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Chapter

Micro-/Nano-Structuring in
Stainless Steels by Metal Forming
and Materials Processing

Tatsuhiko Aizawa, Tomomi Shivatori and Takafumi Komatsu

Abstract

Austenitic stainless steel type AISI304 sheets and plates as well as fine-
grained type AISI316 (FGSS316) substrates and wires were employed as a work
material in the intense rolling, the piercing and the plasma nitriding. AISI304
sheet after intense rolling had textured microstructure in the rolling direction.
Crystallographic state changed itself to have distorted polycrystalline state along
the shearing plane by piercing, with the strain induced phase transformation.
FGSS316 substrates were plasma nitrided at 623 K for 14.4 ks to have two-phase
fine nanostructure with the average grain size of 100 nm as a surface layer with the
thickness of 30 pum. FGSS316 wires were also plasma nitrided at the same condi-
tions to form the nitrided surface down to the depth of 30 um. This nitrided wire
was further uniaxially loaded in tensile to attain more homogeneously nitrided
surface nano-structure and to form the austenitic and martensitic fiber structure
aligned in the tensile direction. Each crystallographic structure intrinsic to metals
and metallic alloys was tailored to have preferable micro-/nano-structured cells by
metal forming and nitrogen supersaturation. The crystallographic change by metal
forming in a priori and posterior to nitriding was discussed to find out a new way
for materials design.

Keywords: micro-/nano-texturing, stainless steels, rolling, piercing, plasma
nitriding, a priori metal forming to nitriding, posterior nitriding to metal forming

1. Introduction

Most of metals and metallic alloys have crystalline structure, intrinsic to each
material property. This crystalline structure is classified by several items; e.g.,
single and poly-crystals, grain size, grain boundary characteristics, crystallographic
orientation, and so forth [1]. These items are controllable by mechanical and chemi-
cal interaction with internally and externally straining [2]. For examples, a single
crystal changes itself to polycrystalline state by introduction of dislocations with
sufficiently high density [3]. The original grains are much refined by intense rolling
[4] and by high shear straining [5]. The initial grain boundaries are also tunable
by shuffling process through their interaction with dislocations [6]. That is, the
crystalline structure is tailored by metal forming and materials processing to have
preferable grain size, crystallographic orientations, and grain boundaries [7-9].
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Electron Crystallography

Let us consider how to control the crystallographic structure of metals and
metallic alloys by the technology of plasticity in metal forming and surface
treatment. Figure 1 depicts three case studies on the crystallographic structure
change by rolling, shearing, and nitrogen supersaturation. Even when the initial
grains are equiaxial, some of them are forced to partially align along the rolling
direction. The skew distortion by intense rolling drives to shear the grains with
spin-rotation as shown in Figure 1a. In case of embossing and piercing the sheet
metals, the grains are distorted to plastically flow along the shearing plane with
grain size refinement as depicted in Figure 1b. In the low temperature plasma
nitriding, the plastic straining is induced by the nitrogen supersaturation into
metallic lattices to form the slip-line system as shown in Figure 1c. Without
externally applied stresses, the slip-line network is formed from the surface to
the depth together with the nitrogen interstitial diffusion. In particular, the low
temperature plasma nitriding process [10-15] works as a powerful means to dem-
onstrate that austenitic and martensitic stainless steel substrates are hardened
and modified to have two-phase structure with the average grain size of 0.1 pm.
These previous studies proved that grain size as well as crystallographic structure
should be significantly controlled by the materials processing other than the
shearing process in metal forming.

In the present chapter, the crystallographic structure evolution of stainless
steels during the rolling, the piercing, and the plasma nitriding at 623 K for
14.4 ks is first described to deduce the mechanism of microstructure evolution
during metal forming and materials processing. Next, the uniaxial loading test
of plasma nitrided work at 623 K is performed to investigate the possibility of
further microstructure evolution during posterior metal forming. Through
these experiments, the effect of the interstitial element concentration as well
as the plastic straining on the crystallographic evolution is discussed to search
for the materials science model to describe the interaction between the inter-
stitial mobility and the plastic straining. In the following, EBSD (Electron
Back Scattering Diffraction) is employed to make crystallographic analyses.
This technique is based on the automatic analysis of the Kikuchi pattern by the
excitation of the electron beam on the surface of the sample in SEM (Scanning
Electron Microscope) [16]. Among several analytical tools in EBSD, the crystal-
lographic orientation for each grain is described by IPF (Inverse Pole Figure) and
the strain induced phase transformation is also analyzed by phase mapping. In
addition, the equivalent plastic strain distribution is estimated by KAM (Kernel
Angle Misorientation) mapping.
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Figure 1.
Three types of crystallographic evolution during metal forming and plasma nitriding. (a) Intense rolling,
(b) embossing and piercing, and (c) low temperature plasma nitriding.
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2. Texture formation by intense rolling

Intense rolling with heat treatment has been utilized to fabricate the fine-
grained stainless steel plates and sheets [4, 7, 17]. In the following, AISI304 sheet
was employed as a work to reduce its thickness from 10 mm down to 1 mm by
intense rolling. EBSD analysis was used to describe the crystallographic change in
the rolled AISI304 sheet.

2.1 Rolling procedure

A typical rolling system was illustrated in Figure 2a. AISI304 sheet with the
initial thickness of 10 mm was compressed and sheared between two work rolls in
a single reduction. Since the reduction of thickness was 10% in this single rolling,
nine steps were utilized to reduce the thickness down to 1 mm through this intense
rolling. Figure 2b shows the rolled sheet by 90% reduction in thickness. This rolling
is effective to reduce the average grain size of stainless steel works for embossing
and piercing to be discussed in later.

2.2 Microstructure evolution by intense rolling

The original AISI304 sheet was characterized by three high intensity peaks in
XRD analysis. As depicted in Figure 3, three peaks were detected in correspondence
toy (111), y (200), and y (220) planes in the austenitic phase. This microstructure
changes to nearly full-martensitic phase; as also depicted in Figure 3, three mar-
tensitic peaks were detected as o’ (211), «’ (200), and o’ (110) besides for y (220)
and y (111). This proves that original austenitic grains massively transform to mar-
tensitic ones in AISI304 sheets during the intense rolling. These martensitic grains
can be inversely transformed back to austenite by heat treatment. This technique is
useful to reduce the average grain sizes to be stated later.

2.3 Controlled crystallographic structure by intense rolling

In addition to the strain-induced phase transformation in Figure 3, the intense
rolling has much influence on the crystallographic structure in AISI304. Figure 4
depicts the inverse pole figure mapping, the KAM distribution, and the phase
mapping on the cross-section of rolled AISI304 sheet, analyzed by EBSD. As stated
before, the average grain size is reduced down to 1 pm in most of AISI304, since the
plastic strains are applied to these regions as shown in Figure 4a and b. Low plastic
strained regions in Figure 4b corresponds to assembly of larger grains laterally
aligned in the rolling direction. Through comparison between Figure 4b and c, these

a) b)
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Figure 2.
Intense rolling process with high reduction in thickness. (a) Illustration on the rolling process in multi-steps for
reduction of thickness by 90% and (b) rolled AISI304 sheet.
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textures are classified into two zones. One is thin and long full-martensitic textures.

The shorter and dotted textures are corresponding to the retained austenitic textures.
These textured crystallographic structures are further controlled by the low

temperature plasma nitriding as well as the heat treatment to be discussed in later.
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Figure 3.

Variation of XRD diagrams from the original AISI304 sheet before rolling to AISI304 after intense rolling and
furthermore to rolled AISI304 sheet after low temperature plasma nitriding.
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Figure 4.
EBSD analysis on the cross-section of rolled AISI304 sheet. (a) IPF mapping, (b) KAM distribution, and
(c) phase mapping.
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3. Crystallographic change by piercing

Fine piercing is an essential process in metal forming for accurate drilling of
holes and for fine blanking. In the last decade, metastable austenitic stainless steel
type AISI304 with fine grains has been developed by [18-20]; the effects of fine
crystallographic structure on the elasto-plastic deformation have been closely
studied in [21-23]. Figure 5 shows three metastable austenitic stainless steel
AISI304 sheets with the thickness of 100 pm, where the grain size was reduced by
rolling process from the normal-grained sheet with the average grain size (D) of
7.5 pm. Two fine-grained AISI304 sheets were yielded to have D = 3.0 and 1.5 pm,
respectively, by reverse transformation of the strain-induced martensitic phase. In
this thermo-mechanical treatment, near-fully martensitic grains in Figure 4c are
inversely transformed together with reduction of grain sizes [4, 7].

Their IPF maps analyzed by EBSD were shown on the cross section in the sheet
width direction. When D = 7.5 pm, most of grains have a preferred orientation to
[111] direction, as shown in Figure 5a. The crystallographic structure for D = 3 and
1.5 pm became nearly the same as D = 7.5 pm as depicted in Figure 5b and c.

3.1 Microstructure evolution by piercing

These AISI304 sheets with different grain sizes were pierced by CNC stamper
under the same conditions; e.g., the punch diameter was 100 pm, the die diameter,
110 pm, and the clearance, 5% of sheet thickness. Figure 6 compares IPF mapping
as well as phase mapping on the cross-section of punched hole among three AISI304
sheets with the different grain size by D = 1.5, 3.0, and 7.5 pm. As commonly seen in
Figure 6a-c, most of grains along the side surface of hole are distorted and refined
in size. The shearing of AISI304 sheet by piercing leaves the process-affected zones
along the shearing plane. The phase mapping in Figure 5d—f reveals that these
process-affected zones are just corresponding to the martensitic phase [24]. That is,
the original austenitic matrix to AISI304 sheets is forced to transform to martensite
by the shearing strain during the piercing process. This strain-induced martensitic
transformation is a non-diffusive shear transformation; each grain in the affected-
process zone massively makes transformation [25, 26].
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Figure 5.
IPF map and intensity map in the ND divection analyzed by EBSD. (a) Normal-grained AISI304 sheet with
F = 75 um, (b) fine-grained AISI304 sheet with D = 3.0 pm, and (c) fine-grained sheet with D = 1.5 pm.
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Figure 6.

EBSD analyses of IPF mapping in the ND direction and phase mapping on the cross-section of punched
AISI304 sheet. (a) IPF map at D = 1.5 ym, (b) IPF map at D = 3 um, (c) IPF map at D = 7.5 uym, (d) phase
map at D = 1.5 um, (e) phase map at D = 3 ym, and (f) phase map at D = 7.5 pm.

Let us consider the effect of average grain size on this formation of affected-
process zones with phase transformation. When D = 7.5 pm, the zone boundary
between the austenitic and martensitic phases is shaped to be irregularly jagged in
Figure 6d. With decreasing the grain size, this phase boundary gradually is homog-
enized to be smooth as seen in Figure 6e and f. To be noticed, the volume of strain-
induced martensitic phase in Figure 6f becomes larger than that in Figure 6e. This
increase of strain-induced martensitic phase volume ratio causes the variation of
the fracture length of the hole at the punch stroke direction [24].

3.2 Controlled crystallographic structure by piercing

The strain induced phase transformation in the process-affected zones by
piercing is commonly observed in the metastable austenitic stainless steel sheets.
Among them, the chemical components in each class of stainless steels have
influence on the microstructure change by the piercing process. Two types of
metastable austenitic stainless steel sheets were prepared as a work sheet with
the thickness of 100 pm for piercing experiments under the same conditions as
shown in Figure 6.
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Figure 7 compares the phase mapping on the cross-section of punched holes
between the stainless steel AISI316L and AISI304. When punching out the AISI316L
sheet, the strain-induced martensitic phase hardly occurred along the shear-
ing plane; no martensitic phase was present in Figure 7a. Instead of martensitic
phase maps, the ferritic phase was strain-induced even by this piercing process as
predicted by [27]. In fact, much ferrite was detected at the vicinity of die corner in
Figure 7a. Let us consider why no martensitic phase but ferritic phase is induced
by piercing the AISI316L sheet. As stated in [27], the nominal strain to induce the
martensitic phase into AISI316L is two times larger than that to induce the ferrite
phase. Hence, when piercing AISI3016L sheet, the ferritic phase is much easier to
be induced than the martensitic phase. Therefore, even when the ferrite phase is
induced along the shearing plane by the piercing process, each grain deformation
is not hindered by shearing. As a result, the process-affected zone area in AISI316L
becomes larger along the shearing plane in Figure 7a than that in AISI304 in
Figure 7b [28].

The difference of crystallographic structure between pierced AISI304 and
AISI316L sheets reveals that the process-affected zone formation could be con-
trolled by the strain-induced phase transformation during the piercing process.
EBSD analysis is really a well-defined means to describe the relationship between
the strain-induced phase transformation by piercing and the crystallographic
structure of pierced stainless steel sheets.

AISI316L a) AISI304 b)

Figure 7.

Comparison of phase mapping on the cross-section of fully pierced AISI316L and AISI304 austenitic stainless
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steel sheets. (a) Punched-out AISI316L sheet and (b) punched-out AISI304 sheet.
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4. Nanostructuring by low temperature plasma nitriding

Lower temperature plasma nitriding process of austenitic stainless steels than
700 K is governed by the nitrogen supersaturation with nitrogen interstitial occupa-
tion of octahedral vacancy sites of fcc-structured supercells as well as the nitrogen
diffusion through refined grain boundaries and slipping lines [13-15]. FGSS316
plates and wires are employed to describe the nano-structuring process with grain
size refinement by this plasma nitriding.

4.1 Low temperature plasma nitriding

High density RF (Radio Frequency) — DC (Direct Current) discharging plasma
nitriding system is utilized to generate the nitrogen-hydrogen plasmas. Figure 8
illustrates a typical hollow cathode device for homogeneously nitriding a single
FGSS316 wire. RF-nitrogen/hydrogen plasma is ignited to surround the wire surface
by a cylindrical plasma sheath. The activated nitrogen atoms (N*) and ions (N*)
as well as the NH radicals are enriched in this sheath to increase the nitrogen ion
density up to 1 x 10'® ions/m”>. Under this plasma processing condition, the nitrogen
solute diffuses into the depth of FGSS316 matrix in wire to form the nitrided layer.

The inner nitriding process with nitrogen supersaturation is described by the
multi-dimensional relation in Figure 9. When some nitrogen interstitial atoms dif-
fuse and supersaturate the fcc-structured lattices in Figure 9a, their original lattice
constant (Ay) increases to A by occupation of nitrogen interstitials into the octahe-
dral vacancy sites in them. Other nitrogen atoms diffuse to further depth through
the grain boundaries. Then, the nitrogen supersaturated (NS) zone expands with
the elastic strain (e.) while unsaturated (US) zone does not deform; the strain
incompatibility occurs on the boundary between NS and US zones. The misfit dis-
tortion (Pmissir) is induced along this zone boundary as depicted in Figure 9b; e.g.,
Brisfit = Wspin + Ep, Where mgpiy is a spin tensor to rotate the NS zone and to generate
the crystallographic misorientation into a current zone, and e, a plastic strain ten-
sor to compensate for the strain incompatibility across the zone boundary. Nitrogen
solutes further diffuse into the depth of grains through these zone boundaries, as
shown in Figure 9c.

Through this multi-dimensional inner nitriding, high elastic strain energy
density in NS zones drives the phase transformation from austenite to martensite.
The spin rotation of zones and sub-grains advances with nitrogen diffusion and

Dipole electrode
for RF-plasma
generation

AISI304 Hollow
N, + H,
Gear ¥ Mixture Gas

Fixture

Rotation by

Motor-driving DC-biased plate

Heater
Figure 8.

Experimental setup for low temperature plasma nitriding of steel wires with use of the hollow cathode device.
The same DC-bias was applied to the hollow and the FGSS316 wire.
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Figure 9.
Multi-dimensional velation in the nitrogen interstitial atom diffusion and supersaturation in the low
temperature plasma nitviding.

supersaturation to refine the crystallographic structure. NS zones accompany with
the plastic strain distribution along the NS-US zone boundaries.

This theoretical model is experimentally demonstrated in the following. As
stated in [13-15], the inner nitriding advances homogeneously from the surface to
the nitriding front end; it is rather difficult to experimentally describe each fun-
damental process separately from other processes in Figure 9. A normal-grained
AISI316 plate is employed as a work material and nitrided at 623 K for 14.4 ks to
decelerate the nitrogen diffusion rate and to describe the synergetic relation among
the nitrogen supersaturation, the phase transformation, the plastic straining, the
grain size refinement and the local nitrogen diffusion.

4.2 Mlicrostructure evolution by inner nitriding in depth

Figure 10 depicts the homogeneous and heterogeneous inner nitriding processes in
the nitrided AISI316 at 623 K for 14.4 ks. Under this nitriding condition, the high nitro-
gen solute content, [N], around 5 mass% is present down to the nitriding front end
(NFE) at the depth of 30 pm. To be noted, [N] remains to be 1 mass % even below NFE,
as shown in Figure 10a. This implies that homogeneous nitriding advances to NFE and
changes to be heterogeneous by localization in nitrogen diffusion below NFE. In fact,
the phase mapping as well as the crystallographic structure changes drastically across
this NFE, which was indicated by the gray two-dots chain line in Figure 10.
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Figure 10.
Experimental demonstration on the inner nitriding process. (a) Nitrogen content depth profile, (b) IPF
mapping, phase mapping and KAM distribution, and (c) inner nitriding mechanism.

Due to EBSD analysis, the synergetic relation is described by the inverse pole fig-
ure, the phase mapping and the plastic strain distribution below NFE in Figure 10b.
The coarse grains near the grain boundary were only nitrided to change their
microstructure; e.g., the austenitic and martensitic zones exclusively distribute in
an A-grain. The retained austenitic zones in this grain had higher plastic strains
(or higher KAM) and different crystallographic orientations from the martensitic
zones, the plastic strains of which were much lower than these austenitic ones. This
formation of y- and o’-zone mixture with plastic straining and crystallographic
rotation just corresponds to the multi-dimensional inner nitriding process. As
depicted in Figure 10c, the nitrogen diffusion localizes across NFE so that the
nitrogen selectively diffuses along the original grain boundary below NFE. This
nitrogen main stream branches into the neighboring grains to this gran boundary.
In each grain, the nitrogen further diffuses through the zone boundaries to drive the
phase transformation, the plastic straining, and the refinement of zone sizes. Next,
more precise EBSD analysis is made on this A-grain.

As compared between Figure 11a and b, little plastic strains were detected in the
o’-zone of A-grain while the surrounding y-zones were much plastically strained.

10
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Phase map
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Figure 11.
Synergetic relation in the inner nitriding at 623 K, locally observed in the grain-A. (a) Phase mapping,
(b) KAM distribution, and (c) IPF mapping.

This proves that some of NS-zones massively transform to «’-zones since the elastic
strain energy density reaches to the critical level and that plastic strains are induced
only in the neighboring y-zones to a’-zones to compensate for misfit strain between
NS-zones and surrounding unsaturated y-zones. Comparing Figure 11b and c, these
highly strained zones are just corresponding to crystallographically refined zones.
This assures that spin rotations are induced together with the plastic strains by
misfit distortion on the distributed zone boundaries to refine each zone size. Owing
to this synergetic mechanism, the refined zones have mutual boundaries with high
misorientation angles. This grain size refinement reflects on the high strength and
hardness of the nitrided layer by the low temperature plasma nitriding.

4.3 Microstructure evolution in FGSS316 wires

Ashad been discussed in [29, 30], the initial grain size of AISI316 has influence
on the inner nitriding behavior; homogeneity in nitriding process is enhanced with
reduction of initial grain size. This finding suggested that fine-grained AISI316 or
FGSS316 structural components and parts could be homogeneously nitrided on
the surface with a little effect of heterogeneous nitriding on the microstructure
below NFE. In the following, a FGSS316 wire is nitrided at 623 K for 14.4 ks and
its microstructure is precisely analyzed to describe the formation of nitrided layer
as well as the microstructure evolution at the surface and below NFE during this
low temperature nitriding. Figure 12 depicts the nitrogen solute mapping, phase
mapping, and crystallographic structure on the lateral and longitudinal cross-
sections of nitrided FGSS316 wire, respectively. The wire surface is surrounded by
two-phase fine-grained layer with the thickness of 30 pm and the average nitrogen
content of 5 mass% as seen in Figure 12a and d. The retained austenitic phase
grains with larger size than nano-structured grains are present in the inside of
nitrided layer as seen in Figure 12b, c, e, and f, respectively. This reveals that inner
nitriding process advances almost homogeneously but that its synergetic relation is
retarded in some parts to leave the nitrogen supersaturated y-grains without phase
transformation and grain size refinement. In the following section, these retained

11
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Microstructure and nitrogen mapping across NFE on the lateral and longitudinal cross-sections of nitrided
FGSS316 wire at 623 K for 14.4 ks. (a) Nitrogen mapping, (b) phase mapping, and (c) IPF mapping in the
nitrided layer, on the lateral cross-section. (d) Nitrogen mapping (e) phase mapping in the nitrided layer, and
(f) IPF mapping in the nitrided layer, on the longitudinal cross-section.

y-zones are employed as a marker to investigate the effect of uniaxial loading on the
nitrided surface layer.

Let us analyze the effect of inner nitriding on the FGSS316 matrix below
NFE. Figure 13a shows the initial microstructure of FGSS316 wire. This micro-
structure of FGSS316 before nitriding has equiaxial crystallographic structure
with the average grain size of 2 pm. Figure 13b and ¢ shows the crystallographic
microstructure after nitriding on the lateral and longitudinal cross-sections of
wire, respectively. The original microstructure is modified to form the skewed
linear zones with finer grains as pointed by “b” in Figure 13c. These nitrogen-
supersaturated zones consist of the transformed o’-zones and their surround-
ing plastic-strained. Just as discussed in Figures 10 and 11, the inner nitriding
process advanced heterogeneously in the depth below NFE even when nitriding
the FGSS316 wire.

4.4 Controlled crystallographic structure by plasma nitriding

Different from the metal forming, the plastic strains are induced along the
network of subgrain and zone boundaries, which are newly generated in the inside
of original matrix by nitrogen diffusion and supersaturation. Since this network
also works as new nitrogen diffusion paths, further nitrogen diffusion and super-
saturation advances into the depth of original grains. This concurrent co-working
of nitrogen diffusion and supersaturation sustains the synergetic relation among
the phase transformation, the plastic straining, and the grain size refinement. In
particular, fine zone network results in refined nano-sized crystallographic struc-
ture after plasma nitriding.

12
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Comparison of the crystallographic structure before and after plasma nitriding. (a) Initial microstructure of
FGSS316 wire, (b) microstructure of FGSS316 matrix on its lateral cross-section, and (c) microstructure of
FGSS316 matrix on its longitudinal cross-section.

5. Formation of bundle structures in nitrided wire by uniaxial loading

The nitrided FGSS316 wire is further uniaxially loaded in tensile. The austenitic
grains are continuously linked between its nitrided layer and inner matrix. This
nitrided layer had influence on the mechanical response of wire since the same
elasto-plastic strains are applied to these two regions. Precise microstructure
analysis is also made to describe the microstructure evolution of this nitrided wire
during the uniaxial loading.

5.1 Uniaxial loading procedure

The uniaxial tensile loading test was performed by using the precision universal
testing machine AUTOGRAPH AGS-X 10 kN (SHIMADZU Co. Ltd.). This uniaxial
loading was terminated when the maximum applied load reached 6 kN before fatal
ductile fracture for microstructure analyses. The applied load and stroke were in
situ monitored by the load cell and linear scaler, respectively. The bare FGSS316
wire without nitrided layer has an ultimate strength (oy) of 1.18 GPa at the stroke
(8) of 4.9 mm, or, at the nominal strain (¢) of 0.17.

5.2 Microstructure evolution during uniaxial loading at RT

A normal FGSS316 wire elongates in the tensile direction at room temperature
(RT) without significant change of microstructure except for the formation and
coalescence of voids near the fatal ductile fracture of wire [31]. Microstructure
of high carbon steel wire is sensitive to drawing process since it has a multi-
dimensional microstructure, where each austenitic grain boundary houses pearlite
blocks and each block consists of pearlite colony with the same lamellar structure
of cementite (or 0-phase) and lamellar ferrite [32]. However, little microstructure

13
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change occurs at the RT in its uniaxial tensile loading. A composite wire also has

no microstructure evolution before pop-out of fibers from core matrix [33]. Let

us investigate the microstructure at the nitrided layer and in the matrix of wire,
respectively, and describe the effect of posterior elasto-plastic straining to nitriding
on the microstructure evolution in wire.

Figure 14 depicts the plastic strain distribution and phase mapping on the
lateral and longitudinal cross-sections of nitrided FGSS316 wire, respectively, after
uniaxial loading. The retained austenite regions with larger size than fine grained
two-phase nitrided layer in Figure 12 completely disappear at the nitrided layer.
Every nitrided layer has homogeneous two-phase microstructure with fine grain
sizes. Compared with the plastic strain distribution before uniaxial loading, the
whole nitrided layer is uniformly subjected to high plastic straining. This reveals
that the applied plastic strains by uniaxial loading drives the synergetic process of
inner nitriding at the retained austenitic zones and induces the phase transforma-
tion from the retained y-phase to y—/«’-phase fine mixture.

The microstructure as well as the phase in the matrix below NFE is modified by
this uniaxial loading. Nearly full austenitic phase of matrix before loading changes
to mixture of y-fibers and transformed o’-fibers. As shown in Figure 14b and d,
these o’-fibers with its lateral size of 0.5 pm are aligned along the loading direction
to form a bundle structure together with y-fibers. The volume fraction of these
o’-bundles increases from the vicinity of NFE to the depth in matrix. This suggests
that the nitrided FGSS316 wire fractures of o’-bundles in ductile at its center when
this fraction reaches to the critical maximum.

Let us compare the above phase mapping in matrix with the plastic strain
distribution in Figure 14. The high plastic straining zones are just corresponding
to the o’-fiber zones. This proves that this y to «’-phase transformation during the
uniaxial loading is induced by the high plastic straining of y-zones. That is, the
highly strained y-grains are plastically strained and aligned along the loading direc-
tion to form the y-fibers. During this microstructure evolution, some of y-fibers
transforms massively to o’-fibers.

The phase transformation and formation of bundle microstructure in the
above reflects on the crystallographic structure after uniaxial loading. Figure 15
depicts the IPF mapping at the nitrided layer and in the matrix on the lateral and

Nitrided FGSS316

Wire after uniaxial Phase
. Il iron (Gamma)
loadlng [ iron (Alpha)
Longitudinal Cross-section Lateral Cross-section

Figure 14.

Plastic straining and phase mapping on the lateral and longitudinal cross-sections of nitrided FGS316 wire
after uniaxial loading. (a) Plastic strain lateral distvibution, (b) phase mapping in lateral, (c) plastic strain
longitudinal distribution, and (d) phase mapping in longitudinal.
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Nitrided FGSS316
Wire after uniaxial
7 : loading

Longitudinal Cross-section Lateral Cross-section

Figure 15.

Nitrogen mapping and crystallographic structure on the lateral and longitudinal cross-sections of nitrided
FGSS316 wire after uniaxial loading. (a) Nitrogen mapping in lateral, (b) lateral IPF mapping in ND,
(c) nitrogen mapping in longitudinal, and (d) longitudinal IPF mapping in TD.

longitudinal cross-sections of wire, respectively. The y-phase matrix before uniaxial
loading has crystallographic structure with the average grain size of 2 pm and with-
out preferred orientations. After loading, these y- and o’-grains are aligned along
the loading direction respectively to form o’- and y-bundles. In particular, most of
o’-bundles have unique (111) directions. This might be because the transformed
bundles are aligned in the tensile directions under the constrained conditions by
the nitrided layer, surrounding the matrix. Each initial y-grain is forced to deform
elasto-plastically only in the tensile direction and to form y-fibers and y-bundles
since no plastic deformation is allowed in the lateral direction under the confine-
ment of nitrided layer. Some of strained y-fibers makes massive transformation to
o’-fibers; these o’-fibers are assembled into a single «’-bundle with the preferred
orientation to (111). After [26, 34], the easiest crystallographic orientation to form
this martensitic fibers and bundles is thought to be (111) tensile direction.

Figure 15 reveals that the nitrided layer surrounding the matrix has homogeneous
super fine-grained two phase structure after uniaxial loading. No cracks and defects
are seen on the nitrided layer surface and in the inside of layer; the fatal fracture
of this nitrided FGSS316 wire occurs as the ductile fracture of matrix as explained
before. The fine continuous interface between the nitrided layer and the matrix also
suggests that elasto-plastic compatibility is preserved across this interface.

6. Discussion

The polycrystalline materials are generally described by the grain boundary
characteristics and crystallographic orientation of each constituent grain as well as
its grain size [35]. Each grain boundary energy is determined by the misfit orienta-
tion angle between adjacent grains. The compatible grain boundary has low energy
enough to stack some amount of dislocations; while the incompatible one has high
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energy enough to interact with dislocations [36]. In the metal forming of these poly-
crystalline materials or in the nitrogen supersaturation process, the dislocations as
well as the slipping lines and planes interact with their grains and grain boundaries.
In intense rolling, the grains are sheared and deformed to align their crystallographic
orientation along the rolling direction and to form the textured microstructure. The
applied elastoplastic distortion by rolling works to induce the phase transforma-
tion during rolling by high elastic strain energy density, to shear and elongate the
grains by the plastic strains, and to spin the grain orientations toward the preferred
one along the rolling direction. As reported in [37], the grain size is reduced down
to sub-microns by repetitive rolling; due to small misorientation angles between
adjacent grains, they are easy to agglomerate into larger grains by heat treatment.

In piercing, the grains near the shearing plane are affected by the applied elasto-
plastic distortion [38]. The increase of elastic strain energy density during piercing
induces the phase transformation. The grains are sheared and fractured along the
shearing plain. The original crystallographic structure of work materials is changed
to align along the shearing plane by severe spinning with piercing. Although the
grains are refined at the vicinity of shearing plain, the misorientation angles among
them are small enough to be identified as nearly the same grain. Even in other metal
forming processes than two in the above, their mechanical interactions of elasto-
plastic distortion with crystallographic structure is described by the strain-induced
phase transformation, the shear deformation, the grain size refinement as well as
the elastic recovery from the elasto-plastically strained state in unloading.

On the other hand, no elastoplastic distortion was directly applied to granular
structure by the low temperature plasma nitriding. Instead of this direct straining, a
large elastic distortion is induced into the nitrogen supersaturated zones in the work
materials by lattice expansion. This distortion reaches to 10%, enough to drive the
phase transformation in zones as well as the plastic distortion to compensate for the
misfit on the zone boundaries between the nitrogen supersaturated and unsaturated
ones. The symmetric component of this distortion works as a shearing strain tensor to
form new slipping lines network across the original grain boundary. The asymmetric
one drives spin-rotation in each zone to form the zone boundaries with high misori-
entation angles and to significantly refine the original grain size of work materials.
Since those newly built-up zone boundaries play as a nitrogen diffusion path, this
process advances concurrently with the nitrogen solute diffusion from the surface to
the depth of materials. Since the zone size ranges in the nanometer order, the stainless
steel work materials are covered by two-phase, nano-grained, nitrogen steel surface
layer. The smallest zone size is determined by the mechanical balancing between the
elastic straining in each material supercell and the slip-line formation surrounding it
in the nitrogen supersaturation [39]. Precise TEM analyses down to the atomic scale
are useful to describe the nitrogen interstitial atom distribution in the supercell [40].

Even when the rolled and pierced steel specimens are uniaxially loaded, their
microstructure never changes themselves at room temperature before fracture.
Their uniaxial stress-strain curves are determined by the original microstructure of
as-rolled and as-pierced materials since no mechanical interaction occurs between
the controlled grains by previous metal forming and the applied strain by uniaxial
loading. On the other hand, the in situ microstructure evolution takes place during
the uniaxial loading of the nitrided FGSS316 wire. The nitrogen supersaturated
layer works a double role under this uniaxial tensile loading. The original FGSS316
matrix inside the wire is elastically supported by this nitrided layer. Since the
austenitic grains are continuously linked with those in the nitrided layer, the matrix
inside the wire is intensely elongated to change its microstructure to two-phase
fibrous grains by the uniaxial loading. The microstructure in the as-nitrided layer
is also affected by uniaxially applied plastic strains. The retained austenitic grains
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with large size in the nitrided layer change themselves to two-phase, fine grains,
which are the same as homogeneously nitrided nanostructure before uniaxial
loading. This in situ refinement of granular structure in the nitrided layer reflects
on the hardness profile. The original hardness of as-nitrided layer is 1400 HV; this
is further enhanced up to 1600 HV after uniaxial loading. This proves that nitrogen
could diffuse locally to the retained austenitic zones along the slip-lines by exter-
nally applied plastic straining and drive the nitrogen supersaturation process in
them for refinement of their microstructure. Owing to the elastic constraint by the
nitrided layer, the work-hardening process during the uniaxial loading is enhanced
in the wire matrix to attain higher ultimate stress (oy); e.g., oy = 1.23 GPa in the
nitrided FGSS316 wire at d = 5.7 mm or ate = 0.19.

This in situ microstructure evolution by uniaxial loading posterior to nitriding,
suggests further possibility of crystallographic control to improve the mechanical
properties of metallic works, takes place in the nitrided layer and in the matrix
inside without mutual interactions. The microstructure evolution of low tempera-
ture nitrided members and parts in the above must be enhanced during warm and
hot processing. After recent work on the high carbon steel wire during drawing
[41, 42], significant reduction of lamellar ferrite distance as well as free carbon
dissociation from the cementite lamellar structure in the perlite colony and block
are responsible for high strengthening of high carbon steel wires. This implies that
further carbon supersaturation is a key process to drive the in situ evolution to the
preferred crystallographic microstructure to higher strength of wire. Owing to the
equivalent role between carbon and nitrogen solutes to be working as an interstitial
atom in steel [43], local nitrogen mobility from nitrogen supersaturated zone with
high nitrogen content to NS-zones with lower nitrogen content could drive the in
situ nitrogen alloying process of wire matrix during warm-/hot-drawing and rolling.

In this nitriding a priori to metal forming, FGSS316 wire was first nitrided and
then uniaxially loaded. How about the plasma nitriding of the rolled AISI304 plate?
As shown in Figure 3, the nearly full-martensitic phase of rolled AISI304 plate

¢)

Figure 16.
Crystallographic structure on the cvoss-section of the rolled AISI3o4 plate after plasma nitriding at 673 K for
14.4 ks. (a) IPF mapping in the normal dirvection, (b) KAM distribution, and (c) phase mapping.
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changed to a mixture of nitrided austenitic and martensitic phases. Since the origi-
nal martensitic and austenitic peak positions shift to the low angle of 26 and their
peak widths become significantly broad, this mixture composes of the fine grained
austenitic and martensitic zones with nitrogen supersaturation.

EBSD was also employed to describe this microstructure change of rolled
AISI304 plate after nitriding. As shown in Figure 16a, the textured structure of
rolled AISI304 completely disappeared and changed to fine-grained structure
without preferred crystallographic orientation. This change is driven by high plastic
straining in Figure 16b; every original grains with and without textures by rolling is
plastically strained and spin-rotated by the nitrogen supersaturation to form homo-
geneous fine-grained structure. As depicted in Figure 16c, this fine microstructure
consists of two phase with the fraction of martensite by 70%. This dramatic crystal-
lographic structure evolution proves that posterior nitriding to metal forming is
useful to further control the microstructure of stainless steels.

7. Conclusion

In the metal forming like intense rolling and fine piercing, the microstructure
of work materials is changed by the applied plastic distortion with less influence to
tool materials. In the rolling process, the original austenitic phase of stainless steels
changes to be nearly full martensitic and to have textured microstructure with the
preferred orientation to the rolling direction. This crystallographic structuring is
intrinsic to the microstructure change by shearing with the reduction of thickness.
In the piercing process by shear localization, the austenitic work material after
piercing has new sheared and fractured surfaces including the affected zones. These
zones consist of the phase-transformed martensite, the work-hardened austenite,
and the elastically recovered zones. This crystallographic structure change is
precisely described by EBSD on the cross-section of pierced work materials. In
addition, various factors influence on this structure change including the grain size
of work materials and the shear localization control as well as the chemical compo-
nents in stainless steels.

In the low temperature plasma nitriding, no plastic strains are externally applied
to work materials but nitrogen interstitial atoms are distributed from their surface
to their depth with high concentration. Owing to the synergetic process in this inner
nitriding process, the plastic distortion is concurrently induced by nitrogen diffu-
sion and supersaturation. Since the nitrogen solute is homogeneously distributed
in the nitrided layer with high content, the plastic distortion tensor also uniformly
distributes in this layer. This homogeneous plastic distortion changes the normal
crystallographic structure of AISI316 plates and wires; e.g., fine-grained AISI316
(FGSS316) microstructure of wires with the average grain size of 2 pm changes to
the super-fine grained, two phase structure with the average grain size less than
0.1 pm. During this homogeneous nitriding, the retained austenitic zones distribute
in the nitrided layer.

A priori nitriding to cold metal forming is a way to significantly control the
microstructure and mechanical properties. The nitrided FGSS316 wire is elasto-
plastically strained in the uniaxial direction so that the whole nitrided layers have
fine-grained two-phase structure without retained austenite. This microstructure
evaluation in local reflects on the homogeneous increase of hardness in the nitrided
layer. This local interaction between nitrogen solute mobility and externally applied
plastic strains at room temperature reveals that the microstructure and mechanical
properties of nitrided work materials could be modified and improved by the metal
forming posterior to the nitriding. In particular, the warm and hot post-treatment
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by drawing, rolling, forging, and stamping has capability to control the crystallo-
graphic structure of nitrided parts and components.

Posterior nitriding to metal forming is another way to refine the microstructure
and to improve the mechanical properties. In case when the rolled AISI304 plate
is further nitrided at 673 K, its textured microstructure completely changes to
super-fine grained, two phase structure. The intense plastic straining by nitrogen
supersaturation also plays a role to control the crystallographic structure.
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