
Synopsis

The olllect qf this stuqy

was to investigate the
i1Jfluence qfnitrogen on
the structure and
properties qf AISI 310S
steel. Experimental
ingots qfthe steel with
nitrogen contents qfup
to 0,525 per cent by
weight were prepared,
hot-rolled, and tested
qfter various
treatments. The
rollability qf the
material was adequate.
The yield strength,
tensile strength,
hardness, andfatigue
properties qf the new
alloys improved with
increasing nitrogen
content. The impact
properties improved
slightly. Empirical
equations were
developedfor the
calculation qf the yield
and tensile strengths, as
well as the dilference
between these two
properties, with
increasing nitrogen
content.
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Introduction

. Austenitic stainless steels have moderate

strength1: their yield strength varies between
220 and 320 MPa, and their tensile strength
between 500 and 600 MPa. They are more costly
than ferritic or martensitic stainless steels owing
to their higher nickel content, but their cost can
be reduced either by an increase in the strength
of the material or by a reduction in nickel content.
The strength of stainless steels can be increased
by suitable alloying, as by the addition of nitrogen
or other elements. The nickel content can be
reduced by the addition of elements such as
manganese and nitrogen to the steel.

Nitrogen is a strong austenite stabilizer2, and
the yield and tensile strengths of nitrogen-
containing steels increase with increasing
nitrogen content with no adverse effects on
ductility2-5. The rate of fatigue-crack growth
decreases with increasing nitrogen content2,
while the creep strength is enhanced by the
addition of nitrogen2.6,7.

The study described here was undertaken to
examine the influence of nitrogen on the structure
and properties of stainless steel type AISI 310S.

Materials and experimental procedures

Twelve 6 kg ingots were produced in a laboratory
induction vacuum furnace under a nitrogen
atmosphere of 600 mbar. Nitrogen was introduced
into the steel by the addition of nitrogenized
low-carbon ferrochromium. The chemical analyses
of the ingots are shown in Table I. Details of the
ingot production have been given elsewhere8.

The ingots were annealed at 1200°C for
2 hours, hot-rolled to slabs of 15 mm thickness
(76 per cent reduction), and quenched in water.
The finished rolling temperature was estimated
to be between 800 and 900°C. Small pieces cut
from the water-quenched slabs were solution
heat-treated at 1200°C, followed by quenching in
water. From this, the time required for all particles
of the precipitate in the steel to be taken into
solution was determined. It was established by
use of optical metallography that all the precip-
itates could be taken into solution in 6 hours at
1200°c. Accordingly, all the slabs were heated at
1200°C for 6 hours and then quenched in water.
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The precipitation characteristics of the samples
were determined after they had been heated for
4 hours at temperatures ranging from 800 to
1200°C.

Specimens for Charpy, tensile, and fatigue
tests were prepared from the slabs. Charpy-
impact tests were carried out on transverse
specimens. The maximum recording capacity of
the machine was attained with specimens of
100 mm2 in cross-section taken from the base
alloy (first row in Table I). Subsize specimens of
50 mm2 in cross-section (10 mm deep x 5 mm
thick) were subjected to measurements of the
energy absorbed. Longitudinal and transverse
tensile specimens were machined from all the
ingots after the hot-rolled material had been
annealed and tested. Fatigue tests were carried
out on 4-point bending-test specimens taken
from longitudinal sections of the slabs. The tests
were carried out with an MTS servo-hydraulic
testing machine of 50 kN capacity. Tests on the
growth of fatigue cracks were conducted in air at
an R ratio of 0,5 utilizing a sine waveform at a
frequency of 20 Hz. The crack extension was
measured by means of a low-power travelling
microscope. Vickers hardness tests were carried
out at a load of 10 kgf and a dwelling time of 5
seconds.

The phases in the alloys were determined by
X-ray-diffraction analysis on aged samples and
on samples that had been treated at 1200°C for
6 hours. The diffraction patterns were obtained
with a computer-controlled vertical goniometer
using copper radiation and a graphite
monochromator.

Results

Breakdown and thermal processing of ingots

Visual examination of the hot-rolled samples
showed that edge and surface cracking had
occurred in the samples containing more than
0,15 per cent nitrogen by weight. The influence
of nitrogen on the edge-cracking characteristics
can be seen from Figure 1. The quality of the
edge deteriorated to some extent with increasing
nitrogen content.
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Table I

Chemical analyses of the ingots (in percentages)

"
Composition of AISI 310S steel before the addition of nitrogen

Hardness of 31OScontaining nitrogen

Vickers-hardnesstests were carriedout accord-
ing to ASTM specification E92-82 using a load
of 10 kg. The variations in hardness with
nitrogen content for the samples in the as-cast,
hot-rolled, and annealed conditions are
presented in Figure 2. Statistical analyses
showed that hardness increased linearly with
nitrogen content. The results of these analyses
are shown in Table Il.

Figure 2 indicates that the hot-rolled
material had the highest hardness. This was
probably due to strain hardening of the material
and precipitation within it. Strain hardening and
precipitation are possible when the temperature
of the alloy drops below about 950°C.

The hardness of the aged specimens is plotted
against aging temperature in Figure3. It can be
seen that the aging temperature had littleeffect
on the hardness. The hardness of the sample
containing 0,530 per cent nitrogen aged at 850°C
was well above the values obtained in samples
aged at other temperatures because of the
presence of pearlite-like regions in the micro-
structure (Figure8).

Tensile properties

The effect of nitrogen content on tensile proper-
ties is shown in Figure 4. It can be seen that the
yield and tensile strengths increased linearly
with increasing nitrogen content. This trend was
similar for materials oftwodifferent grainsizes.
A decrease ingrainsizefrom 1,34 to 0,66 mm
increased the strength significantly. Regression
analyses on the data confirmed that the increase
in strength was related linearly to the nitrogen
content. The linear equations are shown in
Table Ill.

The elongation and reduction in area of the
tensile specimens remained constant with varying

nitrogen content.
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Figure 1-Appearance of the edges of hot-rolled samples
with different nitrogen contents

The Joumal of The South African Institute of Mining and Metallurgy



190
NE
Ea,
....
rii 170
III
CD
c:

"Cla
:I: 150
f!!
CD
...
U
:;:

130

ill

110
0,00

300

I.
0,016 . 0,130.. 0,400 + 0,530

I+

260

NE
E +

~220 +

tii + +

s: . +
c ..'E .. .... . . . .. ":I:
r! 180 .. . . ... ....
" .;;; . .140 . .. ..

100
750 850 950 1050 1150

Aging Temperature °C

Figure 3-Variation of hardness with aging temperature

Structure and properties of AISI 310S

230

.SOLUTION ANNEALED .HOT ROLLED

210

0,10 0,20

Figure 2-The influence of nitrogen on the hardness of AISl310S

Table 1/

The results of regression analyses on the hardness-test results
for material in three different conditions

Condition

0,96
0,99
0,94

Correlation
coefficient

As-cast
Hot-rolled
Annealed
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Impact properties

Charpy-impact values are shown in Figure 5.
The results show considerable scatter, but a
general trend of increasing impact value with
increasing nitrogen content is discernible. In a
consideration of Figure 5, it should be borne in
mind that these values were obtained on subsize
specimens with a cross-sectional area of 50 mm2.
Thus, it is evident that extremely tough material
was obtained for nitrogen contents of up to
0,525 per cent by weight.

Fatigue properties

The results of the fatigue tests are presented in
Figure 6. The rate of crack growth at a specific
I1K decreasedwith increasingnitrogen content.
Regression analyses were carried out on the
results to develop equations for the growth rate
of stage II cracks (Table IV).

The power equations in Table IV demonstrate
that the slopes of the curves decreased with
increasing nitrogen content. Figure 7 shows that,
at higher I1Kvalues, the rate of crack propagation
decreased more rapidly with increasing nitrogen
content. The values of da/dN decreased from
about 30 x 10-5 to about 1 x 10-5 mm.c-l for a
value of I1K equal to 25 MPaviii and an increase
in nitrogen content from 0,020 to 0,50 per cent
by weight. However, the decrease for a I1Kof
35 MPa Vm is from about 16 x 20-5 to 2 X10-5
mm.c-l for the same increase in nitrogen content.
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Figure 4-Effect of nitrogen on the yield and tensile strengths of AISI 3105 of two different grain sizes

Precipitation characteristics

The precipitation characteristics of the materials
were examined after they had been heat-treated
at temperatures between 800 and 1200°C for
4 hours at intervals of 50°C. Material with a
nit~ogen content ofless than 0,525 per cent by
weIght showed a coarsening ofllitride particles.
Material with a nitrogen content of 0,525 per
cent exhibited precipitation of the lamellar
(pearlite-like) constituent. This constituent
appeared initially at the grain boundaries and

spread through the matrix with increasing temp-
erature up to 1050°C. At temperatures above
1O50°C,this constituent re-dissolved in the
matrix. Figure 8 shows material treated at
different temperatures. The volume fraction of
precipitate increased with temperature (Figure 8),
as well as with time (Figure 9). The micro-
indentation hardness of the pearlite-like
constituent was 288 RV 0,2, while that of the
matrix was 231 RV 0,2.
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X-ray-diffraction analyses of the material
aged at 900°C showed that the lamellar
constituent consisted of alternating layers of
austenite and chromium nitride (CrzN), as
shown in Figure 10. It should be noted that the
(220) line of austenite at about 75° 28 was
resolved into two distinct peaks, indicating
austenite of two different lattice parameters. The
resolved peaks are superimposed on the original
diffractogram in Figure 11, which shows the
relevant part of the diffractogram in detail. It can
be seen that the peak for austenite, y, occurs at a
lower angle than that for Yland yz. From the
positions and d-values of these three peaks, it is
evident that the original austenite, y, contained
more nitrogen than the matrix austenite after
aging, Yl,which in turn contained more nitrogen
than yz. It is clear that two different austenites
were present: the matrix austenite, and the
austenite associated with the lamellar constituent.
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Fractography

The fracture surfaces of the fatigue-test specimens
showed typical striations that are a visual record
of the position of the crack front as this propa-
gated through the material. This type of fracture
surface is typical of conditions prevailing during
the growth of stage II cracks.

Discussion

Hot-working and thermal processing of ingots

It is well known that the hot-workability of AISI
310S is limited. Previous studies8 have shown
that high nitrogen contents have an adverse
effect on hot-workability. This can be combated
by increased manganese content. It has been
reported9 that a manganese content of 2 per cent
in a steel containing 0,15 per cent nitrogen is
sufficient to give good hot-working characteris-
tics. In the steel used in this investigation, the
manganese content was 1,6 per cent, which may
explain the relatively good hot -workability of the
material.

Hot-workability is influenced by numerous
other factors, such as macrostructure, hot-rolling
temperature, and rolling conditions. Torkhov
et allO established optimum hot-rolling
conditions for high-nitrogen steel containing
24 Cr-16 Ni-5,5 Mn. They showed that
successful breakdown of the ingots could be
accomplished at temperatures between 1090 and
1150°C.

Since the annealing was carried out in air,
the question arises as to whether de-nitrogen-
ization took place during this process. It has
been indicated that, for high-nitrogen alloyed
Cr-Ni austenitic steel, no de-nitrogenization is
expected during hot-rolling and annealing
unless the steel surface is heavily oxidized.
Kikuchiet al.11 report that, during annealing in
air, pick-up of nitrogen is favoured rather than
de- nitrogenization.

Torkhov et al.10studied the optimum
annealing conditions under which all the
particles of precipitate could be dissolved in a
24 Cr-16 Ni-5,5 Mn-D,6 N steel. The particles
were completely dissolved after 4 hours at
1230°C or 2 hours at 1240°C. These annealing
conditions compare well with the conditions
used in the present study. The longer annealing
time required in the latter was due to the lower
temperature used (1200°C).
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Table IV

Results of regression analysis on the
crack-growth data

Nitrogen
wt%

0,92
0,93
0,93

Correlation
coefficient

0,020
0,13-0,15
0,47-0,50

Tensile properties

The equations in TableIIIshow that nitrogen
has a more pronounced effect on tensile strength
than on yield strength. This is evident from the
slopes of the lines in Figure 4. The difference,
(~o), between tensile and yield strength for a
steel of specific grain size can be expressed as
follows:

~o = (OT.5. - OY.5.) = 257,6 + 244,4 (wt %N).

This equation shows, in effect, that the strain-
hardening characteristics of the material are
strongly influenced by the nitrogen content, and
that an increase in nitrogen results in more
pronounced strain-hardening behaviour.
Sandstrom4 obtained similar results for steel
containing 18 Cr-1O Ni.

100

1-25 0351.30

5,32E-05

2,90E-05

0,47-0,50
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800°C
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Figure 8-Lamellar type of precipitation at different aging temperatures x 100

The effect of grain size on strength is also
clearly demonstrated in Figure 4. The lines for
different grain sizes are not parallel, and the
effect of nitrogen on strength is more pronounced
in material of a finer grain size. This can also be
demonstrated mathematically from the slopes of
the equations, which increase with decreasing
grain size. The increase in yield and tensile
strength was respectively 408,4 and 641 MPa
per percentage nitrogen by weight for a grain
size of 1,34 mm. For samples with a grain size
of 0,66 mm, the increase in the yield and tensile
strengths was 467,6 and 712,0 MPa per percent-
age nitrogen by weight. The equations in Table
III were used to generate values of yield strength
for a range of nitrogen contents within the actual
range of nitrogen contents obtained experiment-
ally. The experimental data and the data
generated as described were then used to give an
equation relating yield strength to nitrogen
content and grain size:

1
ay.s. = 128,4 + 416,7 (wt %N) + 84,3

.Jd'
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where d is in millimetres. The correlation
coefficient(r2) for this equation was 0,97,
indicating a good fit.

Previous studies2 had indicated an increase
in yield strength of 500 MPa per percentage
nitrogen by weight. This value compares well
with the value of 467,6 MPa determined in this
study for material with a grain size of 0,66 mm.
Figure 12 shows a comparison between the
equation obtained in this study and those
obtained by Pickering3 and Norstrom5.
Pickering's equation relates yield strength to a
number of different elements (including nitrogen)
in austenitic stainless steels, while Norstrom's
equation was obtained from a study on steel
AISI 316 only. Pickering and Norstrom worked
on low-nitrogen steels compared with the steel
used in the present study. Pickering's equation
is linear, while Norstrom's follows a power law.
It is clear from Figure 12 that there is good
agreement between the results of this study and
those of Pickering and Norstrom, even though
the equations derived are somewhat different.

Three models have been formulated in
relation to the effect of nitrogen on the strength
of austenitic stainless steels: those based on the
elastic interaction, the interaction between stack-
ing faults and dislocations, and the short-range
order.

The elastic-interaction model is based on the
Fliecher theory, viz that solid-solution
strengthening arises from the interaction of the
strain field around point defects and the strain
field of dislocations. The effect of changes on the
shear modulus in the vicinity of point defects is
also taken into consideration. Interstitial solid-
solution strengthening results from the dilation
of the lattice parameter and the variation of
shear modulus with nitrogen content. The
dilation factor, b, is given as 0,20 in the
literature2.3.10.11and appears to control the solid-
solution strengthening effect of nitrogen.

The model based on the interaction between
stacking faults and dislocations relies on the fact
that nitrogen promotes the formation of planar
arrays of dislocations, which is probably due to a
decrease in the stacking-fault energy. This
promotes interaction between partial dislocations
and point defects, and results in higher yield
strength. However, this interaction is not strong
enough to entirely account for the strengthening
obtained in nitrogen-containing steelsl2.
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Figure 9-The variation in volume fraction of lamellar precipitate with time at 1000'C (x 100)
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The short-range order model is based on the
results of neutron diffraction, which show that
there is a possibility of short-range order among
chromium and nitrogen atoms in austenitic
stainless steels. If the stacking-fault energy does
not change with the nitrogen content, the
formation of planar arrays of dislocations can be
explained by the short-range ordering of
chromium and nitrogen atoms. This ordering
could be due to a strong affinity between these
atoms. However, at present, there is no proof of
the existence of short-range ordering in these
atoms.

Fatigue behaviour

According to the Paris law, the rate of crack
growth is expressed as da/dN =C(!1K)n.The
parameter C is a function of the properties of the
material. Table IV shows that C increased with
increasing nitrogen content in the material used
in this study. Generally, the fatigue properties of
steels are related to their tensile strength.

However, in the case of steel AISI 3095, it
was found13 that the strength had no effect on
the rates of crack growth. Since 3095 and 3105
steels are similar materials, changes in the
strength of 3105 might be expected not to have a
significant effect on its fatigue properties. The
changes in the rate of crack growth in 3105
demonstrated in Figure 6 were not directly
related to strength changes as a result of
increasing nitrogen content. Therefore, the
improvements in fatigue properties with
increasing nitrogen content must have been due
to changes in slip behaviour in the steel. This
was probably due to the ability of nitrogen to
promote the formation of planar arrays of
dislocations, which impede cross-slip in the
steel.

Conclusions

(1) The yield and tensile strength of the new
alloys increased linearly with the nitrogen
content. The yield strength was doubled by
the addition of 0,48 per cent nitrogen by
weight. The hardness of the new alloys
increased linearly with increasing nitrogen
content. The improvements in tensile
properties appear to be due to elastic
interactions and to interactions between
stacking faults and dislocations in the
lattice. Two empirical formulae were
developed for the calculation of the yield
and tensile strengths of the alloys as a
function of nitrogen content.

(2) The tensile strength of nitrogen-containing
3105 increased at a higher rate than the
yield strength with increasing nitrogen
content.
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(3) The toughness of the material as measured
by Charpy-impact tests was very high for

nitrogen contents of up to 0,525 per cent
by weight.

(4) The rate of fatigue-crack growth in the
specimens decreased with increasing
nitrogen content.

(5) A pearlite-like lamellar microstructure was
observed in material with a nitrogen
content of 0,525 per cent by weight after it
had been aged at temperatures between
800 and 1050°c. The austenite associated
with the lamellar precipitate had a lower
nitrogen content than the matrix, .

Y1
y "..

Y2
.

'
, """""",

Figure 11-Comparlson between the positions of the austenite (y) peaks in a fully austenitic

matrix with those of the austenitic matrix (Y1)in material containing the lamellar
constituent, and with those of the austenite in the lamellar regions (y2J
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