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A new modified austenitic stainless steel has been developed through partial replacement of nickel by nitrogen. Nitrogen stainless
steel was produced in 10 kg induction furnace under nitrogen pressure, while reference one, AISI 316 steel grade, was produced in
open-induction furnace. Both were cast and hot forged, and the total nitrogen was determined. Furthermore, the produced forged
steels were subjected to solution treatment at different temperatures. The microstructure of produced stainless steels was observed.
The X-ray diffractmeter and Mossbauer effect spectroscopy were used to follow the phase change in reference and modified steels
after different heat treatment temperatures. The influence of grain-size, soluble, and insoluble nitrogen on tensile strength and
hardness was investigated. The major phase in the modified steel has a fcc structure similar to the reference one, but with finer
grains and more expanded lattice. The yield strength and hardness of the nitrogen-modified stainless steel are higher than the

reference steel. On the other hand, the increase of nitrogen content deteriorates the steel ductility.

1. Introduction

Over the past few decades, there is a trend in the that
world aims at the replacement of nickel by nitrogen as an
austenitic stabilizer element [1—4], as nitrogen is considered
as the strongest austenitic stabilizer element among all the
austenitic stabilizers, that is, C, Mn, Ni, and Cu.

The partial replacement of nickel by nitrogen increases
mechanical properties, besides the improvement of corro-
sion resistance [5].

High-nitrogen stainless steels can be produced in the
liquid state [6] by different techniques such as induction
furnace, electric arc furnace, gas bubbling in liquid steels,
pressure electroslag remelting (PESR), plasma arc melting,
and arc-slag melting. Each melting technique has advantages
and disadvantages. For example, PESR is complicated and
expensive. On the other hand, nitrogen gas alloying and
addition of nitrided ferroalloys under normal atmospheric
conditions is a simple and feasible method, but the nitrogen
content of produced steel is limited. To increase the nitrogen
content, the nitrogen partial pressure must be increased. This

can take place through melting in induction furnace under
nitrogen pressure [6].

The main problem—faced by steel-making researchers—
is not only how to introduce nitrogen into molten stainless
steel but also how to keep it during the solidification and heat
treatment.

This paper aims at developing an innovating grade of
austenitic stainless steel by nickel partial replacement with
nitrogen produced in induction furnace under nitrogen
pressure. In this study, the phase transformations, resulting
from this partial replacement, were examined. Furthermore,
the dissolution of nitride precipitates and other phase
transformations that occur during heat treatment and its
effect on the mechanical properties have been investigated.

2. Experimental

Two types of stainless steel, reference and modified stainless
steels, with different contents of nickel and nitrogen were
melted in 10 kg induction furnace type IF-001. The reference
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TaBLE 1: Chemical composition of the produced stainless steels, wt%.

Steel type C Si Mn Cr Mo Ni N P S
Reference steel 0.077 1.44 1.41 17.98 2.19 14.1 0.010 0.017 0.013
Modified steel 0.080 1.53 1.24 17.61 2.87 8.93 0.379 0.024 0.013
TABLE 2: Weight percent of total NMI and precipitates.
Reference steel heat-treated at Modified steel heat-treated at
Sample 1100°C 1200°C 1100°C 1200°C
NMI and precipitates wt% 0.44 0.21 0.57 0.32

TaBLE 3: Insoluble and soluble nitrogen in modified nitrogen stainless steel after different heat treatment temperatures.

Modified stainless steel treated at 1100°C Modified stainless steel treated at 1200°C

Nitrogen status .
Nitrogen content,

% relative to the total

. % relative to the total
Nitrogen content, wt% ° v

wt% nitrogen nitrogen
Soluble nitrogen content 0.362 0.368 97.1
Insoluble nitrogen 0.017 0.011 59

(nitrides) content

steel was melted in open air, while modified austenitic
stainless steel with high nitrogen was melted under nitrogen
pressure. Both molten metals were cast in refractory sand
mould at 1600°C, in air and under nitrogen pressure,
respectively. The produced ingots, with square cross-section
dimensions 67 mm X 67 mm, were recharged into reheating
furnace. The ingots were heated up to 1150°C and held
for 1 hour. The forging process started at 1150°C by using
load of one ton free forging (dieing) to produce square rods
of 25 x 25mm?. The chemical compositions of produced
steels were determined by using spectroscopic analysis. The
heat treatment processes of investigated stainless steels were
carried out at 1100°C, and 1200°C, kept for one hour,
followed by water quenching. The quenched stainless steels
were tempered at 300°C for one hour. Hardness (HV) tests
were carried out on polished stainless steel samples. Tensile
tests were carried out at room temperature for stainless
steel samples. Microstructure examination of heat-treated
steels was carried out using optical microscope. Samples of
tempered stainless steels after heat treatment were subjected
to electrolytic dissolution for isolation of precipitates and
nonmetallic inclusions. Nonmetallic inclusions were exam-
ined using X-ray diffractometer. The kjeldahl method [7] was
used to determine the total and insoluble nitrogen content in
modified stainless steels.

Mossbauer effect spectroscopy was used to follow the
phase change in reference and modified steels after heat
treatment at 1100°C and 1200°C. The spectra of the studied
samples were recorded at room temperature in a trans-
mission geometry using a standard constant acceleration
spectrometer. A 25 mCi 57Co radioactive source in Rh
matrix was used. The spectra were analyzed using a computer

program based on both Lorentzian and Gaussian line shapes
which can fit up to forty ME absorption peeks in the
same spectrum. The isomer shifts (ISs) were calculated with
respect to a metallic iron calibration spectrum.

3. Results and Discussion

The chemical compositions of reference and modified stain-
less steels are given in Table 1.

3.1. Effect of Heat Treatment on Precipitates and Nonmetallic
Inclusions. The precipitates and nonmetallic inclusions of
stainless steels were isolated, collected, and analyzed. The
weight percentage of precipitates of 50 gm dissolved steels
was determined and given in Table 2. The nonmetallic
inclusions were investigated by XRD. The wt% of soluble
and insoluble nitrogen in each sample of the modified steel
was determined, and the percent of the soluble and insoluble
nitrogen relative to the total nitrogen content was calculated
(Table 3).

It is clear from Table 2 that the amount of NMI separated
from the modified steel is higher than that of the reference
one which may be due to the presence of nitrides inclusions.

These results were confirmed by the XRD examination
of NMI, separated from reference steel and modified one.
XRD examination showed that NMI separated from the
reference steel consists mainly of iron and chromium oxides
and some carbide, while the NMI separated from modified
steel consists mainly of Cr,N beside iron and chromium
oxides. The peak of Cr, N in modified steel heat-treated at
1100°C was found to be higher than that of steel heat-treated
at 1200°C.
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F1GURE 1: Microstructure of heat-treated (a) reference steel at 1100°C, (b) reference steel at 1200°C, (c) modified steel at 1100°C, and (d)
modified steel at 1200°C (etched with 40% glycerin, 40% nitric acid, and 20% hyrochloric acid).

TABLE 4: Estimated grain size for the samples according to ASTM-E112.

Reference steel Reference steel Modified steel Modified steel
heat-treated at 1100°C heat-treated at 1200°C heat-treated at 1100°C heat-treated at 1200°C
Grain size, ym 26 42 14 33

The results in Table 3 show that, for modified stainless
steel, the content of soluble nitrogen increases by increasing
the heat treatment temperature, leading to a decrease of
insoluble nitrogen (as nitrides), which could be attributed to
the higher solubility of Cr, N at higher temperature.

3.2. Microstructure. The microstructure and grain-size mea-
surements for samples of the reference and modified steel
heat-treated at 1100°C and 1200°C are shown in Figure 1 and
Table 4. It is clear from this figure and table that the steels of
identical analysis have different grain growth characteristics
so that the austenitic grain size of the steel heat-treated at
1100°C is finer than that heat-treated at 1200°C. On the
other hand, examination of the microstructure at the same
temperature showed that the grain size of the modified steel
is finer compared with that of its corresponding reference
one which was confirmed by the grain-size measurements.
These results coincide with the result of Di Schino and
Kenny [8]. They concluded that the grain refinement was due
to the presence of nitrogen, while increment of annealing

temperature activates the grain boundary diffusion with
consequent grain growth.

3.3. X-Ray Diffraction. XRD spectra of the reference and
modified steel heat-treated at 1100°C and 1200°C are shown
in Figure 2. In all investigated samples, the spectra clearly
show the peaks due to austenitic phase, y.

3.4. Mossbauer Effect. The Mossbauer spectra for the investi-
gated heat-treated steels are presented in Figure 3, while the
hyperfine parameters obtained by Mossbauer spectra curve
fitting the samples are given in Table 5. Although all the
obtained spectra show only single absorption peak indicating
the presence of only nonmagnetic austenite phase, the peaks
differ in their isomer shift (IS) and line width (A) values. The
IS for the samples heat-treated at temperature 1100°C shows
relatively higher values than that for samples heat-treated at
temperature 1200°C. This revealed that the austenite phase
in the sample heat-treated at temperature 1200°C is more
stable. This result appeared in complete agreement with the



2500

2000

1500

1000

Intensity counts

500

2500

2000

1500

1000 *

Intensity counts

500

* ok

ES
oM ‘A‘ J\.—J\—-

40 60 80 100
20°

(c)

Journal of Metallurgy

2500

2000

1500

1000 [

Intensity counts

500 *

40 60 80 100 120
20°

(®)

2500

2000

1500

1000

Intensity counts

500 -
*

e

Fx
k%

40 60 80 100 120
20°

(d)

Figure 2: XRD spectra of heat-treated (a) reference steel at 1100°C, (b) reference steel at 1200°C, (c) modified steel at 1100°C, and (d)

modified steel at 1200°C, (*) austenitic phase.

X-ray results. At the same time, the reference steel has less IS
values compared with that of the modified steel at the same
heat treatment temperature. This indicates that the modified
steel has more stable austenite phase.

The differences of the line width (A) values are expected
to be associated with expanded austenite phase due to
nitrogen interstitial solid solution.

3.5. Mechanical Properties. Comparison between the me-
chanical properties of reference steel and modified steel heat-
treated at 1100°C and 1200°C reflects the effect of nitrogen
and NMIs on the mechanical properties of steel.

TaBLE 5: The hyperfine parameters for the samples.

Sample Isomer shift (IS) Line width (A)
Reference steel at 1100°C —-0.0187 0.4549
Reference steel at 1200°C —0.0544 0.4696
Modified steel at 1100°C —-0.005 0.4869
Modified steel at 1200°C —0.004 0.501

3.6. Vickers Hardness. The differences of Vickers hardness
of tested samples are shown in Figure 4. From the results
given in Figure 4, it is clear that modified steel (containing
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TaBLE 6: Tension results of different steel.

Reference steel
heat-treated at 1100°C

Reference steel
heat-treated at 1200°C

Modified steel
heat-treated at 1100°C

Modified steel
heat-treated at 1200°C

YS stress, MPa 274 253 486 418

Ultimate tensile strength, MPa 552 538 824 752.917

Elongation % 57 60 46 55.5000
250

(c)

s
N
—Y (b)
b

Transmation (%)

-10 =5 5 10

Velocity (mm/s)

FIGURE 3: Mossbauer spectra of heat-treated (a) reference steel at
1100°C, (b) reference steel at 1200°C, (c) modified steel at 1100°C,
and (d) modified steel at 1200°C.

nitrogen), generally, has higher hardness than the reference
one. At the same time, for both types of steel, the hardness
resulting from the heat treatment at 1200°C is always lower
than that resulting from treatment at 1100°C. These results
seem to be due to the finer grain size of treated steels at lower
temperature.

3.7. Tension Properties. The results of the tension testing
(yield strength, ultimate tensile strength, and elongation %)
are given in Table 6. It is clear from the result that the highest
yield strength of modified steel heat-treated at 1100°C is
486 MPa. This value is higher than that of reference steel at
the same heat treatment condition which is 274 MPa and that
heat treated-at 1200°C, 253 MPa. On the other hand, with
increasing heat treatment temperature of modified steel up to
1200°C, the yield strength was found to decrease. The same
trend is noticed with reference to ultimate tensile strength as
it is clear from the result in the table. The higher values of
the tensile strength of the modified steel compared with the
reference one can be attributed to the nitrogen effect, as an
alloying with nitrogen can be accompanied by an increase
in the susceptibility of austenite to form packing defects
(the energy of the defects decreased) [9] and simultaneously
increases the frequency of appearance of annealing twins.
The efficiency of grain boundary strengthening will depend
on the total number of boundaries, which is responsible for
the effective grain size. According to the Hall-Petch equations
the finer grain size is commonly known to increase the
strength of polycrystalline materials. In other words, the
results confirm the effect of nitrogen in grain refinement
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Figure 4: Comparison between Vickers hardness measurements
where Ref. is reference steel and Mod. Is modified steel 1 and 2 heat-
treated at 1100°C and 1200°C, respectively.

leading to higher strength of the modified nitrogen steel
compared with the reference one.

As high levels of interstitial nitrogen can be retained in
high-nitrogen austenitic stainless steels, they are thermally
unstable and susceptible to nitride precipitation. The kinetics
of precipitation is highly temperature dependent [9]. At
lower heat treatment temperature, the solubility of nitrogen
decreases and more nitrides are formed. The formation and
presence of fine nitrides precipitate at the grain boundary or
in the metal matrix and the loss of interstitial nitrogen would
be expected to alter the yield strength of these modified steel
heat-treated at 1100°C. However, as previously mentioned,
the modified steel heat-treated at 1100°C has smaller grain
size than the modified steel heat-treated at 1200°C. This lead
to grain boundary strengthening. It seems that the strength
increment due to grain boundary strengthening overcomes
the strength decrement due to the losses in solid solution
strengthening resulting in net increases in yield strength for
modified steel heat-treated at 1100°C.

It must be mentioned that although modified steel
exhibits an extremely high strength compare with reference
steel, it is susceptible to nitride-induced embrittlement.
The presence of grain boundary and cellular nitrides has a
detrimental effect on plasticity during the tensile ductility as
it is clear from the elongation percent in Table 6.

4. Conclusions

A new modified grade of austenitic stainless steel has
been developed through partial replacement of nickel by



nitrogen. It was found that the partial replacement of nickel
by nitrogen produces stainless steels with stable austenitic
phase. The austenitic phase in the modified steel has fine
grains and more expanded lattice. IS values indicated that
the modified steel has more austenite stable phase. At the
same time, the partial replacement of nickel by nitrogen
improves the mechanical properties of austenitic stainless
steels at room temperatures but decreases the ductility.
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