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The remarkably high work-hardening rate in high-nitrogen austenitic stainless steels is generally believed to be due to the promotion of
dislocation accumulation by nitrogen addition. However, analysis of dislocation accumulation behavior by the modified Williamson-Hall/
Warren-Averbach method reveals that no difference to the increment of the dislocation density during deformation exists between austenitic
steels with and without nitrogen. Since cross slipping is markedly suppressed in high-nitrogen steels, the moving dislocations are back-stressed
by the planar dislocation arrays. This induces the deformation resistance and the high work-hardening rate.
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1. Introduction

Nitrogen (N), one of the alloying elements for steel, is
used with the aim of improving the material’s corrosion
resistance,”) austenitic stability,”> and its mechanical
strength. In austenitic stainless steel with low yield stress,
N is recognized as an effective alloying element for solid
solution strengthening®® and increasing the work-hardening
rate.>”'3) However, the mechanism for this strengthening by
N has been unclear. Though some researchers have explained
that I-S (interstitial-substitutional) pairs or short-range order
(SRO),'"*19 which consisted of substitutional elements, such
as Cr and Mo, and the interstitial element, N, could cause the
high yield stress in high-N austenites, no one has confirmed
their atomic arrangement and structure.

The work-hardening behavior has been discussed in terms
of the unique dislocation arrangement developed in high-N
austenitic steel. In high-N steels, it is well known that
dislocations are aligned on the same slip plane, because cross
slipping is remarkably suppressed.'®!%!”) Such a dislocation
structure is called a planar dislocation array. The reason why
planar dislocation array develops is not clear but is generally
explained by the presence of SRO. The SRO is thought to
effectively behave as a barrier to dislocation movement, but
once the SRO is cut by dislocation passage, subsequent
dislocation can easily move and is concentrated on the
specific slip system, which results in the planar dislocation
arrangement.'® Kubota et al.'” observed the Lomer-Cottrell
sessile dislocation formed by crossing of planar dislocations
and suggested that increases of the sessile dislocations during
deformation increases the work-hardening rate because the
sessile dislocation act as the barrier to dislocation movement.
In addition, suppression of the cross slipping and formation of
the sessile dislocations is considered effective for promotion
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of dislocation accumulation, and thus dislocation density in
deformed high-N austenites is expected to be high.!*?)
However, no prior research has quantitatively evaluated
dislocation density of high-N austenitic steel. This is because
it was difficult to estimate dislocation density in austenitic
stainless steels. Direct observation using TEM is one of the
methods capable of measuring dislocation density, but it is
extremely difficult to identify each dislocation and to count
them all in a strained austenite where dislocation density can
be over 10"°m™2. Therefore, the Williamson-Hall (WH)
method,'” which estimates the dislocation density from the
full-width at half-maximum (FWHM) and diffraction angle
of X-ray diffraction (XRD) peaks, has often been applied.
Micro strain (¢) obtained by the WH method can be easily
converted to dislocation density: for example, p=9.3 x
(e/b)? in ferritic steels’® (p: dislocation density [m~2], b:
magnitude of the Burgers vector [m]). This method is
applicable only when there are some diffraction planes with
low elastic anisotropy, such as in ferritic steels. However, it
is difficult to evaluate dislocation density when the elastic
modulus of each diffraction plane is significantly different,
such as in austenitic stainless steel with FCC structure,
because ¢ cannot be calculated accurately. On the other
hand, the modified Williamson-Hall/Warren-Averbach
(mWH/WA) method?? was recently proposed, including a
contrast factor (the correction parameter for the elastic
anisotropy in each diffraction plane). This method enables
the exact evaluation of the dislocation density for metallic
materials with large elastic anisotropy, like austenitic
stainless steels. Although the mWH/WA method is more
complicated than the WH method, the mWH/WA method is
very useful to discuss the relationship between dislocation
structure and the dislocation strengthening mechanism in
metallic materials because it can quantitatively evaluate not
only dislocation density but also dislocation characterization
and arrangement. In addition, a direct observation of
dislocation distribution and stress field generated by
dislocation using SEM, TEM and the EBSD-Wilkinson
method?>?3 would also informative to understand the work-
hardening mechanism in high-N austenitic stainless steels.
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In this study, appropriately 0.5mass% N was added to
stable austenitic stainless steel, type 316L, by solution
nitriding method, and the dislocation density and arrange-
ment in the deformed specimens were quantitatively
evaluated by the mWH/WA method. In addition, EBSD-
Wilkinson measurements revealed the relationship between
dislocation structure and local strain in austenite grains. We
then discussed the effect of N on work-hardening behavior
in austenitic stainless steels.

2. Experimental Procedure

Commercially available stable austenitic stainless steel,
type 316L (Fe-17.6Cr—12.3Ni-1.19Mn—0.55Si-2.08Mo—
0.012C-0.04N [mass%] alloy), was used in this study. The
plate specimens were cut with 2 mm thickness and subjected
to the following two types of heat treatments. Some
specimens were solution-treated at 1473K in an Ar
atmosphere of 0.1 MPa for 20 h, followed by water cooling
(low-N steel). Solution-nitriding® was applied to other
specimens at 1473 K in an N, atmosphere of 0.1 MPa for
20 h, followed by water cooling (high-N steel). The chemical
composition of Ar gas was Ar > 99.999%, O, < 2ppm,
N, < 10ppm, CO < 0.5ppm, CO; < 0.5ppm, CHy < 0.5
ppm and H,O < Sppm, and that of N, gas is Np >
99.999%, O, < 2ppm, CO < 1ppm, CO, < 1ppm, CHy <
1 ppm and H,O < 5 ppm. These gases were purified by a gas
column (GC-RX, Nikka Seiko, O, < 0.002 ppm) and a dry
column (DC-SXC, Nikka Seiko). The average N concen-
tration in high-N steel measured with a Nitrogen/Oxygen
Combustion Analyzer (EMGA-620W, HORIBA) was 0.45
mass% N, which is similar to an equilibrium concentration
(0.49 mass% N¥) predicted by a thermodynamics calculation.
To confirm the uniform N solution in plate specimen, the
hardness distribution from the sample surface to the inside
is presented in Fig. 1. In high-N steel, the hardness was
remarkably increased by solid solution strengthening of N
and was almost the same value everywhere, which means that
N has uniformly distributed in the specimen.

Tensile testing was conducted at ambient temperature at
an initial strain rate of 1 x 1073s~!, for the plate specimens
with gauge dimensions of 25 x 10 x 2mm (length x
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Fig. 1 Distribution of Vickers hardness in the thickness direction of high-
and low-N steel plate specimens.

width x thickness). In some samples, tensile testing was
interrupted at several strains within uniform deformation
range. The microstructures of the specimens were observed
by field-emission scanning electron microscopy (FE-
SEM: SIGMAS500, Zeiss) and transmission electron mi-
croscopy (TEM: JEM-2100HC (at The Ultramicroscopy
Research Center, Kyushu University), JEOL). As for SEM
observations, electron-channeling contrast imaging (ECCI)
was carried out by using a backscattered-electron detector
operating at an accelerating voltage 20kV and a working
distance of 4.5mm. The crystallographic orientation was
mapped by means of the electron backscatter diffraction
(EBSD) method wusing an FE-SEM. Operated at an
accelerating voltage 20kV with a step size of 1.5 um, the
data obtained by EBSD were analyzed using software
programs for automatic crystal orientation mapping (OIM
analysis, TSL). Additionally, microscopic distribution of
the elastic strain was visualized by the EBSD/Wilkinson
method.?>??) In-situ observation during tensile testing within
the SEM was performed for smaller plate specimens with
gauge dimensions of 10 x 2 x Imm (length x width x
thickness). The obtained EBSD patterns were analyzed using
dedicated software (Cross Court 3.0) for mapping the elastic
strain. (The measurement conditions were an accelerating
voltage 20kV, a step size of 1 um, 1x1 pixel binning, and
100 ms exposure.) The reference point for the strain analysis
was obtained from the solution-treated specimen without
distortion.

X-ray line profile analysis was performed to examine
dislocation density and dislocation characterization. The
tensile-tested specimens with different strain were polished
with sand paper and then electropolished in an acid mixture
(H3PO4:CrO3 = 2:1) by more than 50pum, in order to
eliminate the effect of strained layers by grinding.>¥ The
X-ray diffraction measurements, with a Cu-Ke; radiation
source (wavelength: 0.15418 nm), were carried out at 40 kV
and 40 mA. The rotation speed of the detector was 0.8°/min.
Since obtained X-ray line profiles include the instrumental
function, the effect was corrected based on Voigt profile
analysis,”> using the standard materials with quite low
dislocation density (type 316L solution-treated at 1473 K for
3 h, followed by furnace cooling).

The mWH method?" proposed by Ungar ef al. is defined
as follows:

0.9 TA2b%p
AK = — +

D 5 2.1)
where K = 2sinf/1 and AK = 2Bcos /1 (A: wavelength of
X-ray, 6: diffraction angle [rad.] and 8: FWHM of diffraction
peak [rad]). In addition, D, A, O and C denote the crystallite
size, a parameter depending on the effective outer cutoff
radius of dislocation, higher-order term of K+/C, and the
average contrast factor, respectively. The above equation,
including C, considers the elastic anisotropy in a WH plot. C,
obtained by the mWH method, is used in the mWA method
to estimate the dislocation density. The equations for the
mWA method are defined as follows:?"

InA(L) = In AS(L) — Y(L)(K*C) + Q(K*C?)

K~/ C + O(K*C)

2.2)
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Fig. 2 (a) Nominal stress-strain curves and (b) changes in true stress and
work-hardening rate as a function of the true strain in high- and low-N
steels.

3 3 (2.3)
where L, A(L), A5(L), Re and Q represent the Fourier variable,
the real part of the Fourier coefficient, the size Fourier
coefficient, the effective outer cutoff radius of dislocation,
and a coefficient for the higher-order term of K2C,
respectively. The detailed analysis procedure is described in
the references.”’?*2® As a result, dislocation density p and
Re in eq. (2.3) can be calculated by the mWH/WA method.

2
Y(L)=p b L? ln<&>

3. Results and Discussion

3.1 Effect of nitrogen on mechanical properties and
deformation microstructure

Figure 2 shows the nominal stress-strain curves (Fig. 2(a))
and the changes in true stress and work-hardening rate as a
function of true strain (Fig. 2(b)) in high- and low-N steels.
The yield stress of high-N steel is approximately twice as
high as that of low-N steel due to the solid solution
strengthening by N, and furthermore, high tensile strength
of about 800 MPa was obtained without a lack of elongation.
In addition, the work-hardening rate in high-N steel is
remarkably higher at any strain region, which means that N
improves the work hardenability of austenite. Figure 3 shows
the ECCI (Fig. 3(a), (b)) and crystallographic orientation
maps (Fig. 3(c), (d)) of tensile-deformed low-N (3(a), (¢))
and high-N (3(b), (d)) steels. From ECCI, in which the elastic

Low-N steel

Fig. 3 (a), (b) ECC images and (c), (d) crystallographic orientation maps of
tensile-deformed (a), (¢) low-N, and (b), (d) high-N steels.

strain field owing to dislocation can be observed as the white
contrast, it is found that dislocations in high-N steel
(Fig. 3(b)) are linearly arrayed, in comparison to those in
low-N steel (Fig. 3(a)). In other words, the planar dislocation
arrays form because the cross slipping of dislocation is
suppressed in high-N steel. Moreover, crystal orientation
maps reveal that there are many deformation twins (indicated
by an array in Fig. 3(c)) having a misorientation of 60°
around the (111) common rotation axis against the austenite
matrix in low-N steel, while such a structure is hardly
observed in high-N steel (Fig. 3(d)). It is generally known
that deformation twins easily form in austenite, with its lower
stacking-fault energy,”® indicating that the reason why
deformation twinning is suppressed in high-N steel is that
N increases the stacking-fault energy of austenite.>>3? In
order to confirm the difference of the dislocation arrange-
ment, the microstructure in both steels given 2% true strain
was examined by TEM, as shown in Fig. 4. The dislocation
array corresponding to the primary slip can be observed in
both steels. The dislocation in low-N steel (Fig. 4(a)) is
partially bent and tangled with itself, and then the dislocation
cell structure begins to be formed by the cross slipping
(indicated by an array arrow in Fig. 4(a)). In comparison, in
high-N steel (Fig. 4(b)), a typical planar dislocation array
aligned on a straight line is formed and there is no trace of
cross slipping. Such a variation of dislocation characteristics
by addition of N has been considered to stimulate the
dislocation accumulation in high-N steel.

3.2 Effect of nitrogen on dislocation density and
dislocation characteristics

In order to confirm whether there is a difference in

dislocation density between low- and high-N steels, XRD

analysis was conducted for the tensile-deformed specimens.

Figure 5 shows the changes in FWHM of (111),, (200),,
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Fig. 4 TEM images of (a) low-N and (b) high-N steels tensile-deformed at
2% true strain.

(311), and (331), peaks as a function of the true strain in
tensile-deformed low-N (Fig. 5(a)) and high-N (Fig. 5(b))
steels. The FWHM of all peaks increased during deformation,
and the spread of the FWHM in high-N steel is more
remarkable than that in low-N steel, which generally
indicates the dislocation density in high-N steel is higher
than that in low-N steel. However, the shape of the diffraction
peak depends not only on dislocation density, but also on
dislocation arrangement, strain field of dislocation and so on.
Therefore, analysis for the whole line profile is required to
estimate dislocation density. Figure 6 shows the changes in
dislocation density calculated by X-ray line profile analysis
(mWH/WA method) as a function of true strain in both
steels. There was little difference in the increment tendency
of dislocation density during deformation, which means the
effect of N on the dislocation accumulation behavior was
minimal. This result is not consistent with the previous
opinion that a high work-hardening rate in high-N steel is
caused by dislocation accumulation, so other work-hardening
mechanism should be considered.

Other important factor to consider is the dislocation
arrangement parameter (M value) obtained by mWH/WA
method. When the M value is small, the strain field of each
dislocation is small and a stable dislocation structure, such as
a dislocation cell, is formed.?" The M value is a dimensionless
parameter expressed by the following equation:

1.2
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Fig. 5 Changes in full width at half-maximum of (111),, (200),, (311), and
(331), peaks as a function of true strain in tensile-deformed (a) low-N and
(b) high-N steels.
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Fig. 6 Changes in dislocation density estimated by mWH/WA method as a
function of true strain in low-N and high-N steels.

M=R.x.p 3.1

Figure 7 shows the changes in the M value for both specimens
as a function of true strain. In low-N steel, the M value is low
at the early deformation stage, and hardly changes during
further deformation. In comparison, in high-N steel, the M
value is close to 1, which means dislocations are randomly
distributed at the early deformation stage, and they tend to
decrease during deformation. These results indicate that a
dislocation cell structure is already formed by cross slipping
from the early deformation stage in low-N steel. In
comparison, in high-N steel, it is assumed that the elastic
strain field of one dislocation increases by repulsion between
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Fig. 7 Changes in dislocation arrangement parameter as a function of true
strain in low-N and high-N steels.

dislocations because planar dislocations are localized on the
same slip plane. The above results reveal that the large
FWHM in high-N steel is not due to the higher dislocation
density, but arises from the difference in dislocation arrange-
ment and strain field of dislocation.

3.3 Work-hardening mechanism in high-nitrogen auste-
nitic steel

When discussing the work-hardening mechanism of
metallic materials, the Bailey-Hirsch relationship,? which
states that the flow stress is proportional to the square root of
dislocation density, is often used. However, in this study, the
addition of N does not promote dislocation accumulation,
which clearly indicates the work-hardening behavior in
high-N steel cannot be discussed by only considering the
dislocation density. Furthermore, the Bailey-Hirsch relation-
ship is inadequate for the discussion of work-hardening
behavior in specimens where dislocations are distributed like
in high-N steel, because this relation has been established
based on the forest dislocation model**=% that dislocations
exist uniformly. Therefore, we discuss the work-hardening
behavior on high-N steel based on the long-range stress field
theory, which is another dislocation strengthening theory.

The planar dislocation in high-N steel forms due to the
concentration of dislocation movement on the same slip
system, and the movement of the leading dislocation is
stopped by obstacles such as a grain boundary or Lomer-
Cottrell sessile dislocations, resulting in a pile-up of
subsequent dislocations on the same slip plane. Figure 8
presents a schematic illustration showing a pile-up of
dislocations in low-N and high-N steels.

Dislocations on the same slip plane (on the arrow in
Fig. 8) repel each other because they have the same Burgers
vector. The repulsive force f between the two edge

dislocations is expressed by the following equation:*®
Gb? 1
== 3.2
! 2n(1 —v) X (3-2)

where v, G and X represent Poisson’s ratio, the shear modulus
and the distance between two dislocations, respectively.
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Fig. 8 Schematic illustration showing dislocation pile-up in (a) low-N and
(b) high-N steels.

When another dislocation approaches from the dislocation
source to the pile-up dislocation array, the dislocation is
subjected to a back stress in the opposite direction from the
stress field formed by the dislocation array, which is a long-
range stress field. It can be quantitatively expressed as
following equation (3.3), by considering that the back stress
due to n pile-up dislocations and the external force 7 are
balanced.

Gb?

n—1 1
_or - 33
27(1 — v) D Xi—x, (3.3)

The above equation means that the external force 7 required
for balancing increases with the increasing number of
dislocations (n) on the same slip plane. In order to continue
the plastic deformation, it is necessary to introduce (n + 1),
the new dislocation, so that the necessary external force t
increases accordingly. The increase in external stress
corresponds to the work-hardening. In low-N steel where
cross slipping easily occurs, stress relaxation can occur by
reducing the number of pile-up dislocations, whereas in high-
N steel where cross slipping is rare, the number of pile-up
dislocations on the same slip plane significantly increases
with deformation, resulting in high work-hardening.

If the long-range stress field actually occurs due to the pile-
up of dislocations, a large shear stress should occur at a
region closer to the grain boundary affected by pile-up
dislocations. In order to verify the long-range stress field, we
attempted to observe it by elastic strain analysis in the local
region using the EBSD-Wilkinson method. In this study,
changes in the distribution of elastic strain were investigated
by in-situ observation for the same austenite grain under
stress in the specimens before tensile testing, just after
yielding, and tensile-strained at 5%. Figure 9 shows the
crystallographic orientation maps in low-N (Fig. 9(a)) and
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high-N steels, (b), (f) before testing, (c), (g) just after yielding, and (d), (h) strained at & = 5%.
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Fig. 10 Changes in elastic strain £, as a function of distance from grain
boundary triple junction along the dot line shown in Fig. 9(d) and 9(h).

high-N (Fig. 9(b)) steels before tensile testing. In these maps,
the crystal orientation with respect to the tensile direction is
shown. The elastic strain analysis was performed on the
grains surrounded by the black lines with the same tensile
direction (457). Figures 9(b)—(d) and 9(f)—(h) show the
elastic strain maps (Eq;: elastic strain against the tensile
direction) in low-N (Fig. 9(b)—(d)) and high-N (Fig. 9(f)—
(h)) steels before testing (9(b), (f)), just after yielding (9(c),
(g)), and strained at & = 5% (9(d), (h)). In both specimens,
the elastic strain field in the grains increases with increasing
tensile strain. Comparisons between both specimens reveal
that there is little effect of N on the distribution of the elastic
strain before tensile testing or just after yielding. However,
the specimens tensile strained at 5% where work-hardening
has occurred, high elastic strain is generated in the high-N
steel. As an example of the strain distribution, Fig. 10
presents the changes in elastic strain £7; along the dotted line
shown in Fig. 9(d) and 9(h) as a function of distance from
the grain boundary triple junction, where a large strain

concentration was observed in both specimens strained at
5%. In low-N steel, the elastic strain gradually increases as
the distance from the grain boundary decreases, whereas in
high-N steel, the elastic strain is globally high. This is
thought to be because the flow stress applied in high-N steel
is about twice that in low-N steel. On the other hand,
focusing on the gradient of the elastic strain, the gradient is
almost same between both specimens in the region 10 um or
more away from the grain boundary, while the elastic strain
rapidly increases within 10 um from the grain boundary in
high-N steel. That is, the stress concentration was caused by
the pile-up of many dislocations near the grain boundary in
high-N steel, indicating the existence of the long-range stress
field that gives large back stress to subsequent dislocations.
In conclusion, the increase in deformation resistance due to
the long-range stress field is the main factor contributing to
the large work-hardening of high-N steel.

In this study, quantitative discussions related to the work-
hardening rate are still insufficient, so future research should
aim to quantitatively evaluate the planar dislocation structure
and develop the theoretical understanding of the work-
hardening rate. For this purpose, microstructural analyses,
such as line profile analysis, high-resolution SEM, and TEM
are expected to play an important role. We should discuss
work-hardening while comprehensively considering not only
dislocation density but also dislocation arrangement, the
difference in properties among grains,?”) and the ratio of edge
and screw dislocations.

4. Conclusions

For type 316L steel, a large amount of N was added by
the solution nitriding method in order to study the work-
hardening mechanism in high-N austenitic stainless steel.
This was carried out by examining the dislocation density
and distribution by the modified Williamson-Hall/Warren-
Averbach method and the local elastic strain mapped by the
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EBSD-Wilkinson method for low-N and high-N steels. The
obtained results are summarized as follows:

(1) The mechanical properties of high-N steel (0.45 mass%
N) are characterized by high yield stress due to the solid
solution strengthening of N and high tensile strength
due to the increased work-hardening rate. As for the
microstructure, planar dislocation arrays formed by
suppressing the cross slipping of dislocations are
developed in high-N steel.

(2) Dislocation accumulation behavior during tensile
deformation in high-N steel is identical to that in low-
N steel. Therefore, the high work-hardening rate in
high-N steel cannot be explained by the stimulation of
dislocation accumulation, so the work-hardening
mechanism should be closely related to the develop-
ment of the planar dislocation array.

(3) In low-N steel, the dislocation arrangement parameter,
M, is low from an initial stage of deformation and
hardly changes by further deformation, corresponding
to the well-developed dislocation cell structure formed
by easily causing cross slipping of dislocations. On the
other hand, M in high-N steel is higher, which means
the elastic strain field of dislocation tends to be large.
This corresponds to the large repulsive force between
dislocations due to the planar dislocation arrays where
dislocations are localized on the same slip plane.

(4) In high-N steel, a large elastic strain gradient is
generated at the vicinity of grain boundaries by tensile
deformation. This suggests that long-range stress fields
arise from planar dislocation causing stress concen-
trations at grain boundaries and simultaneously gives
a large back stress to the following dislocations. The
back stress enhances the deformation resistance of the
materials, leading to the increase of the work-hardening
rate in high-N steel.
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