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a b s t r a c t

M2N nitride phases of 9% chromium steels with an extra-low carbon content have been investigated
using a transmission electron microscope and an energy-dispersive X-ray (EDX) spectroscopy. The steel
samples were normalized for 1 h at 1050 �C and then tempered at 600–780 �C for 30 min to 5 h followed
by an air cooling. Through the analyses of the electron micro-diffraction patterns and EDX data for the
precipitate particles on the extracted carbon replica, two types of Cr-rich M2N nitride phases with the
same hexagonal structure but totally different lattice parameters, a = 2.80 Å/c = 4.45 Å and a = 7.76 Å/c =
4.438 Å, were determined in the steels. Four types of Cr-rich M2N phases with different lattice parameters
probably existed in the steels. The M2N phase revealed a decrease in its Cr content, an increase in its V
content as the tempering temperature was increased, and no obvious change in its content for the metal
fraction with an increasing tempering time.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The 9 and 12% chromium transformable (ferritic/martensitic)
steels with lower carbon (0.1% max) contents and additions of
Mo, W, V, Nb, N and other elements, possessing a higher thermal
conductivity, lower thermal expansion, higher resistance to a radi-
ation embrittlement and swelling, and higher creep-rupture
strengths combined with a good oxidation and corrosion resistance
at elevated temperatures, have subsequently been developed.
These steels have been considered for use as nuclear fission and fu-
sion reactor components [1–4]. These ferritic steels are commonly
used in a ‘normalized and tempered’ condition. In commercial
practice, the normalized steels, which consist of a typical martens-
ite lath network microstructure, are tempered by a heating
between 650 to 780 �C. Tempered 9 and 12%Cr steels consist of
a ferritic matrix with primary precipitates, M23C6, and small
amounts of MC, and M2X have been reported in some cases [5].
The precipitation of secondary phases and the development of a
matrix in a steel during a tempering will determine the properties
of that steels [6]. M2X and secondary MX phases occur as fine par-
ticles, uniformly distributed throughout a matrix, and initially they
contribute to the creep strength of that material by acting as bar-
riers to dislocation movement at high temperatures, i.e., classical
precipitation strengthening [7].

To avoid the formation of a large-sized M23C6 precipitation in
conversional 9%Cr steels and to promote the formation of fine
MX carbonitrides along the lath, block, packet and prior austenite
grain boundaries as well as in the matrix during a tempering, an
ll rights reserved.
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extremely low carbon (0.002 wt%) 9%Cr steel has been developed
and proven to have a significant improvement in its creep resis-
tance [8–9].

The suppression of a void swelling, which occurs under a high
flux irradiation, is one of the most important problems for the
materials that will be used in fast breeder reactors and fusion reac-
tors. In general, it is necessary for a void formation to form a
supersaturation of vacancies and or a preferential sink for self-
interstitials [10]. Effect of a precipitation on a void formation can
be considered in many processes. Closely spaced second-phase
particles, such coherent gamma-prime (Ni3(Al,Ti)) precipitates in
nickel alloys and Ti5(Si,P)3 precipitates in vanadium alloys, lower
the overall point defect concentration by providing sites for a
mutual annihilation of vacancies and interstitials such that large
excess vacancy concentrations do not occur, and a nucleation as
well as a growth of voids is inhibited [11–12]. In the case of
Fe–Cr and Fe–Cr–Si alloys, small precipitates will act as void nucle-
ation sites due to the interaction process between point defects
and a particle–matrix interface [13]. Void swelling for a Cu–Fe
alloy containing many fine coherent precipitates would be sup-
pressed by a mutual annihilation of its precipitates [10]. For
austenitic steels, the dispersion of fine MC and M6C precipitates
reduces their void swelling and improves their resistance to a
helium embrittlement, however, a coarsening of their coarser
phases like the M23C6, M6C, Laves, and G phases causes an accumu-
lation of the point defect at a precipitate–matrix interface and
leads to a channel formation to the attached voids [14–17].

The M2X phase which is initially based on Cr2(CN), has a hexag-
onal structure and mainly nucleates on the dislocations in a
tempered martensite matrix. M2X has the following orienta-
tion relationship with the matrix formed during a tempering:
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(0001)M2X//(011)a and [1120]M2X//[100]a [18]. Fine M2N precip-
itate particles were also observed to be present and uniformly dis-
persed throughout the matrix of high Cr steels [7]. It is expected
that the void swelling resistance of ferritic steels during an irradi-
ation at an elevated temperature can be partially attributed to the
presence of fine coherent Cr-rich M2X nitride particles.

A microstructural investigation of the alloy carbides and ni-
trides for high Cr steels is important to understand their creep
properties and void swelling resistance. We have already reported
on the presence of vanadium-rich MN precipitate phases in an ex-
tra-low carbon 9%Cr steel [19]. In this paper, results for the pres-
ence of M2N nitride precipitate phases in extra-low carbon 9%Cr
steels investigated by TEM (transmission electron microscope)
and EDX (energy-dispersive X-ray) analysis are reported.

2. Experimental procedure

Two high-chromium ferritic steels prepared by a melting, cast-
ing and hot rolling were used in this investigation. The chemical
compositions (in wt%) of the steels were <0.003 C, 9.88 Cr, 1.20
Mo, 0.20 V, 0.20 Nb, 0.43 Mn, 0.37 Ni, 0.105 Si, 0.084 N (named
after L) and <0.003 C, 9.88 Cr, 0.51 Mo, 2.09 W, 0.20 V, 0.20 Nb,
0.43 Mn, 0.37 Ni, 0.105 Si, 0.084 N (named after LW).
Fig. 1. TEM micrograph (a) of the LW44 steel taken from a carbon replica, showing M2N p
zone axes of (b) [223], (c) ½14 �3� and (d) [032].
Hot-rolled steel plate samples of 15 mm in thickness under-
went a normalization heat treatment at 1050 �C for 1 h, and then
a tempering at 600, 650, 700, 750 and 780 �C for 2 h, and they were
named L43/LW43, L44/LW44, L45/LW45, L46/LW46 and L47/
LW47, respectively. Tempering was also performed for 30 min,
1 h, and 5 h at 750 �C for the LW steel samples. All the steel
samples were cooled in air at room temperature after the heat
treatments.

Extracted carbon replicas were prepared by the evaporation of
carbon onto a polished and etched steel sample surface followed
by a dissolution of the metallic matrix in a solution of 10%HCl–
methanol at a voltage of 2 V at 20 �C.

Extracted carbon replicas were examined using a JEM-2000 FXII
TEM equipped with a LINK EDX system and operating at a 200 kV
accelerating voltage. The compositions of the precipitate phases
were detected by EDX analysis. Precipitate phases were identified
by a combination of the micro-diffraction (MD) pattern and EDX
analysis results.

3. Results and discussion

Fig. 1 shows the TEM images of the LW44 steel taken from a
replica sample and the MD patterns taken from the precipitate 1
recipitate 1, and the micro-diffraction patterns taken from precipitate 1 in the three



Fig. 2. TEM micrographs (a) and (c) of the LW46 and L46 steels taken from a carbon replica, showing M2N precipitate 2 and 3, respectively, and the micro-diffraction patterns
taken from precipitate 2 and 3 in the same zone axis of [010].

Table 1
Matching the diffraction patterns of the M2N precipitate taken from the 9%Cr steels with that of the Cr2N phase from the JCPDS file and various references

Sample Pattern Cr2N phase (hexagonal) EDX analysis result (in at.%) (precipitate particle)

a = 2.80a c = 4.45b Ref. [5] a = 4.78 c = 4.44
01-1232c

a = 7.76 c = 4.438
Ref. [18]

LW44 Fig. 1(b) [223]d DR = 0.017e

Dh = 0.7�f
[023] DR = 0.027
Dh = 0.4�

[318] DR = 0.066
Dh = 3.0�

92.1Cr–2.3V–0.9Nb–0.9Mo–2.6W–1.2Fe
(precipitate 1)

Fig. 1(c) ½1 4 �3� DR = 0.026 Dh = 1.3� No matching [325] DR = 0.046
Dh = 2.4�

Fig. 1(d) [032] DR = 0.051 Dh = 1.2� No matching No matching
LW46 Fig. 2(b) No matching No matching [010] DR = 0.082

Dh = 1.8�
79.2Cr–17.3V–0.9Mo–0.7W–1.9Fe (precipitate 2)

L46 Fig. 2(d) No matching No matching [010] DR = 0.095
Dh = 1.6�

82.8Cr–14.2V–1.0Nb–1.6Mo–0.4Fe (precipitate
3)

LW43 Fig. 3(b) Fig. 3(c) [113] DR = 0.052 Dh = 1.0� [021] DR = 0.052
Dh = 2.1�

No matching 92.0Cr–3.9V–1.4Mo–2.2W–0.5Fe (precipitate 4)

L43 Fig. 4(b) No matching No matching No matching 88.6Cr–5.0V–6.4Mo (precipitate 5)

a,b Lattice parameter, Å.
c JCPDS file.
d Zone axis, [UVW], i.e., incident beam direction.
e The maximum error range in the distance of diffraction sport from origin when matched diffraction pattern obtained with the data from Cr2N phase, mm.
f The maximum error range in the angles between crystal planes P1 and P2 or P1 and P3 when matched diffraction pattern obtained with the data from Cr2N phase.
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marked with an arrow. The EDX analysis result of the precipitate 1
indicates that the precipitate is a chromium-rich nitride phase and
has a chemical composition of 92.1Cr–2.3V–0.9Nb–0.9Mo–2.6W–
1.2Fe (in at.%), as given in Table 1. All three MD patterns in Fig.
1(b)–(d) match well with the electron diffraction patterns from
chromium nitride (Cr2N) with a hexagonal crystal structure and
lattice parameters of a = 2.80 Å, c = 4.45 Å from reference [5] in
the three zone axes of [223], ½14 �3� and [032], respectively. Since
only one (Fig. 1(b)) or two (Fig. 1(b) and Fig. 1(c)) of the three
MD patterns recorded from precipitate 1 could be or seem to be
matched with the diffraction patterns from the hexagonal Cr2N
phase with lattice parameters of a = 4.78 Å, c = 4.44 Å (JCPDS file
01-1232)/or a = 7.76 Å, c = 4.438 Å [20] in the zone axes of [023]/
or [318] and [325], respectively. Therefore, precipitate 1 does
not belong to the Cr2N with lattice parameters of a = 4.78 Å, c =
4.44 Å and the Cr2N with the lattice parameters of a = 7.76 Å and
c = 4.438 Å.

Figs. 2(a) and (c) present the TEM images of the LW46 and L46
steels taken from the replica samples, revealing a chromium-rich
nitride precipitate 2 and 3. The chemical composition (in at.%) is
Fig. 4. TEM micrograph (a) of the L43 steel taken from a carbon replica, showing M2N

Fig. 3. TEM micrograph (a) of the LW43 steel taken from a carbon replica, showing M2N p
according to the two zone axes of (b) [021] and (c) [113].
79.2Cr–17.3V–0.9Mo–0.7W–1.9Fe for precipitate 2 and 82.8Cr–
14.2V–1.0Nb–1.6Mo–0.4Fe for precipitate 3, as listed in Table 1.
The MD patterns taken from precipitates 2 and 3 are shown in
Fig. 2(b) and (d), respectively, which match well with the electron
diffraction patterns from chromium nitride (Cr2N) with lattice
parameters of a = 7.76 Å, c = 4.438 Å from Ref. [20] in the same
zone axis of [010]. Thus, the observed chromium-rich nitride pre-
cipitates are M2N phases and have lattice parameters of a = 7.76 Å
and c = 4.438 Å, but do not a = 2.80 Å and c = 4.45 Å or a = 4.78 Å
and c = 4.44 Å because these two MD patterns could not be corre-
lated with any diffraction patterns from the Cr2N phases (Ref. [5]
and JCPDS file 01-1232).

Fig. 3(a) is the TEM micrograph of the LW43 steel taken from a
replica sample, revealing a chromium-rich nitride precipitate 4
with a chemical composition of 92.0Cr–3.9V–1.4Mo–2.2W–0.5Fe
(in at.%). One MD pattern, Fig. 4(b) or (c), was taken from precipi-
tate 4. The pattern could not be correlated with the diffraction pat-
tern from Cr2N with lattice parameters of a = 7.76 Å and c = 4.438 Å
from Ref. [20] in any zone axis, whereas it matched well with the
diffraction pattern, within the maximum error range for a distance
precipitate 5, and the micro-diffraction pattern (b) taken from the precipitate 5.

recipitate 4, and the micro-diffraction patterns taken from precipitate 4 and indexed
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of the tempering temperature in the 9% Cr steels.
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Fig. 6. The content of the metallic elements in the M2N nitride phase as a function
of the tempering time in the 9% Cr steels.
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and angle of DR = 0.049 mm/Dh = 1.0� or DR = 0.052 mm/Dh = 2.1�
(Table 1) from Cr2N with lattice parameters of a = 2.80 Å and
c = 4.45 Å [5] or a = 4.78 Å and c = 4.44 Å (JCPDS file 01-1232) in
the zone axis of [113] or [021], respectively. As a result, the lattice
parameters of the Cr-rich M2N precipitate 4 should be a = 2.80 Å
and c = 4.45 Å or a = 4.78 Å and c = 4.44 Å, but not a = 7.76 Å and
c = 4.438 Å, indicating that there is a possibility for the presence
of a M2N phase with lattice parameters a = 4.78 Å and c = 4.44 Å
from the JCPDS file 01-1232 in the 9%Cr steel.

Fig. 4 shows one TEM image and one MD pattern taken from a car-
bon replica of the L43 steel. The chemical composition of precipitate
5 was 88.6Cr–5.0V–6.4Mo (in at.%) which was determined through
an EDX analysis. We tried to index this MD pattern according to
three kinds of Cr2N phases listed in Table 1, but there is no probable
diffraction pattern to match the MD pattern of precipitate 5. In con-
sideration of the EDX result for precipitate 5, the possible Cr-rich
precipitates containing nitrogen in high Cr steels except for the three
Cr2N phases given in Table 1 could be other Cr2N (Hexagonal, lattice
parameters of a = 4.805/4.8113 Å, c = 4.479/4.484 Å, JCPDS file
27-0127/35-0803), CrN (fcc, a = 4.14 Å, 11-0065), (Cr,Mo)2(C,N)
(hexagonal, a = 2.89 Å, c = 4.56 Å, 08-0270), (Cr,Fe)2N1�x (hexago-
nal, a = 4.8 Å, c = 4.462 Å, 19-0330), Cr2N0.39C0.61 (ortho, face, C,
a = 4.883 Å, b = 5.599 Å, c = 4.438 Å, 19-0325). Pattern-indexing re-
sults indicate that the MD pattern of precipitate 5 could not be
matched with a diffraction pattern from the phases mentioned
above for any zone axis even in the maximum error range for the an-
gle between the crystal planes when matched the MD pattern with
the indexing data from those phases was Dh = 5�. From the EDX data,
the observed Cr-rich nitride is probably a Cr2N phase containing
molybdenum, vanadium and niobium, and also a hexagonal struc-
ture but with its lattice constants of the a-axis and c-axis consider-
ably different from the lattice parameters of the Cr2N phases
mentioned in this paper, which should be verified by further exper-
imental work and calculations.

The structures and lattice parameters of the Cr2N phase
have been reported as the following types: hexagonal with
a = 2.80/2.8 Å, c = 4.45/4.4 Å [5]/[21]; hcp with a = 2.748 Å,
c = 4.438 Å [22]; hcp with a = 7.76 Å, c = 4.438 Å [20]; hexagonal
with a = 4.78/4.685 Å, c = 4.44/4.306 Å (JCPDS 01-1232)/[23]; trigo-
nal with a = 4.752(3)/4.800(4) Å, c = 4.429(4)/4.472(5) Å [24]/[25].
It can be seen that there is no large difference between the c-axis
lattice constants, and one can roughly divide the a-axis lattice con-
stants into three types, i.e., a = 2.78, 4.75, and 7.76 Å. We have
determined that two types of Cr2N (Cr-rich nitride) phases with
a-axis lattice constants of 2.80 and 7.76 Å existed in the present
9%Cr steels. Cr2N (Cr-rich nitride) phase with an a-axis lattice con-
stant of about 4.75 Å is a possible phase existed in the present 9%Cr
steels. It is possible that there is a Cr2N (Cr-rich nitride) phase with
lattice constants considerably different from the three mentioned
above, regarding precipitate 5 shown in Fig. 4.

Figs. 5 and 6 present the alloying element content of the M2N
precipitate phase in the present 9%Cr steels as a function of the
tempering temperature and time, respectively. With an increasing
tempering temperature for the tempering time of 2 h, the vana-
dium content increased, whereas the chromium content decreased,
and there was no obvious change in the contents of the other ele-
ments such as molybdenum, tungsten and iron. This result is strik-
ingly different from a reported result that the contents of Cr and Fe,
and Mo in a M2X phase increased and decreased as the tempering
temperature was increased from 600 to 700 �C and 750 �C, respec-
tively [6]. It has also been reported that the molybdenum content
of a M2C carbide was increased obviously, while the contents of Cr
and Fe were decreased when the tempering time at 700 �C was in-
creased [26]. However, in the present case, no obvious change in
the contents of all the metallic elements in the M2N phase was
found as the tempering time was increased at 750 �C.
4. Conclusions

This study on the M2N precipitate phase in extra-low carbon 9%
chromium steels with tempered conditions has indicated that two
types of Cr-rich M2N precipitate phases with the same hexagonal
structure but different lattice parameters, a = 2.80 Å/c = 4.45 Å
and a = 7.76 Å/c = 4.438 Å, coexisted in the steels, and four types
of Cr-rich M2N phases probably existed in the steels. The Cr-rich ni-
tride M2N revealed a decrease in its chromium content, an increase
in its vanadium content as the tempering temperature was in-
creased, and no obvious change in its composition for the metal
fraction with an increasing tempering time.
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