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Austenitic nanocrystallites

AISI 304L stainless steel in austenitized and in solution nitrided condition was severely mechanically deformed
by surface roller burnishing. High-temperature solution nitriding was applied to achieve a nitrogen-concentration
depth profile, leading to a depth-gradient in the austenite stability. X-ray diffraction, electron microscopy and
hardness indentation were applied for characterization of the graded microstructures obtained by combining a
composition profile and a deformation profile. While severe plastic surface straining of an austenitized speci-
men leads to a deformation-induced transformation of austenite into martensite, the solution nitrided specimen

remains austenitic upon deformation, even in the region where nanocrystallization occurs. The deformation mech-
anisms operable in the nitrogen-stabilized austenitic stainless steel, i.e. twinning or dislocation glide, depend on
the combination of applied plastic strain/strain rate, and the nitrogen-concentration dependent stacking fault

energy.

1. Introduction

Metastable austenitic stainless steels are materials of high interest
for a plethora of engineering applications due to their intrinsically high
corrosion resistance and good formability [1]. One of the most effi-
cient ways to achieve reasonable strength and fatigue resistance in these
materials is severe plastic surface deformation (SPSD). Conventionally,
SPSD, such as ultrasonic shot peening, deep rolling and surface me-
chanical attrition treatment (SMAT), leads to significant microstructural
changes associated with grain refinement to submicron-/nano-meter di-
mensions, formation of micron-scale defects and deformation-induced
martensitic transformation [2-5]. Despite a positive contribution to
strength, the presence of deformation-induced martensite (i) negatively
influences the resistance against aqueous corrosion; (ii) increases the
susceptibility to hydrogen embrittlement; (iii) results in a reduction in
the ductility and (iv) is particularly harmful during low-temperature sur-
face nitriding [6-11]. Therefore, the prevention of deformation-induced
martensite upon SPSD is necessary for metastable austenitic stainless
steels subjected to forming applications.

Nitrogen is a potent austenite stabilizer and offers beneficial effects
for austenitic stainless steels, involving enhanced yield strength without
significant reduction in ductility, improved electrochemical properties
and a reduction of the nickel content as austenite stabilizer [12-14].
Nitrogen can be introduced to stainless steels in the liquid state to
manufacture a so-called high nitrogen steel or in the solid state at
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elevated temperature by thermochemical treatment in a nitrogen-
containing gaseous atmosphere. Both procedures are viable means to
stabilize austenite from transforming into martensite on deformation
and both are applied in industrial practice. Dissolution of nitrogen into
the liquid phase is associated with a relatively low maximum nitrogen
solubility and requires high pressure electroslag remelting [13-15].
Dissolution in the solid state can be achieved by high-temperature so-
lution nitriding (HTSN), and is limited in the depth range [16,17]. The
achievable case depth is several hundred microns (up to a few mm’s)
deep and depends on the process conditions. The nitrogen content at
the surface reflects equilibrium between gas and solid and depends
on the alloy composition, the applied temperature and the (total or
partial) N, pressure in the gas [11]. In previous research activities,
HTSN was utilized for suppressing the martensitic transformation
during subsequent cold drawing [10] or rolling [18,19] of type AISI
304 steel. These investigations confirmed that effective stabilization
of austenite can be achieved by introducing nitrogen in solid solution.
This suggests the possibility of severe deformation of austenite that has
been stabilized by prior HTSN, and thereby potentially the development
of a nano-crystalline surface layer in austenite.

The effect of nitrogen on deformation mechanisms in austenite is
likely to be associated with a modification of the stacking fault en-
ergy (SFE), which plays a key role in the operable deformation mech-
anism in austenitic stainless steels - phase transformation, twinning, or
dislocation glide by slip and the associated strain hardening behavior
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[20-22]. The dependence of SFE on the nitrogen content is not accu-
rately known, as conflicting values can be found in the scientific liter-
ature [10,20,21,23]. It is anticipated that a variation of nitrogen con-
tent with depth, as obtained after HTSN, is associated with a depth-
distribution of SFE in the solution nitrided case. This, coupled with a
depth-gradient in the degree of deformation and the strain rate as in-
duced by SPSD, provides a means to track the microstructure character-
istics at different levels of plastic strain, strain rate, and SFE.

In the present work, a commercial AISI 304L stainless steel is HTSN
treated and subsequently severely deformed by surface roller burnishing
(SRB). The objectives of the present study, are (i) to establish a nitrogen-
concentration depth profile and associated gradient in the austenite sta-
bility prior to SRB, (ii) to interpret the austenite stabilization and mi-
crostructure evolution at different levels of strain, strain rate, and SFE,
and (iii) to develop a novel approach to obtain a graded nanostruc-
tured/ultrafine surface layer without martensite formation.

2. Experimental procedure

The starting material AISI 304L stainless steel was provided as plates
with size of 70 mm X 30 mm x 3 mm in annealed condition. The chem-
ical composition of the alloy is (in wt %): 0.023 C, 18.35 Cr, 8.51 Ni,
0.41 Si, 0.83 Mn, 0.03 P, 0.004 S and balance Fe; the SFE for an alloy
with this composition is ~ 18 mJ/m? [20].

The specimens were solution nitrided at 1150 °C (1423 K) for 2 h in
0.5 bar N, (total pressure). As a reference one as-received plate was sub-
jected to a solution heat treatment (SHT), i.e. an austenitization, at the
same temperature and for the same time in argon at atmospheric pres-
sure. Both treatments were terminated by high-pressure gas quenching
to avoid austenite decomposition and/or the formation of nitride precip-
itates during cooling. Subsequently, the surfaces of the SHT and HTSN
specimens were severely plastically deformed through SRB based on a
pin-on-disk configuration similar to that described in Ref. [24]. During
SRB, the roller was pressed against the surface of a steel plate mounted
on a turning lathe, while the steel plate rotated at a speed of 300 rpm.
The roller was made of high speed steel and has a hardness of HV 720-
772. The roller is 8 mm wide and has a radius of curvature of 6 mm.
The roller rolled onto the surface of the plate and was simultaneously
traveled back and forth at 0.038 mm/revolution in the radial direction
of the rotating plate. Thus, a circular region of 30 mm in diameter was
processed on each specimen. In order to obtain different degrees of de-
formation, two feed depths, i.e. the maximum depth of the roller into
the plate, were applied: 300 um and 500 pm. A surface roughness of
S,=0.3 um was achieved under the applied SRB feed depth range. Met-
alworking water soluble coolant Quaker cool 7350 BFF was applied for
cooling and lubricating during the SRB process.

Glow discharge optical emission spectroscopy (GD-OES by Horiba
Jobin Yvon GD profiler 2) was applied to determine the nitrogen con-
centration profile after HTSN; depth-profiling was achieved in a plasma
at 1000 Pa and 40 W. Since the depth range of nitrogen is beyond the
depth range of accurate GD-OES depth profiling, the nitrogen concen-
tration profile was measured using spot measurements at multiple lo-
cations, starting from different depths on the specimen as realized by
successively removing thin layers by gentle polishing. Quantification of
the nitrogen concentration profile was achieved using reference materi-
als, including a nitrogen-free AISI 304L stainless steel and a JK 49 steel
with a nitrogen content of 2 wt %. Thermodynamic equilibrium calcu-
lations related to solution nitriding of the alloys were performed using
Thermo-Calc 2017b with the TCFE Steels/Fe-Alloys v6.2 database.

A Bruker D8 AXS X-ray diffractometer with Cr Ka radiation was used
to identify the crystalline phases in surface or subsurface of the treated
specimens. To study the structures along the depth direction using XRD
investigation, the specimen was examined at different depths by succes-
sively electropolishing off thin layers of 19-30 um. The cross-sections of
the specimens were mechanically polished and etched at room temper-
ature with Kalling’s reagent for metallographic investigation. Reflected
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light microscopy was carried out on the cross-sections with a Zeiss Jena
Neophot 30 microscope to either observe the nitrided layer or differen-
tiate the morphological features of the deformed microstructure treated
at different feed depths. The microstructural evolution along sections
perpendicular to the treated surface of the SRB specimens was further
investigated using a combination of electron channeling contrast imag-
ing (ECCI) and electron backscatter diffraction (EBSD) on a Zeiss Supra
35 scanning electron microscope (SEM). ECCI was performed at 15 kV
acceleration voltage and a working distance of 6-7 mm, depending on
the specimen shape. For the EBSD procedure, the cross-section of the
specimen was electropolished in a “Struers Electrolyte A2” solution at
25 V for ~30 s in a LectroPol-5 electrolytic polishing machine. EBSD
analysis was performed on a selection of regions with a step size of 30
nm using an accelerating voltage of 20 kV. A thin foil with size of 8
um x 9 um was extracted perpendicularly to the feed direction in the
outermost surface region by a focused ion beam (FIB) facility (Tescan
Lyra 3 GMU) to achieve a reliable observation of the ultrafine structure.
The specimen thus prepared was welded onto a platinum clamp and ex-
amined in an FEI Tecnai T20 Transmission Electron Microscope (TEM),
operated at an accelerating voltage of 120 kV. The hardness distribution
in the nitrided/deformed surface layers was measured using a Future-
Tech FM-700 hardness tester applying a load of 25 g at a dwelling time
of 10 s at various depths. Presented hardness values are the average of
5 indentations.

3. Results
3.1. Solution nitriding treatment

The effect of solution nitriding was verified by comparison of the HT-
SNed microstructure and the nitrogen concentration profile with those
in as-annealed 304L specimen by means of thermodynamic calcula-
tion and experimental evaluation. An isopleth showing the evolution of
phase stability with nitrogen content, displays the y-phase field in the
temperature range 800 °C to 1350 °C in Fig. 1(a). Iso activity lines as
referred to by the given N, pressures are superimposed on the isopleth,
so the equilibrium nitrogen content is given as a function of tempera-
ture and N, pressure.! HTSN conditions of 1150 °C and 0.5 bar were
selected such that the y-phase is stable for the entire composition range
from 0.42 wt % at the surface, in equilibrium with the N, gas, to the
nitrogen-free core. No chromium nitrides are expected to develop dur-
ing nitrogen dissolution. The experimental nitrogen concentration pro-
file along the diffusion direction is shown in Fig. 1b. After 2 hours of
HTSN at 1150 °C, the absorbed nitrogen atoms have diffused to a depth
of ~ 450 pm and the nitrogen content averaged over the first 2 pm is
0.40 wt %, in good agreement with the nitrogen content predicted by
assuming thermodynamic equilibrium at the surface (Fig. 1a).

The grain size on the right-hand side of the micrograph in Fig. 1d
reflects the effect of temperature on grain size, while some of the grains
in the nitrogen-containing region to the left are appreciably larger.
Evidently, substantial grain growth (from ~ 21 to ~ 87 pm) occurred
along with the dissolution of nitrogen in the solid state at 1150 °C (cf.
Fig. 1c and d). A cross-sectional micrograph of the solution nitrided
specimen (Fig. 1d) shows no indications of precipitate formation
at grain boundaries or in the grain interior. As long as the nitrides
are avoided the nitrogen uptake through HTSN is beneficial for the
electrochemical properties [25], which also leads to slower etching
rates close to the surface compared with that in the core; hence, the
faint microstructural details in the surface-adjacent zone.

1 Strictly speaking this is the partial pressure of N, at 1 bar total pressure.
However, since the total pressure has a negligible effect on the position of the
phase boundaries in Fig. 1a for the pressure range considered (up to 1 bar), total
and partial pressure are interchangeable.
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Fig. 1. (a) Calculated Fe-N phase diagram with N, isobars showing the phase stability of austenite and interface equilibrium conditions. (b) Experimental nitrogen
concentration distribution as determined with GD-OES. Light-optical microstructures of the as-annealed specimen (c) before and (d) after solution nitriding.

3.2. Phase stability of the SRB surface layer

X-ray diffractograms from the surfaces of the SHT and HTSN speci-
mens before and after surface roller burnishing are given in Fig. 2. The
more intense 220 austenite reflection in for the HTSN specimen as com-
pared to the SHT specimen is attributed to additional grain growth in
nitrogen containing austenite (cf. Fig. 1d). Evidently, such grain growth
promotes a slight change in texture favoring 110 oriented austenite
grains. The response of the SHT and HTSN surfaces towards SRB is very
different. Whilst the diffractogram of the surface zone of the SHT+SRB
specimen shows mainly (b.c.c.) a’-martensite after SRB, the HTSN+SRB
specimens only show austenite. Evidently, austenite is effectively sta-
bilized by HTSN, resulting in austenite that is fully resistant against
deformation-induced martensite formation upon severe deformation.
The line profiles as measured in SHT and HTSN specimens are signifi-
cantly broadened after SRB, which is attributed to a reduction in the co-
herently diffracting domain size and/or an increase in the micro-strains
[26].

To further clarify the evolution of the phase structure along with the
gradients of nitrogen concentration and strain in the deformed layer,
the phase composition was assessed with X-ray diffraction at different
depths in the SRB treated specimens after successively removing sub-
layers by electropolishing (see Fig. 3a and b). In the SHT+SRB spec-
imen austenite as well as b.c.c. &’ and h.c.p. ¢ martensite diffraction
peaks are identified. The a’-martensite peaks are present up to a rela-
tively large depth (> 600 um) and become more intense towards the
surface; e-martensite is observed in the depth range 19 — 410 pum. For
the HTSN specimen deformed at the same feed depth, only austenite

diffraction peaks are detected to a depth of 405 pum, while martensite
does appear beyond this depth, where the nitrogen content is very low
(cf. Fig. 1b). Quantitative estimation of phase fractions was carried out
using the direct comparison method [27], according to ASTM standard
E795 [28]. In the quantification procedure, the integrated intensity of
the 200 and 220 reflections of austenite, the 220 and 211 reflections of
o’-martensite, and of the 004 reflection of e-martensite were considered.
Fig. 3c presents the corresponding depth distributions of the marten-
site volume fraction on these two treated specimens. For the SHT+SRB
specimen a sharp drop from 78 % to 46 % martensite occurs within
the first ~ 20 um from the surface, followed by a gradual reduction of
the martensite fraction. These findings are consistent with those pre-
sented in Refs. [29,30], where the amount of martensite was found to
increase with the degree of deformation and a reduction of the grain size
of AISI 304 stainless steel during cold working at room temperature. For
the HTSN+SRB specimen, beyond 405 um depth, the small amount of
martensite detected (< 2%) is comparable to the content determined in
the SHT+SRB specimen at this depth (Fig. 3c). The significant difference
in the volume fraction of deformation-induced martensite between the
SHT+SRB and HTSN+SRB specimens indicates that for the present con-
ditions, the combination of nitrogen content and degree of deformation
is sufficient to suppress martensite formation up to a depth of ~ 400 um.
The in-depth volume fraction of martensite in the SHT+SRB specimen
in Fig. 3d, shows a considerable amount of ¢-martensite with respect to
«’-martensite, especially in a range of medium degree of deformation.
For a higher feed depth of 500 um, X-ray diffractograms at differ-
ent depths for the HTSN+SRB specimen contain tiny diffraction peaks
of e-martensite at certain depths (Fig. 3b). Evidently, austenite is not



B. Wang, C. Hong and G. Winther et al.

o austenite e o'-martensite
o +]
[ SHT
L ]
| Y J
f| SHT+SRB (feed depth: 300 pum)
fj"\ ) 54 2. AL
—t HTSN
= [+]
5 —
] IHITSN+SRB
=}
B
5
o o
} ﬁcd depth: 300 um
4 1‘_eer\_|__({5:_|7|_th: Sl’}_l’! pm
T T

60 80 100 120 140 160
two theta, degree

Fig. 2. X-ray diffractograms showing the phases present in the surface-adjacent
zone of the solution treated/nitrided specimens before and after SRB.

sufficiently stable under this more severe deformation condition. These
results suggest that ¢-martensite is an intermediate phase during the
deformation-induced transformation y — £ — o’ in the HTSN+SRB spec-
imen, and indicate that there exists a critical combination of nitrogen
content and degree of deformation where austenite is stable against
deformation-induced martensite formation.

3.3. Microstructure characterization

3.3.1. Overall observations in the deformed zone

Cross-sectional optical micrographs of the SHT+SRB and HTSN+SRB
specimens are given in Fig. 4a-c, demonstrating different features
of plastic deformation and microstructure refinement, corresponding
to different pre-treatment/SRB conditions. Irrespective of the pre-
treatment and straining conditions, in all materials SRB produced a sub-
stantial number of thin bands. A dense outermost zone with a thickness
of several tens of microns can be observed in all treated specimens, sug-
gesting the formation of ultrafine/nano-crystalline grains (see below). In
good accordance with other severely surface deformed austenitic stain-
less steels [31-34], the plastic deformation and strain induced by SRB
depend on the depth below the surface. The surface has experienced
the highest plastic strain, consisting of compression, as imposed by the
feed, and shear, through frictional contact with the roller. Plastic strain
gradually decreases with depth and the shear component vanishes, as
suggested by absence of grain boundaries that bend towards the for-
ward roller direction. In the following the deformation response of the
three treated specimens is described in separate sections.

For the SHT specimen, SRB with a feed depth of 300 um has induced
a deformed zone (below the dense surface zone) that consists of multiple
thin straight bands the density of which increases towards the surface
(Fig. 4a). Abundant band intersections develop in the upper part of the
deformed zone, while groups of parallel bands and individual bands are
visible deeper in the deformed zone.

Under the same SRB conditions, relatively few bands and hardly
any band intersections are observed in the surface-adjacent region of
the HTSN specimen (Fig. 4b), where a relatively high nitrogen content
is present. More pronounced formation of thin bands is observed
deeper (~ 430 pm) in the deformed zone, where the nitrogen content
is low, and appears to extend slightly deeper than for the SHT+SRB
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specimen (Fig. 4d). The thickness of the deformed zones reflects
the transferability of the plastic deformation, which depends on the
dissipation of the mechanical work exerted on the specimen during
SRB. Based on the processing characteristic of SRB, i.e. “repetitive
mechanical loading”, the deformed microstructure developed at an
earlier stage would always participate in the energy dissipation during
the later deformation. The deeper deformed zone exists in HTSN+SRB
specimen reveals that deformation-induced twin/dislocation possesses
a higher transferability of plastic deformation than for martensite. This
may be attributed to the relatively high hardness of martensite (see
below the hardness results in Fig. 8), which limits the transfer of plastic
deformation to deeper regions. Similar deformation morphologies are
identified for a feed depth of 500 um; the thicknesses of the dense
surface-adjacent zone and the entire deformed zone are larger than for
a 300 um feed depth (Fig. 4c and d).

It is noted that the microstructure in the surface-adjacent region of
the deformed SHT specimen appears dark after etching for ~ 10 s, while
the deformed surface layer on the HTSN-300 specimen remains bright,
even for a relatively long etching time of 24 s (the HTSN-500 specimen
is slightly electrochemically attacked in this region). This difference in
electrochemical response is explained from the largely martensitic sur-
face zone for the SHT+SRB and the nitrogen-containing austenitic sur-
face zone for the HTSN+SRB specimens.

3.3.2. Deformed microstructure on SHT+SRB specimen

The microstructure evolution along the deformation direction in the
SHT+SRB specimen is revealed by ECCI (Fig. 5a). Similar to that given
in Fig. 4a, the thin bands are present in different configurations depend-
ing on depth: close to the surface, bands of a few micrometers thick are
intersected abundantly, while deeper in the zone sets of parallel bands
occur within the grains. The microstructure in the ultrafine surface zone
as observed with light-optical microscopy (Fig. 4a) is not shown, because
this part was largely dissolved during electropolishing of the cross sec-
tion, consistent with its dark appearance in Fig. 4a.

A combination of ECCI and EBSD was used in three selected re-
gions, corresponding to different depths in the deformed zone. In re-
gion I, the thin bands have a width of 1~2 pum and consist of a mix-
ture of e-martensite and «’-martensite. In particular, along a single ¢
lath there is a high density of a’-martensite, some of which are wider
than the ¢ laths. These observations suggest that a’-martensite has nu-
cleated inside the ¢ laths and thereafter has grown into the austenite
matrix. Similar structures were observed in Refs. [35-37], where the
growth of a’-martensite was reported to be confined by several adjacent
bands. At a depth of ~ 270 pm (region II) both individual bands and
groups of bands are present. Both a’- and e-martensite form in the indi-
vidual bands and are separated from the neighboring phases by a sharp
boundary, leading to serrated shape distribution, whereas exclusively
a’-martensite is observed in the groups of bands (Fig. 5Se-g). It is most
likely that this a’-martensite results from a direct y — «’ transforma-
tion without e-martensite as a pre-cursor for a’-martensite, which has
also been observed previously [38, 39]. At a depth of ~ 450 pm (re-
gion III), where a relatively low degree of deformation was applied, a
small number of intersected bands is found. At the intersections small
units of a’-martensite have developed while the bands themselves con-
sist of e-martensite (Fig. 5h-j). The development of a’-martensite at band
intersections is consistent with the commonly accepted nucleation the-
ory stating that the intersections of e-martensite or microscopic shear
bands including faults and twins, are preferred nucleation sites for a’-
martensite [30,40,41].

In concert with Fig. 3d, the applied plastic deformation gradi-
ent in strain/strain rate resulted in fluctuating fractions of marten-
site (both a’- and e-martensite) with depth in the SHT+SRB speci-
men, without playing a significant role in altering the deformation
mechanism (Fig. 5).
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Fig. 3. Typical X-ray diffractograms obtained at different depths in (a) the SHT specimen SRBed at 300 pm feed depth, and (b) HTSN specimens SRBed at 300 um
and 500 um feed depths. In-depth volume fraction of (c) total martensite in the two types of specimens and (d) «’-martensite and e-martensite in the SHT+SRB

specimen.

3.3.3. Deformation microstructure in HTSN+SRB specimen

« Ultrafine zone

A TEM foil was extracted from the cross-section of the HTSN+SRB
specimen to examine the microstructure in the depth range 1-10 pum be-
low the surface (Fig. 6). The microstructure close to the outermost layer
(1-3 um from surface) is characterized by nanometer-scale grains (NGs)
and a high density of dislocations. Sub-micrometer-sized grains (SGs)
and lamellar sub-grain structures are present beneath the nanocrys-
talline zone (Fig. 6a). The dark-field TEM image shows that the lamellar
sub-grain structures often appear as bundles and their width in Fig. 6b
has increased to ~ 130 nm compared with that being several tens of
nanometers near the surface in Fig. 6a. The bundles are non-uniform
and irregular in shape.

Thorough examination of the SGs and lamellar sub-grain structures
shows the locally existence of nano-scale twin bundles, as indicated by
“f” and “c” in Fig. 6a and detailed in c-g. Both regions contain fine defor-
mation twins of 8-39 nm in thickness as found in the bright-field images

in Fig. 6¢ and f, and confirmed by the selected area electron diffraction
(SAED) analyses in Fig. 6d and the inset in Fig. 6f, and associated
dark-field images in Fig. 6e and g. Contrast variation over a distance
of hundreds of nanometers is observed along the twin/matrix lamellae
both in the bright-field and dark-field images, which indicates variation
in crystal orientation. This is consistent with the observed stretching of
some diffraction spots in the SAED patterns. Contrast variation over a
distance of tens of nanometers is also noticed within the twin/matrix
lamellae, suggesting the existence of a high density of dislocations.
Orientation variation and a high density of dislocations are a character-
istic of deformation twins found in deformed metals, especially those
deformed to large strains [33,42,43]. Additionally, discontinuous con-
trast was found in these nano-scale twin bundles, indicating that some
twin lamellae are subdivided in blocks. Dark-field imaging and SAED
in Fig. 6h confirm that the NGs have a wide range of orientations, and
the nanocrystalline surface zone consists entirely of austenite with an
average grain size (Feret diameter, Fh) of approximately 42 nm (Fig. 6i).
The nanocrystalline austenite differs considerably from that observed in
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Fig. 4. Optical micrographs of deformation struc-
tures at 300 um feed depth for (a) SHT specimen,
and at (b) 300 um and (c) 500 pm feed depth for
HTSN specimens. (d) Comparison of the thickness
of the ultrafine layer and the whole deformed zone
induced by SRB on differently treated specimens.
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the SHT+SRB specimen and other SPSD treated (metastable) austenitic
stainless steels, where NGs are predominantly martensite [30-32].

* Deformed sub-surface zone

The microstructure in the deformation zone underneath the
nanocrystalline zone of the HTSN specimen with 300 pm feed depth
SRB is given in Fig. 7a. Interestingly, band formation is not pronounced
within the depth range where solution nitriding has provided an in-
crease in nitrogen content (up to 450 pm). A unique region at ~ 150 um
depth (marked I in Fig. 7a) shows parallel bands, as shown in Fig. 7b.
The results of an EBSD investigation of the bands and surrounding ar-
eas in this region is given in Fig. 7c-e. Misorientation profiles in Fig. 7e
show variations in orientation along the directions marked by arrows
1-3 in Fig. 7c and d. Misorientation profiles for arrows 1 and 3 are ~
60°/<111>, indicating £3 twin boundaries. Along the path marked by
arrow 2 in the orientation map in Fig. 7¢, the much smaller misorienta-
tions indicate dislocation structures formed by slip. At a depth of ~ 300
um (region II) the focus was placed on a deformed grain, in which fence-
shaped thin bands are found co-existing with an individual straight band
showing a more contrasting structure (Fig. 7f). Particularly, the individ-
ual band extends through an annealing twin and exhibits a misorienta-
tion of 60°/<111> with respect to the matrix grain, confirming its twin-
ning characteristic (Fig. 7e and 7g). In the other marked region (Fig. 7h),
no typical £3-twin relationship was identified and the thin bands in the
“fence” show similar features to that in a warm deformed 310 steel,
for which the deformation mechanism was demonstrated to be multi-
directional planar slip [44]. Austenite containing twins and dislocations
and no martensite after SRB is consistent with the XRD results presented
in Fig. 3b.

At 440 pm from the surface (region III in Fig. 7a), a depth commen-
surate with the diffusion depth of nitrogen, the formation of continuous
bands is observed and becomes more pronounced with further increas-
ing depth (Fig. 7i), similar to the deformation features in the SHT+SRB
specimen (Fig. 5a). EBSD investigation in this region in Fig. 7j-n shows
that the bands are mainly composed of martensite, i.e. a’-martensite
forming at band groups and intersections, and complete ¢-martensite
thin plates, similar to those described in Fig. 5h—j.

HTSN-300

HTSN-500

3.4. Hardness

The influences of HTSN and SRB (and their combination) on the
hardness-depth profile are given in Fig. 8. The dissolution of nitrogen
during the HTSN treatment at 1150 °C for 2 h leads to a hardness of ap-
prox. 280 HV, (o5 close to the surface which decreases gradually with
increasing depth until about 400 um below surface, where the core hard-
ness is reached. Obviously, this hardness profile is explained from solid
solution strengthening by the nitrogen concentration profile.

The surface hardening effect in the HTSN+SRB specimens is en-
hanced with increased feed depth during SRB. For an feed depth of 500
um the HTSN specimen reaches ~570 HV|, o5 close to the surface. For
an feed depth of 300 um, SRB leads to similar hardness-depth profiles
for the SHT and HTSN specimens, and attains >500 HV, 4,5 in the nano-
crystalline region close to the surface and reaches the core hardness at
a depth of approx. 1200 um. The very high hardness values in the nano-
crystalline region of SHT and HTSN specimens after SRB imply that the
nano-crystalline nature, i.e. grain boundary strengthening, contributes
importantly to the achieved hardness. Still the hardness close to the
surface is highest in the HTSN pretreated specimen. Apart from the sur-
face, the effect of HTSN on the hardness after SRB is mainly observed
in the depth range 90-400 um where a lower hardness is found. This is
the region where no martensite has developed in the HTSN+SRB speci-
men, but where the SHT+SRB specimen develops martensite of about
5-30 vol.% (Fig. 3d). Evidently, beyond the nano-crystalline region,
deformation-induced martensite formation contributes more effectively
to a higher hardness than dislocation glide and deformation twinning in
austenite.

4, Discussion

Investigation of the performance of stainless steel AISI 304L during
SRB with and without prior solid-solution nitriding, shows the following
important microstructural features:

(i) the surface-adjacent zone is nanocrystalline and consists pre-
dominantly of deformation-induced martensite for the SHT+SRB
specimen and of austenite in the HTSN+SRB specimen;
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Fig. 5. Cross section of SHT+SRB specimen showing the evalution of the microstructure in: (a) ECCI image providing an overview. (b, e and h) ECCI images taken
from the selected areas marked in a. (c, f, i) corresponding EBSD phase maps and (d, g, j) corresponding orientation maps.

(ii) for the HTSN+SRB specimen the zone immediately below the 4.1. Effect of nitrogen on prevailing deformation mechanisms
nano-crystalline zone consists of SGs and lamellar sub-grain

structures containing a high-density of dislocations and embed- 4.1.1. Subdivision of lamellae and formation of a nanostructure

ded nano-scale twin bundles; Deformation-induced nanocrystallization on (metastable) austenitic
(iii) the deformed sub-surface zone in the HTSN+SRB specimen is stainless steel by SPSD has been widely reported in the literature

fully austenitic up to a depth of ~ 400 pm, i.e. the depth range [30-32]. Generally, formation of the nanocrystallites is considered

of enhanced nitrogen content after HTSN. Here slip and twin- to originate from abundant dislocation activity (forming disloca-

ning are the only identifiable deformation mechanisms. For the tion boundaries), deformation twinning (twin-twin intersection) and

SHT+SRB specimen deformation-induced formation of &- and a’- martensitic phase transformation, as well as recrystallization. However,

martensite occurs. in the case of the nitrogen-stabilized specimen, deformation-induced
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Fig. 6. (a) Cross-sectional TEM observations showing the microstructure evolution from 1-10 pm below the treated surface of HTSN+SRB specimen deformed at 300
um feed depth. (b) Dark-field image showing typical morphology of lamellar sub-grain structures as marked in (a). (c and f) Bright-field images taken in the lamellar
region as marked in (a) with higher magnification, and (d,e and g) corresponding SAED and dark-field images. (h) Dark-field image of nano-crystalline surface and

(i) grain size distribution in region h.

martensite formation is suppressed and twin-twin intersection is hardly
observed after SRB. On the basis of the experimental observations and
analysis, it is likely that the mechanism of nanocrystallite formation
in the surface of the HTSN specimens originates from the following
evolution, the details of which are discussed below: (i) the formation
of lamellar sub-grain structures associated with dislocation glide and
twinning, (ii) the nucleation of nano-scale twin bundles embedded in
the lamellae surrounded by a high density of dislocations, (iii) the sub-
division of lamellae into disoriented submicron-scale grains, (iv) further
breakdown of the submicron grains into randomly oriented nanograins.

Ad (i): The SRB process provides repetitive mechanical loading and
appreciable shear stress onto the material’s surface. As more plastic
strain accumulates in the surface-adjacent region, a large quantity of
dislocations is generated, giving rise to the formation of sub-grains.
The sub-grains are present in a lamellar structure and consist of nano-
scale twin bundles and high-density dislocations which develop contin-
uously on straining. The twins observed in deeper zones may also play
a role in promoting the formation of lamellae by providing geometrical
boundaries [31,32].

Ad (ii): For increasing plastic strains, dislocation glide and twin-
ning cannot sustain homogeneous plastic deformation and shear band-
ing takes place. The shear bands will further split the lamellar sub-
grain structure into submicron grains and the increasing strain drives
the transformation from sub-grain boundaries into conventional grain
boundaries with large misorientations. Analogous to SPSDed alloys, the
additional strain accommodation is achieved by successive grain subdi-
vision [2].

Ad (iii) and (iv): Close to the treated surface, the evolution of
submicron-size grains into randomly oriented nanocrystallites is ob-
served with increasing strain. Since the sizes of the nanocystallites are
approximately equal to the thickness of the nano-scale twin lamellae, the
fragmentation of nano-scale twin bundles dominates the further refine-
ment of the submicron grains. The formation mechanism of nanocrys-
tallites via nano-twins has been investigated earlier in SPSDed alloys
[33,42,43].

The deformation mechanism observed after HTSN is not limited to
the applied SRB treatment, but could equally be accomplished by other
SPSD processes, e.g. shot peening and SMAT. Since both HTSN and the
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Fig. 7. Cross section of HTSN+SRB (300 um feed depth) specimen showing the evalution of the microstructure in: (a) ECCI image as an overview. (b, f, i) ECCI images
taken from the selected regions as marked in Fig. 7a and the corresponding (j, m) EBSD phase maps and (c, d, g, h, k and n) orientation maps. (e) Misorientation

profiles along the directions marked by arrows 1-4 in (c, d, g).

subsequent SPSD are considered to be controllable surface engineer-
ing technologies for stainless steel, tailoring the nitrogen distribution
and/or regulating the surface deformation conditions, it is reasonable
to anticipate that the thickness of the austenitic nanostructured layer
and the nano-twinned austenitic surface layer can be tailored.

4.1.2. Stacking fault energy (SFE)

Previous research has demonstrated that the plastic deformation
behavior in face-centered cubic (FCC) metals strongly depends on the
lattice structure, deformation conditions, and the SFE [2]. Despite
extensive research involving experimental characterization and numer-
ical simulations, the influence of nitrogen on SFE is so far not exactly

determined. Recently, Das [23] collected a vast amount of SFE data
in different metals and alloys, which showed that nitrogen has been
observed to both reduce and enhance the SFE in austenitic stainless
steels. Particularly, for the range (0 ~ 0.40 wt %) of the nitrogen con-
centration as produced in the HTSN specimen (Fig. 1b), the value of the
SFE acquired from the provided database ranges from 13 to 60 mJ/m?2.

In the present study, the suppression of deformation-induced
martensitic transformation and its replacement by twinning and dis-
location glide is consistent with an increase in SFE; a monotonous
dependence of SFE on nitrogen content however, was not confirmed
for the present specimen. So far various experimental techniques
have been applied to evaluate the SFE in FCC materials, as discussed
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Fig. 8. Hardness depth profiles of AISI 304L in SHT and HTSN condition and
subsequently SRB treated at different feed depths.

and commented in Ref. [21]. Since an alloying element as nitrogen
can cause opposite changes in the SFE of alloys with different host
composition [22], the relation between nitrogen content and SFE is
difficult to assess unequivocally. It is worth pointing out that the
nitrogen-depth profile as obtained after HTSN can be regarded as a
series of thin slices of the same steel with different interstitial nitrogen
contents as the only change in composition. This provides a reliable
foundation and comparable composition hosts for studying the effect
of nitrogen on the SFE. In the present study the gradient in nitrogen
content is, however, combined with a deformation gradient, which
makes the interpretation more difficult. Separation of the two effects
in a series of specimens with the same steel composition and uniform
nitrogen ditricution adjusted by HTSN and application of (moderate)
homogeneous deformation over the entire specimen thickness will
enable clearer conclusions. This will be subject to future investigation.

4.1.3. Twinning vs. dislocation glide

Based on the above microstructural observations, it is observed that
the two typical plastic deformation modes for FCC metals, i.e. disloca-
tion glide and twinning, co-exist during SRB of nitrogen-stabilized 304L
steel. As compared to dislocation glide, which occurs in the entire de-
formation zone, deformation twins were only observed in certain grains
or at certain depths (Fig. 4b and 7).

It has been established that in most FCC metals, dislocations are the
main carriers of plastic deformation and dislocation glide dominates at
a conventional strain rate (< 10° s~1) and at ambient temperature. The
critical shear stress for twinning decreases with a decrease of SFE value.
Hence deformation twinning is facilitated by a lower SFE and/or fa-
vorable deformation conditions such as high strain rate and/or a low
deformation temperature [45].

SRB is generally considered as low-to-medium plastic deformation
since it is associated with strain rates of 10~ ~ 10~! s~! on sliding con-
tact with the surface [46,47]. Under the given conditions of SRB in this
work, the equivalent strain and strain rate are estimated to be 0.05 and
3 x 100 s~1 [48] for 300 um feed depth, which is substantially slower
than for SMAT (1024 s~1). First of all, this could explain the above re-
sult that martensitic transformation in the SHT specimen is found to
be y —» € - o, rather than y — y™I* — o’ as identified in the SMATed
304 steel [32]. Secondly, it may suggest that the deformation conditions
imposed by SRB provide an insufficient condition for twinning activa-
tion in AISI 304L, especially in the deeper deformed zone for moderate
strain/strain rates. In addition, the onset of twinning as identified in
the depth range from 130 to 170 pm for the HTSN+SRB specimen (cf.
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Fig. 7b-e) indicates that the nitrogen content (~ 0.10 wt % N) was suf-
ficiently enhanced to augment the SFE to a value where martensite is
prevented and twinning is promoted. In the surface-adjacent zone, with
approaching the surface (i.e., increasing strain and strain rate), the high
density of dislocations results in an increase of the flow stress. The crit-
ical stress for twinning may be exceeded, and accordingly becomes a
viable deformation mode. This explains, at least in part, the twinning
behavior in the region just below the nano-crystalline zone. The TEM
results (Fig. 6) confirm that appreciable plastic deformation by dislo-
cation glide precedes deformation twinning, suggesting that dislocation
glide is a precursor for twinning.

4.2. Austenite stability upon SRB

In the present study, HTSN is applied to develop a nitrogen-
concentration depth profile on a metastable austenitic stainless steel
plate (AISI 304L), thereby improving the austenite stability. Different
from previous research activities on plastic deformation of HTSNed
specimens with a nitrogen gradient/homogenous nitrogen concentra-
tion [10,18,19], or SPSD on high nitrogen steels [49,50], in the present
work surface deformation by roller burnishing is performed on a nitro-
gen concentration profile as tailored by applying a N, total pressure at
a selected temperature (Fig. 1a). Thus, two gradients are superimposed,
a nitrogen concentration profile and a plastic strain (rate) profile.

Comparison of the microstructures in the SHT and HTSN specimens
for the same deformation condition demonstrates that nitrogen dis-
solved by HTSN contributes importantly to stabilization of austenite
against deformation-induced martensite formation (Fig. 3d). This ob-
servation would be consistent with an increase in stacking fault energy
upon nitrogen dissolution, at least for the concentration range up to
0.40 wt % N in the present work. On the other hand, it is anticipated
that a higher nitrogen concentration is required to further enhance the
austenite stability on more severe deformation (cf. Fig. 3c). This can
straightforwardly be achieved by adjusting the process parameters of
the HTSN treatment, i.e. temperature, nitrogen pressure and diffusion
time.

Importantly, the experiments proved the feasibility of achieving sus-
tained austenite stability under gradient deformation conditions, in sev-
eral hundreds of micrometers below the surface by modifying the nitro-
gen content through an HTSN treatment. Stabilizing austenite by a prior
HTSN treatment allows the manufacturing of nano-crystalline austenite
zone without deformation-induced martensite, hence maintaining and
most likely even improving, the corrosion performance of AISI 304L
[25]. On the other hand, the hardness profiles in the first 50 um af-
ter HTSN+SRB and SHT+SRB are similar (Fig. 8), indicating that pre-
hardening by nitrogen dissolution has a limited effect on the final hard-
ness after severe surface deformation. The hardness profile for a feed-
depth of 500 um shows that the work-hardening contribution is indeed
most important. Thus, for practical applications of severe surface defor-
mation, the nitrogen content has its prime role in stabilizing austenite
against strain-induced martensite formation, while plastic deformation
determines the hardness profile.

5. Conclusions

AISI 304L austenitic stainless steel plates in austenitized and solu-
tion nitrided conditions were severely plastically deformed by means of
surface roller burnishing. The dissolution of nitrogen by (solid) solution
nitriding resulted in a case depth of ~ 450 pm and corresponding nitro-
gen contents in the solid state from 0-0.40 wt. %. Such achieved depth-
gradient in the nitrogen concentration led to considerable improvement
in austenite stability and significant differences in microstructural fea-
tures, upon the subsequent plastic deformation.

On surface roller burnishing at 300 um feed depth, deformation-
induced &- and «’-martensite develops in the austenitized specimen,
while a solution nitrided specimen remains fully austenitic up to a depth
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of ~ 400 pm, and, in particular, in a surface-adjacent region where
nanocrystallization occurred.

On both surfaces of austenitized and solution nitrided specimen, sur-
face roller burnishing induced a deformed zone which roughly consists
of an ultrafine zone at the surface and a deformed sub-surface zone. As
the deformation-induced martensitic transformation mechanism is sup-
pressed in the case of the solution nitrided specimen, the deformation
response can be summarized with respect to the evolution of the de-
formed structure.

+ Slip and twinning are the predominant deformation mechanisms in
the deformed sub-surface zone based on EBSD analysis.

» Nano-crystallites in austenite are developed in the outermost sur-
face zone. The nanocrystallization is correlated with the subdivision
of the lamellar sub-grain structures containing a high-density of dis-
locations and embedded nano-scale twin bundles.

More severe deformation at 500 um feed depth does induce the for-
mation of martensite in solution nitrided specimen. The austenite stabil-
ity with respect to such demanding plastic deformation can straightfor-
wardly be achieved by tailoring the process parameters of the solution
nitriding treatment, which is also realizable in commercial production.
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