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A study of precipitation reactions in the Cr—Mn austenitic steel Nitronic 32 was performed by
means of electron microscopy, electron diffraction, X-ray microanalysis and electron energy
loss spectrometry. The material was examined: (a) after solution annealing and ageing at

773, 1023 and 1073 K; (b) after solution annealing followed by ambient temperature He-
implantation and ageing at 773 and 1023 K and, (c) in the solution annealed state for com-
parison. The formation of the phases M,;Cs and Cr,N was observed. Their precipitation modes

and sequence are described and discussed.

1. Introduction

Of the various possibilities offered by advancing
technology for satisfying the increasing demand for
energy, fusion energy in particular has attracted con-
siderable interest.

The problems which determine the choice of
materials to be used for the construction of a reactor
structure are: safety, durability, reliability, waste
disposal or recycling and cost.

A satisfactory solution of these problems imposes
very stringent requirements on the material to be used.
Despite this it is possible to envisage some potential
categories of materials which might be suitable, one of
which is the austenitic steels. We have explored some
of the properties of these steels for use in a fusion
reactor because of the large amount of background
data available and the presumably lower cost as
compared to vanadium alloys and silicon carbide. The
latter two categories have the advantage of a lower
intrinsic nuclear activation than steels, but, at present,
there is insufficient technical knowledge to support
their use in the construction of the complex structure
of a fusion reactor.

Despite the large amount of data available on
austenitic steels, there is still a shortage of knowledge
on the behaviour of these materials in a fusion reactor
when considering the physical and chemical operating
conditions. The properties of the commercially avail-
able austenitic steels do not yet satisfy the require-
ments set by their use in the inner parts of a fusion
reactor, which are the parts most exposed to radiation
damage, activation, fatigue-creep, corrosion, etc.

With respect to activation it has recently been
realized that the presence of impurities is a limiting
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factor for recycling [1]. If the impurity problem for
recycling cannot be solved as a practical proposition,
than at least Shallow Land Burial (SLB) is required.
In any case some compositional modifications to the
steel are necessary in order to allow SLB and to
improve the operational performance.

According to the activation data available the
amount of nickel present in austenitic steels should be
reduced, or even completely replaced, by manganese.
In this case, however, since the manganese is less
stabilizing for the austenitic phase, the amount of
carbon or nitrogen must be increased. As a conse-
quence, phase instabilities and precipitation may take
place on a larger scale at operational temperatures
than occurs with conventional Cr—Ni austenitic steels.

The present work aims at the study of the structural
properties of a commercial chromium-manganese
steel (Nitronic 32). The composition of this material is
interesting with regard to oxidation resistance [2] and
mechanical properties, because of the high chromium
and nitrogen contents. Precipitation phenomena in
Cr-Mn steels have already been studied by several
authors [3-12]. To our knowledge only preliminary
investigations on Nitronic 32 have been reported [13].
They describe the precipitation produced by thermal
ageing; here we report on an additional study of the
effect of ageing on unirradiated material as well as on
a-particle implanted samples. This latter aspect is of
relevance in the fusion reactor where large quantities
of helium are produced by (n, &) reactions in the
structural materials. No basic information is available
on the type of lattice damage produced by «-particle
bombardment and on the effects of helium on the
properties of Cr—-Mn austenitic steels. It should be
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pointed out that the results presented here are related
to a quite low displacement damage compared to
fusion reactor damage levels, nevertheless the displace-
ment rate is of the order of magnitude as expected in
reactors based on magnetic confinement. "

The examinations were performed by TEM, SEM,
EDS, EELS and e¢lectron diffraction.

2. Experimental method

The Nitronic 32 steel examined in the present work
was supplied by Armco Steel Corporation in the form
of a hot rolled bar having the following composition:
Cr 18wt %, Mn 12.36%, Ni 1.54%, Si 0.54%, Cu
0.18%, Mo 0.15%, V 0.06%, Ti 0.005%, N 0.35%,
C 0.11%, P 0.023%, O 0.007%.

2.1. Preparation of specimens

2.1.1. Solution annealed specimens

Discs of 3 mm diameter and ~ 100 um thickness were
prepared from the bar by slicing, punching and mech-
anical polishing. The discs were solution annealed in
argon-filled silica capsules at 1373K for 1/2h and
subsequently water quenched. Specimens for TEM
were obtained by jet electropolishing.

2.1.2. Aged specimens

The discs were aged after solution anncaling (a) at
773 K for 1000-2000 h, (b) at 1023 K for 2,25 and 50 h
and (c) at 1073 K for 100 h and prepared for TEM as
described above. Carbon films were deposited on both
sides of the aged samples which were immersed in a
bromine-methanol solution; this dissolves the metal
and leaves the precipitates formed by ageing. Such
specimens were used for the analysis of single particles
to avoid any interference with the surrounding matrix.

2.1.3. He-implanted and aged specimens

Discs of ~ 150 um thickness were uniformly implanted
with helium at a concentration of 500 a.p.p.m. by a
38 MeV a-particle bombardment at 310 + 5K in the
Ispra cyclotron (use of an energy degrader wheel). The
total dose in the samples corresponded to ~0.1dpa
and the displacement rate was ~ 107° dpasec™'. After

625002 MEM: A CNT:

3906

CURSOR (EV)= 466 000

implantation the discs were annealed at 773K for
2000h, and at 1023K for 2, 25 and.50h and jet
electropolished for TEM.

2.2. Instruments used

The samples were studied primarily by means of a
Philips EM 400 T electron microscope equipped with
a field emission gun, an EDAX EDS spectrometer
and a GATAN spectrometer for EELS analysis and
a JEOL 200 CX electron microscope. SEM obser-
vations were also carried out.

3. Results

3.1. Effects of ageing treatment

3.1.1. Precipitation at grain boundaries

The study of solution annealed specimens showed a
fully austenitic structure with the grain boundaries
free of precipitates. After ageing at 773 K and 1023 K,
for all given ageing times, particles were observed
at the grain boundaries and at the incoherent twin
boundaries which were characterized by electron
diffraction and EELS analysis (Figs la and b) and
were identified as M,, C, carbides. At 773 and 1023 K
the M,; C, particles formed and grew at well separated
intervals, but their density and morphology were
sensitive to the grain boundary orientation. At the
incoherent twin boundaries the carbides grew into the
matrix in the form of laths (Fig. 2). Ageing at 1073 K
led to the formation of large plates of M,;Cq, even at
the coherent twin boundaries. All these observations
are consistent with earlier results of M,;C, precipita-
tion in austenitic Cr-Ni steels [14-19]. The carbides
were rich in chromium, but also contained iron and
manganese and small amounts of nickel and molyb-
denum. Occasionally a very small amount of titanium
and vanadium was also detected. The chromium con-
tent of the carbides increased with the time and tem-
perature of annealing. Their mean composition after
ageing at 1073 K was Cr 72wt %, Fe 20%, Mn 7%,
Mo <0.5%, Ni £0.5% (normalized to 100).

3.1.2. Precipitation within the grains
3.1.2.1. General precipitation. A small number of
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Figure 1 EELS spectrum obtained from M,;C, grain boundary particle in Nitronic 32 aged for 100h at 1073 K. (a) at low magnification to
show chromium and carbon edges, (b) enlarged at an intermediate range of energies to show the presence of manganese and iron, and (c)

obtained from the surrounding matrix, for comparison.
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Figure 2 TEM micrograph of M,,C, particles in the form of laths
at an incoherent twin boundary in Nitronic 32 aged for 100h at
1073K.

intragranular inclusions were present in solution
annealed samples. EDS examination showed these
inclusions to consist of MnS in which case they were
a few micrometres in size, or of oxides of complex
composition having a diameter of 50-100 nm. Ageing
at 773K and 1023 K up to 50h did not lead to the
formation of intragranular precipitates.

After ageing at 1073K for 100h, a number of
additional particles were observed within the grains.
These precipitates were predominantly of lenticular
shape but also exhibited other morphologies, (Fig. 3).
Dislocations and stacking faults emanated from them.
An analysis by EELS showed that the particles con-
tained chromium, nitrogen and a small amount of
vanadium (Fig. 4). X-ray microanalysis also indicated
the presence of a few wt % of iron.

Diffraction patterns obtained from these precipi-
tates could be interpreted in terms of simple hcp unit
cell indices witha = 0.28nm, ¢ = 0.45nmand c/a =
1.6 and also in terms of hcp superlattice unit cell

Figure 4 Typical EELS spectrum obtained from intragranular Cr,N
particles in Nitronic 32 aged for 100h at 1073K.

indices with ¢ = 0.48nm, ¢ = 0.45nm and c/a =
0.937. According to these data the precipitates formed
at 1073 K were identified as Cr,N.

The Cr,N particles exhibited a complex contrast
behaviour at their interface with the matrix. The con-
trast corresponded to thickness fringe contrast or to
effects produced by the curvature of the lenticular
particles [20]. Displacement fringe contrast was also
observed due to the strong volume increase connected
with Cr,N formation. A high number of interfacial
dislocations were also present. Selected area diffraction
patterns obtained from the Cr,N and the surround-
ing matrix showed mainly the following structural
relationship

(000 D), (1T Dpees (01 T0)eyn 12T e,
and
QTT0)e,n (0T 1)y,

in terms of simple h ¢ p unit cell indices (Fig. 5). Other
types of structural relationships were aiso observed
however. Sometimes small inclusions were found

—-——_ &/ i
P,

Figure 3 TEM micrograph obtained from Nitronic 32 aged for
100h at 1073 K showing intragranular Cr, N particles of various
morphologies which exhibit complex interface contrast.

3700

Figure 5 Selected area diffraction pattern obtained from the Cr,N
particles shown in Fig. 3. Basal (0001) hcp plane of Cr,N in
contact with (1 11) fcc matrix plane. Weaker spots are superlattice
reflections; satellite spots are due to double diffraction.



Figure 6 TEM micrograph of a Cr,N particle in Nitronic 32 aged
for 100h at 1073 K showing a small oxide inclusion A acting as a
nucleation centre.

inside the Cr, N particles (Fig. 6). An analysis by EELS
and EDS showed that the small inclusions, which
acted as nucleation sites, coresponded to the small
oxide particles present in the solution annealed
material. The composition of this oxide, presum-
ably of spinel type, was complex including mainly
aluminium, manganese, chromium and iron but also
some nickel and vanadium (Figs 7 and 8).

Beside the Cr, N, intragranular, cube-shaped M,, C,
was also detected after ageing at 1073 K.

3.1.2.2. Cellular precipitation. In a few samples
(~20% of the total examined) a precipitation in the
form of lamellae was observed after ageing at 1023 K
for 25 and 50h and at 1073K for 100h (Fig. 9). 10
to 20% of the grains in each of these samples was
involved in this kind of precipitation. Sometimes the
lamellae filled in the whole grain. In other cases the
growth of the lamellae stopped even when a large part
of the grain remained untransformed. Electron dif-
fraction analysis indicated that the matrix alternating
with the precipitate lamellae retained the austenitic

Figure 7 EELS spectrum from the small oxide inclusion A in the
Cr, N particle shown in Fig. 6.
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Figure 8 EDS spectrum trom the small oxide inclusion A in the
Cr, N particle shown in Fig. 6. Cursor set at 5.4keV.

structure despite a reduced nitrogen and carbon
content; this is presumably due to a simultaneous
chromium-loss (up to 4wt %) and an increase of the
manganese concentration. The lamella-matrix inter-
faces were incoherent. EDS and EELS analyses, as
well as electron diffraction, showed that most of the
lamellae contained chromium and nitrogen and had an
hcp structure corresponding to Cr,N. Some lamellae
had chromium and carbon as major constituents, but
also included iron and manganese and corresponded
to fcc My Cq. Therefore the cellular precipitation
consisted of colonies of lamellae of austenite alternat-
ing with lamellae of Cr,N or M,,C;.

3.2. Effects of ageing after «-particle
bombardment

3.2.1. Precipitation at grain boundarfes

No noteworthy difference was found in the formation
of precipitates at the grain boundaries aged with or
without helium implantation. The only phase formed
after a-particle bombardment followed by ageing was
M,;Cs. A zone denuded of clusters produced by the
irradiation was visible after ageing at 773K on both

Figure 9 Secondary electron SEM micrograph of Nitronic 32 aged
for 50 h at 1023K showing cellular precipitation in some grains in
the form of colonies consisting mainly of Cr,N but also of M,,C;
lamellae.
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Figure 10 TEM micrograph of Frank interstitial dislocation loops
present in He-implanted Nitronic 32 after ageing for 2h at 1023 K.

sides of the boundaries. At this temperature no for-
mation of intergranular helium bubbles was observed.
Helium bubbles, however, were formed during ageing
at 1023 K at some of the interfaces of the grain boun-
dary carbides and in the spacing between them.

3.2.2. Precipitation within the grains
Annealing of the a-particle bombarded samples at
773K for 2000 h led to the formation of a high density
of defect clusters, many of them resolvable as dislo-
cation loops. When the samples were annealed at
1023K for 2h, Frank interstitial dislocation loops
were observed (Fig. 10). After ageing for 25h at this
temperature the number of Frank loops was some-
what reduced whereas the remainder had grown
slightly. As shown in Fig. 11, particles were precipi-
tated on the interstitial loops near the grain bound-
aries and helium bubbles of 50 to 100 nm diameter were
observed between the precipitates, predominantly
attached to dislocations.

After 50 h of ageing at 1023 K, the precipitates were
seen throughout the grains. EELS (Fig. 12) and elec-

Figure 11 TEM micrograph of Cr,N particles formed by hetero-
geneous nucleation on Frank dislocation loops near grain bound-
aries in He-implanted Nitronic 32 aged for 25h at 1023 K. Large
carbide particle at grain boundary indicated by arrow.
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Figure 12 EELS spectrum from intragranular Cr,N particles
formed on Frank dislocation loops in He-implanted Nitronic 32
aged for 25h at 1023K as shown in Fig. 1.

tron diffraction analyses indicated that they consisted
mainly of Cr,N but some M,;C; could also be ident-
ified. No cellular precipitation was detected in any
of the specimens aged after helium-implantation (six
samples).

4. Discussion
4.1. Phases formed in solution annealed
samples
Solution annealed and rapidly cooled Nitronic 32
contains carbon and nitrogen in concentrations far
above the solubility limit. Since the amount of strong
MC forming elements such as titanium and vanadium
in the material examined is very small and there is no
niobium, the supersaturated carbon is precipitated on
ageing in the form of M; C,, the carbide phase usually
also observed in the Fe-Cr-Ni—C system [18]. The
M,;C; formed in Nitronic 32 is chromium rich, but
also accommodates iron, manganese, molybdenum,
nickel and the impurity elements vanadium and
titanium.

The supersaturated nitrogen on the other hand,
precipitates in the form of chromium-nitride. The
formation of a chromium-nitride compound can be
expected since there is a decreasing stability of binary
nitrides from Cr—-Mn-Fe-Co-Ni as reported by Gold-
schmidt [21]. The question arises as to why in the
austenitic matrix of Nitronic 32 hcp Cr, N forms and
not fcc CrN since the heat of formation of these two
compounds is very similar [22]. Previous studies of
nitrogen alloyed Cr—Mn steels of chromium contents
in the range from ~ 16 to 23 wt % and nitrogen con-
tents of up to 0.7 wt % have consistently shown that
the precipitating phase is Cr,N (see e.g. [4, 6-8, 10]).
The same observations were made in the case of
nitrogen alloyed Cr-Ni and molybdenum bearing
Cr-Ni steels of similar chromium content [23-26].
Since no systematic equilibrium studies exist to our
knowledge for the Fe-Cr-Mn-N system, the data
reported in reference [27] referring to the system
Fe—-Cr-N are taken as a basis for thermodynamical
considerations. In such alloys CrN is stable only up to
chromium contents of ~10wt% at 1073 K. A study
of the equilibrium diagram of 18Cr-Fe-Ni-N alloys



[28] indicates that in AISI austenitic steels, at 1173 K,
the equilibrium is between austenite and Cr,N.
Moreover Goldschmidt showed that in the Cr-N
system Cr, N is only stable at lower nitrogen contents
and that a transformation to CrN occurs when the
nitrogen content is significantly increased [29]. These
arguments lead us to suggest that in Nitronic 32 the
formation of Cr,N is favoured with respect to CrN
because of its relatively high chromium and low
nitrogen content. Structural considerations lead to the
same conclusion. A compariscn of the lattice spacings
of Cr,N and CrN with those of the matrix shows
that the misfit across the close-packed planes and
in the close-packed directions, considerable for both
compounds, is larger in the case of CrN. Finally,
recent EELS quantitative analyses confirm that the
composition of the precipitates corresponds to Cr,N.
The absence of the carbide M C and of the phases
sigma, chi and Fe, Mo does not exclude the possibility
that these phases are formed in Nitronic 32. These
compounds are thermodynamically stable in the Fe-
Cr-Ni-Mo-C system [17, 18], but their formation is
sluggish and controlled by various elements. Very
little data are available on the formation of these
phases in the Fe~Cr-Mn-C-N system. Recently it has
been shown that the chi phase forms in a 10Cr-17Mn-
0.1C-0.2N austenitic steel when 1.5wt% Mo are
added [13]. For a definite conclusion long duration
tests would be required.

4.2. Microstructural evolution during ageing
of solution annealed samples

The precipitation pattern of My Ci and Cr,N in
Nitronic 32 is complex. Published data [23, 30] show
that the free enthalpy change (negative for both
reactions, is considerably greater for M,; C, formation.
To obtain the effective driving energy for the forma-
tion by homogeneous nucleation, strain and surface
energy factors must also be taken into account [31].
The strain energy associated with the formation
and growth of these two compounds is positive, the
increase being larger for Cr,N. The strain energy
however also depends on the state of coherency of the
particle-matrix interface. A breakdown of coherency
is possible and several mechanisms could be respon-
sible for it. The strain due to volume increase can
also be somewhat accommodated when the precipitate
is nucleated at a high-energy interface. An estimate of
the effective strain energy is therefore difficult.

The surface energy, which also reduces the driving
energy for precipitation, is larger in the case of Cr,N
because of the considerable lattice misfit, already
mentioned in Section 4.1., between the hep Cr,N and
the fcc matrix. It is more difficult for the Cr,N par-
ticles to develop low energy interfaces with the matrix
than M,,C, in accordance with the present obser-
vations and those in reference [10]. One can therefore
expect that the formation of M,;C, is more likely than
that of Cr, N in Nitronic 32. This is confirmed by the
experimental observations.

The first phase which forms in solution annealed
Nitronic 32 on ageing at 773, 1023 and 1073K is
M., Cq. Since the grain boundaries are rapidly occupied

by carbides, the nitrogen is precipitated as Cr,N
within the grains. This precipitation reaction is slug-
gish and occurs heterogeneously if possible, but other-
wise homogeneously. Oxide inclusions of spinel type,
present in the solution annealed state, represent suit-
able nucleation centres. Another type of heterogeneous
Cr, N nucleation will be discussed in Section 4.3.
The precipitation sequence described above does
not hold in the case of cellular precipitation. This
type of precipitation in Cr-Mn austenitic steels
was examined by several authors some time ago
[3, 4, 6, 32, 33]. They concluded that it takes place at
some C/N ratios, at high temperatures, long ageing
and is favoured by lattice strains. The cellular pre-
cipitation starts at grain boundaries and rapidly
propagates into one of the grains. More recently a
systematic study of cellular precipitation was made on
Cr-Ni alloys with nitrogen levels ranging from ~ 0.4
to ~0.6wt % [34-36]. These latter authors point out
that the features of cellular growth in alloys containing
both substitutional and interstitial solutes are different
from the cellular precipitation pattern in binary solute
alloy systems and concluded that long range nitrogen
diffusion is important. Direct evidence for diffusion
of nitrogen over long distances in grains exhibiting
cellular Cr, N formation was recently obtained for a
Cr-Ni-N steel by X-ray microanalysis [37].

4.3. Microstructural evolution during ageing
of «-particle bombarded samples

The main sources of helium production in the bulk of
structural materials in the fusion reactor are the (n, )
reactions. Since intense, high energy neutron sources
do not yet exist, for the study of the effects of helium
on the behaviour of structural materials, the helium
must be produced in other ways. The methods avail-
able, their advantages and their disadvantages are
discussed in reference [38]. The high energy a-particle
bombardment of samples in a cyclotron, as carried out
in the present work, rapidly produces large amounts
of helium in a sample without excessive activation.
Moreover the samples are damaged at a displacement
rate prevailing in the first wall of a fusion reactor
based on magnetic confinement and the local lattice
damage produced is the same as that created by (n, o)
helium atoms. As such, the helium implantation
technique employing a cyclotron provides a useful
simulation for damage produced by a-particles
in a fusion reactor. Though such samples may be
used to study the effects of helium on the microstruc-
tural evolution, it must be borne in mind that the
accumulated displacement damage is quite low and the
introduction rate of helium is much higher than the
helium production rate in the first wall of a fusion
reactor. A sufficiently high displacement damage
could be obtained by a dual beam bombardment,
a method not available at the Ispra Centre. This
method, however, suffers from an excessively high
displacement rate and may alter the results due to the
additionally implanted heavy ions coming to rest in
interstitial positions.

In the as o-bombarded Nitronic 32 samples no
formation of precipitates was observed. Since the total
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displacement damage produced by the a-bombard-
ment was only ~0.1dpa, the conditions for the
formation of precipitates during the bombardment
were apparently not fulfilled [39]. When the samples of
Nitronic 32, a-implanted at room temperature are
subsequently aged, the relative low density of free
point defects produced by the bombardment presum-
ably anneals out very rapidly while a dislocation
structure is formed. This structure consists after the
2000 h annealing at 773 K, of a high density of very
small dislocation loops. The larger loops present in a
somewhat lower number after annealing at 1023 K for
2 h, were of interstitial type containing a stacking fault
(Frank loops). These loops were relatively stable on
annealing. Possible reasons for such a behaviour
could be a low stacking fault energy of Nitronic 32 or
difficulties in nucleating Shockley partials to eliminate
the extrinsic fault. It could also be related to a strong
nitrogen interstitial interaction [40].

Although the composition of the inserted (111)
loop planes and of the surrounding faulted lattice is
not known, an enhanced concentration of chromium
or, more probably, of the small nitrogen atoms can be
assumed in order to explain the nucleation of Cr,N in
their neighbourhood on longer ageing at 1023 K. It
should be emphasized that no intragranular Cr,N is
formed when solution annealed samples are aged in
the same conditions. The precipitation onto the Frank
loops begins near the grain boundaries at a distance
corresponding roughly to the width of the cluster-free
zone described in Section 3.2.1. where the composition
of the matrix is presumably most favourable for
Cr,N formation. After ageing at 1023 K for 50h, the
enhanced formation of precipitates on Frank loops
extends to the centre of the grains, predominantly in the
form of Cr,N but also as M,; C,. The precipitation of
M,;C, on Frank loops was observed previously in the
case of a He-injected or neutron irradiated AISI 316
steel containing boron [41].

The kinetics of intragranular Cr,N formation is
therefore different in a-implanted samples. The Cr,N
forms at a lower temperature and with shorter ageing
times due to nucleation in the vicinity of the Frank
interstitial loops, presumably as a consequence of
local nitrogen segregation.

The absence of cellular precipitation in the samples
aged after He implantation could possibly be due to
the relaxation of lattice strains due to the a-bombard-
ment. But there is another possible reason. Since the
features of cellular growth do not show any significant
difference in Cr-Ni and Cr-Mn austenitic steels, it can
be assumed that long-range diffusion of nitrogen
is also important for cellular growth in the latter
materials. Since in the a-implanted samples on ageing
a dislocation structure evolves and local nitrogen
segregation occurs, the diffusion of nitrogen over longer
distances may be difficult. Additional investigations are
in progress on Nitronic 32 to confirm this assumption.
Concerning the precipitation behaviour of helium in
Nitronic 32, the present observations show that the
injected helium is not yet mobile at 773 K. Annealing
at 1023 K instead leads to the formation of He bubbles
with the aid of thermal vacancies at grain boundaries
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and on some intergranular carbide-matrix interfaces
depending on their state of coherency. No significant
formation of He bubbles on the Cr,N particles was
observed although these particles develop mainly high
energy interfaces. It is therefore assumed that longer
annealing times or higher ageing temperatures are
needed to move the helium by diffusion or bubble
motion to the Cr,N-matrix interfaces.

5. Conclusions
The conclusions are as follows.

(a) Ageing of solution annealed samples of the
austenitic Cr-Mn steel Nitronic 32 leads at 773K to
the precipitation of M,;C, and at 1023 and 1073 K to
the additional formation of Cr,N. The precipitation
reactions can occur in two different ways.

(1) Usually M,,C, forms first at high angle inter-
granular interfaces followed by a sluggish precipi-
tation of Cr,N within the grains. This sequence is
expected on the basis of the greater free enthalpy
change for M,;C¢ formation and the low driving
energy for Cr, N precipitation.

(ii) Occasionally a cellular precipitation is also
observed in some grains, mainly in the form of colonies
of Cr, N lamellae but also of M,,C, lamellae alternating
with matrix lamellae. Possible explanations for this
type of precipitation could be a higher local nitrogen
or carbon content than nominal and the presence of
lattice strains in some grains.

(b) Ageing of solution annealed and ambient tem-
perature a-implanted Nitronic 32 at 773 K leads to the
formation of M,;C, and at 1023 K to the precipitation
of M,,C, and Cr,N as well as to the formation of
He bubbles. No cellular precipitation was observed.
The sequence of M,;C, and Cr, N formation is similar
to that observed for samples aged in the absence of
helium with the M,;C, precipitating first. The intra-
granular formation of Cr,N is however enhanced by
its nucleation on Frank interstitial dislocation loops.

(¢) The helium in ¢-implanted Nitronic 32 is not yet
mobile at 773 K. At 1023 K it precipitates in the form
of bubbles at high-energy interfaces and at dislocations
within the grains.

(d) Cellular precipitation, deleterious for ductility
and corrosion, can possibly be avoided by the
following.

(1) An appropriate solution annealing and cooling
treatment to obtain (a) a homogeneous distribution of
carbon and nitrogen and (b) reduced lattice strains.

(2) Relieving the stresses by means of a low dose
irradiation.

(3) Preventing long range nitrogen diffusion by
means of an irradiation induced dislocation loop
structure and local nitrogen segregation.
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