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Abstract
The nitridation of three austenitic high-temperature alloys in 95%  N2 + 5%  H2 
environment at 1100 °C was evaluated in terms of gravimetry and investigated by 
SEM–EDS, EPMA and STEM. Samples made from Alloy 600, 253 MA and 353 
MA were exposed for 1 day, 1 week and 3 weeks. Alloy 600 underwent very little 
nitridation, while 253 MA and especially 353 MA, were heavily affected by nitride 
precipitation. The nitridation of all three alloys had reached equilibrium after three 
weeks; the extent of nitridation depending on the chromium activity in the alloy. The 
kinetics of nitrogen ingress into the alloy depends on nickel concentration, while the 
rate-determining step in the nitridation process is the nucleation and growth of the 
nitride precipitates.

Keywords Alloy · SEM · EPMA · STEM · High-temperature corrosion

Introduction

To avoid formation of oxide scales on components, heat treatment operations are 
commonly carried out at low oxygen activity, typically using mixtures of  N2 and  H2. 
Such environments can cause degradation of alloys used in heat treatment furnaces 
by nitridation, limiting the life of the process equipment. The dissolution of nitrogen 
into the alloy results in a deterioration of properties, the formation of nitride precipi-
tates being particularly harmful. Thus, nitrogen which dissolves into Cr-containing 
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alloys at high temperature can form chromium nitride precipitates in the alloy bulk, 
causing embrittlement and chromium depletion of the alloy matrix.

The ability of an alloy to resist nitridation relies both on the intrinsic properties of 
the alloy and on its ability to form an oxide scale which can act as a barrier toward 
nitrogen uptake. It was recently reported that while the presence of a chromia scale 
reduced the nitridation rate of five austenitic high-temperature alloys by 50–95% 
at 900 °C. Indeed, a defect-free alumina scale formed on ferritic FeCrAl alloys 
appeared to be impermeable to nitrogen under the same conditions [1].

In the absence of a surface oxide, the ability to resist nitridation primarily 
depends on alloy chemistry. Thus, the tendency to suffer nitridation increases with 
the concentration of chromium and other nitride formers, such as aluminum and tita-
nium, in the alloy [2, 3]. Aluminum and titanium have higher affinity for nitrogen 
than chromium and the corresponding nitrides tend to precipitate prior to chromium 
nitride [4]. Since most high-temperature alloys contain relatively high concentra-
tions of chromium to provide protection against oxidation and other types of corro-
sion, nitridation can become a serious issue.

The rate of nitridation can be limited either by the uptake of nitrogen at the alloy 
surface or by transport of dissolved nitrogen in the alloy bulk. The uptake of nitro-
gen by the alloy from  N2(g) is preceded by adsorption and dissociation of the  N2 
molecule on the alloy surface. Because of the strength of the molecular bond in  N2, 
this process can be slow and rate limiting for nitridation. It is reported that  N2 dis-
sociation on surfaces is catalyzed more readily by iron compared to nickel and the 
kinetics of nitrogen uptake are expected to become slower with increasing nickel 
content [5]. Nitrogen transport in austenitic alloys is promoted by high solubility and 
high diffusivity. While the solubility of nitrogen in austenite is higher than in ferrite 
[6], the diffusivity of nitrogen in austenite is much slower than in ferrite [7]. In addi-
tion, nitrogen solubility in austenite is reported to decrease rapidly with increasing 
nickel content [4, 8].

Above 1050 °C in 1 atm.  N2,  Cr2N is the only stable chromium nitride [9, 10]. 
In pure chromium and in alloys with very high amounts of chromium, chromium 
nitride forms a continuous surface layer. In Fe- Ni- and Co-base alloys, and in tem-
peratures relevant for this study, chromium nitride precipitates form a dispersion in 
the alloy [11]. Nitrogen is dissolved interstitially in the austenitic matrix, and the 
depth of nitridation depends on various factors, including the diffusivity of nitrogen 
[12].

Nitridation as corrosion has been investigated by Tjokro and Young [4] who 
reported on the nitridation of several commercial alloys at 1000–1200 °C in  NH3 
and  N2 +  H2 environments, focusing on the kinetics and microstructure of nitrida-
tion. They reported that the kinetics of nitridation were parabolic, being controlled 
by inward nitrogen diffusion and that  Cr2N precipitates formed both at grain bound-
aries and within the alloy grains. Barnes and Lai [8] compared the nitridation behav-
ior of Fe-, Ni- and Co-base alloys in pure  N2 at 1093 °C. The exposure times were 
longer than in [4], and some of the samples were fully nitrided at the end of the 
exposures. Both [4] and [8] report that the ability of the alloys to resist nitridation 
showed a positive correlation with the Ni-concentration. There is also extensive lit-
erature concerning on-purpose nitriding [13–15].
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The present study investigates the nitridation of three commercial austenitic high-
temperature alloys, in  N2 +  H2 at 1100 °C. The exposures lasted 24, 168 and 504 h; 
the nitridation reaction approached equilibrium for all samples after 504 h. The pur-
pose of this study is both to follow nitridation as a function of time and to investigate 
the situation at equilibrium. To this end, we analyze the microstructure of nitridation 
by several techniques and study the partitioning of chromium and nitrogen between 
the alloy matrix and the nitride precipitates.

Experimental Procedures

Materials

Two Fe-based and one Ni-based austenitic alloy were investigated, see Table 1 for 
chemical compositions. Sample coupons with the dimensions 10 × 15 × 2 mm were 
prepared. The coupon faces were ground and polished to a mirror-bright finish with 
1 µm diamond paste in the final polishing step. Coupon edges were prepared by 
grinding with SiC paper with 1000# mesh grit. After polishing, the coupons were 
cleaned using an ultrasonic bath, first in acetone and then in ethanol. Sample thick-
ness after final preparation was 1.5 ± 0.2 mm.

Experimental Setup

High temperature exposures were performed in horizontal tube furnaces equipped 
with sintered alumina reactor tubes. The environment consisted of a mixture of 95% 
 N2 and 5%  H2 with a 10 ± 2 ppm impurity level of  H2O corresponding to a dew 
point of − 61 ± 1 °C. The dew point was measured using a Michelle instruments 
S8000 high-precision chilled mirror hygrometer. The  O2 activity in the exposure 
(1100 °C) was calculated to be 4 *  10–21 by Thermo-Calc using the SSUB6 data-
base. To form a chromia scale on pure chromium at 1100 °C, an oxygen activity of 
about  10–19 is needed [16]. All exposures were performed with triplicate samples 
placed in alumina sample holders with 2 mm slits. Before exposure, the system was 
purged with  N2 for 24 h and during the final h with 95%  N2 and 5%  H2. At the start 
of the exposure, the furnace reached the exposure temperature of 1100 °C in about 2 
h. The exposures lasted for 24 h (1 day), 168 h (1 week) and 504 h (3 weeks). After 
exposure, the furnace was turned off, reaching room temperature after about 10 h. 

Table 1  Chemical composition 
of the tested alloys (wt%)

Chemical analysis were performed by X-ray fluorescence for all ele-
ments except for Al which was analyzed by spark optical emission 
spectroscopy and C, N that were analyzed by combustion method

Alloy Cr Al C Si Mn Ni N Fe Other

253 MA 21.0 0.07 1.52 0.67 10.8 0.156 Bal Ce
353 MA 25.7 0.07 1.39 1.68 34.9 0.172 Bal Ce
Alloy 600 16.7 0.14 0.01 0.31 0.19 Bal 0.006 9.8 Ti
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The 95%  N2 and 5%  H2 environment was maintained during cooling. A comparison 
of quenched and furnace cooled specimens showed no difference in microstructure 
and mass gain.

After the exposures, the mass gains were measured using a Sartorius 6-decimal 
balance.

Analysis Methods

Cross-sectional samples were prepared by broad ion beam milling (BIB) using a 
Leica TIC3X™ and then analyzed by Scanning Electron Microscopy (SEM) with 
an FEI Quanta 200 microscope. Selected thin-foil samples were prepared by the 
focused ion beam (FIB) lift-out technique using an FEI Versa 3D FIB/SEM and sub-
sequently examined by Scanning Transmission Electron Microscopy (STEM) using 
a Titan 80-300 TEM/STEM equipped with a Schottky field emission gun (FEG), a 
 Cs-probe corrector and a high-angle annular dark field (HAADF) detector. In addi-
tion, chemical analysis was performed by energy-dispersive X-ray spectroscopy 
(EDS) using an Oxford X-sight detector.

Chemical analysis on the bulk samples was performed by electron probe microa-
nalysis (EPMA) using a JEOL 8530 F-Plus equipped with five wavelength-disper-
sive X-ray spectrometers (WDS). The measurements were performed at an accel-
erating voltage of 15 kV with a current of 20 nA. The concentration profiles were 
measured on cross sections prepared by conventional preparation, i.e., hot embed-
ding, grinding and polishing.

Results

Figure 1 presents mass change as a function of exposure time in the nitriding envi-
ronment. Considering the evidence for internal nitridation and the lack of evidence 
for oxide on the sample surface (except for a thin alumina scale which formed on 
Alloy 600 after 3 weeks), the mass gains are attributed to the uptake of nitrogen. 
Indeed, the alloys investigated have been reported to form  Cr2N precipitates under 
similar exposure conditions [4]. All three alloys gained mass at a decelerating rate. 
For alloys 600 and 253 MA, there was no increase in mass between 1 and 3 weeks 
indicating that nitridation is completed already after 1 week. In contrast, 353 MA 
showed a mass gain between 1 and 3 weeks, indicating that nitridation proceeded, 
albeit at a slow rate. While alloy 253 MA showed the highest mass gain of the three 
alloys after 1 day, it is overtaken by 353 MA after 1 week. The latter alloy also 
showed the greatest mass gain after 3 weeks. Alloy 600 showed the lowest mass 
gains of the alloys studied.

Figure 2 shows cross sections of 353 MA after 1 week and 3 weeks exposure, 
together with EPMA line scans for chromium and nitrogen. The line scans meas-
ured the concentration of chromium and nitrogen in the alloy matrix (avoiding the 
nitride precipitates) across the thickness of the sample. The microstructures after 1 
week and 3 weeks were similar, except that the nitride particles were slightly more 



High Temperature Corrosion of Materials          (2025) 102:10  Page 5 of 12    10 

Fig. 1  Mass gain of the three alloys after exposure at 1100 °C for 1 day, 1 week and 3 weeks

Fig. 2  SEM-BSE (backscattered electron) images showing 353 MA exposed at 1100 °C for 1 week and 
3 weeks and the concentration of chromium and nitrogen in the matrix through the coupons measured by 
EPMA
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prominent in the latter case. After 1 week, the EPMA chromium and nitrogen con-
centration profiles were convex, with the highest concentration of both nitrogen 
and chromium in the matrix occurring in the middle of the sample. In contrast, the 
corresponding profiles were flat after 3 weeks of exposure. At this stage, the aver-
age chromium concentration in the alloy matrix was about 14.6 at% (13.7 wt%) 
and the average nitrogen concentration was about 0.26 at% (0.066 wt%). The flat 
concentration profiles recorded after 3 weeks indicated that the nitridation process 
had reached equilibrium throughout the sample. At this stage, the concentrations of 
chromium and nitrogen in the solid solution were close to the values measured close 
to the surface after 1 week.

Figure 3 shows cross sections for 253 MA after 1 week and 3 weeks exposure 
together with EPMA line scans for chromium and nitrogen in the alloy matrix across 
the samples. The 1 week and 3 weeks exposures resulted in similar microstructures 
and nitride particle densities. In this case, the chromium and nitrogen profiles were 
flat already after 1 week. At this stage, the average chromium concentration in the 
matrix was about 17.4 at% (16.5 wt%) while the average nitrogen concentration was 
about 1.4 at% (0.36 wt%). These values were essentially unchanged after 3 weeks, 
with an average of about 17.2 at% (16.3 wt%) chromium and an average of about 1.5 
at% (0.38 wt%) nitrogen. The flat chromium and nitrogen profiles after 1 week and 
the similarity in chromium and nitrogen concentrations after 1 week and 3 weeks 

Fig. 3  SEM-BSE images showing 253 MA exposed at 1100 °C for 1 week and 3 weeks together with the 
concentration of chromium and nitrogen in the matrix measured by EPMA through the coupons
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exposure both indicate that the nitridation of 253 MA had reached equilibrium 
already after 1 week.

Figure  4 shows Alloy 600 after 1 week and 3 weeks exposure together with 
EPMA line scans of chromium and nitrogen in the alloy matrix across the sample. 
The formation of precipitates in the alloy was much less pronounced compared to 
the two other alloys and the alloy microstructures after 1 week and 3 weeks of expo-
sure were similar. Although the nitride particles detected in Alloy 600 were small 
(< 500 nm), they could be avoided in the EPMA analysis of the matrix composi-
tion, see Fig. 4. After 1 week, scattered oxide particles were detected on the alloy 
surface. After 3 weeks exposure, an apparently continuous oxide scale had formed. 
The oxide scale was 1–2 µm thick and dominated by aluminum, but also contained a 
significant amount of silicon, see Fig. 5. On the top surface of the oxide scale, a thin 
layer enriched in nickel, chromium and iron were observed. Considering the expo-
sure conditions, it is suggested that the thin top layer is metallic. Similar to 253 MA, 
the chromium and nitrogen profiles were flat already after 1 week, indicating that 
sample nitridation had reached equilibrium. At this stage, the average concentration 
of chromium in the alloy matrix was about 18.4 at% (16.9 wt%) while the average 
nitrogen concentration was about 0.18 at% (0.045 wt%). The values recorded after 
3 weeks exposure were similar, with an average of about 17.9 at% (16.5 wt%) of 
chromium and an average of about 0.19 at% (0.047 wt%) of nitrogen. The chromium 
concentration is close to the value in the unexposed alloy (see Table 1), consistent 
with the limited amount of nitride precipitates observed.

Fig. 4  SEM-BSE images showing Alloy 600 exposed at 1100 °C for 1 week and 3weeks together with 
the concentration of chromium and nitrogen in the matrix measured by EPMA through the coupons
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STEM-HAADF images of 253 MA and Alloy 600 exposed for 1 week are pre-
sented in Fig. 6. The nitride precipitates in 253 MA consisted of  Cr2N containing 
about 10 at% iron, corresponding to the solid solution  Cr2-xFexN. In Alloy 600, the 
nitride precipitates were considerably smaller and feature a high concentration of 
titanium together with chromium. By selected area electron diffraction (SAED) 
analysis the crystal structure was determined to be cubic, and the particles were 

Fig. 5  EPMA-mapping of Alloy 600 exposed for 3 weeks. An external oxide scale consisting of an inner 
Al-rich oxide and an outer metallic layer consisting of Cr, Fe, Mn
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attributed to the halite-structured  Ti1−xCrxN. Because of the small size of the pre-
cipitates in Alloy 600, the elemental point analysis of the precipitates cannot avoid 
picking up information from the matrix, i.e., giving rise to a relatively strong nickel 
signal. However, after analyzing a large number of such precipitates, it was apparent 
that they did not contain nickel.

Discussion

All three alloys suffered nitridation during the exposures. The two alloys 253 MA 
and 353 MA did not show any signs of surface oxides, so all mass gain is attrib-
uted to nitrogen uptake. For Alloy 600, the uptake of oxygen due to the surface 
oxide after 3 weeks was calculated to account for about 18% of the total mass 
gain. In the cases of 253 MA and Alloy 600, the mass gain ceased after 1 week, 
indicating that the samples were completely nitrided (see Fig. 1). Indeed, the flat 
chromium and nitrogen EPMA line scans in the alloy matrix after 1 week and 3 
weeks and the lack of mass gain between these measurements indicates that the 
nitridation reaction was essentially at equilibrium after 1 week. After 3 weeks, 
353 MA also exhibited flat chromium and nitrogen profiles in the alloy matrix, 
implying that the nitridation reaction was close to equilibrium also in this case. 
In contrast, the chromium and nitrogen profiles in the 353 MA matrix were both 
convex after 1 week showing that the nitridation of the sample was still ongoing. 

Fig. 6  STEM-HAADF images of 253 MA and Alloy 600 showing nitride precipitates after exposure for 
1 week of exposure at 1100 °C. The EDS analysis shows that the nitrides in 253 MA are  Cr2−xFexN. The 
CBED patterns together with the EDS analysis show that the precipitates in Alloy 600 are  Ti1−xCrxN
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It may be noted that the nitrogen concentration in the alloy matrix in the center 
of the 353 MA sample was considerably higher after 1 week than after 3 weeks, 
implying that the alloy matrix was supersaturated with respect to  Cr2N after 1 
week. This also implies that in this case, the rate-determining step in the nitrida-
tion process was the nucleation and growth of nitride precipitates rather than the 
uptake of nitrogen by the alloy or the transport of nitrogen into the alloy.

The composition of Alloy 600 was apparently beneficial under the experimen-
tal conditions, minimizing nitride precipitation. Because the experimental evi-
dence indicates that the nitridation reaction was close to equilibrium at the end of 
the exposure, the different extent of nitride precipitation in the three alloys must 
be due to differences in chromium activity. Thus, the non-appearance of  Cr2N in 
Alloy 600 indicates a relatively low chromium activity in that alloy. This is in line 
with the work by Mazandarany et al. [17] who reported that in the NiCr system in 
the temperature range of 900–1300 °C, the activity of chromium exhibited a neg-
ative deviation from ideality (meaning fCr < 1). The same authors reported that 
additions of nickel to FeCr alloys (9–30 wt% Cr) resulted in an increased chro-
mium activity. The latter result is in line with the observation that the concentra-
tion of chromium in the alloy matrix at the end of the exposure (at equilibrium) 
was lower for 353 MA than for 253 MA.

Figure 1 provides information on the kinetics of nitridation of the three alloys. 
Thus, 253 MA initially (24 h) exhibited faster nitridation than 353 MA, but was 
overtaken by the latter alloy after longer exposure times. This behavior is sug-
gested to be explained by the lower nickel concentration in 253 MA, because the 
solubility and diffusivity of nitrogen in austenitic alloys are reported to decrease 
with increased nickel concentration [6]. Hence, the permeation of nitrogen into 
the alloy is expected to be faster for 253 MA. However, as nitridation approaches 
equilibrium, kinetic factors become unimportant, the higher chromium activity of 
353 MA resulting in a higher degree of nitridation.

It is notable that Alloy 600 was able to form an apparently continuous Al-
rich oxide scale after 3 weeks, despite the low aluminum content (0.14 wt%), 
see Fig. 5. The formation of the oxide scale is not considered to have influenced 
the nitridation of the alloy coupons since the nitridation reaction appears to have 
reached equilibrium already after one week, i.e., before a continuous alumina 
scale had formed on the surface. The formation of a metallic layer on top of the 
surface oxide on Alloy 600 in this study is in accordance with [18], where metal-
lic Ni was reported to have diffused to the outside of the oxide scale in an envi-
ronment with low oxygen activity at 950 °C.

Summary

• The nitridation of alloys 253MA and Alloy 600 in 95%  N2 + 5%  H2 environ-
ment at 1100 °C approached equilibrium after 1 week, while the reaction 
needed more than 1 week to be completed in the case of alloy 353 MA.
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• While alloys 253 MA and 353 MA formed large amounts of hexagonal 
 Cr2−xFexN precipitates, Alloy 600 formed small amounts of halite-structured 
 Ti1−xCrxN precipitates.

• The different extent of nitridation of the three alloys is attributed to the differ-
ences in chromium activity. The beneficial nitridation behavior of Alloy 600 is 
thus connected to its relatively low chromium activity.

• Nitridation of alloy 253 MA was initially faster than for 353 MA. This is attrib-
uted to the lower nickel content of 253 MA, which caused the transport of nitro-
gen into the alloy to be faster. As equilibrium was approached, kinetic factors 
became unimportant, the higher chromium activity of 353 MA translating into a 
correspondingly higher degree of nitridation.

• The rate-determining step in the nitridation of alloy 353 MA was the nucleation 
and growth of nitride precipitates and not the uptake of nitrogen by the alloy or 
the transport of nitrogen within the alloy.

• Although Alloy 600 only contains 0.14 wt% aluminum, it had formed a con-
tinuous Al-rich oxide scale after 3 weeks. However, since the oxide scale only 
became continuous after the nitridation reaction was completed, nitridation was 
not affected.
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