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Featured Application: Near-net shaping of titanium and titanium alloy workpieces into biomed-
ical parts and devices.

Abstract: A bare AISI420]2 punch often suffers from severe adhesion of metallic titanium as well as
titanium oxide debris particles in dry, cold forging of biomedical titanium alloys. This punch was
plasma-carburized at 673 K for 14.4 ks to harden it up to 1200 HV on average and to achieve carbon
supersaturation in the carburized layer. This plasma-carburized punch was employed in the cold,
dry forging of a pure titanium wire into a flat plate while reducing the thickness by 70%. The contact
interface width approached the forged workpiece width with increasing the reduction ratio. This
smaller bulging deformation reveals that the workpiece is upset by homogeneous plastic flow with a
lower friction coefficient. This low-friction and anti-galling forging process was sustained by an in
situ solid lubrication mechanism. Unbound free carbon was isolated from the carbon-supersaturated
AISI420]2 matrix and deposited as a thin tribofilm to protect the contact interface from mass transfer

of metallic titanium.

Keywords: low-temperature plasma carburizing; high surface hardness; carbon supersaturation; dry,
cold forging; high reduction in thickness; free carbon isolation; in situ solid lubrication; intermediate

titanium oxide tribofilm formation

1. Introduction

Pure titanium and titanium alloys have been highlighted as structural biomedical
parts and tools because of their high specific strength and good biocompatibility [1]. Their
shaping and forging processes were strictly limited to minimum reduction in thickness
due to their risk of galling to stainless steel, WC (Co), and monolithic ceramic dies [2]. Die
material selection and design is needed to find a way to enable anti-galling manufacturing
to shape and forge raw titanium and titanium alloy workpieces into biomedical parts. The
authors proposed a thick B-SiC-coated SiC die material for anti-galling forging [3]. As
proven by [4], no mass transfer of metallic titanium was seen on the contact interface of a -
SiC-coated punch to a pure titanium workpiece. The debris particles of TiO, were prevented
from depositing onto this coating surface. This anti-galling process was sustained under
in situ solid lubrication by the free carbon isolated from the carbon-supersaturated p-SiC
coating surface and under the in situ formation of intermediate titanium oxide tribofilms
on the contact interface. Owing to this galling-free mechanism, a pure titanium wire was
forged under cold and dry conditions with a 70% reduction in thickness [5]. Hence, simple
shaping and upsetting can be put into practice in industries by using these g-SiC-coated
SiC die systems. However, the low toughness of the B-SiC coating becomes a barrier in
further applications of this die material system in the near-net shaping and precise forging
of raw titanium and titanium alloys into biomedical parts and tools.
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Plasma carburizing has developed as one of the most reliable surface treatments to
harden tool steel and stainless steel dies [6,7]. After [8], a thick carburized layer with a
thickness of 30 um was formed at 743 K for 72 ks onto austenitic stainless steel substrates.
Without the precipitation synthesis of chromium and iron carbides, carbon solute content
higher than 2 mass% was attained at the surface of the plasma-carburized layer. This
high carbon supersaturation resulted in high hardness, wear toughness, and corrosion
resistance. As discussed in [8,9], a fully carbon-supersaturated layer without precipitates
was formed by decreasing the holding temperature down to 673 K; however, the carburized
layer thickness also decreased down to a few pm.

A radio-frequency (RF)—direct current (DC) plasma processing system was developed
to build up the experimental setup for low-temperature plasma nitriding and carburizing.
The low-temperature nitrogen supersaturation process was performed using this RF-DC
plasma processing system [10]. In the case of this RF-DC plasma nitriding with the use
of a hollow cathode, a nitrogen-supersaturated layer with a thickness of 60 pm formed at
673 K for 14.4 ks. Its average hardness reached 1400 HV, and its nitrogen solute content
became 4 mass%.

In the present study, this high-density plasma processing system is utilized to su-
persaturate martensitic stainless steel die substrates with carbon. The case-hardened
AISI420]2 is employed as a die material, whereas chromium carbide precipitates are used
to strengthen the stainless steel matrix. The carburized AISI420]2 punch is characterized by
X-ray diffraction (XRD), scanning electron microscopy (SEM), and electron dispersive X-ray
spectroscopy (EDX). For the carbides, the homogeneous carbon mapping by EDX as well as
the peak shifts of «’-iron by XRD prove that the AISI420J2 punch is carbon-supersaturated.
This punch is fixed into the upper die set for cold, dry forging of pure titanium wires. The
power—stroke relationship is monitored in situ to describe this cold, dry forging behavior.
The smaller bulging deformation of the forged wires proves that the titanium workpiece
is homogeneously upset with low friction. The contact interface between the carburized
punch and the titanium workpiece is precisely analyzed by SEM-EDX as well as Raman
spectroscopy to describe the free carbon isolation from the carbon-supersaturated matrix of
the punch and to investigate the role of isolated carbon as a thin tribofilm for anti-galling
forging with low friction.

2. Experimental Procedure

A low-temperature plasma carburizing system is stated with comments on the hollow
cathode device to intensify the carbon ion density as well as the CH radical density. A
computer numerical control (CNC) stamper is employed for the dry, cold forging exper-
iment while monitoring the power—stroke relationship. The contact interface between
the carburized layer and the titanium workpiece is precisely analyzed by SEM-EDX and
Raman spectroscopy.

2.1. Plasma Carburizing System

An RF-DC plasma processing system (YS-Electric Industry, Co., Ltd., Yamanashi,
Japan) was utilized for plasma carburizing. The plasma carburizing setup was placed
onto the DC-biased table, as illustrated in Figure 1la. After the diagnosis of the ignited
argon plasma in the inside of the hollow [11], the ion and radical densities were increased
up to 3 x 10'8 ions/m? in the present setup. Figure 1b depicts the ignited plasma under
the mixture gas flow. The AISI420]2 punch substrate was covered with a thick plasma
sheath in a highly bright condition. In the practical operation, the chamber was evacuated
to 0.01 Pa after placing the punch into the hollow cathode. Under the argon flow, the
experimental setup was heated up to the holding temperature of 673 K. The specimen was
first presputtered by a DC bias of 500 V at 70 Pa under the mixture gas with an argon flow
of 160 mL/min and a hydrogen flow of 20 mL/min for 1.8 ks. After presputtering, it was
further carburized at 673 K for 14.4 ks under the mixture of argon, hydrogen, and methane
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Ar-H,-CH,
Gas Inlet

(CHy). The flow rate of CHy gas was 20 mL/min. After carburizing, the system was vented
down to 2 kPa in nitrogen and the specimen was cooled in a chamber.

Dipole electrode
Dipole Electrode

DC-biased Table

Heating unit

Figure 1. High-density plasma carburizing system with the use of a hollow cathode. (a) Schematic view of the experimental
setup, and (b) an image of the plasma carburizing system.

2.2. CNC Stamping System for Cold, Dry Forging Experiments

A computer numerical control (CNC) stamper (Hoden Precision, Co., Ltd., Kanagawa,
Japan) was utilized to bring the upsetting process down to the specified stroke in reduction,
as shown in Figure 2a. In this stamper, four unit motors work independently to compensate
for eccentric loading. The torque of each motor was summed up to calculate the applied
power and to monitor the power—stroke relationship. The carburized AISI420]2 punch was
inserted into the upper cassette die, as depicted in Figure 2b. Both the upper and the lower
cassette dies were fixed into each bolster of the CNC stamper. In practical operation, the
stroke was lowered at a constant velocity of 0.1 mm/s down to the specified minimum
stroke (6m), held for 1 s, and then moved up to the original position at the same velocity.
This 6., was varied for each reduction in the thickness of the titanium wires.

HIK
ZENFor,

T PS404 m—

Figure 2. The computer numerical control (CNC) stamping system. (a) The CNC stamper with
in situ monitoring of the power—stroke relationship, and (b) the upper cassette die set with the
plasma-carburized punch.

2.3. Contact Interface Analysis

The contact interface between the carburized AISI420J2 punch and the titanium
workpiece was analyzed to describe the in situ lubrication mechanism. Optical microscopy
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(Shimazu, Co., Ltd., Kyoto, Japan) was first employed to understand the morphology of
the contact interface on the punch. Several positions were selected to make pointwise
SEM-EDX (JOEL, Tokyo, Japan) analyses. In particular, three regions were selected in
the contact interface to describe the difference in the in situ solid lubrication. Raman
spectroscopy (Nihon-Kogaku, Co., Ltd., Tokyo, Japan) was utilized to analyze the binding
state of iron, chromium, titanium, oxygen, and carbon on the interface.

2.4. Die and Work Materials

The AISI420]2 substrate was employed as a die with 24 mm x 14 mm X 5 mm for
plasma carburizing. Its chemical composition was as follows: 12.1 mass% chromium,
0.4 mass% carbon, 0.5 mass% silicon, 0.4 mass% manganese, 0.3 mass% nickel, 0.2 mass%
potassium and sulfur, and the balance, iron. Its primary temperature was 1223 K (950 °C),
and its tempering temperature was 973 K (700 °C). Pure titanium with the industrial
grade of T328H was employed as a work material for the forging experiment. Its chemical
composition consisted of 0.001 mass% hydrogen, 0.1 mass% oxygen, 0.007 mass% nitrogen,
0.04 mass% iron, 0.007 mass% carbon, and titanium in balance.

3. Experimental Results

The plasma-carburized AISI420]2 punch was characterized by XRD and SEM-EDX to
analyze the carbon-supersaturated iron—chromium matrix and its morphology. The cold,
dry forging experiment was performed with the use of this punch to reduce thickness
by 70%. The variation in the forged titanium wire shape with increasing this reduction
ratio was measured, together with in situ monitoring of the power—stroke relationship.
Contact interface analyses were made to describe the in situ solid lubrication mechanism
by SEM-EDX and Raman spectroscopy.

3.1. Plasma Carburizing of AISI420]2 Dies

XRD analysis was employed to describe the carbon supersaturation into the marten-
sitic stainless steel matrix at 673 K. After the first-principle calculation of this carbon
supersaturation [12], the Fe—Cr lattice expands itself by the carbon solute atom occupation
of its octahedral vacancy site. Similar to nitrogen supersaturation [13,14], this lattice expan-
sion is detected by the peak shift of the original o’-lattice to the lower 26 direction. Figure 3
depicts the narrow-scanned XRD diagram in the range of 43° < 26 < 46°. The original peak
of o’ (110) at 20 = 44.5° shifts to two peaks at 20 = 43.6° and 43.7°, respectively. As reported
for the nitrogen supersaturation of AISI420]2 specimens at 673 K, these peaks correspond to
the formation of carbon-supersaturated austenitic and martensitic phases (yc and «’c) of
AISI420]2, respectively. The SEM-EDX image of the cross section of the carburized punch
reveals that the carburized layer thickness at 673 K for 14.4 ks reaches 50 pum.

1800

A o' (110)
1400 | A YC

1200 I

1600

1000 o ¢

Intensity /a.u.

800 I

600

400
200

0
43 43.5 44 44.5 45 45.5 46

20 /degree

Figure 3. XRD diagram of the surface of the plasma-carburized AISI420]2 punch.
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Figure 4 depicts the SEM-EDX image of the surface of the plasma-carburized AISI420]2
punch with its element mapping. The case-hardened AISI420]2 punch substrate consists of
an iron—chromium binary alloy matrix and chromium carbides. For these precipitates, little
carbon agglomerate was detected on the binary alloy punch surface. That is, no free or
unbound carbon dots were present on the carburized iron-chromium binary alloy matrix
surface.

Figure 4. SEM-EDX analysis of the plasma-carburized AISI420]2 punch at 673 K for 14.4 ks. (a) SEM image of the
plasma-carburized AISI420]2 punch surface, and (b) its element mapping.

3.2. Upsetting of Titanium Wire into Thin Flat Plate

A titanium wire with a diameter of 1.0 mm and length of 10 mm was employed as a
workpiece for cold, dry forging. The stroke (1) was first controlled to move down from
the initial position, where the workpiece contacted the punch surface. Then, it was further
moved down stepwise to the specified depth; i.e., 6y = 0.1 mm for r = 10% and 6 = 0.7 mm
for r = 70%. Figure 5a depicts the variation in the cross section for the forged titanium
wire with increasing reduction ratio (r). A circular wire was shaped into a flat plate with a
thickness of 0.3 mm at r = 70% without significant bulging deformation.

Up to r = 30%, the wire was compressed in the axial direction. When r > 30%, its
plastic flow became homogeneous in the lateral direction. As shown in Figure 5b, the width
of the forged wire (Wo) was larger than the width of the contact interface (Wc) for r < 20%.
Wc approaches Wo with increasing r. This proves that the titanium workpiece flows in the
lateral direction with homogeneous plastic flow velocity along the contact interface. The
surface extension rate reached 170% of the original wire surface.

Figure 6 shows the variation in these Wo and Wc as well as the bulging width
(Bg = (Wo-Wc)/2) with increasing r. A monotonous increase in Wo and Wc with r im-
plies that a circular wire widens uniformly with upsetting. In particular, a linear increase
in Wc with r reveals that the reduced volume of the wire by compression is compensated
by its widening volume in the lateral direction. As shown in the monotonic approach of
Bg to zero with increasing r, the bulging deformation of the wire diminishes with r. Af-
ter [15], this nearly zero bulging deformation for » > 30% proves that the friction coefficient
approaches less than 0.1.
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Figure 5. Variation in the cross section and plane views of cold dry forged pure titanium wire with increasing reduction in
thickness (r). (a) Variation in the titanium workpiece cross sections with increasing r, and (b) variation in the plane view of

the forged wire with increasing r.
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Figure 6. Surface area extension with increasing reduction rate, r.

Figure 7 depicts the relationship between the applied power (P) and the stroke (J)
up to the specified reduction rate for r = 10%, 20%, 30%, 50%, and 70%, respectively. The
measured P-é diagrams for each r superpose on a single master curve; the power increases
significantly for r > 30% due to the work hardening of pure titanium.
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Figure 7. Relationship of the applied power to the stroke for each reduction in thickness.
3.3. Contact Interface Analysis

The cold, dry forging experiments up to r = 70% were continuously performed 10 times
to leave a distinct contact interface onto the carburized AISI420]2 punch surface.

Figure 8 depicts a microscopic image of the contact interface of the carburized
AISI420]2 and the forged titanium workpiece. Many stripes were formed on this interface
radially, from its centerline to its ends, together with the lateral plastic flow of the work
material. Three positions were selected for SEM-EDX analyses between the centerline of
the interface and its end. Region A was located near the end of the interface, region B was
in its middle, and region C was near the centerline.

< I

. Contact Interface .
| to Titanium Work I

Figure 8. Optical microscopic observation of the contact interface of the carburized AISI420]2 surface
and the forged titanium workpiece.

Figure 9 depicts the SEM images of region A and the element mapping of oxygen,
carbon, titanium, chromium, and iron, respectively. For the original precipitate of (Cr
and Fe) oxides and carbides, the chromium and iron uniformly distribute on the contact
interface. Carbon, titanium, and oxygen distribute in stripes radially along the plastic flow
direction of the titanium workpiece. Since little carbon is detected, even in trace levels,
on the carburized AISI420]J2 surface before forging, these carbon stripes come from the
carbon solutes isolated from the AISI420]2 matrix. Both the titanium and oxygen stripes are
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exclusively present at the positions without carbon content. This implies that the carbon
stripes protect the punch surface from adhesion of titanium.

50 pm 50 pm

Figure 9. SEM-EDX image and element mapping of region A in the contact interface of the carburized AISI420]2 punch and
the titanium workpiece.

Figure 10 also depicts the SEM image of region B with the element mapping in the
middle of the contact interface. No change in the chromium and iron maps was detected
between regions A and B. The carbon stripes broaden, while the titanium and oxygen
stripes become thinner compared with those in Figure 9. The exclusive presence of carbon
stripes on titanium and oxygen ones becomes more distinct than those seen in Figure 9.

50 pm 50 pm

50 pm

Figure 10. SEM-EDX image and element mapping of region B in the contact interface of the carburized AISI420]2 punch
and the titanium workpiece.

Figure 11 shows the SEM and element mapping of region C. A few titanium and
oxygen stripes are seen at the centerline of the contact interface. Most of region C is covered
with unbound carbon films. Iron and chromium maps are the same as those seen in Figure 4;
the punch surface at the center in contact is free from adhesion of titanium. This proves that
the punch surface at the initial contact with the titanium workpiece with high static pressure
during dry forging is free from galling because of in situ carbon lubrication. Figures 9-11
reveal that the interface area overlapped by the carbon films gradually decreases from the
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centerline of the interface to its end. This suggests that formation of free carbon stripes and
films on the interface is driven by the applied stress during dry forging.

S0 pm

S50 pm

Figure 11. SEM-EDX image and element mapping of region C on the contact interface of the carburized AISI420]2 punch

and the titanium workpiece.

3.4. Raman Spectroscopy

The binding state of the tribofilm on the contact interface was analyzed by Raman
spectroscopy. Figure 12a shows the Raman spectrum at the center of region B. Three
broad peaks around A = 220 cm~1, 400 em~!, and 600 cm~! are identified by TiOy, or
intermediate titanium oxides, including TiO,, after [16]. This proves that the titanium and
oxygen stripes coincident with each other consist of TiOx and TiO,.

240 T T T T T T 260 T T .l T T T N |
23 e TiOx ] 0 - Upper in regl?n-C [ h
s 220 B Unbound C ] : 240 Center in region-C ]
g ’to - . :;, 230 Lower in region-C
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160 1 1 1 1 1 1 1 160 1 1 1 1 1 1 1
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Raman shift, A/ cm-? Raman shift, A/cm!
(@) (b)

Figure 12. Raman spectroscopic analyses of the titanium-rich and the carbon-rich zones in the contact interface. (a) Raman
spectra of region B, and (b) Raman spectra of region C (three positions are selected for measurement).

If TiO, were only present as titanium oxide, the narrow peaks would be detected at
A =400 cm~! and 600 cm~!. A broader peak around 200 cm ™! suggests that intermediate
titanium oxides are formed together with TiO, debris particles in the titanium and oxygen
stripes in Figure 10. As analyzed in the literature [17,18], two broad D- and G-peaks at
A =1320 cm~! and 1600 cm ™ in Figure 12a prove that the carbon detected in Figure 10
is unbound from titanium, chromium, and iron. The free carbon stripes in Figure 10 are
formed by the carbon isolation from the carburized AISI420]2 matrix of the punch.
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Figure 12b depicts the Raman spectra of region C at the center of the contact interface.
Three positions were selected for analysis in this region. In these three spectra, only two
broad peaks are detected at A = 1320 cm ™! and 1600 cm ™!, respectively. In correspondence
to Figure 11, most of the punch surface at the center of the interface is covered with the free
carbon film isolated from the carburized punch matrix.

4. Discussion

The formation of a relatively thick carburized layer at 673 K for 14.4 ks is due to the
carbon solute diffusion process and carbon supersaturation. After [10,12-14], the carbon
and nitrogen supersaturation processes are common to plasma carburizing and nitriding
treatments at 673 K. This supersaturation and diffusion of carbon and nitrogen solutes into
stainless steel is recognized by the iron lattice expansion and high solute content depth
profile in the carburized and nitrided layers. In addition, the grain refinement takes place
with this carbon supersaturation process to sustain the carbon solute diffusion through
the fine zone and grain boundaries in a manner similar to the nitrogen supersaturation
in [10,14].

A solid material with a two-dimensional structure has been identified as a typical solid
lubricant; e.g., MoS; particles and coatings [19] and graphite [20] are frequently employed
in industries to reduce the friction and galling in hot forming. In particular, a graphite mold
provides a solution for the mold stamping of oxide glasses to optical lenses [21]; the lens
surfaces are often contaminated by the dust of graphite. By contrast, DLC-coated dies often
suffer from the adhesion of those glasses as well as metallic titanium, as reported in [22].
As analyzed in Figures 8-12, the unbound, free carbon film formed in situ during cold
forging works as a solid lubricant to protect the die surface from the galling of titanium.
Since this solid lubrication film is mainly formed only at the high-pressure contact interface,
there is little possibility of its contaminating other work surfaces not only in cold forging
but also in warm and hot forging.

Isolation of unbound, free carbon solutes from the highly stressed AISI420]2 matrix
plays an essential role in the formation of the carbon tribofilm for in situ solid lubrication.
Many studies have reported the ordering of carbon atoms in iron and steel under the
supersaturated state only in the presence of inner strains [23]. As suggested in [24], the
externally applied compressive stress has an influence on carbon—carbon and carbon-iron
interactions and induces the separation of supersaturating carbon solutes to ordered carbon
and free carbon in stressed steel. This free carbon solute diffuses to the surface by a steep
stress gradient and in situ forms a thin film on the contact interface during forging.

An intermediate titanium oxide (TiOy) film is also formed in situ together with the
in situ solid lubrication by the carbon film. A few TiOx stripes were formed at the center
of the contact interface under high compressive stress during forging. With increasing
reduction in thickness, the applied stress gradually lowers and the carbon isolation process
weakens, so that the TiOy film is formed on the contact interface away from its center line.

The plasma carburizing conditions have an influence on this carbon supersaturation
into the AISI420]2 matrix. In previous studies on low-temperature DC plasma carburiz-
ing [9,10], no iron and chromium carbides were synthesized as a precipitate into stainless
steel matrices. However, no statements were found in those papers on the plasma diagnosis
of the activated species in plasmas. As suggested in [11], the ratio of CHy to Hj in the
mixture gas of argon, CHy, and H; has an influence on the CH radical density as well as
the ion density of C* {C*, C?*, C3*, and C**} in the ignited plasmas for low-temperature
plasma carburizing. Further study is needed to optimize this ratio for high densification of
CH radicals to drive the plasma carburizing process.

The plasma-carburized AISI420]2 at 673 K has anti-galling capacity in forging titanium
and titanium alloys, enough to be applied to the net shaping of raw titanium workpieces
into biomedical parts. Different from S-SiC-coated dies [8,9], this die has sufficient tough-
ness and hardness against local stress concentration as well as eccentric loading during
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complex shaping. As noted in [25], this die material selection enables the realization of
highly precise shaping with dimensional accuracy from titanium wires and bars.

5. Conclusions

The plasma-carburized martensitic stainless steel AISI420]2 provides an alternative die
selection to put the anti-galling dry, cold forging of titanium and titanium alloy workpieces
into practice. The unbound, free carbon solute isolates from this carbon-supersaturated
AISI420]2 matrix and deposits on the highly stressed contact interface. This in situ formed
free carbon agglomerate works as a solid lubricant to protect the die surface from the mass
transfer of metallic titanium and to reduce friction and wear. Owing to this in situ solid
lubrication, the titanium wire with a diameter of 1.0 mm is upset and shaped into a thin
plate with a thickness of 0.3 mm. The nearly zero bulging deformation at a high reduction
ratio of thickness proves that a titanium workpiece makes plastic flow homogeneously
along the contact interface with a low friction coefficient of 0.1 or less.

The plasma-carburized AISI420]2 die has a high hardness of 1200 HV at the surface
and preserves its original ductility and toughness, making it suitable to be used for near-
net forging and shaping with local stress transients and eccentric loading in practical
production lines. This mechanical property with anti-galling capacity is preferable to the
precise metal forming of titanium wires and bars into biomedical parts.
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