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TEM and EBSD investigation of continuous
and discontinuous precipitation of CrN
in nitrided pure Fe-Cr alloys
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Pure Fe-Cr alloys (1 and 3 wt% Cr) were gas nitrided (NHs, N», N,O mixture at 823 K). Two
modes of CrN precipitation: continuous (fine disc-shaped precipitates) and discontinuous
(lamellae-like precipitates) were identified and investigated using transmission electron
microscopy (TEM) and scanning electron microscopy (SEM). Both types of precipitates
presented a cubic NaCl-type structure and Baker-Nutting orientation relationship with
respect to the ferritic matrix. A quantification procedure based on TEM images exploitation
revealed that the size and the number of the fine precipitates vary inversely with nitriding
depth. This result was compared to the profile of micro-hardness. SEM observations
showed that only superficial regions in the Fe-3 wt% Cr were transformed by the
discontinuous precipitation of CrN. Electron back-scattered diffraction (EBSD) studies of
lamella revealed singular initiation and growth features. A qualitative mechanism of
lamella initiation and growth is discussed. © 2004 Kluwer Academic Publishers

1. Introduction

Nitriding is a surface thermochemical treatment which
is often applied to iron-based alloys with the aim to
improve their mechanical properties: resistance to me-
chanical fatigue, wear and corrosion. In the case of
chromium steels destined to rolling applications, the
required property is the fatigue resistance [1, 2]. That
is achieved by the formation of the so-called diffusion
zone where the diffused nitrogen atoms are recombined
with alloying element(s), especially chromium, to form
a fine coherent precipitation which is responsible for
a significant hardening and for compression residual
strains in the nitrided layer [3].

In addition to the fine coherent precipitation of CrN
with platelet-like morphology arranged on a cubic
lattice [4, 5], literature reports the occurrence of a
lamellae-like precipitation called also discontinuous or
cellular precipitation [5—7] which is similar to the typ-
ical discontinuous precipitation reaction observed in
substitutional binary alloys [8].

Discontinuous precipitation involving chromium and
nitrogen was extensively studied in high-nitrogen Fe-
Cr austenite were the growing lamellas are of Cr,N [9-
13]. However, only few studies have been devoted to
CrN discontinuous precipitation occurring principally
in nitrided Fe-Cr alloys.

Mortimer et al. [5] were the first to observe this type
of precipitation when studying a Fe-9.9 wt% Cr alloy.
Lamellas were identified by electron diffraction as be-
ing of incoherent CrN. Authors spoke then about fibrous
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precipitation which invade all the matrix and which is
responsible of the fall of hardness in the transformed
zones.

A similar result was obtained later by Hekker et al.
[6] and Van Wiggen et al. [7], by studying two nitrided
(10 vol% NH3/90 vol% H, gas mixture at 833 K) al-
loys: Fe-3.61 wt% Cr and Fe-3.16 wt% Cr-0.20 wt%
C, respectively. However, authors observed that discon-
tinuous precipitation cells start to develop at later stage
of submicroscopic precipitation of CrN and they noted
the stop of the lamellas growth before all the matrix is
transformed.

The present work aims to give progress in the com-
prehension of initiation and growth mechanisms of CrN
precipitation, particularly discontinuous precipitation
type, during nitriding using advanced characterization
techniques.

2. Experimental procedure
In order to avoid interference with carbon precipitation,
pure Fe-Cr alloy (1 and 3 wt% Cr) was supplied by
Ecole des Mines de Saint-Etienne (EMSE). Its chemical
composition is given in Table 1.

Ingots of 10 mm thickness were hot-rolled, cold-
rolled and finally rectified in surface in order to
obtain a thickness of 1 mm. Before nitriding, spec-
imens were annealed at 923 K during 3h in silica
sealed capsules in order to modulate the grains size
and to avoid that a structural transformation like
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TABLE I Chemical composition of the two studied Fe-Cr alloys

Cr C S (6] N
Alloy 1 0.95 <0.0010 <0.0010 <0.0010 <0.0010
Alloy 2 2.98 <0.0010 <0.0010 <0.0010 <0.0010

restoration—recrystallization superpose to CrN precip-
itation. Nitriding was performed at 823 K and at low-
pressure (between 200 and 400 mbar) in a gas mixture
(NH3, N>, N,0). At this temperature range, only ammo-
nia is dissociated but a recombination of active nitrogen
atoms to form molecular nitrogen occurs:

2NH3; — 2N + 3H; 1.3)
2N - N, 1.4

To avoid the second reaction, ammonia has been used
with N,O. The reaction between Fe and N,O leads to
the formation of iron oxide (FeO) which in its turn re-
acts with ammonia to give active atomic nitrogen which
diffuse in the material:

N,O + Fe — N, + FeO (L.5)
2NH; + FeO — 2N + 3H,0 + 3Fe 1.6)

By adding molecular nitrogen in the furnace atmo-
sphere, it is possible to regulate the nitriding rate by
dilution, allowing maximum delay of the formation of
the combination layer which constitutes a barrier to the
nitrogen diffusion.

Scanning Electron Microscopy (SEM) and EBSD
observations have been made on the cross-sections of
nitrided samples perpendicularly to the nitrogen dif-
fusion direction using a Jeol 840ALGS microscope
equipped with an EDX-PGT detector and an EBSD-
HKL device. Before observations, the cross-section
of nitrided samples was mechanically polished (final
stage 1 um diamond) and then chemically attacked
(nital 3%).

TEM investigations were performed on two 200 kV
transmission electron microscopes: a Jeol 200CX
for conventional imaging and a Jeol 2010F with a
field emission gun for high-resolution imaging and
nanoanalysis. This latter was equipped with an En-
ergy Dispersive X-ray (EDX) Oxford Instruments de-
vice and an EELS Gatan digi-Peels 776 spectrometer.
Thin foils were extracted at different depths in the ni-
trided layer perpendicularly to the nitrogen diffusion
direction using prior mechanical abrasion following
by chemical electropolishing (46.5% butoxyethanol,
46.5% methanol, 7% perchloric acid) using a Struers-
Tenupol 5 apparatus.

3. Results and discussions
3.1. Microstructural aspects

of nitrided layers
After a 14 h nitriding at 823 K, chemical contrast SEM
images obtained on cross-sections of Fe-Cr specimens
(1 and 3 wt% Cr) are shown in Fig. la and b, re-
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spectively. As it was observed by Kekker et al. [6]
when studying a nitrided Fe-3.61 wt% alloy, the ni-
trided Fe-3 wt% Cr alloy exhibits lamellae-like precip-
itates throughout surface regions. TEM micrographs
revealed that lamellas form two orthogonal families
which grow without overlap each other (Fig. 2). Their
chemical composition was identified by EDX micro-
analysis as CrN. However, what is interesting is that
electron diffraction works reveal that lamellas are ar-
ranged according to the Baker-Nutting (ORs) with re-
spect to the iron matrix:

(100)crn//(100)ge; - [110]en//[001]ke - (1)

During prolonged nitriding, some lamellas globular-
ize and lost their coherency with the ferrite what ex-
plains, in part, the low hardness of transformed zones
(700 Hv) compared to untranformed ones (1000 Hv).

TEM micrographs obtained on untranformed zones
show three orthogonal families of disc-like shape nano-
metric precipitates (Fig. 3a). As it was mentioned in
previous works, diffraction work confirms that precip-
itates are Baker-Nuting oriented cubic CrN. Streaks in
the diffraction pattern correspond to CrN reflections
and so indicates the very small thickness of these pre-
cipitates which is about a few atomic layers as it clearly
showed by the HRTEM image obtained on one of them
(Fig. 3b).

On the other hand, comparison between microhard-
ness and nitrogen concentration (EPMA analysis) pro-
files across the nitrided layer (Fig. 4) leads us to attribute
the observed profile of properties to the decrease of ni-
trogen contents resulting in the decrease of the precip-
itation density. The following paragraph aims to ana-
lyze quantitatively this microstructural evolution using
TEM micrographs.

3.2. Microstructure evolution

during nitriding
3.2.1. Continuous precipitation
Considering time—nitriding depth equivalence, thin
foils were sliced at different depths in the nitrided layer
on the base of microhardness profiles. Hence, fora 14 h
nitriding time, thin foils were extracted at 100, 300 and
400 pm depths below the surface corresponding to three
precipitation stages: stationary, advanced and in the nu-
cleation step, respectively.

For each depth, precipitates were counted from low
magnified TEM images and their mean diameter calcu-
lated using image processing methods [14]. The mean
thickness of precipitates was estimated from HRTEM
Fourier-filtered images. HRTEM images were per-
formed along the (001)g. zone-axis. On this azimuth,
the revealed CrN atomic planes are those of chromium
which are 0.207 nm apart (Fig. 3b).

Precipitates number per volume unit (volume den-
sity) has been determined taking into account the local
thickness of the analyzed area. This was achieved by
exploiting Low-Loss (plasmons) EELS spectra using



Figure 1 Cross-sectional SEM micrographs obtained perpendicularly to the nitrogen diffusion direction on Fe-Cr alloys nitrided 14 h at 823 K: (a)
Fe-1 wt% Cr alloy; (b) Fe-3 wt% Cr alloy. Dark contrast in Fig. (b) indicates regions invaded by CrN discontinuous precipitation.

the well known relation:
t = Aln(ln/1o) (2)

where X is the mean inelastic free path of the incident
electron going trough the specimen (90 nm for iron at
200 kV accelerating voltage measured using the con-
vergent beam diffraction (CBED) method. I is the in-
tensity under the zero-loss peak and Iy is the intensity
of the low-loss portion of the spectrum.

In the case of the Fe-1 wt% Cr alloy, the obtained
TEM micrographs show that size (diameter) of CrN pre-
cipitates are obviously increasing with the depth while
their number is clearly decreased (Fig. Sa and Table II).
On the other hand, precipitates thickness measurements
deduced from HRTEM images using the Fourier fil-
tering processing do not reveal a significant change

through the nitrided layer excepting at 400 um be-
low the surface where precipitates are less numerous
but slightly more thick (remember that an indication
of precipitate thickness is given by the streak length

TABLE II Results of microstructural parameters quantification.
Mean values are extracted from several hundreds relatively to precipi-
tates diameter. Foil thickness measurements required for volume density
determination, were performed using standard method based on low-loss
region exploitation in EELS spectra

Material Fe-1 wt% Cr Fe-3 wt% Cr
Depth (um) 100 300 400 100 300 400
Mean precipitates 12 162 19 5 17 30.5

diameter (nm)
Density of precipitation 1.8 1.1 034 18 1.6 025
(10% pp/pm?)
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Figure 2 (a) TEM micrograph of discontinuous precipitation cells (Fe-3 wt% Cr alloy). CrN lamellas are arranged into two orthogonal families
growing without overlapping. The corresponding selected area diffraction pattern (insert) shows the Baker-Nutting orientation relationship between
lamellas and the ferritic matrix. (b) EDX spectra acquired on a CrN lamellae and on the iron matrix between two lamellas.

on diffraction patterns; this latter being the opposite of
thickness).

The increasing of CrN precipitates mean diameter
with depth is more pronounced in the Fe-3 wt% Cr alloy
(Fig. 5b and Table IT). Moreover, this is accompanied by
a significant precipitates thickening with nitriding time
which is attributed to the strong interaction between
interstitial and substitutional elements in nitrided high
chromium-content alloys [15].

However, it must be noted that this was observed
only in the internal untransformed zones (200400 pum
below the surface). Indeed, HRTEM images revealed
that continuous precipitation zones located close to the
surface, where discontinuous precipitation is predomi-
nant, contain a high density of very fine CrN precipitates
(1 or 2 atomic layers) which are certainly responsible
of the significant measured microhardness (~1050 Hv).
From these features, it was suggested that these precip-
itates are probably nucleated during the cooling of sam-
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ples or at the early stage of nitriding before they stop to
grow as soon as discontinuous precipitates is initiated.
Finally, it can be observed that during all growing pro-
cess, cubic CrN precipitates preserve the Baker-Nutting
(ORs) with the ferrite matrix.

The increase of the precipitates size with the nitriding
depth is not expected, since it is in contradiction with
the coalescence principle. The correspondence between
the time and the depth in the nitrided layer assumes
logically that the more depth increases, the more time
of contact with nitrogen is short. Therefore, the more
depth increases, the more the nitrogen supply dimin-
ishes. Nitrides should therefore be smaller when depth
increases, but this is not the case.

In order to explain this phenomenon, a qualitative
response can be given. In the early stage of nitriding,
nitrogen that arrives in the material diffuses rapidly due
to the absence of the compound layer, providing thus
an important flow of atoms in the surface region. This
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Figure 3 (a) TEM micrograph obtained on a thin foil (Fe-1 wt% Cr al-
loy nitrided 14 h at 823 K) along [001]r. zone axis. The corresponding
electron diffraction pattern was indexed according to the Baker-Nutting
(ORs) between the cubic (NaCl-type) CrN and the cubic (bcc) iron ma-
trix. (b) HRTEM image (after Fourier-filtering) taken on a nanometric
CrN precipitate along [001]g. zone axis allows to appreciate the very
small thickness of these precipitates which is about few atomic layers.
Planar mono-atomic stacking defect are revealed running parallel to CrN
precipitates.

leads to the apparition of a big number of germina-
tion sites in this zone. However, the flow of nitrogen
decreases progressively with the depth in the nitrided
layer (Fig. 4) reducing thus the number of germination
sites of CrN nitrides. Consequently, the flow of nitrogen
is distributed on a limited number of nucleating precip-
itates which are therefore on average more bigger than
those formed in the superficial zones. These results have
an incidence on the mechanical properties evolution in-
side nitrided layers as consequence of evolution of the
fine coherent CrN precipitates. This concerns especially
the diminution of the precipitates volume density, thus
reducing the number of pinning points for the moving
dislocations. In addition, the quantified microstructural
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Figure 4 Microhardness (applied load 200g) and nitrogen concentration
profiles (EPMA on CAMEBAX-SX apparatus) along cross-sections of 1
and 3 wt % Cr alloys. Microhardness measurements were performed only
on grains containing continuous precipitation. Nitrogen concentration
peak at around 450 ;om from surface in the Fe-3% wt Cr alloy is attributed
to a measurement point made on a grain boundary. That reveals the
preferential nitrogen diffusion along grain boundaries.

parameters were exploited to confirm the Orowan hard-
ening mechanism.

3.2.2. Discontinuous precipitation

Classical discontinuous precipitation is defined as
lamellae growth behind a moving grain boundaries.
Hence, we suggested that in alloys where such a re-
action occurs, a change in the grain size must normally
take place. Thus, in order to check if it is the case of the
nitrided Fe-Cr alloys, distributions of grain size in an
unitrided specimen and in a specimen nitrided during
14 h at 823 K have been investigated. The compari-
son between the two obtained histograms (Fig. 6) do
not show any significant change in grain size which
is in contradiction with a boundary migration growth
mechanism. Consequently, in order to apprehend the
real growth mechanism of the discontinuous precipita-
tion in nitrided Fe-Cr alloys, EBSD technique has been
performed.

Fig. 7a and b present a SEM micrograph obtained
on a region of discontinuous precipitation in the Fe-3
wt% Cr alloy and the corresponding EBSD map, re-
spectively. On the later, grains having the same crystal-
lographic orientation exhibit the same color.

To study structural and crystallographic disposi-
tions governing the discontinuous precipitation de-
velopment, we were interested to three zones in the
investigated region possibly corresponding to differ-
ent stages of discontinuous precipitation growth: early
stage (zone 1), intermediate stage (zone 2) and final
stage (zone 3).

3.2.2.1. Zone 1. For simplification, the grain from
which lamellas start growing (mother grain), the cell
of discontinuous precipitation and the grain in which
this later is propagated, are called A;, B; and Cj,
respectively. The examination of the corresponding
{111} and {110} poles figures (Fig. 8a) allows to observe
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Figure 5 TEM micrographs and associated electron diffraction patterns showing the precipitation state evolution along the diffusion layer of 1 and 3

wt% Cr alloy nitrided 14 h at 823 K.

an identity of orientation between A; and B; zones
which means that both zones belong to the same grain.
The cell B, is thus formed by simple migration of the
initial grain boundary A;/C;. The difference in color be-
tween the two areas is due simply to a permutation in the
Euler angles play for the same orientation. In addition,
it can be observed that grains A;, C; are slightly disori-
ented (~8°) and have a common {110} plane (arrow).

3.2.2.2. Zone 2. As for zone 1, the mother grain, the
discontinuous precipitation cell and the invaded grain
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are symbolized by A;, B, and C, respectively. Firstly,
one can notice from the corresponding poles figures
(Fig. 8b) that A, and C; present exactly the same disori-
entation observed in zone 1 between A; and C; grains
and they have also a {110} plane in common (arrow).
These two characteristics could constitute initiating fac-
tors of the discontinuous precipitation reaction.

More interesting, poles figures also reveal that during
growth the B, cell changes its orientation with respect
to the mother grain and presents a singular crystallo-
graphic disposition:
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Figure 6 Histograms of the distribution of grain sizes in an unitrided
and a nitrided Fe-3 wt% Cr alloys (14 h at 823 K).

(1) The B, cell is composed for two X3 twinned
crystals B,, and By, recognizable by a rotation of 60°
around the [111] common axis;

(i1) (B2a, Bap) cells and C, grain have a (110)-type
common axis (double arrow) and are disorientated of
an angle close to 38° around this axis which corresponds
to a X9 twin boundary.

>3 and X9 boundaries are always located inside
the discontinuous precipitation cells and at the border
between cells and untransformed zones, respectively
(Fig. 7¢). These particular orientations are reproduced
on all the discontinuous precipitation zone in the inves-
tigated region.

3.2.2.3. Zone 3. In this zone where the discontinuous
precipitation growth is in an advanced stage, the crystal-
lographic characteristics evoked in zone 2 are always
respected (Fig. 8c). Indeed, by rotation of the {111}
common poles of B3, and B3}, (arrow) towards the cen-
ter of the projection, one can realize that these two
grains present a X3 twin boundary. Also, Bs,, B3y and
C; exhibit a common (110)-type axis and a £9 twin
boundary.

From these crystallographic aspects, it was deduced
that the growth of a discontinuous precipitation cell is
originates by the grain boundary migration. This mech-
anism is stopped after a short time leaving the place to
a germination of new twinned grains (X3) separated by
a X9 special boundaries from the old grain in which the
precipitation cell is propagated. In fact, the conservation

Figure 7 (a) Cross-sectional SEM micrograph of nitrided (14 h at 823 K) Fe-3 wt% Cr alloy showing CrN discontinuous precipitation at superficial
zones. (b) EBSD map carried out on the same region. (c) EBSD map of £3 and X9 twin boundary location in discontinuous precipitation cells of

Fig. (a).
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Figure 8 {111} and {110} poles figures corresponding to zonel, zone 2 and zone 3 in Fig. 7.

of the {110} close-packed plane in ferrite and the for-
mation of X3 twin boundaries in transformed zones
seem to be a constant of the reaction. These features
clearly show the non-steady state character of the dis-
continuous precipitation development in nitrided Fe-
Cr alloys compared to the steady state character in the
“typical” discontinuous precipitation in binary substitu-
tional systems such as Pb-Sn [16], Fe-Zn [17] and Mg-
Al [18] alloys. In these last alloys, discontinuous pre-
cipitation is assimilated to the growth of parallel, plane
and regularly spaced lamellas behind a moving grain
boundary.

A qualitative explanation may be offered for the
features of the present discontinuous precipitation.
Firstly, discontinuous precipitation cells are initiated by
grain boundary migration according to Tu and Turnbull
mechanism [19]. Lamellas growth is controlled by vol-
ume and grain boundaries chromium diffusion at their
tips. Thus, due to the high diffusion of chromium in
iron, lamellas develop rapidly so much that they can
go past the moving cell boundary and then grow in
the neighbor grain adopting the Baker-Nutting (ORs).
This will cause necessarily the stopping of the boundary
migration because lamellas are no more in coherence
relationship with the old grain. This process is syn-
chronized with another. Indeed, the formation of each
lamella causes a local volume expansion about 50%
which constitutes a barrier to the discontinuous precip-
itation cell growth because of the plasticity which must

*Such a value is obtained from the following considerations: the cell
volume Vey of CrN (2Cr + 2N) is 0.07 nm? (aceny = 0.414 nm). We
can consider in first approximation that each chromium atom in the iron
matrix occupies the iron atomic volume Vr i.e 0.286%/2 nm? and that the
nitrogen atomic volume inside matrix is negligible (interstitial position).
The expansion due to the CrN growth is given by: %ﬁ;vﬁ =0.52.
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be created around lamellas. The volume expansion will
be sponged by iron self-diffusion and the created plas-
ticity is eliminated by the recovery and recrystallization
of the ferrite accompanied by the creation of X3 and X9
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Figure 9 (a) Evolution of the surface fraction of the transformed zones
(Sr) with nitriding time in the case of Fe-3 wt% Cr alloy. (b) Evolution of
the atomic chromium concentration across discontinuous precipitation
cell boundary in nitrided (14 h at 823 K) Fe-3 wt% Cr alloy.



twin boundaries in order to minimize the energy. So
long as chromium and nitrogen continue to diffuse to-
wards discontinuous precipitation cells, they continue
to develop with nitriding time. Fig. 9a shows the evo-
lution of the surface fraction of transformed zones (Sf)
versus nitriding time.

Hence, we can see that lamellas grow rapidly during
the first 20 h of nitriding but the driving force of the pro-
cess decrease during prolonged nitriding and cells stop
completely to develop after 50 h of nitriding although
all the material is not entirely transformed.

Considering the rapid diffusion of interstitial nitro-
gen, it is reasonable to think that the kinetics of growth
of the CrN discontinuous precipitation is controlled by
the far slower grain boundary and volume diffusion
of chromium. Furthermore, EDX analysis performed
across a cell boundary revealed the existence of a poor
chromium zone on about 500 nm ahead of the cell
boundary (Fig. 9b), which indicates that chromium vol-
ume diffusion is predominant during prolonged nitrid-
ing. Therefore this can explain the reducing and then the

stop of cell boundary migration even though the nitro-
gen supersaturation still remains in the untransformed
matrix.

3.3. Effect of nitriding temperature
SEM micrographs obtained on Fe-1 wt% Cr samples
nitrided at high temperature (873 K) reveal the devel-
opment of a new phase in surface regions (Fig. 10a)
identified by X-rays diffraction as an iron austenite (y)
phase (Fig. 10b). Nitriding temperature increasing also
induces the growth, from ferrite grain boundaries, of
needle-shape FesN (y’) precipitates (Fig. 10c) which
present the same morphology as those observed during
aging of some nitrided ferrous materials [20]. The Fe-
N phase diagram indicates that at 873 K, the ¢ — y
transformation occurs as soon as the nitrogen content
exceeds the limit of solubility in ferrite which is about
0.1 wt% N.

Considering that the nitrogen is a good stabilizer of
austenite, if the cooling is sufficiently fast, which is

o
(116)a

111y’
{Ifﬂr)y

Figure 10 (a) Cross-sectional SEM micrograph of nitrided (14 h at 873 K) Fe-1 wt% Cr alloy. Rough zones close to the surface and grain boundaries
were identified by X-ray diffraction (b) as being of retained austenite. For the same nitriding temperature, needle-shape Fe4N precipitates are growing

from grain boundaries (c).
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Figure 11 Evolution of the surface fraction of transformed zones (Sr)
versus nitriding temperature (14 h nitriding time).

the case of the areas close to the surface, the reverse
transformation is not complete leading to the coexis-
tence of the two phases: ferrite and retained austenite.
The nitrogen in solid solution in austenite would thus
precipitate as CrN, which can explain the comparable
microhardness of the two phases (the measured values
are close to 650 Hv for both). Furthermore, the growth
of Fe4N precipitates occurs when nitrogen concentra-
tion reaches 5.8 wt% which can be achieved rapidly on
grain boundaries in view of the high nitrogen diffusion
through them.

On the other hand, relatively to the effect of nitrid-
ing temperature on discontinuous precipitation growth,
Fig. 11 shows that, for 14 h nitriding time, surface frac-
tion of transformed zones (S¢) varies like a C-curve with
the maximum precipitation rate at about 823 K. This
can be explained by the fact that at low temperature
(773 K), due to a thermally activated process, the diffu-
sion of nitrogen is relatively slow. Consequently, after
a 14 h nitriding, only the areas located on the extreme
surface are saturated in nitrogen and where CrN lamel-
las can grow. However, for high temperature nitriding
(873 K), the nitrogen diffuses rapidly in iron matrix so
that the supersaturation of the zones close to surface is
decreased for the benefit of internal diffusion of nitro-
gen. The growth rate of discontinuous precipitation is
thus considerably reduced.

4. Conclusion

Fe-Cr alloys (1 and 3 wt% Cr) investigated in this study,
can serve as model systems for the more complex ni-
triding Cr alloy steels. For both Fe-Cr alloys, it has
been shown that nitriding provides a high hardening
of nitrided layer which was attributed to the fine and
coherent precipitation of CrN. In addition, discontinu-
ous precipitation of CrN starting from grain boundaries
has been observed in the high chromium-containing al-
loy. Electron diffraction revealed that both nanometric
and lamellar CrN have a cubic crystallographic struc-
ture (NaCl-type) exhibiting the Baker-Nutting (ORs)
with respect to the iron matrix. HRTEM study of the
microstructural characteristics evolution of the nitrided

4530

layer showed the increasing of the precipitates diame-
ter with the nitriding depth associated to the reducing
of their number per volume unit. Thus, this explain the
profile of mechanical properties observed along the ni-
trided layer due to the diminution of pinning points for
the moving dislocations.

Concerning the discontinuous precipitation of CrN,
SEM images exploitation showed that lamellas start
to grow in the early stage of nitriding in concurrence
with the nanometric precipitation but they stop to grow
before invading all the material while nitrogen super-
saturation is still present in the untransformed matrix.
Furthermore, EBSD investigations revealed that dis-
continuous precipitation growth is governed by specific
crystallographic considerations. They consist in the ap-
parition of X3 twin-boundaries inside the discontinu-
ous precipitation cells and £9 boundaries in the border
with the untransformed zones.

Concerning nitriding parameters, it was observed
that nitriding temperature increasing results in the for-
mation of retained austenite and the growth of FesN
nitrides from grain boundaries during high temperature
(873 K) nitriding. Furthermore, discontinuous precip-
itation growth is significantly limited when nitriding
temperature is strongly increased or decreased.

Finally, the obtained results should lead to a better
understanding of nitrided steels microstructure and its
role on the mechanical behavior. This study could also
have effects on industrial steels nitriding conditions.
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