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1. Introduction

Dissolved nitrogen atoms in austenitic stainless steels can
stabilize the austenite grains and bring them high strength, good
impact toughness, excellent corrosion resistance and other
benefits [1]. Although new techniques such as high-pressure
melting and powder metallurgy methods have been developed for
many years, the production of high nitrogen steels (HNSs) has a
major obstacle of its low solubility of nitrogen in liquid Fe
(<0.045 wt.% at atmospheric pressure) [2,3]. The difficulties in
preparing the HNSs samples also greatly restrict the experimental
researches on their mechanical, thermal or corrosion properties.
Simultaneously, the decomposition mechanisms of high nitrogen
austenite are still somewhat unclear, especially the nucleation
mechanism of the nitride precipitation from the parent phases and
the growth of the ferrite lath on the austenitic grain boundaries
(GBs) [4–9].

In the present work, two specially designed contrastive gas-
nitriding processes were carried out at an elevated temperature

higher than that used in traditional gas-nitriding process to
prepare high nitrogen concentration austenite samples. Micro-
structure observations and hardness analysis were performed on
both the as-quenched and the aged samples to investigate the
decomposition behavior of the high nitrogen concentration
austenite.

2. Experimental

Pure-iron samples with the thickness of 100 mm were
annealed in the hydrogen protection atmosphere at 1100 8C for
8 h, and then nitrided in the quartz tube furnace with the inner
diameter of 45 mm at 645 8C. The nitriding atmosphere consists of
the gaseous ammonia and the gas mixture of nitrogen and
hydrogen, which decomposed from other ammonia gas source. In
process one, the annealed samples were single-stage nitrided in
the atmosphere of 15 vol.%NH3 + 64 vol.%N2 + 21 vol.%H2 for 3 h
and then oil quenched. In process two, other samples were two-
stage nitrided: (1) in the atmosphere as the former gas content for
6 h, and (2) in the atmosphere of 5 vol.%NH3 + 72 vol.%N2 + 23 -
vol.%H2 for another 2 h. After nitriding, these samples were
isothermally aged at 225 8C in the salt bath for different durations
and then water quenched.

Applied Surface Science 254 (2008) 7361–7364

A R T I C L E I N F O

Article history:

Received 7 April 2008

Received in revised form 26 May 2008

Accepted 26 May 2008

Available online 7 July 2008

PACS:

61.10.Nz

82.30.Lp

77.84.Bw

Keywords:

Heat treatment

Hardness

High nitrogen steels

Isothermal transformation

Precipitation

A B S T R A C T

The isothermal decomposition characteristic of the homogeneous high nitrogen austenitic samples

prepared by a new multi-stage nitriding process was investigated by SEM and TEM in this paper.

Lamellar-structure precipitations arranged on the decomposed austenite grain boundaries (GBs) and the

flaky g0 particles and network-structure precipitations appeared inside of the g matrix. The extra high

Vickers hardness more than 800 HV was found in the 5-h aged samples, which was different from those of

the bainitic/martensitic structures in Fe–C alloys. The SAED analysis indicates the g0 has the coherent

relation with the parent g-Fe[N] phase and the interstitial nitrogen atoms are inclined to aggregate on

{1 1 0}g0/g planes, which also contributes to the hardness of the matrix.
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Microstructures of the nitrided or the aged samples were
observed by the scanning electron microscope (Philips FEI Quanta
200), and their microhardness was tested by the Vickers hardness
tester (MH-6). The aged samples were prepared to thin foils,
electric polished in the solution of 10% perchloric acid and 90%
acetic acid at the room temperature, and observed by the
transmission electron microscope (JEOL JEM-2010 200 kV). Some
aged austenite samples were also determined by X-ray diffraction
apparatus (D/Max-2200 Cu Ka 40 kV).

3. Results and discussion

3.1. Preparation and ageing process of high nitrogen austenite

The conventional gas nitriding is usually carried out within the
temperature range between 500 and 550 8C, however in this work,
pure-iron foils (Fe > 99.97 wt.%) were nitrided at 645 8C which is
much higher than the eutectoid austenitic temperature (590 8C) of
the Fe–N alloy [10]. The designedly elevated temperature brings an
additional austenitic transformation to this gas–solid reaction and
diffusion process. To obtain the single-phased and homogenous
austenite layer, the two-stage nitriding process was put forward.
At the first so-called ‘‘boost-nitriding’’ stage, the pure-iron samples
were held in the atmosphere with higher Nitrogen potential (Np)
[11]; while at the second so-called ‘‘diffusing’’ stage, the Np value
was decreased to a lower level by adjusting the volume ratio of NH3

as mentioned above. The higher Np value in the first stage helps to
offer plenty of free nitrogen atoms into the surface layer and
accelerate the nitrogen diffusing. However, the lower one in the
second stage slows the growth of the nitride layer and homogenize
the nitrogen distribution in the g matrix.

Fig. 1 shows the clear SEM micrographs of the separated layers
relative to the different Fe–N phases obtained from the nitrided
and the aged samples. The surface nitride layer in Fig. 1(a), i.e. the
so-called white layer, consists of the e-Fe2-3N and g0-Fe4N
compounds and keeps growing thicker during the nitriding
process. The g-Fe[N] grains nucleate on the interface of the white
layer and the original ferrite layer and form a new austenite layer
between them. With the moving of the g/a interface, this new g
layer grows thicker and makes the ferrite layer shrinking to the
center.

Bell [12] has given out a relationship between the martensite
transformation start temperature (Ms) and nitrogen content (Nc)
as: Ms (8C) = 533�228Nc (wt.%). According to this formula, the
suppositional boundaries which divide the g layer into the high-N
and low-N regions can be marked out as 2.23 wt.%N lines. The low-
N austenite region adjacent to a phase has sheared to a0-Fe[N]
martensite when it was oil-quenched to the room tempera-
ture(25 8C) after nitriding, while the high-N region adjacent to the
surface still remains the austenitic state.

In the low-N austenite region, the plate martensite of a0-Fe[N]
has decomposed into the tempered martensite after aged in the
salt bath for 5 h, as shown in Fig. 1(b). At the same time, the high-N
region decomposed into the dispersed a and g0 precipitates, which
nucleated both inside of the matrix and on the GBs. Their shapes
and grain sizes are much different from those of the as-quenched
plate martensite.

Fig. 1(c) shows the SEM micrograph of the single-phased
austenite with the white layers in a two-stage nitrided sample. The
a-Fe[N] grains have completely disappeared and the g grains have
encountered at the center and homogenized due to the nitrogen
diffusing. The nitrogen content of g phase is about 2.5 wt.%

Fig. 1. SEM micrographs of the aged Fe–N samples. (a) Cross-section of the single-stage nitrided and 5-h aged sample; (b) austenite region in single-stage nitrided sample; (c)

cross-section of the 6 + 2-h nitrided and 5-h aged sample; (d) austenite region in two-stage nitrided sample.
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