 500° C, and then air
cooled. The solidified zinc bar was successively cooled
by a water quench. The total process took about 2 min
and the alloy matrix/oxide scale was completely held
by the presence of the solidified zinc.

Possible phases present in the specimen were ident-
ified with a Shimatzu X-ray diffractometer equipped
with a Cu target, a Ni filter and a graphite single
crystal monochrometer. Minor phases, of small size,
were further identified by scanning transmission elec-
tron microscopy (STEM). Specimens for STEM stud-
ies were prepared with an ion mill (ION TECH B306
Super Microlap MK 2). The morphology of the oxide
was examined with both the optical microscope
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(O.M.) and with the scanning electron microscope
(SEM). Elemental distributions in the product layer
were detected by X-ray mapping techniques and the
characteristic nitrogen X-ray was measured with the
STE analysing crystal with a computerized electron
microprobe (JEOL JCXA-733). The nitride was
qualitatively analysed with the energy dispersive spec-
trometer (EDAX 9100/70). In addition, quantitative
analysis of the concentration of Fe, Mn, Al and
Cr was performed with the aid of a ZAF-corrected
program.

3. Results
3.1. Scale morphology in different
atmospheres

The typical morphology of the alloy after oxidation at
1000° C in different atmospheres is shown in Fig. 1.
Two oxide layers are observed in Fig. 1(a) for the alloy
oxidized in oxygen. Fig. 1(b) presents the morphology
of the alloy after nitriding in nitrogen; a region con-
taining nitride is found beneath the free surface. The
morphology of the alloy oxidized in air is shown in
Fig. 1(c), which is apparently different from the oxida-
tion morphology revealed in Fig. 1(a). The morphol-
ogy of Fig. 1(c) is a mixture of the phases present in
Figs 1(a) and 1(b).

For the specimens oxidized in pure oxygen in the
temperature range 800 to 1000°C, (Fe, Mn);0, was
present in the outer layer, and MnO, MnAl,O,,
Fe(Al, Cr),0, and a—Al, O, were revealed in the inner
layer. A gap between the oxide layers was introduced
during cooling which might be filled with the cold
mount materials. A similar morphology was found
at temperatures down to 800°C. Nevertheless, a—
Fe, 0, and Mn, 0O, were detected in the external oxide
layer, and more chromium carbide and « grains were
observed in the alloy matrix for those samples sub-
jected to low temperature oxidation.

Referring to Fig. 1(c), it appears that three distinct
products exist: the outer white region, the middle dark
region and the inner grey region. Voids were believed
to be formed during sample preparation, e.g. in
polishing and etching. Phases in the outer layer are
identified as (Fe, Mn);O,. The inner grey layer is

Figure 1 Optical micrograph of the specimen (a) oxidized in oxygen
at 1000°C for 24 h (b) nitrided in nitrogen at 1000° C for 24h (c)
oxidized in dry air at 1000°C for 48h.
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Figure 2 Scanning electron micrograph of the specimen oxidized in
dry air at 850° C for 24 h, a region with the needle-like structure is
visible beneath the oxide scale.

similar to the nitrided region shown in Fig. 1(b). The
needle-like structure as well as fine oxides are observed
in the middle dark region. The oxides in the needles
are MnQO, and Fe(Al, Cr),0,. The sample morphology
was found for oxidation above 800°C. Fig. 2 shows
the scanning electron micrograph of alloy oxidized in
air at 850°C, and a region with needle-like structure
is observed. The higher- the temperature the more
developed the needle-like structure approaching the
case shown in Fig. 1(c). It was found that the mor-
phologies of both oxides and the needle-like structure
could be obtained when the alloy was oxidized at
1000° C in dry air for only 10 min as shown in Fig. 3.
In general, the thickness of the product layer became
enlarged as the oxidation time increased.

The needle-like structure is rich in aluminium as
shown in the X-ray map (Fig. 4), whilst the region
between the needle-like structure is aluminium-
depleted. The composition of the region between the
needle-like structure, e.g. the aluminium depleted
region revealed in Fig. 4, was 66.05wt% Fe,
2595wt % Mn, 7.02wt % Cr and 0.08 wt % Al. The
composition was quantitatively determined using an
electron microprobe with the aid of pure element
standards.

For the preliminary kinetic study, the specimen was
introduced in the thermogravimetric analyser for the
weight gain measurements. Fig. 5 presents the results
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Figure 3 Scanning electron micrograph of the specimen oxidized in
dry air at 1000°C for 10min; an internal layer is evident as the
needle-like structure.

for those alloys oxidized in both oxygen and dry air at
1000° C. It appears that specimens oxidized in dry air
with the presence of the needle-like structure always
have more weight gain than those oxidized in oxygen.

3.2. Phase identification in the needle-like
structure

In order to identify the needle-like structure formed in
dry air, an X-ray diffraction study was employed,
using successively abraded samples. The X-ray diffrac-
tion pattern corresponding to the inner grey layer in
Fig. 1(c) is represented in Fig. 6. The lattice parameter
of the y matrix, calculated on the basis of Fig. 6 was
0.364 nm, which was slightly smaller than that of the
solution treated state. Although AIN appears to be
identified in the diffraction pattern, the peak pos-
itions overlap with those of other oxides, such as
(Fe, Cr),04, a—Al,O;, FeALQ,, and the y matrix.
Intensity ratios of the AIN found in this study did not,
however, match exactly with the data in the literature
[19]. As a consequence more analytical characteriz-
ation is required to confirm the existence of the AIN
structure. Fig. 7 shows the qualitative analysis of the
needle-like structure by EDX. Similar to Fig. 4, it is
apparent that Al is enriched in this structure. Never-
theless, whether it is an oxide or a nitride is unclear.
The presence of nitrogen or oxygen characteristic X-rays
can be further detected with an electron microprobe

Figure 4 Scanning electron micrograph and X-ray images around the growth front of the needle-like structure as the specimen oxidized in

dry air at 1000°C for 48 h: (a) SEM (b) Al Ka. (not etched).

771



20
;; [
G 15- . 7
St In Dry Ai
E
0
£ 10r i
o
)
5 In Oxygen
2 5t ]
! L 1 L 1 | L Il L L L 1 L L 1 L L | 2 TR L L “
0 6 12 18 24

(Hours)

Figure 5 Continuous weight-gain curves for the specimen oxidized
at 1000°C in dry air and in oxygen.

by employing the spectrometer step scanning tech-
nique. The variation of counts with spectrometer
position is represented in Fig. 8. The peak position,
88130 um, as read from Fig. 8 coincides with the
theoretically calculated value for nitrogen Ke,. Step
scanning of the region near the expected value of
oxygen was also made, but no peak was observed.

Selected area diffraction patterns (SADP) obtained
from the inner grey layer in Fig. 1(c) are presented in
Fig. 9. The sectioned plane in this study was parallel
to the free surface of the specimen. The lattice par-
ameter of the y matrix, calculated from the SADP of
Fig. 9(a), is 0.364 nm, which is compatible with the
value from the X-ray diffraction pattern of Fig. 6.
The SADP in Figs. 9(b—d) indicate that the needle-
like structure is H.C.P. crystal structure with a =
0311 nm and ¢ = 0.495nm. In agreement with pre-
vious studies [19, 20], the needle-like structure is
identified as AIN. The corresponding STEM images
are shown in Fig. 10.

3.3. Growth of AIN in nitrogen
Nitriding occurred when the temperature was greater
than 800°C, and the width of the nitride region

Intensity
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Figure 6 X-ray diffraction pattern of the specimen oxidized at
1000°C in dry air for 24h; the specimen was abraded and the
detected layer corresponded to the inner product layer in Fig. 1{c).
(A : AIN, y: Austenite).

772

Al
z
‘@
c
I
£
L cpfe
0 2 4 6 8 10

Energy (KeV)

Figure 7 Qualitative analysis of the needle-like structure by EDX.

increased as the temperature was raised. It was observed
that AIN was the primary product of nitriding as seen
from Fig. 1(b). Based on Fig. 11, it is apparent that the
shape of the needle-like structure is not related with
the free surface. At lower temperature, a non-uniform
nitride layer was observed as shown in Fig. 12. If the
chromium carbide formed and ferrite precipitated, the
growth of AIN detoured, as indicated in Fig. 12.
Because of the orientation relationship, as indicated in
Fig. 11, the grain boundary acts as the barrier for the
growth of AIN. Fig. 13 presents the optical metallo-

- graphic picture of the nitride-matrix interfacial region.

It is observed that the growth of AIN tends to deceler-
ate when approaching the grain boundary of the
underlying matrix.

4. Discussion

Based on the results of qualitative elemental analysis
and electron diffraction patterns, AIN is identified as
the needle-like phase. The standard free energy of
formation for AIN at 800 and 1000° C is — 48.54 and
—43.02 Kcal mole™" respectively [21], which indicates
the thermodynamic possibility of the formation of
AIN within the temperature range of the present

Needle - like structure

5- Matrix
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85000 90000
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Figure 8 Intensity profiles of the matrix and the needle-like structure
based on spectrometer step scanning.



Figure 9 SAD patterns taken from the inner product layer in Fig. 1(c): (a) for the y matrix, B = (01 1) (b) for AIN, B = (0001) (c) for

AIN, B = (2110) (d) for AIN, B = (5143).

study. It is reported that the solubility of nitrogen in
the y phase is greater than that in the « phase [22]. As
shown in Fig. 12, AIN is observed only in y grains
although the « phase in this alloy has a greater alu-
minium content. This suggests that the y phase, of
higher nitrogen solubility, provides the easy path for
nitrogen diffusion toward the alloy matrix and the
presence of « or y plays a major role in nitriding.
The structure of the alloy after annealing is fully
austenitic before the oxidation and nitriding experi-
ments. During oxidation, the formation of an o phase
results from the precipitation of chromium carbide.
At lower temperature, e.g. 850°C, the formation of
carbide is favoured. The ferrite is formed by carbon
depletion and results in a non-uniform nitride region
as shown in Figs 2 and 12. As the temperature

increases, the solubility of chromium and carbon
in the Fe-Mn base alloy is increased. Nitriding is
enhanced by the dissolved Mn and Cr in the austenite
[23]. Hence, as the temperature increases, the thick-
ness of the nitrided region increases since the reaction
is promoted.

For experiments conducted in air, which contains
both nitrogen and oxygen, nitriding and oxidation
occur simultaneously. It is argued that nitrogen with
an atomic radius of only 0.069 nm [24] might penetrate
the oxide layer to react with the alloy matrix. In a
study of oxidation in air of a Co—Cr—Al alloy by
Giggins [25] and for pure Cr by Pettit [26], it was
reported that nitride formed beneath the oxide layer.
In the present study, it was observed that the nitride
could be formed within a few minutes and grew ahead

Figure 10 STEM microstructure of the inner product layer in Fig. 1{c): (a) bright-field image (b) dark-field image of AIN.
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Figure 11 Optical micrograph of the specimen nitrided in nitrogen
at 1000°C for 2h.

of the oxide layer as shown in Figs 1(c) and 3. As
nitriding occurs prior to the oxidation and results
in the needle-like AIN, the content of aluminium is
depleted in this nitrided region and oxidation is
dominated by Fe and Mn. Subsequently Fe and Mn
diffuse out to form the (Fe, Mn),0, oxide. As a result,
the oxide with the lower dissociation pressure, such
as MnO, builds up by oxygen diffusing through the
external oxide layer.

Thermodynamically, the free energy of a—Al,Os
is much lower than that of AIMN, and AIN can be
transformed as «—Al, O, if the oxygen partial pressure
is sufficient. This reaction could take place at the
surface of AIN and result in a protective a—Al, O, film
[20]. As the AIN is shiclded by the presence of a—
Al,O,, the aluminium can not diffuse outwards to
form the Al-rich oxides. In this study the Al-rich
oxides, such as a—AlL,O; and MnALOQO,, are not
observed, which is in agreement with the above state-
ments. In short the needle-like AIN/y interface would
provide the easy diffusion path for oxidants including
Fe, Mn, Cr and O. Hence this alloy has a higher oxi-
dation weight gain compared with that oxidized in
oxygen as shown in Fig. 5.

The effects of chromium in this alloy are considered
with respect to the temperature employed. At low
temperature, chromium enhances « precipitation by
forming chromium carbide and prevents the infringe-
ment of nitrogen. At higher temperatures, more chro-

L50um ,

Figure 12 Optica! micrograph of the specimen nitrided in nitrogen
ot 850°C for 2h; ferrite is formed due to the precipitation of
chromium carbide.
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Figure 13 Optical micrograph of the interfaciai region of AIN and
v matrix for the specimen nitrided in nitrogen at 1000° C for 24 h.

mium is dissolved in the y phase which acts as a
binder for carbon [27]. In addition, it forms more
Cr-containing oxide and thus retards the depletion of
C and Mn during oxidation. As the y phase prevails,
the nitriding is promoted. This explains the phenom-
ena observed in this study.

5. Conclusions

1. The Fe-31.30Mn-8.92A1-5.96Cr—0.86C alloy,
heated in a nitrogen-containing atmosphere at tem-
peratures greater than 800° C, developes a needle-like
nitriding product of AIN which grows towards the
alloy matrix. As the temperature is increased, the
nitriding is enhanced.

2. For the alloy oxidized in air AIN also formed,
and the growth front of AIN was ahead of the oxides.
The needle-like AIN/y interface provided an easy dif-
fusion path for oxidants. The oxidation behaviour
was dominated by Fe and Mn, and Al-rich oxides
were not found. As a result, the observed weight gain
was greater than that oxidized in oxygen at the same
temperature.

3. AIN possesses a preferred orientation with its
own grain rather than with the free surface. It was
observed that the growth of AIN tended to decelerate
when approaching the grain boundary of the underly-
ing matrix.

4. The degree of the solubility of nitrogen plays the
major role in alloy nitriding. The austenite phase with
higher nitrogen solubility was observed to promote
the growth of AIN, while the ferrite possessed the
reversed effect.
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