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Nitr iding kinetics of F e - A I - M n - C r - C  alloys at 
1000 ~ C 
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Taiwan 

A needle-like structure of AIN is observed in Fe-31Mn-9AI-0.87C-xCr (x = 0, 3 and 6) alloys 
at 1000~ in a nitrogen atmosphere. The reaction front of nitriding moves parabolically with 
time. The nitriding rate is evaluated on the basis of the penetration depth of the nitriding layer 
at various lengths of time, and is found to be increased with increasing chromium content in 
the alloy. A quasi-steady state diffusion model is employed to investigate the nitriding kinetics 
by nitrogen migration through the alloy matrix. The nitriding rate depends on the solubility of 
nitrogen as well as the diffusivity of nitrogen in the alloy system. It is argued that the solubility 
of nitrogen predominates the nitriding, and thus the growth of AIN prevails in the austenitic 
phase instead of ferrite, due to the higher nitrogen solubility in austenite. In addition, the 
chromium alloying into the Fe-AI-Mn system increases the lattice parameter, which leads to a 
higher solubility of nitrogen, and hence a higher nitriding rate is obtained. 

1. Introduction 
Over the past years, a great deal of  research activity 
has focused on the development of the potential Fe-  
A1-Mn-based alloy as a substitute for conventional 
Fe -Ni -Cr  stainless steel. The high-temperature oxida- 
tion behaviour of this alloy system has been intensively 
investigated [1-12]. A series of  work has been carried 
out continuously in our research group concerning the 
high-temperature behaviour of Fe-A1-Mn based alloys, 
including the elemental distribution and formation 
morphology in the oxidation layer [7, 9, 11], the effect 
of gaseous atmosphere and pretreatment [10], the 
development o f  the oxidation-induced ferrite layer 
[12], and the proposed diffusion-related mechanism in 
the oxidation-induced phase transformation [13]. 
Recently, a nitriding phenomenon was observed in 
Fe-31Mn-9A1-6Cr-0.86C alloy oxidized in dry air at 
temperatures above 800~ [14]. A needle-like nitrid- 
ing product of AIN developed towards the alloy 
matrix. It was argued that the degree of  solubility of  
nitrogen played a major role in the nitriding. The 
austenitic phase with higher nitrogen solubility was 
observed to promote the growth of  AIN, while the 
ferrite phase exhibited the reverse effect. The purpose 
of  the present study was to investigate the kinetics of  
the nitriding behaviour. The thickness of the nitriding 
layer is measured as a function of the oxidation time 
and employed to evaluate the nitriding rate of the 
Fe-A1-Mn alloy. The nitriding kinetics is discussed 
with respect to the nitrogen solubility as well as the 
diffusivity of the constituent. 

2. Experimental techniques  
The alloy was prepared by vacuum induction melting 
from high-purity elements. The chemical composition 

is given in Table I as obtained by the wet chemical 
method. The as-fabricated ingots were forged at 
1200 ~ C with 75% reduction and then homogenized at 
1200~ for 11 h. After surface finishing, the alloys 
were then rolled with 90% reduction to 2.3 mm thick- 
ness. The details of the alloy fabrication and sample 
preparation were reported elsewhere [10, 11, 14]. 

The specimen was first put into a specially designed 
stainless steel (AISI-310) tubing, and followed by out- 
gassing with nitrogen purging. The outgassed tubing 
was then placed within the constant-temperature zone 
in a tube furnace. The nitriding experiment was 
carried out at 1000~ C in a flowing nitrogen (99.995%) 
atmosphere for times ranging from 1 to 24h. The 
morphologies of  the nitriding layer were examined by 
optical and scanning electron microscopy. 

3. Results and discussion 
3.1. Morphology and penetration depth of 

the nitriding layer 
Fig. 1 shows the optical micrograph of alloy C 
nitrided at 1000~ for 24h, which is a typical mor- 
phology of the nitriding layer among alloys A, B and 
C. A region containing needle-like structure is 
observed beneath the free surface. The nitriding takes 
place mainly in the austenitic phase due to the higher 
solubility of nitrogen [14]. The needle-like structure is 

TABLE I Chemical compositions (wt%) of the alloys 
employed in this study 

Alloy Mn Al Cr C Fe 

A 3 l. 18 8.69 - 0.87 Bal. 
B 31.30 8.92 5.96 0.86 Bal. 
C 30.95 8.87 2.98 0.87 Bal. 
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Figure 1 Optical mierograph of  alloy C nitridized in pure nitrogen 
at 1000~ for 24h.  

identified as AIN, and the nitriding behaviour is fairly 
sensitive to the alloy surface condition [10]. 

Table II lists the penetration depths of the nitriding 
layer for alloys A, B and C. The corresponding plot of 
thickness of the nitriding layer against the square root 
of time is represented in Figs 2 to 4 for alloys A, B and 
C, respectively. It is apparent that the nitriding 
layer grows parabolically with time. According to the 
parabolic rate law formulation 

= (KNt) ~/2 (1) 

where ~ is the thickness of the nitriding layer, KN is the 
nitriding rate, and t is the nitriding time. The nitriding 
rates, KN, for various alloys at 1000 ~ C are evaluated 
and are given in Table III. It appears that the nitriding 
rate increases with the chromium content. The effect 
of chromium content on the nitriding behaviour will 
be discussed later. 

For alloys oxidized in air, three distinct layers 
were observed [10]. The outer layer is identified as 
(Fe, Mn)304. Mixed phases of A1N, MnO and Fe(A1, 
Cr)zO 4 are found in the middle layer; while a region 
containing needle-like structure AIN is observed in the 
inner layer. It appears that the nitriding is ahead of the 
oxidation for the alloy oxidized in air. As nitriding 
occurs prior to oxidation and results in A1N, the 
content of aluminium is depleted between the needle- 
like structure. A quantitative analysis with the aid of 
electron microprobe (Jeol JCXA-733) indicates that 
the aluminium content between the A1N plates is only 
0.08 wt %. 

3.2. Nitriding kinetics 
In the austenitic structure of Fe-AI-Mn-Cr-C alloy, 
nitrogen would be located in the interstitial site, while 
aluminium is in the substitutional lattice. Relatively 
speaking, the diffusivity of nitrogen, DN, is greater 
than that of aluminium, DA1, i.e. 

DN >> DA, (2) 
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Figure 2 The penetration depth of  the nitrided layer as a function of 
time for alloy A at 1000~ 

Grabke et al. [15] reported the solubility of nitrogen 
for Fe-28.6 at % Mn alloy at 1000~ in 0.95 atm N 2 
to be around 1.49 at %. The almninium content in the 
matrix is 16.4 at % for alloy C in this study. Thus there 
is more than one order of magnitude difference 
between the nitrogen solubility, N(N s), and the initial 
concentration of aluminium, NA (~ . If  effects from other 
alloying elements are neglected, one has 

N(NS)/N(A])< 1 (3) 

With conditions described by Equations 2 and 3, 
the nitriding behaviour in Fe-A1-Mn-base alloy can 
be considered to be another type of internal oxidation 
according to Wagner's formulation [16]. The internal 
nitriding migrates through the inward diffusion of 
nitrogen, and aluminium in the internal matrix is 
presumed to be nitrided immediately on the spot. The 
rate of nitriding can be derived for a planar specimen 
geometry by the quasi-steady state approximation. 
Consider a planar specimen of a multicomponent 
alloy A-B-C in which A forms a very stable nitride. 
Assume the ambient PN2 is too low to nitride elements 
B and C but high enough to nitride element A. A 
schematic concentration for the internal nitriding is 
shown in Fig. 5. 

The quasi-steady state approximation assumes the 
dissolved nitrogen concentration varies linearly across 
the zone of internal nitriding [17]. The nitrogen flux, jr, 
through the internal nitrided zone is given by Fick's 
first law as 

J = DN iV  m (4) 

T A B L E I I The penetration depth (#m) of  nitriding layer at 1000~ C for the alloys employed in this study 

Alloy Time (h) 

1 2 4 8 13 18 24 

A 54.7 4- 16.8 86.2 • 10.4 116.9 + 18,9 175.5 4- 12.1 209.4 + 15.9 261.8 4- 16.5 298.9 _ 17.6 
B 68.4 _+ 12.4 109.6 + 21.3 156.4 • 18.1 219.8 • 13.5 275.9 +_ 25.3 326.8 4- 15.3 377.8 4- 22,7 
C 100.1 4- 12.5 146.6 4- 18.7 188.9 • 19,5 284.1 • 19.5 365,2 + 16.8 428.3 _+ 19.6 498.5 + 28.2 
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Figure 3 The penetration depth of the nitrided layer as a function of 
time for alloy B at 1000~ 

where N~ s) is the nitrogen solubility in element A, Vm is 
the molar volume of the matrix alloy, DN is the 
diffusivity of nitrogen in the alloy, and ~ is the pene- 
tration depth of the nitridized layer. 

Alternatively, the amount of nitrogen accumulated 
in the internal nitrided zone per unit area of the 
reaction front is 

N~A~ ) V ~ 
m - (5) 

Vm 

where Na (~ is the initial solute concentration in the 
matrix, and v is the stoichiometric ratio in compound 
AN~. 

Differentiation of Equation 5 with respect to time 
gives another expression for the flux 

dm j - 
at 

N(A~ ) V d ~ 
- ( 6 )  

Vm dt 
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Figure 4 The penetration depth of the nitrided layer as the function 
of time for alloy C at 1000~ 

T A B L E  I I I  The calculated nitriding rate for the alloys at 
1000 ~ C 

Alloy Nitriding rate (10 8 cm 2 sec- l )  

A 1.06 ___ 0.05 
B 1.69 __+ 0.04 
C 2.90 __+ 0.09 

Equating Equations 4 and 6, rearranging and integra- 
tion from r = 0 at t = 0 to the point of interest at 
time, t, for the penetration depth, 4, one obtains 

f2NNS'DN T = k vN(A ~ t (7) 

In the case of Fe-A1-Mn-base alloy, v = 1 for com- 
pound A1N, NA (~ = NA (~ = 0.164 in alloy C, thus 

= [12.2 N~+)Dyt] + (8) 

Comparing Equation 8 with Equation 1 

KN = 12.2NN(S)DN (9) 

Equation 9 implies that the nitriding rate is dependent 
on the diffusivity of nitrogen, as well as the solubility 
of nitrogen. In principle, Equation 9 provides the 
evaluation of nitrogen diffusivity if the solubility of 
nitrogen is known. Unfortunately, no nitrogen solu- 
bility data are available in the literature for Fe-  
Al-Mn-base alloy. A preliminary study has been con- 
ducted to measure the nitrogen content through X-ray 
microanalysis with an electron microprobe (Jeol 
JCXA-733). However, at most the interspacing 
between A1N is smaller than 1 pro, which makes the 
data less reliable, as 1 pm is somewhat smaller than the 
excitation volume of the electron beam in the speci- 
men. Nevertheless, an approximate nitrogen diffusion 
coefficient can be obtained if one adopts the solubility 
of nitrogen in Fe-Mn alloy given by Grabke et al. [15]. 
Substituting N~ s) = 0.014 into Equation 8, a mag- 
nitude of D N = 10-7cm2sec -1 is obtained in this 
Fe-Al-Mn-base alloy. It should be pointed out that 
D N ~- 1 0  7 c m  2 s e c - 1  has a similar order of magnitude 
compared to the case of nitriding in Cr-Ti alloy [18]. 
The nitriding rate in the Cr-Ti system is, however, two 
orders of magnitude smaller than that in the Fe-AI- 
Mn system. This might imply that the solubility of 
nitrogen, instead of the diffusivity of nitrogen, pre- 
dominates the nitriding phenomena in a multicom- 
ponent system. 

N 2 
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Figure 5 Schematical concentration profiles for the internal nitrid- 
ing of a mult icomponent alloy A-B-C.  
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T A B L E  IV Lattice parameters and densities for the alloys 
employed in this study 

Alloy Structure Lattice parameter (nm) Density (gcm -3) 

A 7 0.36822 • 0.00191 6.8698 
B y 0.36886 • 0.00165 6.7645 
C y 0.36912 • 0.00240 6.7615 

In fact, the solubility of the solute element depends 
upon the phase of microstructure in the alloy system. 
Generally speaking, the solubility of nitrogen in the 
ferrite phase is smaller than that in the austenitic 
phase. Thus the growth of A1N prevails in the aus- 
tenitic region instead of the ferrite, which is consistent 
with the previous observation [14]. 

3.3. The effect of chromium alloying 
It is observed that the nitriding rate in this study 
increases as the chromium content increases, as shown 
in Table III. At 1000~ C, alloys A, B and C all exhibit 
austenitic structure. Nitrogen is presumed to be located 
in the interstitial site, and no significant change is 
predicted with the addition of chromium. Grabke et al. 
[15] proposed that the chromium addition in the Fe- 
Mn system would increase the solubility of nitrogen in 
the alloy. Because the atomic sizes of chromium and 
manganese are larger than that of iron, the addition of 
chromium enlarges the lattice parameter and conse- 
quently increases the interstitial site spacing, which in 
turn enhances the nitrogen content in the interstit- 
ialcy. Table IV gives the lattice parameters and den- 
sities for alloys A, B and C in this study. It is apparent 
that the lattice parameter increases with the increasing 
chromium content. Hence the nitriding rate is 
enhanced for the alloy with a greater chromium 
content. 

4. Conclusions 
1. Alloys with compositions Fe-31Mn-9A1-0.87C- 

xCr (x = 0, 3 and 6) develop a needle-like nitriding 
product of A1N in a nitrogen atomsphere at 1000 ~ C. 

2. The reaction front of the nitriding layer migrates 
parabolically with time. The measured penetration 
depth and the evaluated nitriding rate increases with 
the chromium content in the alloy. 

3. The kinetics of nitriding is presented with a 
quasi-steady state diffusion model of nitrogen migra- 
tion through the alloy. The nitriding rate depends 
on the solubility of nitrogen and the diffusivity of 
nitrogen in the alloy system. 

4. The solubility of nitrogen is considered to be the 
dominating factor in the nitriding behaviour. The 
growth of A1N prevails in the austenitic phase instead 
of ferrite due to the higher nitrogen solubility in the 
austenite. 

5. Addition of chromium into Fe-A1-Mn alloy 
increases the lattice parameter and enhances the solu- 
bility of nitrogen which results in a higher nitriding 
rate. 
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