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A base composition of Fe-15Cr-15Ni was melted in a hot-isostatic-pressure furnace under 
nitrogen pressures from 0.1 150 MPa (1-1500 arm) to produce materials with nitrogen 
concentrations from 0.04-3.6 wt%. Microstructural characterization of the as-cast materials 
was completed using optical microscopy, X-ray diffraction, scanning electron microscopy, and 
transmission electron microscopy techniques. The phases present in the materials were 
austenite, nitrides (Cr2N and CrN), and martensite. All of the materials solidified with primary 
austenite dendrites. Dendritic solidification of CrN occurred in interdendritic regions of the 
austenite in alloys containing between 0.6 and 1.9wt% N. Cellular precipitation of Cr2N 
occurred in alloys with intermediate nitrogen concentrations (0.6 and 1.0wt%). The 
orientation relationship between the Cr2N and austenite, expressed as {1 1 1 }7 / / {0001}Cr2N 
and (1 1 0)3~///-, - 1 1 00)Cr2N, was confirmed. Precipitates of CrN with both lamellar and 
disc morphologies formed in the austenite. Both had a cube-cube orientation relationship with 
the austenite. Only about 10% of the 3.6wt% N material solidified as primary austenite. The 
remainder of the material solidified as a eutectic according to the reaction L ~ 7 + CrN. All of 
the austenite in the eutectic region subsequently transformed to martensite. Increasing volume 
fractions of martensite formed with increasing bulk nitrogen concentrations in the materials 
due to alloy depletion of austenite caused by nitride formation. 

1. I n t r o d u c t i o n  
Alloying of austenitic stainless steels (SS) with nitro- 
gen instead of carbon has been receiving increased 
attention recently due to the advantages nitrogen- 
alloyed materials have with respect to strength, strain 
hardening, toughness, and pitting corrosion resistance 
[1-8]. Nitrogen, as an interstitial element, is much 
more effective than substitutional elements as a solid- 
solution strengthener, and also surpasses carbon in 
this respect [9, 10]. Nitrogen has long been used in 
lower concentrations ( < 0.2 wt %) in austenitic SS as 
an austenite stabilizer to replace nickel and as a 
strengthening agent instead of carbon. However, in 
the last 10 years, much higher nitrogen concentrations 
have been experimented with in austenitic steels. This 
has resulted in a new class of high-nitrogen aus-tenitic 
steels (over 0.40 wt %N) [8] which exhibit signifi- 
cantly enhanced mechanical properties as compared 
to conventional austenitic SS [3, 5-8]. 

As well as being a potent strengthening agent, 
nitrogen has a higher solubility in austenitic steels 
than carbon. This leads to slower precipitation rates 
for nitrides (versus carbides) in austenitic materials 
with equal interstitial contents [11 16]. However, this 
advantage may be lost when ultra-high nitrogen con- 

centrations are employed and lead to primary nitride 
formation, metal/nitride eutectic reactions, and/or 
solid-state precipitation. 

One of the commercial limitations to the use of 
high-nitrogen alloys is the low solubility of nitrogen 
in liquid iron alloys at atmospheric pressure [11-14]. 
As an example, the solubility of nitrogen in an 
Fe-15Cr-15Ni alloy at 1873 K and atmospheric pres- 
sure is only about 0.13wt% [11, 17]. However, the 
solubility of nitrogen in liquid alloys increases with 
increasing nitrogen pressure above the melt in accord- 
ance with Sievert's law. That is, the nitrogen concen- 
tration in the liquid metal increases as the square root 
of the nitrogen over-pressure [11-14, 17, 18]. 

The nitrogen content in iron-based alloys can be 
increased above the solubility limit at atmospheric 
pressure by using processing techniques such as pres- 
surized induction melting, plasma remelting, hot 
isostatic pressure (HIP) melting, and pressurized elec- 
troslag remelting (PESR) 1-17-20]. There is currently 
commercial production of high-nitrogen steels using 
PESR in which nitrogen is added directly into the 
melt via nitrogen-bearing additives such as Cr N, 
Fe-Cr-N, Mn-N, and/or Si-N. The other processes 
mentioned rely on nitrogen pick-up at the interface 

13022-2461 �9 1992 Chapman & Hall 61 05 



between the molten metal and gas through the break- 
down of the diatomic nitrogen gas molecule (N2) to 
monoatomic nitrogen (N) which is then absorbed into 
the molten metal. The nitrogen pick-up in this case is 
time dependent and the processes which rely on this 
phenomenon can have chemical segregation problems 
[17, 18, 21]. 

Research in nitrogen alloying has recently centred 
around the introduction of greater amounts of nitro- 
gen into austenitic materials. These nitrogen levels 
greatly exceed the nitrogen solubility in the materials 
at atmospheric pressure. Such high nitrogen contents 
can lead to either primary or secondary nitride forma- 
tion in the melt, or highly supersaturated solutions in 
which nitride precipitation occurs upon thermal ex- 
posure at elevated temperatures for even short periods 
of time. 

In the present study, microstructural development 
in as-cast Fe-15Cr-15Ni-N alloys with nitrogen con- 
tents varying from 0.04-3.6wt % was characterized 
and correlated to the phase reactions thought to occur 
in the quaternary system. The results are explained in 
terms of the effect of increasing nitrogen concentra- 
tions on phase equilibria in the Fe-15Cr-15Ni system. 

2. Experimental procedure 
High-nitrogen concentrations were achieved by melt- 
ing individual heats of Fe-15Cr-15Ni base material 
(0.7 kg) in a HIP furnace under nitrogen pressures 
of 0.1-150 MPa (1-1500 atm). A typical temperature/ 
pressure versus time profile used during the melting 
process is shown in Fig. 1. The materials were melted, 
held under the appropriate nitrogen pressure in the 
liquid state for at least 1 h, and subsequently furnace 
cooled under pressure (down to about 1000 ~ at a 
rate of approximately 20 ~ min- 1. The total nitrogen 
concentration of each material was determined with 
the inert gas-fusion technique using a Leco nitrogen- 
oxygen determinator, Model TC 436. 

The crystal phases present in the materials were 
initially identified using X-ray diffraction (XRD) ana- 
lysis (CuK~ radiation). The microstructures of the as- 
cast materials were characterized using optical micro- 
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Figure 1 Schematic temperature ( )/pressure (--.--) versus time 
profile for melting and solidification in the hot isostatic pressure 
furnace. 

scopy after etching with one of the following solutions; 
(1) 10 ml HNO3, 10 ml HC1, 10 ml glacial acetic acid, 
and 2 drops glycerol, or (2) etectrolytically with 10% 
oxalic acid. Three-dimensional morphologies of the 
nitride phases were characterized by examining metal- 
lographically prepared sections of the materials in a 
scanning electron microscope (SEM) after etching 
with a 10% bromine/methanol solution. 

Microstructures present in 0.6, 1.0, 1.9, and 3.6 wt % 
N materials were examined in detail using trans- 
mission electron microscopy (TEM). Specimens for 
TEM were sectioned from each material, ground to 
50 100 gm thickness, dimpled using 3 gm diamond 
paste, ion milled, and subsequently characterized 
using a Hitachi H800 analytical electron microscope. 
Specimens from the high-nitrogen materials could not 
be successfully prepared using the twin-jet electropol- 
ishing technique due to the high volume fraction of 
nitrides present. Standard selected-area diffraction 
pattern (SADP) analysis techniques were used to 
identify crystal phases in the TEM. Careful measure- 
ment of interplanar spacings was carried out using 
camera constants determined with a gold standard 
under identical instrument conditions. In addition, all 
of the diffraction patterns generated were compared to 
computer-generated diffraction patterns using known 
camera constants and assumed crystal structures of 
the phases being identified. 

3. Results and discussion 
3.1 .  P h a s e s ,  m i c r o s t r u c t u r e s  a n d  

m o r p h o l o g i e s  

The phases and the phase morphologies observed in 
the five Fe-15Cr-15Ni cast alloys with nitrogen con- 
centrations varying from 0.04 3.6 wt % are summar- 
ized in Table I. These results were compiled using 
XRD, optical microscopy, SEM, and TEM exam- 
inations. In Table I, the phase with the greatest vol- 
ume fraction is listed first with the remaining phases 
listed in decreasing order of concentration. Austenite 
was the primary solidification phase for all of the 
nitrogen compositions studied. The other phases pre- 
sent in the materials were chromium nitrides (CrzN 
and CrN). and martensite. The r~ phase (B-manganese 
structure), described by Kikuchi et al. [21, 22] to be 
the equilibrium nitride in high chromium-high nickel 
austenitic steels, was not present in any of the mater- 
ials. This is not unexpected because Kikuchi et al. 

described CrzN as an intermediate precipitate which 
transforms to the rc phase after long ageing times 
at temperatures between approximately 700 and 
1000 ~ 

The CrzN has a hexagonal crystal structure with 
lattice parameters of a = 0.481 nm and c = 0.448 nm, 
a c/a ratio of 0.932, and belongs to the space group 
P-31m. The lattice parameters of CrzN vary as a 
function of the nitrogen concentration in the nitride 
which has been reported to be between 11.3 and 
11.9 wt % (32 and 33.3at %). The stoichiometry of 
CrN reportedly does not vary and contains con- 
siderably more nitrogen at 21.2wt % (50at %). The 
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T A B L E I Nitrogen contents, phases and phase morphologies present in Fe 15Cr-15Ni-N alloys 

Alloy Phases Morphology 
(wt % N) present" 

0.04 y 

0.60 y 
Cr2N 
CrN 

1.0 y 

CrN 
Cr2N 
CrN 
CrN 

1,9 ~/ 
CrN 
CrN 

3.6 a' 
CrN 
Y 

Primary dendrites - single-phase material 

Primary dendrites 
"False pearlite" at austenite grain boundaries 
Secondary dendrites at austenite interdendritic regions 
Present at 7/CrN interfaces 

Primary dendrites 
Secondary dendrites at austenite interdendritic regions 
Lamellar precipitates in austenite interdendritic regions 
Micro-precipitates in austenite 
Lamellar precipitates in austenite interdendritic regions 
Present at 3,/CrN interface regions 

Primary dendrites 
Secondary dendrites at austenite interdendritic regions 
Micro-precipitates in austenite 
Present at 7/CrN interface regions 

Transformed from austenite in y/CrN eutectic regions 
Part of eutectic solidification (L ~ 7 + CrN) 
Primary dendrites 

a y = austenite (fcc), ~' = martensite (bc c). 

CrN has the cubic NaC1 structure with a lattice 
parameter of a = 0.414 nm [23 25]. 

Optical micrographs, representative of the micro- 
structures of the as-cast Fe 15Cr-15Ni materials, are 
shown in Figs 2-5. The nitride morphologies charac- 
teristic of these materials are illustrated by secondary 
electron micrographs (Figs 2-5). As mentioned pre- 
viously, the micrographs were taken after the speci- 
mens were etched with a 10% bromine/methanol 
solution which preferentially attacked the austenite 
and left the nitrides in relief, thus showing their three- 
dimensional structure. 

The magnetic properties of the materials increased 
with increasing nitrogen content. The 0,04wt % N 
material was totally non-magnetic, while all of the 
alloys with nitrogen contents of 0.6 wt % and greater 
were magnetic, with the 3.6wt % alloy showing the 
strongest magnetic properties. These observations, 
coupled with XRD results, revealed the presence of 
increasing martensite/ferrite volume fractions in the 
alloys with increasing nitrogen contents. 

The Fe-15Cr-15Ni material containing 0.04 wt % 
N had a single-phase structure consisting of austenite. 
No nitrides were observed in this material. The mater- 
ial containing 0.60 wt % N consisted of primary aus- 
tenite dendrites, but also contained the chromium 
nitrides Cr2N and CrN. The Cr2N nucleated at aus- 
tenite grain boundaries and precipitated with a 
lamellar morphology into adjacent austenite grains 
(Fig. 2a-c). The resulting cellular structure (austenite 
+ CrzN ) has been referred to as "false pearlite" due to 

its resemblance to pearlite in carbon steels. However, 
this CrzN formation does not occur as part of an 
eutectoid reaction, but results from the discontinuous 
(cellular) decomposition of austenite, according to the 
reaction 71 ~ 72 + Cr2N [-26, 27]. Dendritic solidi- 
fication of CrN occurred in a few isolated austenite 
interdendritic regions of this material. This is illustra- 
ted in the scanning electron micrograph of Fig. 2d in 

which a dendrite of CrN is shown surrounded by 
lamellar Cr2N. 

The cellular precipitation of Cr2N in high-nitrogen 
Fe-Cr-Ni  austenitic steels has been reported by many 
researchers. Kajihara et aL [26] applied a model for 
discontinuous precipitation of binary substitutional 
alloys by Hillert [28] to the cellular precipitation of 
Cr2N. It was assumed that the diffusivity of nitro- 
gen was infinite and the boundary diffusion of chro- 
mium along the moving cell boundary was the rate- 
controlling process. The primary features of the 
cellular precipitation of Cr2N in austenite can be 
summarized as follows. The growth of cells consisting 
of lamellar Cr2N and transformed austenite takes 
place by the long-range diffusion of nitrogen into the 
cell from the untransformed matrix. This leads to a 
decrease in the nitrogen supersaturation in the un- 
transformed matrix, a decrease in the driving force for 
precipitation, and therefore a decrease in the rate of 
cell-boundary migration. The cell boundary ceases to 
migrate even though the untransformed matrix is still 
supersaturated with nitrogen. The total nitrogen con- 
centration within a cell region (austenite and Cr2N) is 
greater than that of the initial untransformed matrix 
[27]. 

The 1.0 wt % N material had two regions with 
slightly varying microstructural features which were 
most likely created as a result of nitrogen segregation 
in the melt. These two regions are illustrated in the 
optical and secondary electron micrographs of Fig. 3. 
Both regions consisted of primary austenite dendrites, 
dendritic CrN located in austenite interdendritic re- 
gions, and lamellar Cr2N. However, in the first region, 
shown in Fig. 3a and b, CrN micro-precipitates 
formed in the austenite just outside of the inter- 
dendritic CrN. The scanning electron micrograph of 
Fig. 3b illustrates the very high density of CrN pre- 
cipitate s present in this region and the precipitate-free 
zone (pfz) between them and the dendritic CrN. The 
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Figure 2 0.6 N (wt %) alloy. (a, c) Optical micrographs showing the lamellar structure of the cellular decomposition products (austenite 
+ CrzN ). (b, d) Scanning electron micrographs of (b) lamellar CrzN and (d) lamellar Cr2N/secondary CrN dendrite. 

Cr2N was present outside of the micro-precipitates in 
austenite/Cr2N cells formed by cellular decomposi- 
tion of the primary austenite, similar to the 0.60 wt % 
N material. No CrN micro-precipitates were observed 
in the second region (Fig. 3c and d). However, along 
with the presence of lamellar Cr2N in this region, 
lamellar CrN was also observed. The lamellar CrN 
structure is discussed in Section 3.2. 

The 1.9 wt % N material contained more dendritic 
CrN, located in the austenite interdendritic regions, 
than the lower nitrogen materials (Fig. 4a). The den- 
dritic nature of this CrN is illustrated by the second- 
ary electron micrograph of Fig. 4b. This material also 
contained CrN micro-precipitates which formed in the 
austenite just outside the interdendritic CrN. The CrN 
micro-precipitates in this sample were identical to 
those in the 1.0 wt % N material. No Cr2N was 
present in this material. 

The microstructure typical of the 3.6 wt % N alloy 
is shown in the optical micrograph of Fig. 5a. The 
microstructure consisted of primary austenite den- 
drites and a two-phase CrN/martensite structure. The 
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CrN took on a rod-like morphology in this material 
as shown in the secondary electron micrograph of 
Fig. 5b. This suggests eutectic solidification took place 
in the remaining liquid, after primary austenite forma- 
tion, according to the reaction L ~ 7 + CrN. The 
austenite, destabilized by low chromium and nitrogen 
levels, then transformed to martensite upon further 
cooling of the material. The presence of the martensite 
is illustrated by the TEM results in the next section. As 
with the 1.9 wt % N alloy, no Cr2N was detected in 
this material. 

3.2. TEM e x a m i n a t i o n s  
The lamellar structure of the Cr2N in the 0.6 and 
1.0 wt % N materials is illustrated in the bright-field 
(BF) transmission electron micrographs of Fig. 6a and 
b, respectively. A typical selected-area diffraction pat- 
tern (SADP) taken from the austenite/Cr2N region of 
Fig. 6b is shown in Fig. 6c. The SADP of Fig. 6c is a 
[110]  zone axis (ZA) of the austenite matrix (bright 
spots) and a [ -  1100]  ZA of Cr2 N. For this and 



Figure 3 Optical and scanning electron micrographs from two regions of the 1.0 N (wt %) material. The first region (a, b) consisted of primary 
austenite, dendritic CrN, lamellar Cr2N, and CrN micro-precipitates. The second region (c, d) consisted of primary austenite, dendritic CrN, 
lamellar Cr2N , and lamellar CrN. 

Figure 4 1.9 N (wt %) alloy. (a) Optical micrograph showing primary austenite dendrites, secondary CrN dendrites (grey), and CrN micro- 
precipitates (black regions). (b) Scanning electron micrograph illustrating the dendritic nature of the CrN (grey phase in (a)). 
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Figure 5 3.6 N (wt %) alloy. (a) Optical micrograph of primary austenite dendrites and a two-phase CrN/martensite structure (see text). 
(b) Scanning electron micrograph showing the rod-like morphology of the CrN. 
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Figure 6 BF transmission electron micrographs of lamellar Cr2N/austenite from the (a) 0.6 N (wt %) and (b) 1.0 N (wt %) materials. (c) SADP 
from area shown in (b), and (d) schematic representation of the SADP. 
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other diffraction patterns analysed, the basal plane 
{0001} of the CrzN was parallel to the {111} of the 
austenite matrix. These results were confirmed with 
numerous diffraction patterns taken from austenite/ 
CrzN regions in both the 0.6 and 1.0 wt % N ma- 
terials. The orientation relationship between the 
CrzN and austenite in the materials of this study 
corresponds to that reported by Rayaprolu and 
Hendry [27], expressed as { l l l}7/ /{0001}CrzN 
and (110)7 / / (  - 1100)Cr2N. 

The diffraction pattern of Fig. 6c is shown schemati- 
cally in Fig. 6d which was constructed using the 
orientation relationship between the austenite and 
Cr2N described above. As stated by Rayaprolu and 
Hendry, this orientation relationship is consistent 
with the close packed planes of the fc c austenite and 
hexagonal Cr2N being parallel. The morphological 
characteristics (i.e. width, spacing, and continuity) of 
the Cr2N lamellae varied from region to region in the 
0.6 and 1.0 wt % N materials, but no crystallographic 
differences between these regions could be determined 
from the TEM results. Variations in the stoichiometry 
or lattice parameters of the Cr2N were not deter- 
mined. Formation characteristics of the austenite/ 
Cr2N cells were most likely controlled by local chem- 
istry and thermal effects. 

The lamellar CrN observed in the 1.0 wt % N 
material was located in a twinned region of the austen- 
ire matrix as shown in the transmission electron 
micrographs of Fig. 7. In all diffraction patterns taken 
from this region of the sample, the reflections from the 
austenite matrix and CrN lamellae were completely 
symmetric. Observation of several different zone axes 
indicated that the austenite matrix and lamellar CrN 
precipitates had a cube~:ube orientation relationship. 
This is illustrated in the [110] and [112] ZA patterns 
of Fig. 7c and e, respectively. The CrN lamellae were 
located at twin-matrix interfaces, completely within 
the matrix, and also crossed twin boundaries. Thus, 
although the CrN lamellae were parallel to the twin 
boundaries, they apparently did not nucleate at 
twin-matrix boundaries. This was the only region in 
any of the materials where significant twinning of the 
austenite was observed. 

The transmission electron micrographs of Fig. 8 
show CrN micro-precipitates typical of those found in 
the 1.0 and 1.9 wt % N materials. The precipitates 
were disc shaped and ranged in size from approxim- 
ately 0.1 0.5 pm. The CrN micro-precipitates exhib- 
ited the same cube cube orientation relationship with 
the austenite matrix as the CrN lamellae (Fig. 8c and 
e). The austenite regions containing the CrN micro- 
precipitates were more highly dislocated than the 
austenite outside those regions. This is not unexpec- 
ted, considering the high density of the CrN pre- 
cipitates and the volume strain energy generated by 
the precipitation process. 

It was stated earlier that the martensite/ferrite con- 
tent of the materials increased with increasing ni- 
trogen as evinced by XRD results and the changes in 
the magnetic properties of the materials. The trans- 
mission electron micrograph of Fig. 9, taken from the 
1.9 wt % N material, shows dendritic CrN located in a 

primary austenite interdendritic region. The CrN in 
this material was bounded by a layer of martensite 
(labelled ~' in the micrograph of Fig. 9). Outside of the 
martensite/CrN region, the material was entirely aus- 
tenitic. The martensite in this and other samples, 
identified by selected-area diffraction, had very high 
dislocation densities with some twinning also ob- 
served. In the materials containing 0.6 and 1.0 wt % N, 
layers of martensite surrounding the dendritic CrN, 
typically thinner than those found in the 1.9 wt % N 
material, were also observed. 

In the material containing 3.6 wt % N, all of the 
austenite in the structure that appeared to have 
formed as a result ofa eutectic reaction (L --, 7 + CrN) 
transformed to martensite. The only remaining aus- 
tenite in this material was the primary austenite den- 
drites and isolated blocks of retained austenite located 
within the martensite/CrN structure. The transmis- 
sion electron micrograph of Fig. 10 was taken from 
the eutectic region of the 3.6 wt % N material and 
shows the rod-like CrN (in cross-section) and the 
surrounding lath martensite structure. 

Increasing volume fractions of CrN in the materials 
resulted in corresponding increases in martensite con- 
tents. Martensite formation in the 0.6, 1.0 and 1.9 
wt % N materials was restricted to the interfacial 
regions between CrN dendrites and the surrounding 
austenite. The martensite most likely formed as a 
result of two phenomena, depletion of alloying ele- 
ments (primarily chromium and nitrogen) at the inter- 
facial regions which destabilized the austenite, and 
strain-induced transformation due to differences in the 
thermal expansion coefficients of CrN and austenite. 
Although alloy depletion is considered to be primary, 
both effects would be expected to increase with in- 
creasing volume fractions of CrN and result in in- 
creased martensite formation, as observed. 

In the 3.6 wt % N material, the martensite was 
likely formed primarily as a result of decreasing aus- 
tenite stability due to the depletion of alloying ele- 
ments (primarily chromium, but probably also ni- 
trogen) caused by the formation of large volume 
fractions of CrN. This material contained about 
18%-20% (by volume) CrN. Thus, it can be estimated 
that the chromium content in the remaining austenite 
was reduced to between 5 and 6 wt %. It is expected 
that a reduction in chromium levels of this magnitude 
wouldhave a significant effect on the stability of the 
austenite. 

3.3. Microstructural deve[opment 
Primary austenite solidification of Fe-15Cr-15Ni 
alloys is predicted at very low concentrations of 
nitrogen, which is a powerful austenite stabilizer, 
because the nickel content of the alloy is high. 
Chromium is expected to be rejected into the melt 
during solidification of primary austenite dendrites 
resulting in chromium enrichment in the remaining 
liquid [29]. It is suggested that in the alloys of the 
current study nitrogen was also rejected into the melt 
during solidification. The evidence for this is the no- 
table lack of nitride precipitates in primary austenite 
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Figure 7 (a, b) BF transmission electron micrographs ofCrN lamel- 
lae in twinned austenite of 1.0 N (wt %) material. (c) SADP and 
(d) corresponding schematic diagram from twinned austenite/CrN 
region. (e) SADP [-1 12] zone axis (austenite matrix outside bright 
spots, inside spots are from CrN and double diffraction) from 
CrN/austenite. 

dendrites, except at interdendritic regions. This indi- 
cates that the nitrogen content in the primary austen- 
ite dendrites was much lower than in the interdendritic 
regions. Dendritic solidification of CrN occurred in 
the austenite interdendritic regions and the solid-state 
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precipitation reactions also took place in these regions 
of high chromium and nitrogen concentrations. Even 
in the alloy which contained a bulk nitrogen concen- 
tration of 3.6 wt % and a volume fraction of CrN 
around 20%, no precipitation of nitrides occurred in 
the primary austenite dendrites during cooling. These 
observations contradict literature reports that the ni- 
trogen solubility in the austenite of F e - C r - N i  mater- 
ials is greater than that in the liquid [-22]. 

The effect of nickel in the present alloy system is 
basically one of stabilizing and increasing the austen- 
ire phase field. Second phases involving nickel were 
not expected to be present in the materials of this 
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Figure8 (a, b) BF transmission electron micrographs of aus- 
tenite/CrN micro-precipitate region (1.0 and 1.9 wt % N alloys). 
(c) SADP from a region similar to (a) and (d) corresponding 
schematic diagram showing matching [1 1 2] zones of austenite 
(fcc) and CrN (fcc), and spots due to double diffraction. (e) An 
additional SADP [l 1 0] zone (austenite matrix outside bright spots, 
inside spots from CrN). 

study, and none were observed. Therefore, it is as- 
sumed that the ternary F e - C r - N  system can be used 
to predict microstructural  format ion in the Fe C r -  
Ni N system keeping in mind the significant role of 
nickel in altering phase fields but probably  not  the 
reactions themselves. 

A pseudo-phase diagram, constructed for the cur- 
rent alloy system and developed from the work of 
Frisk and Hillert [30], is presented in Fig. I I as an 
explanat ion of  the microstructural  development in the 
present alloys. All of the alloys passed through a two- 
phase L + y field first, after which either solidification 
completed as austenite, or a three-phase field (L + y 
+ CrN) was entered. The final microstructures de- 

veloped due to alloy segregation which resulted from 
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Figure 9 1.9 N (wt %) alloy. BF transmission electron micrograph 
taken from interdendritic region of primary austenite and showing 
dendritic CrN bounded by martensite (dark areas, labelled ~') and 
austenite (% 
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Figure l l  Pseudo-phase diagram constructed for the current 
Fe-15Cr-15Ni N alloy system, developed from the work of Frisk 
and Hillert [30]. 

Figure 10 3.6 N (wt %) alloy. BF transmission electron micrograph 
showing cross-section of rod-like CrN and lath martensite. 

the rejection of chromium and nitrogen from the 
austenite during primary solidification. Solid-state 
precipitation of nitrides subsequently occurred in the 
enriched regions of the austenite during cooling. The 
diagram presented in Fig. 11 is obviously over-simpli- 
fied and neglects the possibility of the alloys having 
intersected a four or five phase plane, or the presence 
of a four-phase field. However, the proposed pseudo- 
phase diagram does explain the current results if 
segregation effects and alloy rejection from the austen- 
ite are taken into account. 

4. C o n c l u s i o n  
The microstructural development of cast Fe-15C~ 
15Ni-N alloys with nitrogen contents ranging from 
0.04-3.6 wt %, melted and solidified under high ni- 
trogen pressures, has been characterized. As=expected, 

61.1 4 

the volume fraction of chromium-rich nitrides in the 
materials increased with increasing bulk nitrogen con- 
centrations. A pseudo-phase diagram (Fig. 11) was 
developed from the work of Frisk and Hillert [30] to 
explain the microstructural development in the cur- 
rent alloy system. 

Primary austenite solidification occurred in all of 
the Fe-15Cr-15Ni alloys studied. Dendritic solidi- 
fication of CrN (cubic, NaC1 structure) occurred in 
interdendritic regions of the primary austenite in 
alloys with 0.6, 1.0 and 1.9 wt % N. Increasing mar- 
tensite contents were present in the alloys as a function 
of increasing volume fractions of CrN. Martensite 
formation in the 0.6, 1.0 and 1.9 wt % N materials was 
restricted to the interfacial regions between CrN den- 
drites and the surrounding austenite. The trans- 
formations likely occurred as a result of two phe- 
nomena, the primary one being the depletion of 
alloying elements (primarily chromium and nitrogen) 
at interracial regions which destabilized the austenite. 
The other possibility that should be considered is 
strain-induced transformation due to differences in the 
thermal expansion coefficients of CrN and austenite. 

Cellular precipitation of Cr2N (hexagonal crystal 
structure, P-31m space group) occurred in the austen- 
ite of alloys with 0.6 and 1.0 wt% N. The Cr2N 
nucleated at austenite grain boundaries (interdendritic 
regions in 1.0 wt % N alloy) and precipitated with a 
lamellar morphology into adjacent austenite grains. 
This Cr2N formation resulted from the discontinuous 
(cellular) decomposition of austenite, according to 
the reaction '/1 ~ Y2 + Cr2N [26, 27]. The orienta- 
tion relationship obtained between the Cr2N and 
austenite, expressed as {1 1 1}7//{0001}CrzN and 
(1 1 0)7/ / (  - 1 1 00)Cr2N, corresponded to that re- 
ported in the literature [27]. In addition to lamellar 
Cr2 N, the 1.0 wt % N material contained CrN which 



precipitated in two morphologies, disc-shaped micro- 
precipitates varying in size from about 0.1-0.5 lain, 
and lamellar CrN. Both forms of CrN had cube-cube 
orientation relationships with the austenite. 

Materials with nitrogen contents of 1.9 and 3.6 
wt % did not contain the CrzN nitride, but contained 
large volume fractions of CrN. Along with the den- 
dritic solidification of CrN in primary austenite inter- 
dendritic regions of the 1.9 wt % N alloy, high-density 
areas of CrN micro-precipitates formed which were 
identical to those in the 1.0 wt % N material. 

Primary austenite solidification in the material con- 
taining 3.6 wt % N comprised only about 10% of the 
material volume. The remainder of the material solidi- 
fied as a eutectic according to the reaction L--*'7 
+ CrN. The CrN in this material had a distinct rod- 

like morphology. All of the austenite in the eutectic 
region subsequently transformed to martensite due to 
the depletion of alloying elements (primarily chro- 
mium, but probably also nitrogen) caused by the 
formation of large volume fractions of CrN (approx- 
imately 18%-20% by volume). 
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