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1. Introduction

Austenitic stainless steel, due to its good
combination of corrosion resistance and
mechanical properties, is an ideal and versa-
tile material for various applications.[1,2] In
the most demanding industries, special
grades of austenitic stainless steels with
greater corrosion resistances at different
temperature ranges should be used in order
to meet the requirements. These materials
usually contain high amounts of Ni and
Mo for a lower corrosion rate and high
amounts of Cr and Mo to promote passive
film formation. Despite the importance of
the corrosion resistance, the strength and
ductility of stainless steels are becoming a
concern in many applications such as
deep-water technology. Stainless steels with
a combination of excellent corrosion resis-
tance and high strength are needed. For
these challenges, advanced high alloyed
stainless steels have been developed.[3]

Advanced super austenitic stainless steel
was defined as a group of austenitic stainless steels with a Ni con-
tent near or higher than 30wt% and a pitting resistance equivalent
number (PRE value) near or higher than 40.[4] Austenitic stainless
steels are inherently sensitive to chloride-induced stress corrosion
cracking (SCC), which places a critical requirement for the Ni con-
tent. A good SCC resistance can be obtained only when the Ni
content in the alloy is near or higher than 30%.[5]

Nitrogen as an alloying element has been widely used in austen-
itic stainless steels. Addition of nitrogen offers several beneficial
effects on the properties and provides a good combination of high
strength, good toughness, and excellent corrosion resistance.[6–11]

Nitrogen is also a strong austenite stabilizer and can thereby
replace expensive Ni in austenitic stainless steels. High nitrogen
stainless steels are becoming an increasingly important new class
of engineering materials with commercial importance.[7,10,12,13]

Nitrogen is an interstitial element. Addition of nitrogen in
steel alloy has the following two effects on the structure. One
is to introduce strong elastic distortions into the crystal lattice.
This gives rise to a strong interstitial solid solution hardening
and cold deformation strengthening effects.[14,15] Another is to
cause the change of stacking fault energy[16–18] and consequently
influences the deformed microstructure.[19] It is reported that
increase of amount of nitrogen content in austenitic stainless
steels increases the tendency to form planar dislocation struc-
tures.[11] Another report shows that plastic deformation in those
steels occurs by a combination of planar glide and mechanical
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The influence of nitrogen on the mechanical properties of two high Ni containing
advanced austenitic stainless steels with low stacking fault energies is investigated.
The results show that increase of nitrogen content greatly increases both strength
and elongation of the steel at the same time. At the cryogenic temperature, the
steels show a twin induced plasticity behavior. Ab initio calculations indicate that
the increase of nitrogen slightly increases the stacking fault energy and conse-
quently the critical shear stress for twin initiation in the steel. However, addition of
nitrogen significantly increases the flow stress. This leads to a smaller critical strain
for twin initiation and promotes deformation twinning in the high nitrogen steel.
This is confirmed by the microstructure investigation. Deformation in steels is a
competitive process between slip and twinning. Dislocation slip is dominant at low
strain range, but formation of stacking fault and twinning become important in the
later stages of deformation. At cryogenic temperature, it is mainly deformation
twinning. The influence of nitrogen addition on magnetic property and its effect
on deformation twinning are also discussed. The present study increases the
understanding for the development of high-performance and low-cost advanced
austenitic stainless steels.
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twinning. However, the critical stress/strain conditions for the
onset of mechanical twinning depend strongly on the actual
nitrogen content.[20] This phenomenon was also observed in high
nitrogen Fe–Cr–Mn–Mo–N stainless steels.[19] Planar dislocation
structure is formed in the low strain region but stacking faults
together with well-developed deformation twinning are formed
in the high-strain regime.[19] Recently, the deformation mecha-
nisms in three high nitrogen-contained austenitic stainless steels
were studied using both ab initio calculations and experimental
investigation. The results show that large amounts of nitrogen in
the steels suppress cross-slip and promote dislocation planariza-
tion, and their deformation behavior cannot be explained merely
in terms of the stacking fault energy.[21] Besides these interesting
results, the following two phenomena are still not clear. One is
the influence of nitrogen on stacking fault energy and its role to
deformation mechanism in high nitrogen austenitic steels.[22] It
was reported that nitrogen can efficiently lower the stacking fault
energy.[16,17] Decrease in the stacking fault energy leads to a
wider partial dislocation separation. A lower stacking fault energy
would also increase the tendency for both formation of planar
dislocation structure and nucleation of deformation twins.[16,22]

Opposite to this, it was argued that as an interstitial element, the
addition of nitrogen results in lattice expansion that increases the
stacking fault energy of the alloy.[23,24] Dislocation planarization
in the high nitrogen steels occurs due to the short-range ordering
of nitrogen and other alloying elements. This can also suppress
deformation twinning.[23] Another important factor that is less
discussed is the influence of nitrogen on the ductility of austen-
itic steels. Planar dislocation slip and deformation twinning have
been regarded as important deformation modes in high nitrogen
austenitic steels. This leads to good ductility and high toughness
of the material.[8–11] Recently, it is reported that increase in nitro-
gen content in the Si containing austenitic stainless steels can
result in a decrease in uniform elongation.[25] It was believed that

formation of stress concentration by planarization of dislocation
causes a decrease in uniform elongation.[26]

In this study, the influence of nitrogen on the deformation
behaviors at room and cryogenic temperatures of two high
Ni containing advanced austenitic stainless steels is studied
experimentally and theoretically using ab initio simulation.
Influence of nitrogen on deformation twinning mechanism is
also discussed.

2. Experimental Section

In this study, two advanced austenitic stainless steels were man-
ufactured. Table 1 shows the chemical compositions of the alloys.
The alloys have similar amounts of the alloying elements, except
significant variation in the nitrogen contents. Alloy 27 has
0.051 wt% of nitrogen, while Alloy 34 has 0.24 wt% nitrogen.
The materials used in this study were ∅50mm hot extruded
bar solution annealed at temperatures between 1150 and
1200 °C. However, they have different grain structures as shown
in Figure 1. The grain size of Alloy 27 is about 95 μm, and Alloy
34 has a grain size of 261 μm. These grains contain plenty of
annealing twins, but almost without any preferred crystallo-
graphic orientation/texture.

The samples for the tensile testing were taken in the longitu-
dinal direction of the bar materials. The tensile testing was car-
ried out in two different tensile test machines: a Roell–Korthaus
(air) and an Instron 5982 (cryogenic temperature). Round speci-
mens with a diameter of 5mm and a gauge length of 50mm
were used in accordance with ASTM E8. The tensile testing
was carried out with an initial strain rate of 8� 10�4 s�1 and
changed to 5� 10�3 s�1 at the technological strain correspond-
ing to 0.044. The tensile tests were performed at two different
temperatures: room temperature (RT) (25 °C) and the cryogenic

Table 1. Chemical composition of the hot extruded alloys (wt%).

Alloys C Si Mn Cr Ni Mo Cu N Fe PRE valuea)

27 0.012 0.49 3.63 26.28 31.2 3.21 0.96 0.051 bal. 38

34 0.009 0.49 3.58 26.22 31.46 3.24 0.98 0.24 bal. 41

a)PRE value¼ Crþ 3Moþ 16N.

Figure 1. EBSD orientation maps on the heads of the tensile specimens along the tensile direction in the as-received condition, (a) Alloy 27 and
(b) Alloy 34.
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temperature (CT) of liquid nitrogen (�196 °C). Three replicates
were run at both temperatures.

The microstructure was investigated using a Carl Zeiss
ΣIGMA FEG-SEM equipped with a symmetry electron
backscatter diffraction (EBSD) detector supplied by OXFORD
Instruments. EBSD measurements were carried out with an
accelerating voltage of 20 keV, aperture size of 120 μm, and
scanning step size of 0.5 μm. With the EBSD technique, grain
structure and deformation twins were studied. The postprocess-
ing of the EBSD data was performed in CHANNEL5 data
processing software with the Tango module from OXFORD
Instruments. The deformation structures (dislocation slip, stacking
fault, and deformation twin) were studied using electron channel
contrast image (ECCI) technique in a FIB SEM with FEG tip
manufactured by Carl Zeiss. ECCI measurements were performed
by collecting backscattered electron (BSE) images at an accelerating
voltage of 10 keV and aperture size of 120 μm. It should be noted
that both the SEMs used in this study are equipped with Gemini
Column technology. To obtain good results, samples were
subjected to polishing with colloidal silica in the final step.

Magnetic properties were evaluated using a Quantum
Design Magnetic Property Measurement System (MPMS-XL).
Magnetization versus temperature relations were studied in a
magnetic field of 0.05 T. The measurement started by warming
up the sample to 370 K, applying the field, and then measuring
the magnetization down to 5 K in steps of 5 K interval.

3. Ab Initio Calculation on Stacking Fault Energy

Generalized stacking fault energies (GSFE) of the alloys were
calculated using the ab initio alloy theory. The intrinsic stacking
fault energy (γisf ), unstable stacking fault energy (γusf ), and
unstable twinning fault energy (γutf ) were calculated by using
a supercell approach as in our[27–29] earlier works. The one-
electron Kohn–Sham equations were solved within the frame-
work of exact muffin-tin orbitals (EMTO) method.[30–34] The
scalar-relativistic approximation and the soft-core scheme were
applied. The self-consistent electronic structure calculations
and the total energy calculations were performed based on the

generalized gradient approximation.[35] The chemical disorder
and the magnetic disorder in the steels were described using
the coherent potential approximation[36,37] in combination with
the disordered local moment scheme.[38–41]

The stacking fault energy (γ) values were calculated at ambient
(298 K) and cryogenic (77 K) conditions. The thermal effect was
included by accounting for thermal lattice expansion and the
associated magnetic contribution. The lattice parameter at ambi-
ent temperature was determined by using X-ray diffraction mea-
surement for the alloys. They are similar to that derived from the
expression established in ref. [42], where the alloying
effect including nitrogen is considered. The thermal expansion
coefficient[43] was then used to determine the lattice parameter at
the cryogenic temperature. In view of the relatively low magnetic
transition temperature of austenitic steels,[44] the γ values were
calculated in the paramagnetic (PM) state at 298 K, while in both
the PM and ferromagnetic (FM) states at 77 K for comparison.
Based on the computed intrinsic energy barriers, the critical
twinning stress (τctss) representing the smallest shear stress
required to nucleate twins upon plastic deformation is evaluated
by using the model proposed in refs. [45,46].

4. Results

4.1. Tensile Deformation Behavior

Figure 2 shows three types of tensile test curves of Alloy 27
and Alloy 34 at RT (25 °C) and liquid nitrogen temperature
(�196 °C)—first: engineering stress versus strain �σ versus ε,
then: true stress versus strain �σ_true versus ε_true, and finally:
strain hardening �dσ/dε versus ε_true. Table 2 shows their

Figure 2. Tensile test curves of Alloy 27 and Alloy 34 at RT (25 °C) and liquid nitrogen temperature (�196 °C); engineering stress versus strain �σ versus
ε (dash lines), true stress versus strain �σ_true versus ε_true (solid lines) and strain hardening �dσ/dε versus ε_true (above zigzag lines).

Table 2. Tensile properties of Alloy 27 and Alloy 34 at RT and �196 °C.

Alloys RT (25 °C) �196

Rp0.2 [MPa] Rm [MPa] A [%] Rp0.2 [MPa] Rm [MPa] A [%]

Alloy 27 269 572 58.7 507 1018 84.0

Alloy 34 335 666 63.9 617 1220 74.7
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tensile properties. At RT. Alloy 27 shows a good combination of
high strength and elongation. With addition of 0.24 wt%
nitrogen, Alloy 34 shows an increase of 0.2% proof strength
(Rp0.2) about 24.5% and tensile strength (Rm) about 16.4%. It
is not expected that Alloy 34 also shows a higher elongation
(A), about 8.9% higher than that of Alloy 27. This is a novel
observation, i.e., that addition of nitrogen can increase both
strength and elongation simultaneously in advanced austenitic
stainless steels. The strain hardening curves show that Alloy
34 has a faster increase of the strain hardening rate and finally
also reaches higher strain hardening rates.

At �196 °C, both alloys show even higher strength and
elongation. For Alloy 27, Rp0.2 increases about 88.5%, Rm

increases 78.0%, and elongation increases 43.1%. For Alloy
34, the increases of Rp0.2 and Rm are similar with those
of Alloy 27, being about 84.2% and 83.2%, respectively.
However, the increase of elongation is only 16.9%, which is
much lower compared to Alloy 27. Hence, Alloy 27 has a higher
elongation compared to Alloy 34 at �196 °C as shown in both
Figure 2 and Table 2, but Alloy 34 has still higher Rp0.2 and
Rm due to its higher strain hardening rate during the whole
strain range.

Figure 3. EBSD images of the band contrast and grain boundary maps (a), (d), (g) and (j), red lines-twins; orientationmaps with respect to tensile loading
direction (b), (e), (h) and (k), blue: <111>, green: <110>, red <001>; and ECCI images (c), (i) of Alloy 27 and (f ), (l) of Alloy 34 deformed at different
temperatures and taken 3mm from the fracture; (a–c) Alloy 27 at RT, (d–f ) Alloy 34 at RT, (g–i) Alloy 27 at �196 °C and (j–l) Alloy 34 at �196 °C.
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4.2. Deformation Microstructure

Figure 3 shows the deformation structures of Alloy 27 and
Alloy 34 evaluated in SEM using EBSD and ECCI techniques.
EBSD images of the band contrast and grain boundary maps
show the grain structures including low angle grain boundary
<10° (white points), high angle grain boundary >10° (black
lines), and Σ3 twin boundary with grain misorientation of 60°
(red lines). EBSD orientation images show the crystal or
grain orientations along the tensile direction. ECCI images
show the deformation structures and the observed lines are
deformation twins.

The images of the band contrast images show that disloca-
tion slip and deformation twinning have occurred in both
Alloy 27 and Alloy 34 at room temperature (Figure 3a,d).
Deformation twinning mainly occurred in the <111> grains
along the tensile loading and no such deformation twins can
be observed in <100> grains (Figure 3b,e). The twinning
in <111> grains of FCC steels subjected to tensile testing
at room temperature is well reported.[13,41,47,48] The volume
fraction of Σ3 twin boundary in Alloy 27 is 5.08% but only
2.84% in Alloy 34. However, the ECCI images show that
more fine deformation twins with multiple twin systems
can be observed in Alloy 27 (Figure 3c) and especially in
Alloy 34 (Figure 3f ). These fine twins may not be evaluated
by EBSD due to its resolution limitation. This indicates
that the quantified twinning fraction from EBSD does not
account for the observed nanodeformation twins in the
ECCI images.

At �196 °C, dense deformation twins can be observed in both
alloys (Figure 3g,j). The volume fraction of Σ3 twin boundary in
Alloy 27 is now 16.9% but 6.39% in Alloy 34, which are much
more than those in the samples tested at RT. The ECCI images
(Figure 3i,l) show that these twins are also much finer and with
multitwin systems. However, Alloy 34 has less twin density and
more low-angle grain boundaries or stress concentration areas
(Figure 3j). There are also some grains where no or few
deformation twins can be observed. With inverse orientation
image along the tensile loading direction, they are <100> grains
(Figure 3h,k). Alloy 34 has more such oriented grains than the
Alloy 27.

4.3. Stacking Fault Energy

As shown in Table 3, both Alloy 27 and Alloy 34 exhibit relatively
low γisf in the PM state. The increased nitrogen content in Alloy
34 leads to slightly increased γisf and decreased γusf and γutf at the
given temperatures. With decreasing temperature from 298 to
77 K, γisf of Alloy 27 and Alloy 34 reduces by 6–7mJm�2 in
the PM state, while γusf and γutf increase slightly. Never-
theless, when the possible FM transition at cryogenic condition
is considered, the γisf calculated in the FM state at 77 K increases
to �32mJm�2 for Alloy 27 and Alloy 34, while γusf decreases
noticeably. Namely, the magnetic state has strong influence
on the stacking fault energies and the corresponding tempera-
ture dependence.

5. Discussion

5.1. Influence of Temperature on Critical Stress or Strain for
Twin Initiation

In FCC metals such as austenitic steels, dislocation slip, twin-
ning, and phase transformation can commonly occur depending
on material composition, environment, and mechanical stress
applied [9. 13. 40]. Stacking fault energy of the alloy plays an
important role to the deformation mechanism.[18,19,41,42,46]

Meyer et al.[48] proposed a model for the onset of twinning in
metals. Plastic deformation in metals is a competitive process
between dislocation slip and twinning with increasing strain.
When the applied stress or flow stress is higher than that to
activate dislocation initiation or that can cause a continuous
deformation, deformation will be dominant by dislocation slip.
However, when the applied stress or flow stress in the material
is higher than the critical shear stress for twin initiation, defor-
mation by twinning will occur.[49] The critical twinning shear
stress (τctss) is estimated as follows[50]

τctss ¼ σ0 þ
Kffiffiffiffi
D

p (1)

where D represents the grain size; K is the strengthening coeffi-
cient and is unknown for the studied steels. Nevertheless, the K
value of high-Mn TWIP steels was reported to be in the range
from �330 to 530MPa μm1/2 depending on the chemical
composition.[50–52] Here, we assumed an average K value of
430MPa μm1/2 for the studied steels to include the effect of grain
size on τctss. σ0 is the critical twinning stress corresponding to
coarse grain size, i.e., σ_T¼ σ0 when D!∞. By considering
the equilibrium of forces acting on the individual twinning
dislocation, Kibey et al.[53] have proposed the following models
to evaluate σ0

σ0 ¼
1
m

5
18bT

ðγutf þ γisf Þ �
4

18bT
ðγusf þ γisf Þ

� �
(2)

where m is the average Schmid factor that is taken as 0.326[54]

and bT is the Burgers vector of twinning partials.
Table 4 shows that at room temperature, the critical shear

stress for twin initiation, τctss, and the critical strain for twin
initiation, εctss-tr, in Alloy 34 is smaller than that in Alloy 27.

Table 3. Stacking fault energies of steel Alloy 27 and Alloy 34 at different
temperatures and magnetic states. T is in units of K and the energy
barriers are in mJ m�2.

Alloy T Magnetic state γisf γusf γutf

Alloy 27 298 PM 17.8 250.7 257.0

77 PM 11.1 258.6 262.1

77 FM 32.1 246.2 260.3

Alloy 34 298 PM 19.2 248.2 255.3

77 PM 13.0 256.1 260.5

77 FM 32.4 244.3 258.5
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The εctss-tr is the true strain extracted from the true stress versus
true strain curve using the theoretical critical stress value.
Addition of nitrogen slightly increases the stacking fault energy.
Nevertheless, the difference in grain size of these two alloys is
large, the influence of which on the critical twinning stress
is evaluated using Equation (1) and shown in Table 4.
Accordingly, in combination with the grain size effect, Alloy
34 with higher N content still exhibits relatively low critical shear
stress for twin initiation. Furthermore, addition of nitrogen sig-
nificantly increases the flow stress, and hence decreases the crit-
ical strain for twin initiation, εctss-tr. This indicates that
deformation twinning occurs earlier in Alloy 34 with a higher
increasing rate because a steel alloy with a higher nitrogen
content has a higher strengthening rate. A higher flow stress
on the other hand increases twin initiation rate and amounts
of twins in the material, and consequently increases the total
elongation or ductility.

At the cryogenic temperature, a lower critical stress and higher
flow stress will cause twin initiation at the very early deformation
stage with only few percentages of deformation strain if the alloys
are in the PM state. This can explain why plenty of deformation
twins have formed at the cryogenic temperature, which leads to a
TWIP behavior in the alloys. An interesting phenomenon is that
Alloy 34 has higher flow stresses and a lower critical stress for
twin initiation if the alloy remains in the PM state; however, the
alloy has a lower twin density and consequently a lower elonga-
tion than that of Alloy 27. It is difficult to give a good explanation
just now. Magnetic state in the alloy can be one of the reasons

because the alloy with different magnetic state has different
stacking fault energy as shown in Table 3. The material with
an ordered magnetic state has a higher stacking fault energy
according to our calculations. They will affect the critical stress
for twin initiation as shown in Table 4. This will be discussed as
follows.

5.2. Influence of Temperature on Magnetic Properties

These two alloys are stable austenitic stainless steels. EBSD study
shows that no phase transformation occurred after the deforma-
tion both at RT and cryogenic temperature. However, magnetic
properties evaluation shows that magnetic moments (M) slightly
increase with decrease of temperature, but then increase quickly
at certain temperature. This critical temperature is determined
by a derivative of magnetic moment versus temperature.
Here, for illustration, we take the derivative of 1/M (which is sup-
posed to give a temperature slightly above the true ordering or
freezing temperature where a substantial magnetic short-range
order can develop). The so obtained transition temperature for
Alloy 34 is 93 K (�180 °C) and 67 K (�206 °C) for Alloy 27.
We emphasize that these temperatures do not correspond to a
transition from PM state to a FM state; they only indicate a
marked increase in the magnetization with decreasing tempera-
ture. The true low-temperature magnetic state of these alloys is
likely to be spin glass with freezing temperature far below 50 K
(not shown). Nevertheless, we know from theory that magnetic
ordering strongly affects the stacking fault energy. Namely, a
magnetically ordered state can lead to very different GSFE
surface topology as compared to the magnetically disordered
state.[55]

Due to the difficulty to quantitatively evaluate the influence of
complex magnetic state like spin glass on the stacking fault
energy, here the FM state is used to model a low-temperature
magnetic state and illustrate the influence of magnetic transition
on the stacking fault energy. As shown in Table 3, the stacking
fault energies of these two alloys at �196 °C are much higher in
FM state than in PM state. In addition, Figure 4 shows that Alloy
34 has a relatively high magnetic transition temperature.
Namely, at the testing temperature of �196 °C, the magnetic
order state is preferable in Alloy 34 than Alloy 27. Therefore,
Alloy 34 is expected to have a higher stacking fault energy
and thus critical twinning stress than Alloy 27 at �196 °C.

Table 4. Critical stress and strain for twin initiation in Alloy 27 and Alloy 34
at different temperatures andmagnetic states. The critical strain values are
extracted from the measured tensile curves using the theoretical critical
stress values.

Alloys T [K] Magnetic state σ0 [MPa] τctss [MPa] εctss-tr

Alloy 27 298 PM 352 396 0.247

77 PM 337 381 0,040

77 FM 409 453 0.095

Alloy 34 298 PM 353 380 0.222

77 PM 339 366 0.012

77 FM 405 432 0.032

Figure 4. a) Magnetic properties evaluated by MPMS-XL. b) Magnetic moment versus temperature. Derivative of magnetic moment versus temperature.
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This may cause that it is easier for Alloy 27 to initiate deforma-
tion twinning comparing with Alloy 34 and lead to a higher
density of twins at �196 °C. In other words, by approaching
the magnetic transition temperature, one expects a significant
change in the GSFE driven by the change in the magnetic
state.[55]

5.3. Competitive Deformation Mechanisms

Dislocation slip and deformation twinning are two competitive
mechanisms during deformation process of austenitic stainless
steels.[14,40,41,48] In AISI 316 steel with a nitrogen content of
0.04 wt%, it was found that deformation mainly occurs by dislo-
cation in the beginning; deformation twinning occurs in the later
stage of deformation with high deformation strain. In AISI 316
steel with a high nitrogen content (0.53 wt%), besides the above
steps, second-order twinning occurs in the later stage of defor-
mation.[14] Similar phenomena have been observed in high nitro-
gen containing steel, Alloy 34, as shown in Figure 5. At low
deformation strain (9 mm from the fracture surface), deforma-
tion is mainly by dislocation slip (white lines/points) with some
deformation twins (red lines) (Figure 5a). With increasing defor-
mation strain (3 mm from the fracture), more deformation twins
can be observed (red lines in Figure 5b). With the ECCI image,
multiple high order twinning has occurred with interactions
between moving dislocations and twins (Figure 5c). With the

formation high order twins, the initial formed twin boundaries
are not straight lines anymore due to the crystal rotation during
deformation. These high ordered twins with other crystal orien-
tations can intersect with the initial deformation twins as shown
in Figure 5c and cause a deformation strengthening.

Deformation at cryogenic temperature has introduced dense
twins in these two alloys. Figure 6 shows the deformation micro-
structure in Alloy 34 tested at �196 °C. These deformation twins
initiated mainly at grain boundary and then propagated until they
met another boundary (Figure 6a). From the ECCI image with
high resolution, it can be found that there are dense nanotwins
between the thick twin boundaries in the EBSD image
(Figure 6b). With further increasing magnification (Figure 6c),
it can be found that the distance between nanotwins is below
100 nm. Alloy 27 shows the similar twin microstructures. This
indicates that dense nanotwins have initiated and developed
in these two alloys tested at the cryogenic temperature, which
lead to a TWIP phenomenon in the alloys. These images further
show that the EBSD images cannot give a quantitative analysis of
nanotwins in these two alloys.

In these two alloys, stacking faults have also been observed in
both alloys as shown in Figure 7. Alloy 27 (Figure 7a) has wider
and more stacking faults than Alloy 34 (Figure 7b). This may be
due to the fact that Alloy 27 has a slightly lower stacking fault
energy. Actually, formation of stacking faults and deformation
twinning are a competitive process depending on local stress
and crystal orientations.[16,41] Deformation in the steels is a

Figure 5. Deformation microstructures in Alloy 34 tested at RT, EBSD images/red lines: Σ3 twin boundaries, white points/lines: low-angle grain bound-
aries <10°, black lines: high-angle grain boundaries ≥10°, a) EBSD image taken 9mm from the fracture surface, b) EBSD image taken 3mm from the
fracture surface, c) ECCI image taken 3mm from the fracture surface showing high-order deformation twinning and its interaction with dislocations.

Figure 6. Deformation microstructures in Alloy 34 tested at�196 °C, a) EBSD image taken 3mm from the fracture surface, red lines: Σ3 twin boundaries,
white points/lines: low-angle grain boundaries<10°, b) ECCI image taken 3mm from the fracture surface, c) enlarged ECCI image (b) showing high-order
deformation twinning and its interaction with dislocations.
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competitive process. Dislocation slip is dominant at low strain
range, but formation of stacking fault and twinning become
important in the later stage of deformation. This phenomenon
has also been reported in other studies.[13,20,50] At cryogenic tem-
perature, it is mainly deformation twinning, but interaction
between deformation twins and dislocation slip can still be
observed, especially at local necking range. As known, formation
of deformation twins can improve ductility and interaction
between deformation twins and dislocation slip contributes a
strengthening. This combination leads to a TWIP behavior of
these steels at cryogenic temperature.

6. Conclusion

Influence of nitrogen on the deformation behavior and
microstructure in two advanced austenitic stainless steels has
been studied. The following conclusions can be obtained.

Addition of a high amount of nitrogen in the advanced stain-
less steels can significantly increase both strength and elongation
at same time. This is the first report on this phenomenon in high
Ni containing advanced austenitic stainless steels.

Addition of nitrogen promotes deformation twinning at room
temperature, which is one mechanism for a high elongation of
the steel. The increased twinning activity is mainly due to the
increased flow stress and strain hardening rate in nitrogen steels,
reaching the critical stress for twinning at smaller strain levels.
Formation of stacking faults is another one besides dislocation
slip. At cryogenic temperature, these advanced austenitic stain-
less steels show a TWIP effect.

Addition of nitrogen can cause a higher magnetic transition
temperature compared to the low-nitrogen case. This signifi-
cantly increases the stacking fault energy and consequently
affects the deformation mechanism in the steels at cryogenic
temperature.
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