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The effect of microstructure and dispersion of secondary phases on tensile mechanical properties of two high
nitrogen austenitic stainless steels subjected to annealing or rolling at 1000 °C was studied. The solid solution
strengthening gave the main contribution to overall strength after annealing. Similar strength contribution was
provided by the dislocation density after rolling that resulted in almost twofold inercasc in the yicld strength.

1. Introduction

High nitrogen austenitic stainless steels are used for various engi-
neering applications as structural materials due to beneficial combina-
tion of high strength, excellent ductility, toughness, and corrosion
resistance [1-3]. Additions of nitrogen may provide an almost twofold
increase in the strength in comparison with conventional austenitic
steels [1-3]. The effect of the nitrogen content on the strength was
attributed to the solid solution strengthening and the nitrogen-enhanced
austenite grain strengthening [3-5]. Several studies dealt with the ni-
trogen effect on the strength of austenitic steels in annealed conditions
[1,3,4,6,7]. The Hall-Petch coefficient and the dislocation strengthening
factor have been clarified for the high nitrogen steels with recrystallized
microstructure. However, the strengthening mechanisms for high ni-
trogen austenitic steels in the work hardened condition have not been
fully investigated in spite of frequent usage of cold-to-hot rolling for
producing the steel semi-products. The aim of the present paper,
therefore, is to consider the strengthening mechanisms in high nitrogen
steels in the annealed or hot worked conditions.

2. Materials and methods

Two austenitic stainless steels with different N and C contents
denoted here as Steel 1 (Fe-0.05C-0.72 N-20.74Cr-8.08Ni-15.33Mn-
1.04Mo-0.22 V-0.118i-0.0055-0.005P), and Steel 2 (Fe-0.03C-0.62 N-
20.0Cr-7.80Ni-14.8Mn-0.83Mo-0.20 V-0.208i-0.0085-0.010P (all in wt.
%) were investigated. Steel 1 was obtained by plasma-arc remelting and
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hot forging. Steel 2 was obtained as a laboratory metal (cast plate 40 mm
thick), which was then annealed and hot-formed into a bar. Both steels
were annealed at 1200 °C for 1 h followed by water quenching. A part of
the steel samples was subjected to annealing at 1000 °C for 1 h followed
by air cooling. Another part of the steel samples was hot rolled at
1000 °C to a total reduction of 60 % followed by water cooling.

The structural investigations were performed using a Quanta 600
scanning electron microscope with an electron back-scatter diffraction
(EBSD) analyzer and a JEM-2100 transmission electron microscope
(TEM). The grain size was evaluated using TSL OIM Analysis 6 software.
The dislocation density was measured by counting the individual dis-
locations inside the grains/subgrains revealed by TEM. The volume
fractions of particles were evaluated by using ThermoCalc (TCFE7
database). The tensile specimens with a gauge length of 12 mm and a
cross-section of 3x1.5 mm? were tensioned at room temperature using
an Instron 5882 testing machine. The shear modulus was measured
using a resonant frequency damping analyzer RFDA Basic — IMCE NV.

3. Results and discussion

Typical microstructures that develop after annealing or rolling are
shown in Fig. 1. The microstructural parameters and the tensile prop-
erties of the steels are summarized in Table 1. Annealing resulted in the
uniform recrystallized austenitic microstructures with low dislocation
densities. The large fractions of annealing twin boundaries comprising
0.4 and 0.6 in Steel 1 and Steel 2, respectively, are indicative of low
stacking fault energy that should suppress the dislocation
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rearrangement. Hot rolling led to the elongation of initial grains aleng
the rolling direction (RD) and the formation of partially recrystallized
microstucture with micron scale grains. An average grain size
decreased by a factor of 10 and the dislocation density increased by a
factor of 102 in the both steels subjected to hot rolling (Table 1). The
formation of CrpN nitrides took place in both steels under annealing
(Fig. 2a and b). These carbides exhibit primarily an oval shape in Steel 1.
In Steel 2, the coarse CryN nitrides with round shape coexist with rela-
tively fine carbides with plate-like shape. The Cr,N nimides that are
observed in the steels after rolling are finer than after annealing (Fig. 2¢
and d). In addition, hot rolling induced the precipitation of V(C,N)
carbonitrides with round shape (Fig. Zc and d). The precipitation of
these particles during hot rolling might be promoted by the high dislo-
cation densities.

The engineering stress-elongation curves after annealing and after
hot rolling are shown in Fig. 3a. The annealed steels exhibited pro-
nounced strain hardening stage with a ratio of the yield strength to the
ultimate tensile strength (YS/UTS) of 0.55. Hot rolling shortened the
strain hardening stage and increased YS/UTS ratio up to 0.9. The yield
strength of Steel 1 is slightly higher than that of Steel 2 (Table 1) due to
higher nitrogen content in the annealed conditions. Hot rolling
increased YS by a factor of 2, while UTS increased by about 40 % in the
both steels. It is worth noting that YS and UTS of two steels became
nearly the same after hot rolling. Therefore, an increase in the disloca-
tion density diminished the effect of nitrogen on the steel strength.

The yield strength of the present steels can be estimated using a
linear combination of the soengthening mechanisms that can be written
as follows [8,9],

YS = o+ 055+ Opare + Crp + Ot (1)

where cp is the lattice friction stress of about 64 MPa in high purity
austenite [1], oss is the solid solution strengthening, opay is the pre-
cipitation strengthening, oyp is the grain boundary strengthening, and
Odisl 15 the dislocation strengthening. The solid solution strengthening
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Table 1
Characteristics of the microstructure and mechanical properties of high-nitrogen
austenitic stainless steels subjected to annealing or rolling at 1000 °C.

Steel 1 Steel 2 Steel 1 Steel 2

Annealing at 1000 °C Rolling at 1000 °C

Average grain size, D 100 + 20 90 + 20 9+2 7+2
(pm)

Disl ocation density, p 4.8x10"? 4.4x10" 55x10 58x10™
(m %) +0.5 +0.5 +0.5 +0.5

Volume CroN 0.033 0.024 0.033 0.024
fraction of V(G - - 0.003 0.003
patticles, F M)

Average size CroN 260 + 30 180 + 30 190 + 30 120 + 30
of particles, V(G = =] 35+5 304+ 5
d (nm) M)

Yield strength, YS 500 £ 10 460 + 10 1060 £ 10 1060 + 10
(MPa)

Ultimate tensile 870 £ 10 840 £ 10 1200 £ 10 1170 £ 10
strength, UTS (MPa)

Total elongation, 5 (%) 64 £ 2 58 £2 21+£2 17 £2

(css) can be expressed by the modified Irvine equation [10],

osslannealing) = 496 % (BN — 0.25) 4+ 20.1 > (%S81) + 3.7 > (%Cr
—15) + 14.6 % (%Mo) + 18.6 x (%V)
(2

oos(rolling) — 496 x (BN —025) + 201 x (%S) + 3.7 x (%Cr
—1.5) + 146 x (%Mo)
(3)

According to ThermoCalc, the precipitation of ¥(C,N) carbonitrides
and Cr,N nitrides consumes about 0.25 % N, 1.5 % Cr, whole C and V
content in the present steels. Nevertheless, the content of N provides the
main contribution to the solid solution strengthening. The precipitation
strengthening (Opat) can be expressed by the Ashby-Orowan equation

Fig. 1. Microstructures of Steel 1 (a, ¢) and Steel 1 (b, d) steels after annealing (a, b) or rolling (c, d) at 1000 °C. The high-angle boundaries and the twin boundaries

are indicated by the black and white lines, respectively.
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Fig. 2. TEM images of secondary phase particles on carbon replicas of Steel 1
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Fig. 3. Engineering stress — elongation curves (a) and contributions of different strengthening mechanisms to the yield strength (h) of high-nitrogen austenitic

stainless steels after annealing or rolling at 1000 °C,
[11],

Gb d
=084k ——In{ — 4
Rn 7L — d) “(4b> )

where G is the shear modulus (experimentally measured as 75 GPa for
the present steels), b is the Burgers vector, d is the particle size (Table 1),
M is the Taylor factor, and k = 1.2 is a constant [11]. The center-to-
center interparticle spacing, L, is given by [12],

6FV 0.3
k= (Ttd2> ®)

where Fy is the volume fraction of particles (Table 1). The precipitation
strengthening originated from different types of precipitates was
calculated as Opart = (ogmﬂ S ogmﬂ)o"r’ [13]. The grain boundary

strengthening (oyp) can be evaluated by the Hall Petch-type relationship
[14,15],

Omp = KgpD™™ ()

where Kyp is a Hall-Petch coefficient. Kyp = 435 MPa x um°'5 reported
for austenitic steel [16] was taken for the present calculations. It should
be noted that a number of annealing twins including non-symmetric £3
CSL boundaries, which possess the different crystallography and prop-
erties [17-19], isapparently smaller in Steel 1 (Fig. la and b). Therefore,
the grain boundary strengthening after annealing evaluated by Eq. (6)
may be comparatively overestimated for Steel 1.

The dislocation strengthening (og4i4) due to the high dislocation
density (p) can be expressed by Taylor — type relationship [20],

Ca = GMGh" (7
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where o is a dislocation stengthening factor of about 0.3 for austenitic
steels [21].

The variation of the strengthening contributers in accordance with
Eq. (1) is shown in Fig. 3b along with experimental YS. The solid solu-
tion strengthening provides the main contribution to the strength after
annealing, so the vield strength of Steel 1 is higher by 40 MPa than that
of Steel 2. The dislocation strengthening exceeds the solid solution
strengthening after hot rolling. Therefore, both the solid solution and
the dislocation density are the major strengtheners after hot rolling. The
contribution of grain boundary strengthening to the vield swength is
insignificant, since the grain size is rather large after hot rolling. The
contribution of the precipitation strengthening is also relatively small,
since the CroN nitrides have large dimensions, while the fraction of fine
carbonitrides is small.

4. Summary

The strengthening mechanisms were clarified for two austenitic
stainless steels with different N and C contents subjected to annealing or
rolling at 1000 °C. In the annealed conditions, the steel with higher N
content is characterized by higher yield strength owing to the solid so-
lution strengthening. Hot rolling increased the dislocation density,
which became primary stengthener and doubled the yield strength.
Both Steel 1 (0.72 %N-0.05 %C) and Steel 2 (0.62 %N-0.03 %C) exhibit
the same vield soength of 1060 MPa after hot rolling irrespective of
different N content.
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