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High pressure nitrogen gas alloying 
of Fe-Cr-Ni alloys 
Part I Nitride composition and nitrogen 
concentration 
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The concentration of nitrogen in molten Fe-Cr-Ni alloys has been substantially increased by 
melting under nitrogen overpressures. Total nitrogen concentrations exceeding 26 at % were 
obtained when melted under 200 MPa. Nitrogen is present in solidified alloys as interstitial 
nitrogen and as metal nitrides. The nitrogen concentration depends upon the alloy 
composition; nickel decreases the nitrogen concentration, whereas chromium increases the 
concentration. When iron and Fe-Ni alloys were melted under high nitrogen pressures they 
produced iron nitrides and when Fe-Cr-Ni alloys were melted they produced CrN dendrites 
and precipitates. 

1. In t roduct ion  
Nitrogen alloying of steels, especially stainless steels, is 
a very effective technique for increasing tensile proper- 
ties [ l-4].  The yield strength of nitrogen steels is 
proportional to the (interstitial) nitrogen solubility [5] 
which, in turn, depends on alloy composition [6, 7]. 
For solid Fe-Cr-Ni  alloys, the nitrogen solubility is 
observed experimentally to be less than 1 at % at 1 
atm. Nitrogen solubility can be increased, however, by 
melting steels under elevated nitrogen pressures [-7-9]. 
Nitrogen concentrations approaching 4 at % have 
been achieved when melting under a nitrogen pressure 
of 200 MPa [21]. However, nitrogen solubility also 
depends upon the crystal structure of the matrix, alloy 
composition, and temperature [10]. At 1 atm, ni- 
trogen solubility in ferrite or martensite is 0.029 at % 
at room temperature and increases to 0.20 at % at 
1400~ While the nitrogen solubility in the bcc  
phase is 0.20 at % at elevated temperatures, the ni- 
trogen solubility in the high-temperature fc c phase is 
approximately 1.46 at %. Carbon and nickel decrease 
the nitrogen solubility, while chromium and mangan- 
ese alloying increase the nitrogen solubility [11]. For 
example, in the f c c material, Fe-5Mn-3Ni-18Cr, 
nitrogen solubility can reach 2.60 at % at l a t m  [8]. 

As stated above, nitrogen solubility can be in- 
creased by increasing the nitrogen overpressure. In the 
study described below, Fe-Cr-Ni  alloys were melted 
in a hot-isostatic-pressure (HIP) furnace under ultra- 
high nitrogen pressure, 200 MPa, to increase substan- 
tially the overall nitrogen concentration. The nitrogen 
distribution in the resulting steels is described and the 
effects of nitrogen high-pressure melting (N-HPM) on 
the microstructure within a series of Fe-Cr-Ni  alloys 
is discussed. 

This research is part of the US Bureau of Mines' 
Advanced Alloying Technology programme to im- 
prove mechanical and environmental properties 
through new processing techniques, and/or new alloy 
compositions. In particular, this study investigated 
replacement of iron-carbon steels with iron-nitrogen 
steels. 

2. Experimental procedure 
Elemental iron, chromium and nickel powders were 
melted in an HIP furnace using nitrogen as a cover 
gas. The samples were then sectioned and prepared for 
examination by X-ray diffraction (XRD), as well as by 
optical and electron microscopy. 

A series of ten different 100 g Fe-Cr-Ni  alloy com- 
positions was prepared (Table I) by melting small, 
granular chunks of 99.99 % pure elemental metals in 
AlzO 3 crucibles within an HIP furnace. The furnace 
was heated to 1650 ~ (chromium melts at 1863 ~ 
and the pressure was raised to 200 MPa (2000 atm). 
To allow the nitrogen to reach equilibrium and to 
become uniformly distributed, the temperature and 
pressure were held constant for 1 h. The temperature 
was then lowered well below the melting point before 
decreasing the nitrogen pressure (Fig. 1). The N-HPM 
alloys were then removed from the furnace and pre- 
pared for microscopic examination by horizontal sec- 
tioning with a diamond saw, mounted in epoxy, and 
ground to a 0.04 ~tm finish by mechanical polishing. 

Elemental metal composition (iron, nickel and 
chromium) was determined using X-ray fluorescence 
and scanning electron microscope-energy dispersive 
X-ray (SEM-EDX) (Table I). Small quantities (less 
than 2 g samples) of each alloy were sectioned for 
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TABLE I Elemental and nitride analysis (at %) 

Sample Alloy Composition Matrix Nitrogen Chromium nitrides 

Fe Ni Cr chromium Total Interstitial Dendrites Precipitates 

1 1 0 0  - - - 4.9 2.6 - - 

2 83.5 16.5 - - 2.3 1.7 - - 
3 69.5 30.4 - - 1.2 0.9 - - 
4 83.4 - 16.1 7.3 16.3 0,4 8.8 7.1 
5 65.3 - 34.2 16.3 26.4 0,8 17.9 7.7 
6 68.3 15.2 16.5 5.6 14.8 0,6 10.9 3.3 
7 53.9 14.8 31.3 13.1 21.0 1,1 18.2 1.7 
8 54.9 30.1 15.0 6.7 12.5 0.4 8.3 3.8 
9 38.6 28.2 33.2 14,3 20.2 0.9 18.9 0.4 

10 70.3 11.0 18.6 7,5 16.9 0.7 11.1 5,1 

TAB L E I I Phase analysis: experimental versus predicted 

Sample Alloy composition Matrix phase Precipitates Phases present" 
(wt %) (%) reactive amount (%) 

Fe Ni Cr b c c/b c t f c c CrN (Fe, Cr)2N Optical Schaeffler 
metallography prediction 

1 1 0 0  - - 1 0 0  - 8 M M-A 
2 84 16 - 40 60 - 2(Fe4N) A(M) A-M 
3 69 31 - - 100 - - A A 
4 83 - 16 100 - 25 ? M M 
5 65 - 34 ~00 - 40 - M M 
6 68 15 17 20 80 25 - A-M A-M 
7 54 15 31 100 35 - A A 
8 54 30 15 100 20 ? A A 
9 39 28 33 - 100 30 ? A A 

10 70 11 19 40 60 20 A-M A-M 

a A, austenite; m, martensite. 
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Figure 1 N-HPM experimental test schedule: time, temperature, 
and pressure profiles. 

ni t rogen analysis. Two different ni t rogen analyses 
were conducted.  In  the first analysis, the total n i t rogen 
concent ra t ion  was determined using an  LECO 
n i t rogen-oxygen  determinator.  In  this technique, 
samples were heated in excess of 3000~ and the 
volume of ni t rogen liberated was determined. In  the 
second analysis, the interstitial n i t rogen in the metal  
matr ix  was determined by first dissolving the metal in 
an acid solut ion and then analysing the solut ion for 
ni t rogen using Kjeldahl analysis. Multiple sampling of 
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the total ni trogen concent ra t ion  showed a var iat ion of 

less than + 0.2 at % and the interstitial ni t rogen 
variat ion to be approximately +_ 0.3 at %. 

Crystal lographic phases of the N - H P M  alloys were 
determined by X-ray diffraction of the polished sur- 
faces (Table II). The surfaces were then examined 
using optical microscopy, SEM, S E M - E D X ,  and 

scanning t ransmission electron microscopy (STEM). 

Optical  microscopy was used in  conjunc t ion  with 
chemical and magnetic etchants to identify crystalline 

phases (Table II). The polished samples were first 
etched with austenitic stainless steel etchant,  ASTM 
89 [12], to delineate grain boundaries.  Martensi te  
phase was identified by its distinctive non-equiaxed 
grain structure. A magnet ic  etchant  was then used to 
differentiate further between austenitic, ferritic, and/or  
martensi t ic  phases [13]. Any structure with residual 

magnet ism attracted the colloidal F e 3 0  4 particles in 
the etchant. Ferrite acquires a uniform coating of 
etchant  particles, martensi te  becomes non-uni formly  
coated and  appears to have light and dark regions, 
and  austenite is not  affected. 

Optical  microscopy and  SEM analysis of the 
F e - C r - N i  alloys revealed the presence of several dif- 
ferent metal nitride structures. The three-dimensional  
structure of these nitride structures was revealed by 
dissolving the metal matrix with a methanol  10 % 



bromine solution leaving behind the metal nitrides 
(Table I). 

STEM was also used to analyse several of the 
Fe-Cr-Ni  alloys. The samples were prepared by thin- 
ning in an ion mill. Electron diffraction was used to 
identify the crystal orientation of the matrix and 
submicrometre-sized precipitates. 

3. Data and analysis 
Increased nitrogen concentration resulting from N- 
HPM iron and Fe Ni alloys produces a martensite 
matrix phase and iron-nitrides in the alloys after 
cooling to room temperature (Fig. 2). As the nickel 
concentration increases, the quantity of iron nitrides 
decreases. In pure iron, the metal nitride is Fe2N. In 
Fe-15Ni, there is evidence of Fe4N formation, to- 
gether with FezN. In Fe-30Ni, no metal nitrides are 
observed (Table II). 

The total nitrogen concentration for a given 
chromium level is related to the alloying composition 
and alloy concentrations (Fig. 3). The higher the 
nickel concentration, the lower is the nitrogen concen- 
tration: the higher the chromium concentration, the 
higher is the nitrogen concentration. For Fe -Ni -Cr  
alloys, the interstitial nitrogen concentration is almost 
independent of the nickel concentration (Fig. 4). How- 

ever, for the Fe-Ni alloys, there is a sharp decrease in 
both the total and the interstitial nitrogen concentra- 
tions as the nickel concentration increases. 

The limited number of samples and the limited 
variation of sample composition restrict the depth of 
thermodynamic analysis possible. However, using the 
total nitrogen solubility data in Table I, it is possible 
to determine a nitrogen activity coefficient as a func- 
tion of alloy composition [ 14-16]. Statistically deter- 
mined interaction coefficients are presented in 
Table III. The close similarity between the interaction 
coefficients values determined in this study at 
200 MPa and those previously reported values deter- 
mined at 0.1 MPa suggests that there are limited 
effects on the nitrogen activity due to the elevated 
pressure: The large increase in nitrogen solubility is 
therefore related to Sievert's Law and the nitrogen 
pressure used during melting. Fig. 5 shows the agree- 
ment between the empirically determined nitrogen 
concentration using the statistically determined inter- 
action coefficients and the measured nitrogen concen- 
tration. 

"~ 20 

~0 

Figure 3 Total nitrogen as a function of chromium nickel concen- 
trations. Note the large effect of chromium addition and the small 

negative effect of nickel. 

Figure 2 Scanning electron micrographs. Iron and Fe-15Ni-15Cr. 
(a) Iron, the linear substructure is F%N. (b) Fe-15Cr-15Ni, the 
larger precipitates are primary dendrites, the smaller precipitates 
are two-phase eutectics. 
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Figure 4 Interstitial nitrogen as a function of chromium and nickel 
concentration. Nickel decreases the nitrogen concentration, 
chromium enhances the interstitial nitrogen concentration. (�9 0 
Cr, (73) 15 Cr, (O) 20 Cr, (A) 30 Cr. 
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T A B  L E I I I Thermodynamic interaction coefficients 
ln[N, wt %] = oti[Xi] + ~2[X2] + "", X = alloy concentration 
(wt %1 

Reference Cr Cr x Cr Ni Cr x Ni R z 

Present work - 0.058 0.0011 0.017 - 0.000 46 0.98 
[18-20] - 0.052 0.0011 0.011 - 0.000 41 - 

4 i q�9 J 

22 

0 t I I 
1 2 3 
Measured nitrogen (wt %) 

Figure 5 Relationship between the estimated and experimentally 
observed nitrogen concentration for Fe-Cr-Ni alloys melted under 
200 MPa nitrogen. 

Elemental composition of the metal matrix changes 
during the N - H P M  process with the quantity of 
chromium present in the metal matrix being reduced. 
The difference between the chromium present before 
and after N-HPM is proportional to the difference in 
total nitrogen minus interstitial nitrogen and is related 
to the concentration of CrN formed. The quantity of 
CrN can be verified by determining the nitrogen tied- 
up as CrN, i.e. proportional to the difference in total 
nitrogen minus interstitial nitrogen (Table I). 

SEM (Fig. 6) and STEM (Fig. 7) analyses show 
several different physical forms of CrN: (i) equiaxed, 
primary dendrites, (ii) eutectic, secondary dendrites, 
(iii) "false" pearlite (laminar austenite and CrN), and 
(iv) submicrometre-sized precipitates. The form of 
CrN is strongly dependent on the alloy composition 
(Table I, Fig. 6). For alloys with no nickel in which the 
matrix is predominantly b c c  (ferrite or martensite), 
the dominant physical form of CrN structure is 
pearlite. 

For F e - N i - C r  alloys of predominantly fc c crystal 
structure (austenite), CrN is present as primary and 
secondary (eutectic) dendrites (Figs 6 and 7). The 
quantity of primary and secondary CrN dendrites 
increases with chromium concentration and is inde- 
pendent of nickel concentration (Table I, Fig. 8). 

The quantity of CrN precipitates formed by N- 
HPM depends both on the chromium the nickel 
concentration (Table I, Fig. 9), For iron and Fe-Ni  
alloys, increasing the nickel concentration slightly 
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Figure 6 CrN precipitates; different morphologies. (a) The three- 
dimensional features of the different chromium nitrides after re- 
moval of the austenitic matrix by etching with bromine alcohol 
solution. (b) Three different microconstituents are shown: (i) in the 
upper left are primary dendrites formed during cooling; (ii) the 
larger linear precipitates are CrN austenite eutectic phase formed 
during final solidification; (iii) the fine laminar precipitates are 
CrzN-austeni te  "false pearlite" formed from solid-solid trans- 
formations. 

Figure 7 CrN precipitates observed by STEM. 

increases the quantity of CrN precipitates formed. For 
F e - C r - N i  alloys, increasing the chromium concentra- 
tion decreases the quantity of CrN precipitates 
formed. There is a smaller effect due to nickel. 
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Figure 8 Chromium in CrN dendrites as a function of chromium 
and nickel. The numbers in parentheses refer to alloy composition 
(Table I). The amount of chromium nitrides in primary and eutectic 
dendrites is relatively independent of nickel concentration. (�9 0 Ni, 
(A) 15 Ni, (~)  10 Ni, (~)  30 Ni. 

Figure 11 STEM electron-diffraction. Selected area diffraction pat- 
tern from one of the Cr2N precipitates. 
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Figure 9 Chromium in CrN precipitate as a function of chromium 
and nickel. The amount of Cr2N formed is strongly dependent upon 
the nickel and chromium concentrations present. 
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Figure 10 The Schaeffler diagram. Plotted on the diagram are the 
various Fe-Cr-Ni alloys in their proper positions, when their nickel 
and matrix chromium (non-nitride) equivalencies are determined. 
See Table I for alloy identification. 

Phase identification (Table II) of the metal matrix is 
accomplished (i) by analysing XRD patterns, (ii) by 
optical microscopy utilizing chemical and magnetic 
etchants, and (iii) by determining the chromium and 

nickel (Ni wt % + 25 • interstitial N wt %, conver- 
sion from at % to wt % for these alloys can be accom- 
plished by multiplying by 4) equivalencies and plot- 
ting them on the Schaeffier diagram (Fig. 10). Results 
obtained by the three different techniques are com- 
parable. (Note, the X-ray patterns for both martensite 
and ferrite are bcc  for iron alloys with interstitial 
nitrogen concentrations less than 2.7 at % [10] and, 
therefore, cannot be differentiated.) The relative phase 
composition of the matrix and the quantity of metal 
nitride present are for comparison purposes only and 
are based upon the ratios of the strongest intensity 
peaks for each phase. 

STEM of the N-HPM chromium alloys shows the 
presence of submicrometre-sized precipitates in the 
metal matrix (Fig. 7). These precipitates have very 
angular geometry. Electron diffraction of these pre- 
cipitates and their surrounding matrix shows identical 
crystallographic alignments (Fig. 11). The d-spacing 
for the precipitates is consistent with CrN. The CrN 
precipitates and the metal matrix are coherent along 
the (1 1 1) plane. 

4. Discussion 
The nitrogen concentration in Fe-Cr-Ni  alloys is a 
function of nitrogen overpressure and alloy composi- 
tion. Increasing the nitrogen overpressure from 1 MPa 
to 200 MPa increases the interstitial nitrogen concen- 
tration from 0.055 at % to 2.6 a t% in pure iron. 
However, the same thermodynamical relationship, ni- 
trogen activity coefficient, and alloy activity coeffi- 
cients are obtained at 1 and 200 MPa. A decreasing 
linear relationship is obtained between the nickel 
concentration and the nitrogen solubility. An increas- 
ing linear relationship is obtained between the 
chromium concentration and the nitrogen solubility 
(Fig. 4). 

In addition to increasing the concentration of inter- 
stitial nitrogen, melting Fe-Ni-Cr  alloys under high 
pressure also results in the formation of metal nitrides. 
Different metal nitride morphologies form at different 
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Figure 12 Disposition of nitrogen and formation of metal nitrides 
during cooling. 

temperatures (Fig. 12) [17, 18]. During the high-tem- 
perature (1650 ~ high-pressure (200 MPa) N-HPM 
hold, nitrogen enters into the liquid and reaches a 
saturation concentration. Additional nitrogen results 
in the formation of CrN large equiaxed dendrites in 
the liquid. Because there is an infinite supply of ni- 
trogen but a finite supply of chromium, CrN dendrites 
grow to establish an equilibrium with the chromium in 
solution. The liquid alloy undergoes eutectic solidi- 
fication on cooling to form two-phase eutectic CrN 
and austenitic structure. After solidification is com- 
plete, the system continues to cool with solid-solid 
eutectoid transformation forming a CrzN austenite 
pearlitic structure (commonly referred to as "false" 
pearlite to distinguish it from the Fe-C pearlite). On 
further cooling, the supersaturated matrix ejects ni- 
trogen forming submicrometre-sized nitrides precipi- 
tates. 

The above sequence demonstrates that the quantity 
and structure of the metal nitride formed can be 
controlled by alloy composition and quantity of ni- 
trogen in the liquid, i.e. the nitrogen overpressure, and 
the cooling rate. 

In pure iron, the nitrogen concentration is increased 
by N-HPM from a maximum of less than 0.07 at % to 
greater than 2.6 at % interstitial nitrogen and 4,9 at % 
total nitrogen. The higher pressures also produce iron 
nitrides, mainly FezN and Fe4N. In addition, the 
increase in interstitial nitrogen results in the formation 
of a large quantity of martensite. 

In the Fe-Ni alloys, the higher the nickel con- 
centration, the lower is the interstitial and total ni- 
trogen concentration; the higher the nickel concentra- 
tion, the less metal nitride is formed. By the time the 
nickel concentration reaches 30 at %, no metal nitri- 
des are formed as determined by X-ray diffraction. 

In the chromium alloys, the higher the chromium 
concentration, the higher is the total and interstitial 
nitrogen concentration and the larger the quantity of 
CrN dendrites formed above the metal solidification 
temperature. 
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The solubility of nitrogen is known to be a function 
of alloy composition and the results of this study are 
consistent with other studies that indicate that 
chromium enhances the nitrogen solubililty more than 
nickel decreases its solubility [6, 7]. The types of 
nitrides formed are independent of chromium concen- 
tration, but may be regulated by nickel concentration. 

There are very few data in the literature on high- 
temperature high-pressure phase equilibria for the 
Fe-Ni-Cr-N alloy system [19]. However, Frisk and 
Hillert [20] have calculated nitrogen-metal phase 
diagrams for several (Fe-Ni-Cr)-N alloys. They have 
concluded that CrN is stable in Fe-25Cr above 8 
at % nitrogen. It is therefore, reasonable to propose 
that CrN may be stable in Fe-(10-15)Cr-(10-15)Ni 
alloys, with less than 8.0 at % nitrogen. 

In the present study, the physical form of the CrN 
was found to be highly dependent on alloy composi- 
tion. For Fe-Cr alloys, the matrix alloy is b c c and the 
dominant physical form of CrN is coarse pearlite. The 
pearlitic structure results from a high concentration of 
nitrogen in the matrix metal after solidification and 
the low solubility of nitrogen in the b c c lattice. For 
the Fe-Cr-Ni alloys the crystal phase structure of the 
matrix is fcc and the predominant physical form of 
CrN is dendritic. The higher solubility of nitrogen in 
the fc c lattice allows a higher level of nitrogen super- 
saturation in the solid metal and, thus, reduces the 
quantity of nitrogen available for formation of 
pearlite. 

The interstitial nitrogen atoms are located in the 
centre of the (1 0 0) face of the b c c structures and at 
the centre of a corner site in the fc c lattice [20, 21]. As 
the interstitial nitrogen concentration increases or as 
the temperature is reduced, nitrogen atoms introduce 
strain into the crystal lattice. If there is sufficient 
thermal energy, the nitrogen atoms diffuse into re- 
gions where they can collect and align themselves so as 
to minimize lattice strain. Minimal lattice strain dis- 
tortion occurs when the nitrogen atoms assume a 
sheet configuration along preferred crystallographic 
directions [20]. Nitrogen is particularly attracted to 
those regions of high-chromium, low-nickel concen- 
tration [21]. Eventually, the matrix nitrogen concen- 
tration becomes sufficiently high to form submicro- 
metre-sized precipitates coherent with the metal lat- 
tice along preferred lattice directions. 

5. Conclusion 
Melting Fe Cr-Ni alloys under nitrogen overpres- 
sure and solidifying the alloys before relaxing the 
pressure increases the total nitrogen in the alloys. 
Nitrogen solubility is highly dependent upon the alloy 
concentration and the overpressure. Total nitrogen 
concentration for these alloys prepared under ni- 
trogen high-pressure melting can be significantly grea- 
ter than the interstitial nitrogen concentration owing 
to the formation of metal nitrides within the liquid 
alloy. For Fe-Ni-Cr alloys, the interstitial nitrogen 
concentration can reach approximately 1.0 at%, 
while the total nitrogen concentration can exceed 26 
at %. The phase structure of Fe Cr-Ni-N alloys can 



be predicted from the Schaeffler diagram using the 
nickel equivalent (Ni + 25 x interstitial N wt %) and 
the chromium equivalent determined after removing 
the chromium tied up as CrN. The physical form of 
the CrN precipitates and dendrites is consistent with 
the phase diagrams determined at 1 arm. 
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