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extract was diluted with the extracting medium as the ratio
of 0.5, 0.25, 0.125, and 0.0625.

About 3.0x 102 HEL299 cells were seeded in 100 pL of
E-MEM with NEAA, 0.1 M Na-Pyr, 0.1% LAH, and 10
vol.% FBS into each well of a 96-well microplate. Based on
the results of the pretests performed under the same
procedure, the number of cells inoculated was determined.
The same amount of the medium without cells was added to
the blank well. The plate was kept for 20 min at room
temperature before it was put into the CO, incubator in
order to prevent the difference in cell growth of 36 outside
wells to other inner wells. Then, cells were cultured for 4 h
and a 100-pL portion of extracts or its diluted solutions was
added into the well. The same amount of extracting medium
unused to the dynamic extraction was added to the control
well. Five concentrations were tested for each extract of
three materials. Six replicate wells were prepared for each
concentration of the e¢xtracts. After the second incubation of
9 days, the cells were fixed by 25% glutaraldehyde solution
for 10 min and stained by 0.4% crystal violet solution in
methanol for 30 min. The absorbance at 595nm was
measured by a microplate reader. The relative viability of
the cells (RVC) was calculated by the following equation:

RVC(%) = [(a = b)/(c — b)] x 100

where a was the absorbance of the sample well, b was the
absorbance of the blank well, and ¢ was the absorbance of
the control well.

The obtained RVC data were plotted as a function of the
extract fraction to draw a “dose-response curve”.

2.4. Quantitative analysis of metallic elements

The quantification of metallic elements in each extract of
three specimens was performed by ICP-MS at Mitsui
Chemical Analysis and Consulting Service. Quantification
was performed for five metallic elements such as Cr, Fe,
Mn, Mo, and Ni under the optimum condition for each
element.

3. Results
3.1. Cytotoxicity test in static conditions

The microscopic images of the cells cultured on three
disks sterilized by UV-irradiation for 1, 4, and 7 days are
shown in Fig. 1 and their magnified images are shown in
Fig. 2. After 1-day incubation, the cells were observed as
scattered black dots because of the dye while the cells grew
spread to cover almost all surface area of the disks of Fe—
Cr-Mo and Fe-Cr-Mo-N after 7-day incubation. At the
magnified images (Fig. 2), most of the cells were observed
to spread along the polishing marks especially after 4- and
7-day incubations. The number of the cells on three disks
was almost same after 1-day incubation whereas after 4- and

Fig. 1. Microscopic images of the cells cultured on the disks of 316L, Fe—Cr-Mo, and Ee—Cr-Mo-N sterilized by UV-irradiation.
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Fig. 2. Magnified images of the cells cultured on the disks of 316L, Fe—Cr-Mo, and Fe-Cr—Mo-N sterilized by UV-irradiation.

autoclaving for 1, 4, and 7 days are shown in Fig. 3 as well
as their magnified images are shown in Fig. 4. Again, the

7-day incubations, the number of the cells on 316L was

obviously smaller than Fe~-Cr-Mo and Fe-Cr—Mo—N. The

images of the cells cultured on three disks sterilized by

cells were scattered dots on the disks after 1-day ihcubation,

Fig. 3. Microscopic images of the cells cultured on the disks of 316L, Fe—Cr-Mo, and Fe-Cr-Mo-N sterilized by autoclaving.
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Fig. 4. Magnified images of the cells cultured on the disks of 316L, Fe~Cr-Mo, and Fe—Cr-Mo-N sterilized by autoclaving,

whereas they grew and covered the most of the disks after 7-
day incubation. The magnified images (Fig. 4) showed the
tendency that the cells spread along the polishing marks,
especially on the disks after 4-day incubation. No difference
was observed in the number of the cells on three disks after
1-, 4-, and 7-day incubations. No sign of corrosion such as
discoloration, pitting, or precipitation of corrosion products
were observed on all disks sterilized by UV-irradiation and
autoclaving in naked eye,

200
150
9
O 100
>
o
50 | ~~-316L
=+~ Fe-Cr-Mo
-4 Fe-Cr-Mo-N
0
0.01 0.1 1

extract fraction

Fig. 5. Results of the cytotoxicity tests of 316L, Fe-Cr-Mo, and Fe—Cr—
Mo—N in dynamic conditions. Relative viability of the cells (RVC) was
calculated by the following equation: RVC (%)=[(a—b)/(c—5)]* 100,
where a was the absorbance of the sample well, b was the absorbance of
the blank well, and ¢ was the absorbance of the control well at 595 nm.

3.2. Cytotoxicity test in dynamic conditions

Cytotoxicity test of the extracts of three materials
under wear conditions is shown in Fig. 5. On all of three
disks, the RVC decreases when the fiaction increases,
However, the RVC of Fe-Cr-Mo-N was the highest
among the three disks at all concentrations tested,
followed by Fe—-Cr—Mo.

3.3. Metallic elements in the extracts under dynamic
conditions

The concentrations of each metallic element detected in
the extracts of three materials after 14 days under dynamic
conditions are shown in Table 2. In the extract of 316L, Ni
was detected at the concentration of 14 ppb whereas Ni was
not detected in the extracts of Fe-Cr—Mo—N. In the extract
of Fe-Cr-Mo, Ni as well as Cr was detected at the
concentration of 20 and 22 ppb, respectively.

Table 2
Quantification of metallic elements in the extracts

Samples Metallic elements

Cr Fe Mn Mo Ni
316L <10 . <10 <10 <10 14
Fe-Cr-Mo 2 <10 - <10 20
Fe-Cr-Mo-N <10 <i0 - <10 <10

Unit: ppb(=ng/g); - not analyzed.
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4. Discussion
4.1. Cytotoxicity in static conditions

In this study, cytotoxicity evaluation in static conditions
was performed for the disks sterilized in two ways; UV-
irradiation and autoclaving. For Fe—~Cr-Mo and Fe-Cr—Mo—
N, no difference was observed in the two sterilization
methods; both disks showed good cell growth. 316L, one
of the conventional metallic biomaterials, showed different
effect on cell proliferation depending on the sterilization
methods. The disks of 316L sterilized by UV-irradiation
inhibited cell proliferation whereas the disks sterilized by
autoclaving did not inhibit it. In the cytotoxicity test in static
conditions, two factors may influence cell growth on the
disks: released metal ions from the disks and adsorbing
protein onto the disks. The XPS analysis revealed that the
composition of the surface oxide layer of 316L specimen is
basically the same before and after autoclaving, that is, mix-
ture of iron and chromium oxide [34]. This fact suggests that
the behavior of adsorbing proteins does not differ between
autoclaved and UV-irradiated disks of 316L. The thickness of
the surface oxide layer of 316L specimen, however, increases
by autoclaving [34], which will contribute to the higher
corrosion resistance of the autoclaved specimen than
polished, non-autoclaved one in cell culture condition.
Furthermore, the concentration of nickel in the oxide layer
is 0.3 (at.%) at autoclaved specimen whereas itis 0.5 (at.%) at
polished, non-autoclaved one [34], which may reduce the
amount of released nicket ion to cell culture medium. There-
fore, the difference in the cell proliferation on 316L disks by
sterilizing methods may be attributed to the difference of the
corrosion resistance of the surface oxide as a passive film on
the disks. As mentioned before, 3161 has already been used
in clinical cases as the devices for operation and medical
treatment. Most of these devices are sterilized by autoclaving;
therefore, the use of 316L in the clinical cases does not cause
any trouble in the corrosion resistance and biocompatibility.

Concerning the nitrogen adsorption treatment, no differ-
ence was observed on cell growth between Fe—Cr—Mo and
Fe-Cr-Mo-N disks despite the sterilization methods. This
fact suggests that the nitrogen adsorption treatment has no
effect on cytocompatibility in static conditions as well as the
ferric stainless steel, Fe-Cr-Mo, has enough corrosion
resistance and cytocompatibility in static conditions.

4.2. Cytotoxicity evaluation in dynamic conditions

In the dynamic conditions of this study, wear or fretting
will occur at the interface between the disk and zirconia
ball, Most of the implanting devices were used in dynamic
conditions facing to the wear such as the sliding surface of
an artificial joint and to the fretting (wear in small
amplitude) such as the interface between the screw and the
hole of the plate on bone fixing devices. It is well known
that the wear and fretting accelerate the corrosion of

metallic materials in a biological environment such as
body fluid and cell culture medium {35-37]. Therefore,
the cytotoxicity evaluation in static conditions is not
enough to estimate the risks on biocompatibility of
metallic materials for the devices facing to wear and
fretting. Furthermore, the released metal ions in a small
quantity can cause toxic reaction from cells [35,36]. In
this study, the extraction of metal ions and debris from
three kinds of disks was performed in dynamic conditions
with cell culture medium at 37 °C. The extracting
condition of this study is quite close to the actual
environment of the implanted devices.

Cytotoxicity test of the extracts of Fe-Cr-Mo, Fe-Cr-
Mo—N, and 316L resulted in the order of the inhibition of cell
proliferation as 316L followed by Fe—Cr-Mo and Fe—Cr-
Mo-N from the highest. The quantification of the metallic
elements in the extracts revealed the release of Ni from 316L
and Fe-Cr-Mo. These results indicate that Fe-Cr-Mo—N has
superior cytocompatibility than the conventional metallic
biomaterial, 316L. They also confirmed that the nitrogen
adsorption treatment increases corrosion resistance of Fe—
Cr-Mo with the existence of wear. The addition of nitrogen
to a stainless steel influences the corrosion resistance of the
steel; a solute nitrogen gives higher resistance to pitting and
crevice corrosion whereas nitride accelerates intergranular
corrosion [38]. In our previous study, the nitrogen adsorption
treatment of Fe—~Cr~Mo results in the change of its micro-
structure from ferrite to austenite without forming CrN or
Cr,N [16), giving higher Vickers hardness. These facts
suggest that austenitization by adsorbed nitrogen contribute
to higher corrosion and wear resistance, resulting in the
higher cytocompatibility. ‘

In the extracts of 316L, only Ni was detected whereas the
content of Ni in 316L is much less than that of Cr. This
suggests the preferential release of Ni from 316L under
dynamic conditions in cel! culture medium. The preferential
release of Ni was also observed in Fe-Cr—Mo in which the
nickel content is less than 0.01 mass%. The preferential
release of Ni was reported on Ti-6A1-4V where the nickel is
not contained as a component ¢lement but contained as
impurity at the concentration less than 0.01 mass% [36].
Iron and chromium oxides are the main component of the
surface oxide on 316L and Fe-23.5Cr-2Mo—1,5N (mass%)
but small contents of nickel, molybdenum, and manganese
oxides are also observed in the surface oxide layer [34,39].
However, the stability of nickel oxide is relatively low rather
than chromium and other oxide, thus the preferential release
of nickel could occur.

Though the concentration of released Ni in Fe-Cr-Mo
extract is higher than that of 316L extract, the extract of Fe—
Cr—Mo less inhibited cellular growth than that of 316L. One
of the possible explanations is the Cr release in Fe-Cr-Mo
extract. An addition of slight amount of Cr, which is one of
the essential elements for human, may contribute to cell
proliferation, resulting in higher cell growth of Fe-Cr~-Mo
than that of 316L.
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5. Conclusions

Cytotoxicity tests of Fe-Cr-Mo, Fe-Cr-Mo-N, and
316L in static and dynamic conditions were performed to
evaluate biocompatibility of Fe-Cr-Mo-N, a nickel-free
austenitic stainless steel manufactured by nitrogen adsorp-
tion treatment and comparing to 316L, one of the
conventional metallic biomaterials, As a result, Fe—Cr-
Mo-N had higher cell growth than 316L in static and
dynamic conditions. In dynamic conditions, the extract of
Fe-Cr-Mo, which is the specimen before the nitrogen
adsorption treatment, contained nickel, whereas no nickel
was detected in the extract of Fe-Cr-Mo-N in dynamic
conditions. This fact suggests that the nitrogen adsorption
treatment contribute to the higher corrosion resistance of
Fe-Cr-Mo-N in the presence of wear. Based on the results
obtained in this study, Fe-Cr-Mo-N has a high possibility
for the application in biomedical field; however, further
research will be necessary to confirm its good biocompat-
ibility in vivo.
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A new manufacturing process for nickel-free austenitic stainless steel has been developed by authors, In combination with machining and a
nitrogen absorption treatment, this process makes it possible to form small precise devices with a maximum thickness or diameter of 4 mm. The
refinement of grains of Fe-24Cr-2Mo in mass% was attempted by thermo-mechanical treatment before nitrogen absorption treatment in order to

increase the mechanical properties afier nitrogen absorption treatment. Torsion and tensile properties and microstructures of Fe-24Cr-2Mo
before and after mitrogen absorption treatment were evaluated to understand the effects of grain refinement on nitrogen absorption. The thin wire
of the alloy is completely austenitized with nitrogen absorption at 1473 K for over 7.2ks. The mean grain size of the alloy with nitrogen
absorption decrease with the grain refinement process attempted in this study. The values of uliimate tensile strength and elongaticn in the alloy
with and without nitrogen absorption increase with the grain refinement process. The torsional stress and rotation angle to fracture of the alloy
increase with the grain refinement process and nitrogen absorption. According to the results of the torsion and tensile tests, the thin wire of the
alloy with nitrogen absorption is expected to have good mechanical properties than conventional austenitic stainless steels.
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1. Introduction

A new manufacturing process for nickel-free austenitic
stainless steel has been developed by authors.” In combina-
tion with machining and a nitrogen absorption treatment, this
process makes it possible to form small precise devices with a
maximum thickness or diameter of 4 mm." Ingot of ferritic
stainless steel, Fe-24Cr-2Mo in mass%, is worked to various
dimensions such as round bar, thin plate, and thin wire.!”
The balance between strength and elongation in each test
specimen with nitrogen absorption is the same as that in
conventional austenitic stainless steel such as 316L.

However, the temperature for nitrogen absorption, 1473 K,
is sufficiently high for grain growth, and the coarsening is
observed after nitrogen absorption.!™ The grain growth and
coarsening causes decrease in the mechanical properties.
Therefore, a nitrogen absorption treatment that allows the
retention of strength and ductility is performed with a grain
refinement process before nitrogen absorption treatment.

In this study, we attempted the refinement of grains by
thermo-mechanical treatment before nitrogen absorption
treatment in order to increase the mechanical properties after
nitrogen absorption treatment. The torsion and tensile
properties and microstructures of Fe-24Cr-2Mo in mass%
with fine grains generated by hot forging and cold forging
were evaluated both before and after nitrogen absorption
treatment to understand the effects of grain refinement on
nitrogen absorption. The results were compared to those of
the alloy in the previous study'~ and conventional austenitic
stainless steel.

2. Experimental Procedure

2.1 Specimen preparation
Ingot with 20 kg of Fe-24Cr-2Mo in mass% was prepared

by a vacuum high-frequency induction melting process.

Table 1 shows the chemical composition of the alloy. The
ingot was then cut into three equal parts. Figure 1 shows a
schematic diagram of the forging process. Hot radial forging,
followed by 99% cold radial forging, was conducted in the
previous study.” In this study, 84% hot radial forging and
99.99% cold radial forging were conducted to obtain finer
grains than in the previovs study.® Thin wires (1.0mm in
diameter) were obtained through hot and cold radial forging.
Specimens for the torsion and tensile tests (1.0mm in
diameter and 10mm in gage length) and hardness test
(1.0mm in diameter and 10mm in length) were prepared
from the thin wires. The tensile axis was along to the radial
forging direction in specimens for the tensile test.

HRF.
(R.A.: 88 %)
1473 K-- : 351 840

' Cut
1:5100—1: 150
l: 840

N CRF. CRF.
Cut 420 (RAIS2%) | (RA:99 %)
T AW
¢: 1.0xL: 15000

t: 90xw: 90x1: 100 o: 10x1; 5160

(mm}

Fig. 1 Schematic diagram of the forging process of a thin wire. H.F.: hot
forging, C.F.: cold forging, R.A.: reduction of area, £ thickness, w: width,
¢ diameter, and I length,

Table 1 Chemical composition of Fe-24Cr-2Mo {mass%).
C Mn P S Si Ni Cr Mo 0 N Fe
0.002 <0.01 <(.002 0.0002 <0.01 <0.01 25.80 2.04 0.016 <0.001 Bal.
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2.2 Nitrogen absorption

Specimens for the torsion, tensile, and hardness tests of the
alloy were polished with #600 SiC paper in water and then
ultrasonically rinsed in acetone for 300s. After rinsing, the
specimens were separately located to a 304 steel reticular
stage. The area for nitrogen absorption in the specimens did
not contact the stage. The stage with the specimens was
inserted into the nitrogen absorption furnace.!> The pressure
of the inside of the furnace was reduced to 2 Pa, and nitrogen
gas (<99.99%) was introduced and continuously flew into
the furnace to maintain a pressure of 101.3kPa. The
temperature of the furnace was increased from ambient to
1473K at a rate of 0.08 Ks™! and kept for 7.2ks, 10.8ks,
14.4ks, 18.0ks, and 21.6ks. Immediately after heating, the
specimens were quenched into a water bath. The scale
generated on each specimen was removed with #600 SiC
paper in water after nitrogen absorption.

2.3 Examination of microstructure and mechanical
properties

Gripped parts of torsion test specimens were employed for
microstructural cobservation. Specimens for microstructural
examination and hardness test were finally polished with
#600 SiC paper and buffed. After etching with a Villela
reagent, the microstructure was observed with an opticat
microscope. Phases of specimens for the torsion test with and
without nitrogen absorption were identified using X-ray
diffractometry (XRD) with CuKe radiation (40kV and
300mA). The hardness test was performed using a micro
Vickers hardness tester. The torsion test was performed in air
using a torsion testing machine with a capacity of 0.2N as
shown in Fig. 2. The rotation speed of gripped part was
0.1 Hz. Torque and rotation angle to fracture were estimated
throughout the torsion test. The torsional stress, T was
calculated by the following equation:

T (N/m* =Pa)=T (N-m)/Z, m*) = (1)

where T is the torque and Z, is the polar modulus of section.
The polar modulus of section, Z,, was calculated by the
following equation:

Z, (m®) = nd*/16 ¥))

where d is the diameter of the specimen for torsion test.
Tensile tests were performed in air using an Instron-type
tensile testing machine with a capacity of 10kN. The

Motor Contro} Unit
(Torgue Meter) ~Rotation Speed
(Angle Meter) \ *Rotating Direction| O0CD

Nt -————-e-- M
x
. '
Ny Torgue ! Slan{sfrzir
“\ -Rotationt Angle : &
~
Torsion Test N
o —1
Specimen

Data Recorder

Fig. 2 Schematic illustration of the torsion test system.

crosshead speed was 8.33 x 10~®ms~!. Ultimate tensile
strength, 0.2% proof stress, and elongation to fracture were
estimated throughout the tensile test. At least, three measure-
ments were carried out under the same conditions, and the
mean values were calculated. The fractured surfaces were
observed with a scanning electron microscope (SEM) after
torsion and tensile tests,

For comparison, changes in phases, hardness and torsion
and tensile properties that were the result of heating without
nitrogen absorption were investigated by heating under the
same temperature and time as the nitrogen absorption
treatment in an argon atmosphere.

3. Results and Discussion

3.1 Changes in microstructures by nitrogen absorption

XRD profiles of Fe-24Cr-2Mo with and without nitrogen
absorption and Fe-24Cr-2Mo heated at 1473K in an argon
atmosphere are shown in Fig. 3. Only diffraction pattern of
ferrite (o phase) was observed from Fe-24Cr-2Mo without
nitrogen absorption and Fe-24Cr-2Mo heated at 1473 K in an
argon atmosphere (Figs. 3{a) and (b))}, indicating that phase
transformation from o phase to austenite (3 phase) does not
occur in an argon atmosphere. On the other hand, only peaks
originating from y phase were observed from the alloy with
nitrogen absorption for over 7.2 ks, indicating that the thin
wire of the alloy is completely austenitized with nitrogen
absorption treatment for 7.2ks (Fig. 3(a)). Using XRD,
neither CrN nor Cr;N was identified in any specimen with
nitrogen absorption, indicating that precipitation of nitride

(a) © Ferrite{cx) v v
7 Austenite(y) A

40° 45° 50° 55° 60° 65° 70° 75°
CuKo 26

{b)

Tensile test
specimen

40° 45° 50° 55° 60° 65° 70° 75°
CuKa 20
Fig. 3 X-ray diffraction patterns of (a) Fe-24Cr-2Mo with and without

nitrogen absorption and (b) Fe-24Cr-2Mo heated at 1473K in an argen
atmosphere.
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Fig. 4 Optical microstructure of Fe-24Cr-2Mo in each treatment. (a) and (b) heated at 1473 K in an argon atmosphere, and (c), {d) and ()

heated at 1473 K in a nitrogen atmosphere.

does not occur in Fe-24Cr-2Mo with nitrogen absorption.
The result of XRD in this study is in good agreement with
that in the previous study.'™

The microstructures of Fe-24Cr-2Mo with nitrogen ab-
sorption and Fe-24Cr-2Mo heated in an argon atmosphere are
shown in Fig. 4. The microstructures of the alloy before
nitrogen absorption and heat treatment in an argon atmos-
phere were a fine & phase expanded along the radial forging
direction. The « phase was only observed in Fe-24Cr-2Mo
heated in an argon atmosphere (Figs. 4(a) and (b)). Fine
grains in Fe-24Cr-2Mo were grown and coarsened with the
nitrogen absorption treatment and heat treatment in an argon
atmosphere. The mean grain size of the alloy after heated for
21.6ks in an argon atmosphere was 433 pum. The grains were
the largest with 21.6-ks nitrogen absorption (Fig. 4(e)}. The
mean grain size of the alloy after 21.6-ks nitrogen absorption
was 126um. The mean grain size of the alloy slightly
increased with increasing nitrogen absorption time. The grain
size of Fe-24Cr-2Mo heated in an argon atmosphere was
much larger than that of the alloy with nitrogen absorption,
indicating that nitrogen works as a strong inhibitor against the
coarsening. In addition, that of the alloy after 21.6-ks
nitrogen absorption and heated for 21.6ks in an argon
atmosphere in the previous study was 132 um and 527 um,
respectively.” The grain size of the alloy in this study was
smaller than that in the previous study,” indicating that the
resultant grain in the alloy was refined with the grain
refinement process attempted in this study.

3.2 Changes in hardness by nitrogen absorption

The changes in micre Vickers hardness of Fe-24Cr-2Mo
with and without nitrogen absorption treatment and the alloy
heated in an argon atmosphere are shown in Fig. 5. For
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Fig. 5 Comparison of the micro Vickers hardness of Fe-24Cr-2Mo with
and without nitrogen absorption and Fe-24Cr-2Mo heated at 1473 K in an
argon atmosphere. For comparison, that of the alloy with and without
nitrogen absorption treatment and heated in an argon atmosphere in the
previous study? is also shown.

comparison, that of the alloy with and without nitrogen
absorption treatment and heated in an argon atmosphere in
the previous study” is also shown. Although the micro
Vickers hardness of the alloy after annealing was 150, that of
thin wire of the alloy after 99.99% cold forging was 280
because of work hardening. The hardness of the alloy without
nitrogen absorption in this study was the same as that in the
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previous stedy. However, the hardness of the alloy with
nitrogen absorption in this study was smaller than that in the
previous study. On the other hand, the hardness of the alloy
heated in an argon atmosphere in this study was the same as
that in the previous study. The hardness of Fe-24Cr-2Mo
increased with 7.2-ks nitrogen absorption, and the value was
maintained when the duration of the nitrogen absorption was
extended. The hardness of the alloy showed the maximum
value (Hv=337) at 21.6-ks nitrogen absorption. On the other
hand, the hardness decreased in an argon atmosphere with
heating for 7.2ks. This indicates that the release of residual
stress by heat treatment in an argon atmosphere,

3.3 Changes in tensile properties by nitrogen absorption

Figure 6 shows the ultimate tensile strength, 0.2% proof
stress, elongation to fracture, and reduction of area of Fe-
24Cr-2Mo with and without nitrogen absorption treatment
and Fe-24Cr-2Mo heated in an argon atmosphere. The tensile
strength, 0.2% proof stress, and reduction of area of the alloy
decreased with nitrogen absorption, while elongation to
fracture of the alloy increased with nitrogen absorption,
Elongation to fracture of the alloy increased with increasing
nitrogen absorption time. The value of tensile strength of the
alloy with nitrogen absorption is much larger than that of
0.2% proof stress of the alloy with nitrogen absorption,

indicating that magnitude of work-hardening increased with
solid-solution strengthening of nitrogen. Fe-24Cr-2Mo with
nitrogen absorption for 14.4 ks showed maximum ultimate
tensile strength (1033 MPa). Elongation to fracture of the
alloy showed the maximum value (65%) at 21.6-ks nitrogen
absorption. The maximum values of iensile strength and
elongation obtained from the alloy with nitrogen absorption
in this study are larger than those of the alloy with nitrogen
absorption in the previous study (985 MPa and 41%).% In this
study, the amounts of nitrogen in the thin wires of Fe-24Cr-
2Mo at 7.2-ks and 21.6-ks absorption were 0.92 mass% and
0.95 mass%, respectively. The amount of nitrogen in the thin
wire of the alloy increased with 7.2-ks nitrogen absorption,
and the amount was maintained when the duration of the
nitrogen absorption was extended. On the other hand, the
amounts of nitrogen of the thin wires of Fe-24Cr-2Mo at 7.2-
ks and 21.6-ks absorption were (.92 mass% and 0.93 mass%
in the previous study. The amount of nitrogen of the alloy
with nitrogen absorption in this study was the same as that in
the previous study. Therefore, tensile properties of the alloy
with nitrogen absorption in this study improved with the
grain refinement process atlempted in this study. The tensile
strength and 0.2% proof stress decreased and elongation to
fracture and reduction of area increased with a heat treatment
in an argon atmosphere. The hardness of the cold-forged Fe-
24Cr-2Mo was also decreased with the heat treatment
(Fig. 5). These results suggest the residual stress was released
by the heat treatment. Fe-24Cr-2Mo heated at 1473 K for
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Fig. 6 (a) Ultimate tensile strength and 0.2% proof stress and (b)
elongation to fracture and reduction of area of Fe-24Cr-2Mo with and
without nitrogen absorption and Fe-24Cr-2Mo heated at 1473K in an
argon atmosphere.
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Fig. 7 Ultimate tensile strength and elongation to fracture of Fe-24Cr-2Mo
with and without nitrogen absorption and of conventional austenitic
stainless steels,
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Fig. 8 Scanning electron micrographs of fractured surfaces of Fe-24Cr-2Mo with nitrogen absorption for (a) Oks, (b) 7.2ks, {c) 10.8ks,

(d) 14.4%s, (e) 18.0ks, and (f) 21.6ks after tensile test.

0.2% proof stress, and elongation to fracture of the alloy with
nitrogen absorption were larger than those of the alloy heated
in an argon atmosphere.

The relation between ultimate tensile strength and elonga-
tion to fracture of Fe-24Cr-2Mo with and without nitrogen
absorption is shown in Fig. 7. The figure also contains the
data on a round bar, thin plate, and thin wire of Fe-24Cr-2Mo
with nitrogen absorption and 316L steel previously report-
ed.’® The best balance between strength and elongation was
given by 21.6-ks nitrogen absorptien in Fe-24Cr-2Mo, and
the balance was larger than that in the thin wire in the
previous study® and conventional austenitic stainless steel.”
However, the balance between strength and elongation of
thin wire of the alloy with nitrogen absorption was lower than
that of the thin plate in the previous study.?

Figure 8 shows the scanning electron micrographs of
fractured surfaces of Fe-24Cr-2Mo with and without nitrogen
absorption treatment. Specimen without nitrogen absorption
shows a ductile fracture surface (Fig. 8(a)). Fe-24Cr-2Mo

with nitrogen absorption specimens showed good clongation
(Fig. 6(b)), whereas the fractured surface of specimens with
nitrogen absorption showed a brittle fracture surface. The
addition of nitrogen reduces the formability because it
increases the brittleness of the y phases.” In addition, the
grain boundary cracks generate during cold rolling in a highly
nitrogen contained (0.9 mass%) Fe-Cr-Mn-N steel.?) Over
0.9 mass% nitrogen can be absorbed by Fe-24Cr-2Mo with
nitrogen absorption treatment.!) Therefore, the brittle frac-
tures observed in the alloy with nitrogen absorption were
caused by brittleness of the y phase.

The tensile strength of Fe-24Cr-2Mo is governed by the
refinement of grains, according to the results of micro-
structural observations, tensile test, and observation of
fractured surface.

3.4 Changes in torsion properties by nitrogen absorp-
tion
Figure 9 shows the torsional stress and rotation angle to
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Fig. 9 (a) Torsional stress and (b) rotation angle te fracture of Fe-24Cr-
2Mo with and without nitrogen absorption and Fe-24Cr-2Mo heated at
1473 K in an argon atmosphere.

fracture of Fe-24Cr-2Mo with and without nitrogen absorp-
tion and Fe-24Cr-2Mo heated in an argon atmosphere. The
torsional stress and rotation angle to fracture of the alloy
increased with nitrogen absorption. Fe-24Cr-2Mo with nitro-
gen absorption for 14.4 ks showed maximum torsional stress
(1258 Pa). Rotation angle to fracture of the alloy showed the
maximum value (3094°) at 7.2-ks nitrogen absorption. On the
other hand, the torsional stress of the alloy decreased and
rotation angle to fracture increased with a heat treatment in
an argon atmosphere. Fe-24Cr-2Mo with heated for 21.6ks
showed maximum torsional stress (465 Pa). Rotation angle to
fracture of the alloy showed the maximum value (2964°) at
7.2-ks heat treatment in an argon atmosphere. The torsional
stress and rotation angle to fracture of the alloy with nitrogen
absorption were larger than those of the alloy with heating in
an argon atmosphere. Therefore, torsion properties of the
alloy increased with nitrogen absorption.

Figure 10 shows the relation between torsional stress and
rotation angle to fracture of the alloy with and without
nitrogen absorption and that of the thin wire of 316L steel in
annealed condition. The balance between torsional stress and
rotation angle to fracture of the alloy increased with nitrogen
absorption, The balance between torsional stress and rotation
angle to fracture of the alloy with nitrogen absorption was
larger than that of the annealed 316L steel, while that of the
alloy with a heating in an argon atmosphere as smaller than
that of 316L steel. The best balance between torsional stress
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Fig. 10 Torsional stress and rotation angle to fracture of Fe-24Cr-2Mo
with and without nitrogen absorption and of conventional austenitic
stainless steel.

and rotation angle to fracture was given by 18.0-ks nitrogen
absorption in Fe-24Cr-2Mo, and the balance was larger than
that in 316L.

4. Conclusions

The refinement of grains of Fe-24Cr-2Mo in mass% was
attempted by thermo-mechanical treatment before nitrogen
absorption treatment in order to increase the mechanical
properties after nitrogen absorption treatment. Torsion and
tensile properties and microstructures of Fe-24Cr-2Mo
before and after nitrogen absorption treatment were eval-
uated to understand the effects of grain refinement on
nitrogen absorption. The results obtained are as follows:

(1) The mean grain size of Fe-24Cr-2Mo with nitrogen
absorption decrease with the grain refinement process
attempted in this study.

(2) The tensile properties of the alloy with nitrogen
absorption in this study improved with the grain refinement
process attempted in this study. The best balance between
strength and elongation is given by 21.6-ks nitrogen
absorption in Fe-24Cr-2Mo, and the balance was larger than
that in conventional austenitic stainless steel.

(3) The torsion properties of the alloy increase with the
grain refinement process and nitrogen absorption. The
balance between torsional stress and rotation angle to fracture
in Fe-24Cr-2Mo with nitrogen absorption at 1473 K for over
7.2ks is larger than that in conventional austenitic stainless
steel.

(4) The thin wire of the alloy with nitrogen absorption is
expected to have good mechanical properties than conven-
tional austenitic stainless steels.
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