'-».{: processes

Article

Dry Cold Forging of High Strength AISI316 Wires by Massively
Nitrogen Supersaturated CoCrMo Dies

Tatsuhiko Aizawa "*(, Tatsuya Fukuda > and Tomomi Shiratori 3

check for
updates

Citation: Aizawa, T.; Fukuda, T;
Shiratori, T. Dry Cold Forging of High
Strength AISI316 Wires by Massively
Nitrogen Supersaturated CoCrMo
Dies. Processes 2024, 12, 2561. https://
doi.org/10.3390/pr12112561

Academic Editor: Qingmin Yu

Received: 2 October 2024
Revised: 25 October 2024
Accepted: 13 November 2024
Published: 16 November 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Surface Engineering Design Laboratory, Shibaura Institute of Technology, Tokyo 144-0056, Japan
Tokai Engineering Service, Co., Ltd., Kyoto 601-8306, Japan; t-fukuda@tes2001.com

Faculty of Engineering, University of Toyama, Toyama 930-8555, Japan; shira@eng.u-toyama.ac.jp
*  Correspondence: taizawa@sic.shibaura-it.acjp; Tel.: +81-3-6424-8615

W ON =

Abstract: The plasma immersion nitriding system was utilized to make massive nitrogen supersat-
uration (MNS) to CoCrMo disc and die substrates at 723 K for 21.6 ks. The top layer thickness in
the multi-layered MNSed layer was 20 um. Its nitrogen solute content reached 5 mass% on average
after SEM-EDX analysis. The surface hardness was 1300 HVy (HV( 1), which was much higher than
the bare CoCrMo with 450 HVy. The original polycrystalline structure was modified to be a multi-
layered microstructure, which consisted of the nanograined MNSed top layer, the buffer layer with a
thickness of 5 um, and the column—granular structured layer with their textured crystallographic
orientations. The BOD (ball-on-disc) testing was employed to describe the frictional sliding behavior
under the applied loads of 5 N and 10 N and the sliding velocity of 0.1 m/s against the AISI316
ball. The friction coefficient was held constant by 0.68 on average. The CNC (Computer Numerical
Control) stamping system was employed to upset the fine-grained 1.0 mm thick AISI316 wire up
to 70% in reduction in thickness. The friction coefficient at RT was estimated to be 0.05. A round,
fine-grained AISI316 wire was shaped into a thin plate with a thickness of 0.3 mm in cold and dry.

Keywords: CoCrMo; superalloy dies; dry; cold forging; massively nitrogen supersaturation; high
surface hardness; intensely textured microstructure; fine-grained AISI316; medical applications

1. Introduction

Fine-grained AISI316 wires and beams have been highlighted as a structural member
of medical tools and equipment because of their high strength and mechanical performance
without loss of ductility and toughness [1]. However, their high strength and high surface
hardness hindered the engineering way to form them into complex-shaped parts. Mechani-
cal machining is only a means to build up those parts [2]. A metal forming and near-net
forging of these high-strength AISI316 with advanced die technology is expected as an
innovative solution for manufacturing medical tools and parts in mass production.

Ni-base and Co-base superalloys have been utilized in various applications where high
wear resistance and long part-life were required in practice [3]. A bulk CoCrMo superalloy
was utilized for hip replacement and dental prosthesis [4,5]. It was further used as a hot-
extrusion die to fabricate the aluminum alloy rods with low adhesive wear [6]. As stated
in [7], the bare CoCrMo only has a surface hardness of 400 to 450 HV, much lower than
the strength of fine-grained AISI316 work. Various surface treatments were developed to
improve the mechanical properties of these bare CoCrMo alloys in the literature [8]. Among
them, nitriding processes were developed to further improve the strength and hardness of
original CoCrMo superalloys [9,10]. In particular, the surface hardness was improved up
to 1000 HV even using the HIPIMS (High Power Impulse Magnetron Sputtering) [11]. This
high hardness was expected to provide a solution for mold-stamping dies of oxide glass
lenses and optical elements above their glass transition temperature [12].

For further advancement of the cold and hot forging of difficult-to-form work materi-
als using CoCrMo supper alloy dies, their microstructural control must be indispensable
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from the top layer to the bare CoCrMo matrix. As depicted in Figure 1, a multi-layered
material system is preferable to forging dies [13]. The top layer has a nanostructured system
with high strength and hardness due to grain size refinement [14]. The externally applied
stress to this top layer is transferred to the depth of the die through the buffer layer and
supported by the columnar structure, each longitudinal grain of which has a textured crys-
tallographic orientation. In particular, these textured columnar grains have heat resistance
even in hot forging in a similar manner to nickel-base single crystals [15] or intermetallic
compounds [16]. The massive nitrogen supersaturation (MNS) was developed to impinge
the nitrogen interstitial solutes into the superalloys and to store them in high concentra-
tion [7,17,18]. This MNSed layer, synthesized at 673 K, had a unique microstructure. It was
composed of the nanostructure top layer with a thickness of 10 um and an intense texture
to (111), and the buffer zone with a thickness of 2 um onto the CoCrMo matrix. Higher
hardness than 1500 HVy and lower friction with p < 0.5 mechanically characterized this
multi-layered system synthesized at 673 K. This formation of the multi-layered structure
was significantly controlled by the plasma nitriding immersion conditions, such as the
holding temperature and total gas pressure.
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Figure 1. A schematic view of the surface-engineered die to have a multi-layered system by massive
nitrogen supersaturation into a standard polycrystalline die material.

In the present study, this MINS process is performed by the plasma immersion nitriding
process at 723 K to modify the bare microstructure of the CoCrMo super alloy die and to
build the multi-layered die-material system into the CoCrMo matrix after Figure 1. The
BOD (ball-on-disc) testing is employed to describe the frictional sliding behavior under
the applied loads of 5 N and 10 N and the sliding velocity of 0.1 m/s. AISI316 ball is
used as a counter material. The friction coefficient (p) is held constant by 0.68 on average,
irrespective of the applied load. The CNC (Computer Numerical Control) stamping system
is employed to upset the fine-grained AISI316 bar with a diameter of 1.0 mm and a length
of 10 mm to the specified reduction in thickness (r). Owing to relatively low friction on
the contact surface of massive nitrogen supersaturated (MNSed) CoCrMo dies to AISI316
work, the initial round bar is upset to a plate with a little bulging deformation.

2. Materials and Methods

The plasma immersion nitriding system was stated for the massive nitrogen supersat-
uration process. The upsetting system was also explained for the experimental setup. The
die and work materials were defined by their chemical compositions.
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2.1. Massive Nitrogen Supersaturation

The plasma immersion nitriding system (NS-1; YS-Electrical Industry, Co., Ltd.; Kofu,
Japan) was utilized to make MNS treatment of CoCrMo substrates and dies at 723 K for
21.6 ks. The plasma nitriding unit is illustrated in Figure 2a. RF (Radio Frequency) and
DC (Direct Current) generators were used to ignite the nitrogen-hydrogen plasmas at the
specified temperature and pressure. Through the optically flat silica window, the plasma
state was monitored for plasma diagnosis. The hollow cathode device was employed to
densify the nitrogen ion and NH radical populations, as reported in [19,20]. The thermal
transient was also monitored by using the thermocouple, which was embedded into the
substrate below the hollow. As shown in Figure 2b, this plasma nitriding system consisted
of the vacuum chamber, the automatic gas supply, the evacuation unit, and the control
panel. The temporal mismatch between input and output powers was self-adjusted by
tuning the frequency around 2.08 MHz.
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Figure 2. Nitrogen plasma immersion system for nitrogen supersaturation process. (a) Its schematic
view, and (b) its overview.

In the MNS process, the CoCrMo disc specimen and dies were fixed into the hollow
cathode before evacuation to the base pressure of 0.1 Pa. After heating up to 723 K in the
nitrogen atmosphere, the hydrogen gas was introduced for pre-sputtering only by using
the DC bias of —500 V. The pure nitrogen and hydrogen gases, with a purity of 99.99%,
were utilized as sources. Their flow rates were 160 mL/min and 30 mL/min, respectively.
In particular, the hydrogen gas supply is indispensable to synthesizing NH radicals in
nearly the same population as N*, mother nuclei to synthesize {N*, N*, and N?*} in a
series of reactions in the plasmas. After pre-sputtering at 723 K by 60 Pa for 1.8 ks, the MNS
process was performed at 723 K by 60 Pa for 21.6 ks after reference to experimental results
in [7]. Both RF and DC plasmas were utilized under the RF voltage of +250 V and the DC
bias of —500 V. After nitriding, the experimental setup was cooled down to RT under the
nitrogen atmosphere. In the plasma diagnosis, highly bright optical emission from the
hollow in Figure 3 proves that the densification of nitrogen ion and NH radical populations
in the plasma immersion is indispensable for MNS to obtain the sufficient thickness of the
MNSed layer and to improve the surface hardness.
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Figure 3. Nitrogen-hydrogen plasma sheath surrounding the CoCrMo die at 723 K.

2.2. Upsetting Process

An MNSed CoCrMo cylindrical substrate pair was, respectively, utilized as the upper
and lower dies in the upsetting process. These dies were, respectively, locked into the upper
and lower die sets for upsetting experiments to the specified reduction in thickness (r) in
a single stroke. The experimental setup is depicted in Figure 4. The stroke was directly
controlled in this CNC (Computer Numerical Control) stamping. The applied load was
monitored by the load cell embedded into the lower die. The stroke velocity was constant
by 10 mm/s.

Upper Dieset

| a ey
»

s @“\

Lower Dieset

Figure 4. Upsetting experimental system. (a) A schematic view of the upsetting experimental unit,
and (b) an overview of the upsetting system.

CoCrMo cylindrical dies were fabricated by cutting and polishing the raw feedstock.
Its chemical compositions are listed in Table 1. AISI316 bar, with the refined grain size
down to the specified diameter by intense rolling [21], was utilized as a work material in
forging. Its diameter and length were 1.0 mm and 10.0 mm, respectively. The SEM image
on the bare CoCrMo die is shown in Figure 5. Its microstructure was characterized by an
equi-axial granular structure with an average grain size of 30 um.

Table 1. Chemical compositions of CoCrMo die materials.

Element

Cr

Mo Si Mn Fe Ni N C Co

Content

27.14

5.99 0.59 0.61 0.06 <0.01 0.11 0.052 Balance

mass.
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Figure 5. SEM image on the cross-section of bare CoCrMo die materials before plasma nitriding immersion.

2.3. Microstructure and Mechanical Characterization

The MNSed CoCrMo specimen is characterized by XRD (X-ray diffraction), SEM
(Scanning Electron Microscopy), and EDX (Electron Dispersive X-ray spectroscopy). SEM
(JEOL, Tokyo, Japan) and EDX (JEOL, Tokyo, Japan) were employed to analyze the SEM
image and nitrogen solute mapping on the cross-section of the MNSed CoCrMo die. EBSD
(Electron Back-Scattering Diffraction; JEOL, Tokyo, Japan) was utilized to analyze the
cross-sectional microstructure of the MNSed layer. It is also mechanically characterized
by micro-hardness testing and the ball-on-disc method. The tribotesting system Rigaku
SmartLab, Version-7 (CSM; Bern, Switzerland) was utilized to make ball-on-disc testing
and to describe the frictional behavior of the MNSed CoCrMo die against the AISI316 ball
with a diameter of 6 mm. The AISI316 bar is upset at the specified reduction in thickness
by MNS-CoCrMo dies.

3. Results
3.1. Massive Nitrogen Supersaturation to CoCrMo Dies

MNSed CoCrMo at 723 K for 21.6 ks was analyzed by XRD (Rigaku SmartLab, CSM,
Co., Ltd., Bern, Switzerland) with monochromatic CuK« radiation (A = 0.1542 nm) and
Bragg—Brentano geometry, 40 kV, and 30 mA. The 20 range was set between 36° and 55°
with a scanning speed of 1.0 s/step and a step angle of 0.01°. XRD diagram before MNS
was characterized by two y-peaks at 20 = 43.67° and 26 = 50.75°, respectively. As reported
in [17,18], these two peaks shifted themselves by MNS at 673 K for 14.4 ks to 26 = 40.28°
and 20 = 46.04°, respectively. That is, the y-lattices of CoCrMo grains expanded by MNS at
673 K as detected by yN phase peaks in the XRD diagram. On the other hand, as seen in
Figure 6, two yN peaks were detected at 20 = 43.95° and 20 = 50.80°. No peak shift was
induced by MNS at 723 K.

Intensity (a.u.)

CrN
N

3"5 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55
26 (")
Figure 6. Comparison of XRD diagram for CoCrMo die after MNS at 723 K for 21.6 ks.
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This insensitivity of peak shift to MNS might come from CrN precipitation. A broad
peak of CrN was detected at 20 = 37.55°; after [22], fine CxrN precipitates are formed
to compress the grain expansion due to their pinning effect. This suppression of lattice
expansion by fine CrN precipitates cancels the lattice expansion by MNS in the vicinity
of the surface. Figure 7 shows the cross-sectional SEM image and nitrogen mapping,
respectively. Nitrogen is detected homogeneously on the surface and on the cross-section.
At point P; on the cross-section in Figure 7a, the nitrogen content is more than 5 mass%.

15kU X5, 888 Swum B8BB 11 Z5 SEI

10 pm ' N
Figure 7. SEM image and nitrogen map on the cross-section of MNS-CoCrMo dies. (a) SEM image on
the cross-section of MNSed CoCrMo, and (b) nitrogen mapping.

In a similar manner to this pointwise nitrogen content analysis at P1 in Figure 7a, the
nitrogen content depth profile was analyzed down to the depth of 120 pm. As depicted in
Figure 8, a higher nitrogen content than 15% was detected in the vicinity of the MNSed
surface layer in Figure 7b. This nitrogen content decreased exponentially across the MNSed
layer thickness down to 4 at% at the depth (d) of 35 pm. To be noticed, the nitrogen content
was preserved to be 2 to 4 at% for d > 40 um down to 120 um.
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Figure 8. Variation of the nitrogen solute content pointwise analyzed by EDX from the surface down
to the depth of 120 pm.

After [23], the Kikuchi pattern or its IQ (Image Quality) is sensitive to crystallographic
defects such as the grain boundaries and the plastic strains in the slip-line field. The
nanograins and the slip-line fields are represented by the black-out and the black lines,
respectively, in EBSD analysis [23]. The inverse pole figure (IPF) represents the crystallo-
graphic orientation of each grain. The KAM (Kernel angle misorientation) corresponds to
the plastic strains; the plastically induced slip-lines are represented by the crossing lines
with higher KAM in this KAM map.

After low magnification EBSD in Figure 9, the equi-axial granular structure of bare
CoCrMo in Figure 4 was modified to have a multi-layered structure, which is composed of
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the nanostructured top layer with the thickness of 20 pum, the buffer layer in 5 pm thickness,
and the column-granular structure till the depth of 700 um. This top layer is, respectively,
characterized by the black-out in the IQ map, by the multi-colored region in the IPF map,
and by the white-out in the KAM map. The original granular microstructure is modified
to have a nanostructured top layer by grain size refinement via plastic straining in high
intensity. This highly plastic straining is induced just below the nitriding front end in
neighboring to nitrided zones with lattice expansion in order that the strain compatibility
is preserved across the frond. The slip-line fields in Figures 9 and 10 with high KAM are
formed in the cross-section of the MNSed microstructure. The buffer layer has the transient
microstructure between the top layer and the column-granular structure. Each grain in
the column-granular layer has slip-line fields and graded crystallographic orientations,
as proved by their IQ, KAM, and IPF maps. High KAM zones correspond to black lines
in the IQ map and the grading pattern in the IPF map, respectively. The crystallographic
orientations and subgrain refinement must be driven by intense plastic straining through
these longitudinal grains.

Figure 9. EBSD analysis on the cross-section of MNS-CoCrMo dies under low magnification. (a) IQ
map, (b) inverse pole figure, and (c) kernel angle misorientation (KAM) map.

Figure 10. High magnification EBSD analysis on the cross-section of MNS-CoCrMo dies from the top
layer to the textured layer across the buffer zone. (a) IQ map, (b) IPF map, and (c) KAM distribution.
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High magnification EBSD was utilized to analyze the modification of granular struc-
ture from the top layer to the textured depth across the buffer layer. As shown in Figure 10,
the nano-granular structure in the top layer changes by themselves across the buffer layer
to the graded granular structure in the column-structured layer. After the IQ map, in
parallel with this nanostructure change, the black-out in the top layer changes to the slip-
line fields through the grayed buffer zone. The high intensity of KAM also changes the
cross-lined KAM distributions in the graded granular structure through the buffer layer
with lower KAM. That is, the plastic straining across the buffer layer propels the nano-
structuring of bare CoCrMo during the MNS process. Considering that nitrogen content
decays exponentially through the buffer layer in Figure 8, this buffer layer represents the
front end of the MNS process to drive the nanostructuring and intense plastic straining in
homogeneous and synthesize the nanostructured and highly strained top layer. Below this
front end, this nanostructuring and plastic straining advances in local and heterogeneous.
Although the average nitrogen content is only 2 to 4 at% in Figure 8, a local nitrogen solute
concentration is much more than this average enough to drive the MNS process locally and
heterogeneously. In fact, the nanograins and high KAM regions are detected at d = 400 pum,
respectively, in Figure 9b,c, as pointed by white arrows at Py.

3.2. Mechanical Characterization

Hardness measurement was first employed to describe the hardness depth profile
on the cross-section of the MNSed CoCrMo die. The top layer was mechanically ground
and polished to the specified depth for measurement of hardness. Figure 11 depicts the
measured hardness depth profile. The hardness is nearly constant by 1300 HV1n (HV( 1)
down to 30 um in-depth, equivalent to the surface hardness. This reveals that both the
nanostructured top layer and transient buffer layer have sufficiently high hardness due
to MNS treatment. The nanogranular structure of MNSed CoCrMo is responsible for this
hardening behavior.

14003:
~ 1200 [} L2
>
£ 1000
T 800
@ i
@ 600 [}
c
T 400
(1]
T 200
0
0 10 20 30 40 50 60

Depth, d (um)

Figure 11. Hardness depth profile on the cross-section of MNSed CoCrMo from the surface to
the depth.

Below the buffer layer, this hardness gradually decreases with d down to 600 HVIN
on average. After Figures 9 and 10, the MNS process advances to the depth homogeneously
and uniformly synthesizes the nanograined layer to d = 20-25 um. Below the buffer layer,
this homogeneous MNS process turns to heterogeneous so that nitrogen solutes diffuse
only through the slip-line field in the grains and that the plastic straining by MNS takes
place locally in this textured layer. Hence, this heterogeneous MNS reflects on the hardness
in depth; the locally MNSed zones have higher hardness, but less MNSed zones have lower
hardness. The hardness distribution from the surface to the depth of 1.0 mm with a spatial
resolution of 50 um. Figure 12 depicts the hardness mapping from the vicinity of the surface
to the depth at d = 1.0 mm. As predicted, higher hardness than 500 HV is measured just
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below the buffer layer to the depth of 200 um; lower and higher hardness regions are seen
alternatively in depth. The column—granular structure in Figures 9 and 10 is mechanically
characterized by this heterogeneous hardness map.

2 s
v a |
Surface Depth, d 1.0 mm

400 | 425 | 450 | 475 | s00 | 525 | 550 | 575 | 600

Figure 12. Hardness mapping from the vicinity to surface to the depth at d = 1.0 mm. The textured
layer in Figures 9 and 10 down to d = 120 um has higher hardness than 550 HV.

The applied load (W) was varied to be 5 N and 10 N. The sliding velocity was constant
by 0.1 m/s. As depicted in Figure 13, when W = 5 N, the measured friction coefficient
(w) is preserved to be pu~0.65 with a deviation (D) of 0.03. This frictional transient with
increasing the siding distance was insensitive to the applied load as shown in Figure 14.
When W =10 N, u~0.65 and D = 0.04 till L = 100 m become the same transient of p and
Du for W =5 N in Figure 13.

—~ 0.80
= 0.70

*s' 0.60

§ 0.50

£ 040

Q

S 0.30 W=5N

S 0.20 V =0.1m/s
5 010

- 0.00

0.00 100.00 200.00 300.00 400.00 500.00
Sliding distance, L (m)

Figure 13. Variation of the friction coefficient for the MNS-CoCrMo disc against the hard AISI316 ball
under W =5N and V = 0.1 m/s till the sliding distance of 500 m.

As stated in [24], the adhesive wear is generally enhanced by increasing the applied
load since the fresh surface of work materials is sticking to their adherent debris onto dies.
No significant change in the measured frictional transients in Figures 13 and 14 proves that
little galling takes place on the contact surface of the MNSed CoCrMo disc to the AISI316
counter material. That is, the AISI316 ball is worn out in itself by its plastic deformation
and flow against the MNSed CoCrMo substrate.



Processes 2024, 12, 2561

10 of 14

~ 0.80
5. 0.70
g 0.60
§ 0.50
£ 040
o

Q 030
c

5 0.20
B 010
- 0.00

0.00 20.00 40.00 60.00 80.00 100.00
Sliding distance, L (m)

Figure 14. Variation in the friction coefficient for the MNS-CoCrMo disc against the hard AISI316 ball
under W =10 N and V = 0.1 m/s till the sliding distance of 100 m.

The worn-out AISI316 ball surface after BOD testing till L = 500 m under W =5 N
and V = 0.1 m/s was analyzed by optical microscopy, as shown in Figure 15. The metal
flow trace of AISI316 was seen on the worn-out surface. The AISI316 ball was abrasively
worn out without adhesion of work material to the MNSed disc. This also proves that little
galling takes place on the contact surface of the MNSed CoCrMo disc to the AISI316 ball.

SN 500m

SUS316 Ball

Figure 15. Analysis of the worn-out volume of the AISI316 ball against the MNSed CoCrMo disc
after BOD texting till L = 500 m under W=5Nand V=0.1 m/s.

3.3. Upsetting Behavior of Fine-Grained AISI316 Work Materials

A fine-grained AISI316 bar for medical and tooling applications was utilized as a work
for upsetting with the use of MNSed CoCrMo dies. When using the bare CoCrMo dies with
an average hardness of 450 HV 1y, the AISI316 work caved into the CoCrMo die to leave
the concave trace into the die. This is because the fine-grained AISI316 work has higher
strength and hardness than that of the bare CoCrMo hardness.

Figure 16 depicts the variation of upset AISI316 wire with increasing the reduction
in thickness (r) up to 70% by using the MNSed CoCrMo dies. No traces of adhesives and
damages were seen on the MNSed CoCrMo die surface. This reveals that the MNSed
CoCrMo die has sufficient surface hardness against the highly strengthened AISI316 by
intense rolling [21]. In particular, no shear localization during upsetting [25] was seen even
in the trace level on the cross-section of the upset fine-grained AISI316 bar, even at r = 70%.
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The AISI316 work homogeneously flattens with increasing r. This suggests that the friction
coefficient on the work-die interface is relatively low and that the workflow velocity in the
vicinity of the die surface is nearly the same as that at the center of the work. After [26], the
bulging deformation B, which is defined by Bg = (W, — W;)/2, is employed as a parameter
to measure the frictional behavior for the measured work width (W,) and interface width
(W), respectively. As depicted in Figure 17, (W, — Wj) or B monotonously decreases and
goes to nearly zero with increasing r. This proves that AISI316 work plastically deforms
and flattens in relatively low friction. After the empirical relationship between Bg and p
in [26], p is estimated to be 0.05 from Figure 17.

Figure 16. Variation in the cross-section view for the forged AISI316 works with increasing the
reduction in thickness. (a) r = 10%, (b) r = 20%, (c¢) r = 50%, and (d) r = 70%. White arrows indicate
the direction of plastic deformation.
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Figure 17. Variation in the bar width (W,), the contact interface width (W;), and the nondimensional
bulging displacement (Bg) with increasing r.

4. Discussion

Massive nitrogen supersaturation (MNS) works to modify the homogeneous, equi-
axial crystallographic structure of superalloy to a multi-layered structure. The top layer
is nanograined CoCrMo with a random crystallographic orientation. The buffer layer
has partially nanograined CoCrMo but a mixture with the textured grains growing in the
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specific crystallographic orientations. In the column-structured layer below the buffer layer,
an assembly of CoCrMo subgrains forms long and large grains onto the original CoCrMo
matrix. The MNS process is characterized by this systematic surface modification. After the
theoretical study on the nitriding of «-iron [27] and the experimental study on the plasma
nitriding of various stainless steels [28], the neighboring regions to the nitrided zones with
lattice expansion are plastically strained to compensate for the strain compatibility across
the nitriding front end. The in situ formed slip-lines and nanograin boundaries by plastic
straining become a nitrogen solute diffusion path network to further advance the MNS
process into depth.

As depicted in Figures 9 and 10, the buffer layer plays the role of nitriding the front
end, where the homogeneous MSE process changes to the heterogeneous MSE process due
to the exponential decay of nitrogen solute content. The homogeneous MSE process is
accompanied by a crystallographic modification to nanograins. High nitrogen solute con-
tent is preserved by an active nitrogen solute diffusion through the nanograin boundaries
and the slip-line fields induced by the plastic straining. The heterogeneous MSE process
advances with local plastic straining to form the slip-line fields in each grain and spin
rotation to modify the original crystallographic orientation in each grain. This difference
in the MSE process influences the hardness depth profile in Figure 11. High hardness is
uniformly attained by homogeneous MSE above the buffer layer, while hardness gradually
decreases below the buffer layer by heterogeneous MSE.

A hardness profile design in the die technology is essential to prolong the die life
and to control the process tribology [29]. Most of those studies stand on the hard coating
onto the die surface [30] and on the duplex approach, where various ceramic hard coating
layers are deposited onto the nitrided dies [31]. In the present approach, the top and buffer
layers with higher hardness than 1300 HV 1y are formed on the textured granular CoCrMo
layer with its gradual hardness grating from 600 HVy to the hardness of bare CoCrMo
by 450 HVn without the use of any coatings. Different from conventional thin and hard
coatings, a thick MNS-later with higher hardness than 1300 HVy protects the die and mold
from abrasive wear during cold and hot stamping. The success of hot aluminum extrusion
by CoCrMo in [4] suggests that the MNSed CoCrMo diet plays a role in significantly
reducing the adhesive wear in practice. This hardness grading system by the multi-layered
microstructure is preferable to a die and mold substrate.

A fine-grained AISI316 wire with a diameter of 1.0 mm is upset and shaped to a flat
plate with a thickness of 0.3 mm using the MNSed CoCrMo die. The medical surgery tools
can be formed by the combination of upsetting and near-net forging with the use of an
MNSed CoCrMo die. As reported in [32], these near-net forged AISI316 tools are expected
to work as surgery steel instruments with high mechanical reliability and strength.

When using normal stainless steel as a die for molding stamping of oxide glasses, their
grain boundaries are also imprinted to the glass work without the amorphous coating such
as NiP or NiWP [33]. The nanostructured top and buffer layers of the MNSed CoCrMo die
were machined and surface-finished to have low surface roughness in adaptive to the mold-
stamping of oxide glass works even with high glass transition temperature [34,35]. Recently,
oxide glass work materials with higher glass transition temperatures than 1073 K are
required for functional optical elements [36]. The conventional AISI360 dies with sufficiently
low surface roughness and high surface finish, making it easy to make dimensional distortion
during mold stamping at elevated temperatures. MNSed CoCrMo dies with well-defined
surface quality provide a solution to this mold stamping of oxide glass works at elevated
holding temperature.

As partially stated in [37], the self-nanostructuring of multi-host-metal alloys, such
as AISI316 and high-entropy alloys [38], accompanies the nano-scaled phase separation
among multi-metal components. Further fine microstructural analysis is needed to describe
the possibility of this phase separation in the CoCrMo and other high-entropy alloys by
MNS and to explain the effect of this phase separation on the machinability in finishing to
build up the dies and molds.
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5. Conclusions

The CoCrMo superalloy is modified by massive nitrogen supersaturation at 723 K by
60 Pa for 21.6 ks to have a multi-layered microstructure, where the nanostructured MNS
layer, the buffer layer, and the textured layer are formed into the original CoCrMo die.
This unique structure induces the graded hardness profile into a homogeneous CoCrMo
alloy. The top layer with higher hardness than 1300 HV;y and a thick hardness grading
system from this top layer to the depth across the buffer layer work as a low-wearing die for
upsetting the fine-grained AISI316 bars with high flow stress. BOD testing and upsetting
experiments demonstrate the engineering integrity of MNSed CoCrMo dies enough to be
used for near-net forging of fine-grained AISI316 feedstock to yield reliable surgical steel
instruments.

Since the original CoCrMo die has sufficient thermal resistance, this MNSed CoCrMo
is also useful as a mold to imprint its highly finished surface onto the oxide glass work
materials with high glass transition temperature during the hot stamping process. The
nanostructured surface of the MNSed CoCrMo die proves the highly finished surface of
the oxide glass lens and optical elements.
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