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ABSTRACT

In this study, 58Fe17Cr25Ni austenite stainless steel has been fabricated using metal powder through sintering with a spark plasma
at temperatures of 900 and 950°C for a time of 5 minutes. High purity Fe, Ni and Cr powders were used as materials for this steel.
Before sintering, the powder was mixed in a milling equipment which was processed for 5 hours, then it formed into a coin by
pressing it under a load of 25 tons. The microstructure and phases in the 58Fe17Cr25Ni austenite stainless steel were characterized
through an optical microscope, a scanning electron microscope, a transmission electron microscope, with the last two devices
equipped with an energy dispersion spectrometer. High resolution powder neutron diffractometer was also used for identifying the
crystal structure in the 58Fe17Cr25Ni austenitic stainless steel. The sintering process at temperatures of 900C and 950°C generally
forms microstructure having matrix of equiaxed austenite grains, with a crystal structure of face-centered cubic which included in
the Fm3m space group. Some particles with high Cr content, o'-Cr, are distributed in all austenite grains. In more detailed observa-
tions, the austenite grains seen in the 58Fe17Cr25Ni austenitic stainless steel sintered at 900°C are twin grains. Dislocations, slip
planes and bands are also existed in those grains. These defects are expected to decrease with increasing sintering temperatures up
to 950° C. This change was followed by the appearance of air bubbles and sub-grains as the dominant sub-structures in the
58Fe17Cr25Ni austenitic stainless steel sintered at 950°C.
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INTRODUCTION

One of the many stainless steels that have long been used as a
component of jet engines, power plants including nuclear
power plants is austenitic stainless steel [McGuire2008,
Zinkle2009]. Through its austenite grains and other intermetal-
lic compounds, this steel has high strength, corrosion resistance
[Irena VI¢kova 2016, Sakata, K. 2016] and creep resistance so
that it can withstand high temperature environments. The
properties are strongly related to the contents of the main

elements such as Ni and Cr, in addition to other additional
elements such as Mo, Mn, Ti, Nb, V, Cu, Al, Si, C and N for
specific functions [Ducki2015, Plaut2007, Sourmail2001] in
stainless steel austenitic. Generally, steel consists of wrought
and cast products. Another is a product of powder metallurgy.
Although they offer better mechanical properties and greater
homogeneity, austenitic stainless steel formed by powder
metallurgy are rarely found in the commercial market. Some
recent researchers have been carried out using power metallur-
gy method to synthesis austenitic stainless steel [Naci2013,
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Akhtar2011, Keller2016, Choi2015]. In addition, the latest
powder metallurgy technique with spark plasma sintering
offers better results such as high density, ultra-fine structure
and short sintering time compared to conventional techniques
[Cavaliere2019]. By applying conventional sintering, Akhtar
et.al [Akhtar 2011] investigated the effects of sintering temper-
atures and the MoSi2 content up to 10.0% on the evolution of
the microstructure and mechanical properties of 316L stainless
steel. Using a combination technique of ball-milling and
plasma sintering, fabrication of 316L ASS powder [Kel-
ler2016] has been studied in relation to the parameter condition
of spark plasma sintering. Another technique has also been
developed by a study [Choi2015] to produce product of powder
metallurgy. It has successfully developed a powder injection
mold for making 316L stainless steel micro-nanopowders.
Most works are related to 316L austenitic stainless steel. Few
are interested in studying the powder metallurgy of austenitic
stainless steel for nuclear power plant components such as
A286 austenitic stainless steel. In addition, most our works [M.
Dani2019, S. Mustofa2019] which have been developed is
concerned to 17Cr25Ni austenite stainless steel which has the
chemical composition close to of A286 ASS composition.
Thus, this study develops a powder alloy of 58wt% Fe, 17wt%
Cr and 25wt% Ni by using arc plasma sintering. The sintering
temperatures were set at temperatures of 900 and 950°C with a
duration of 5 minutes.

Some characterization equipment’s such an optical microscope
(OM), a Scanning Electron Microscopy (SEM) and a transmis-
sion electron microscope (TEM), both completed by energy
dispersed spectrometer (EDS) were used for identifying
defects, phases and crystal structures formed in the microstruc-
ture of 58Fel7Cr25Ni austenitic stainless steel after sintering
by a spark plasma at 900 and 950°C. Additionally, a high
resolution powder neutron diffractometer (HRPD) also were
used for characterizing the austenitic stainless steel. Therefore,
in this study, details of the microstructure including defects
such as dislocations, slip planes, slip bands, air bubbles,
particles and sub grains formed in the austenite grains after
sintering at different temperatures of 900 and 950 C are also
discussed in this study. Although the selected temperatures are
slightly lower for the sintering temperature range for stainless
steels, they are thought to still be able to conduct the diffusion
process that is characteristic of the sintering process. Moreover,
most sintering using SPS can be done at those temperatures.

MATERIAL AND METHODS

Material and characterization

High purity metal powders (99,99%) of Fe, Cr, and Ni are used
to fabricate 58Fel7Cr25Ni austenitic stainless steel (ASS)
through processes of spark plasma sintering (SPS). Nominal
each element in weight% is 58.0, 17.0 and 25.0%. For whole
discussion in this study, all element contents are mentioned by
weight %. The three powders were mixed using a milling
device for 5 hours and compacted under 30 MPa. The compac-
tion resulted in a coin with a diameter of 15 mm and a thick-
ness of 2.5 mm. The coin was sintered by SPS, Fuji-625 (Fuji
Industrial Co., Ltd), at temperatures of 900 and 950°C for time
of 5 minutes.

Examination crystal structure of grains in the 58Fel17Cr25Ni
ASS was performed by a HRPD in the Siwabessy Nuclear
Reactor Puspiptek Serpong, Indonesia. To reveal the micro-
structure of 58Fe17Cr25Ni ASS, sample was prepared through
a standard metallurgical process that includes grinding on SiC
sandpapers from a rough grid size of 200 to fine grid size of

5000. Then it was polished with a paste containing diamond
particles of a maximum size of 1 m and then etched into a
Kalling reagent solution for a time of 15 seconds. The micro-
structure of the 58Fel17Cr25Ni ASS was observed using an
optical microscope (OM), a scanning electron microscope
(SEM) of JSM-7600F (Jeol Ltd., Tokyo, Japan) that was
operated at a voltage of 20 kV and a transmission electron
microscope (TEM) of Hitachi H-9500 operated at a voltage of
300 kV. The last two devices are completed by energy disper-
sive spectrometers (EDS) for determining the composition of
phases formed in the ASS. In addition, a micro-sampling
method was performed on the Hitachi FB-2200 focused ion
beam (FIB) at an operating voltage of 40 kV for preparation of
TEM samples.

The variation in time on temperatures and strokes during
sintering at temperatures of 900 and 950 ° C for 5 minutes is
presented in Fig. 1. Two red curves relate to variations in
sintering temperature. The other two blue colours are stroke
variations. Initially, the sintering temperature has a constant
value of around 580°C for 300 seconds, rising sharply to 650°C
and the temperature curves decrease but remains at a high rate
of up to 900°C for 200 seconds. After that, the sintering
temperature rate decreases to temperatures of 900 and 950°C
and respectively hold for about 600 seconds and then drop to
about 580°C. As seen in stroke curves during sintering at
temperatures of 900 and 950°C, initially both press distances
have same paths to about 2.0 mm for 300 seconds and then the
strokes increase instantly and at high rate to 2.6 mm for
sintering at temperatures of 950°C and 2.8 mm for sintering at
900°C, each in 500 sec. Movement of both strokes back to
constant value (2.6 mm) for up to 1300 s.
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Fig. 1 Graphics of sintering temperatures, strokes versus times

for 58Fe17Cr25Ni austenitic stainless steels at temperatures of

900 and 950°C for time of 5 minutes.

RESULTS AND DISCUSSION
Matrix of 58Fel7Cr25Ni ASS

As seen in Fig. 2, some sharp peaks release in the HRPD after
sintering either at temperatures of 900 or 950°C for 5 minutes.
In both the diffraction patterns, those peaks are noticed to have
relation to (111), (200), (220), (311) and (222) planes that
might be available for a crystal structure of face centered-cubic
(FCC). Such a crystal structure in stainless steels is known to
have an austenite phase that is included in the Fm3m space
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group. Moreover, the peaks found in the HRPD are very sharp,
indicating that the ASS contains perfect crystalline.
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Fig. 2 HRPD Diffraction patterns of 58Fel7Cr25Ni ASS
sintered by SPS at temperatures of a) 900 and b) 950°C for 5
minutes.

The lattice parameters of the diffraction pattern that were
successfully calculated by the Rietvield method, as presented
in Table 1, are a = 3.593 A and a = 3.592 A after sintering by
SPS at temperatures of 900 and 950°C respectively. Using
another method such as the x-ray diffraction pattern, the lattice
parameters were measured by same method are a = 3.5877A
and a = 3.5876 A after sintering at temperatures of 900 and
950°C, respectively [S. Mustofa 2019]. This discrepancy in the
HRPD results is related by sintering temperatures for both of
58Fel7Cr 25Ni ASS. The two methods also give different
calculation results for the lattice parameters. The neutron beam
in HRPD has the capability to penetrate deeply in a few cm
into the tested material. Therefore, both calculation results are
not the same. No other peaks of other phases are found in
HRPD patterns, so the austenite phase is considered as the
matrix phase of 58Fe17CR25Ni ASS.

As shown in Fig. 2, Williamson-Hall method can be used to
calculate the grain size and micro strains of the two sintering
samples from each of the planes in the HRPD patterns. The
average diameter of grain sizes formed after sintering at
temperature of 900°C is about 142.20 nm and at temperature of
950°C produced about 73.47 nm. As can be seen in Table 2,
ASS seems to experience small deformation, so that it is found
micro strains about 4.5373x10-4 for sintering at a temperature
of 900°C and 7.493x10-4 for sintering at a temperature of
950°C.

Table 1 Lattice parameters, grain sizes and micro strains of
austenite phase measured by HRPD after SPS at 900 and
950°C.

Sintering temperature (°C) 900 950
Lattice parameter (A) 3.593 3.592
Grain size (nm) 142.20 73.47
Micro strain 4.5373x10* 7.493x10*

The microstructure of 58Fe17Cr25Ni ASS sintered at tempera-
ture of 900°C is presented in the following Fig. 3. Optical and
SEM micrographs clearly show that the microstructure of ASS
consists of austenite matrix and particles with small to large
size variation spread throughout the matrix. By using an
energy-disperse spectrometer, the element content identified in
the matrix was 16.82% Cr, 53.06% Fe and 27.08% Ni. The
particles, beside of the small Fe and Ni elements, 10.41% and
2.95% respectively, contain a high Cr up to 78.59%. Based on
this Cr content, the particles can be considered as a’-Cr phase.
The element mapping in the Fig. 4 confirms that the particles
formed contain high Cr. EDS Mapping also shows that the
highest Fe and Ni content is found in the matrix of
58Fel7Cr25Ni ASS.

Ele- Mass Atom- le- Mas Atom-
ment % ic% ment % ic%
[¢) 2.14 7.09 c 457 \| 16.35
Cr 16.82 17.17 o 272 7.30
Fe 53.06 | 50.44 Al 0.76 121
Ni | 2798 | 2530 Cr | 7859 | 6497
- - Fe 10.41 8.01
a) Ni 2.95 216
b)

Fig. 3 a) Optical and b) SEM micrographs showing the micro-
structure and its EDS results of 58Fe17Cr25Ni ASS sintered by
SPS at 900°C.
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SEM Image
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Fig. 4 SEM micrograph and its element mapping of micro-
structure of 58Fe17Cr25Ni ASS sintered by SPS at 900°C for 5
minutes.

Optical and SEM micrographs display similar microstructure in
the 58Fel7Cr25Ni ASS sintered at temperature of 950°C, as
shown in Fig. 5. The matrix is dominantly composed of
equiaxed austenite grains containing 13.55% Cr, 61.58% Fe
and 21.72% Ni while the particles are o'-Cr containing high Cr
up to 91.45% found in the austenite grain boundary. This
microstructure formation is also shown by mapping its ele-
ments in Fig. 6. High Fe and Ni contents are also seen in the
matrix containing austenite grains, y-(Fe,Ni), and a high Cr
content is found in the particle of o’-Cr. The number of
particles is estimated to be more in this 58Fe17Cr25Ni ASS.
Such a condition is also supported by identifying several light
elements, such as C and O, which tend with react to Cr on the
matrix and particle surfaces. Therefore, although both the
microstructures formed are almost similar, the number of a-Cr
particles appearing on the ASS surface sintered at temperature
950°C tends to be higher as compared on the ASS surface
sintered at temperature of 900°C.

Ele- | Mass Atom- /' Ele- Mass Atom-
ment % ic% N
C 3.16 10.22 ment % ic%
Cr 1355 13.50 c 469 [\ 17.60
Fe 61.58 57.12 Cr 9145 | \79.28
Ni 2172 19.16 Fe 3.86 312
a) b)

Fig. 5 a) Optical and b) SEM micrographs showing the micro-
structure and EDS results of 58Fe17Cr25Ni ASS sintered by
SPS at 900°C.

The structure of 58Fe17Cr25Ni ASS which sintered at temper-
ature of 900 and 950°C for 5 minutes can be seen in more

detail in the TEM micrograph in Fig. 7. In general, the matrix
of ASS sintered at 900°C is composed of twin austenite grains
(arrow A) at round 600 nm in size and have high density of
dislocations (arrow B) as it can be seen in Fig. 7.al. Even
though it looks unidirectional, slip planes (arrow C) and bands
(arrow D) generally appear to be huge deformed within austen-
ite grains as shown in Fig. 7. a 2. Exceedingly small grains can
still be found on some grain boundaries.

Crk ROI (27

FeK ROI (24)
Fig. 6 SEM micrograph and its element mapping of micro-
structure of 58Fe17Cr25Ni ASS sintered by SPS at temperature
of 950°C for 5 minutes.

NiK ROI (12)

Different to the 58Fel7Cr25Ni ASS structure sintered at
temperature of 900°C, the structure formed in sintering at
temperature of 950°C for 5 minutes as shown in the TEM
micrograph in Fig. 7.b1-2, in general, the matrix of
58Fel7Cr25NiASS remains to be composed by twin grain
austenite. However, shown in Fig. 7b as its size decreases to be
smaller at round 200 nm and known as sub-grains (arrow E).
Such a structure mainly nucleates at grain boundaries as a
partial recrystallization. Dislocation and slip planes around
these sub-grains are still existed to be observed but the amount
is estimated much lower than in the 58Fel7Cr25NiASS
sintered at 900°C. However, some bubbles (arrow F) formed
by trapped air between the particles were still noticed among
the austenite grains.

Fig. 7.a.3.-4 shows an austenite grain and a o’-Cr particle with
respectively their electron diffraction pattern in zone axis of
Zm[111] and Zp[133] obtained from in the 58Fe17Cr25Ni
ASS sintered at a temperature of 900°C for time of 5 minutes.
Whereas Fig. 7.b.3.-4 shows austenite grains with the electron
diffraction patterns in zone axis of Zm[013] and Zm[001], both
of which were obtained from the in the matrix of
58Fel7Cr25Ni ASS sintered at temperature of 950°C for time
of 5 minutes. Analysis from the electron diffraction patterns of
the austenite grains has succeeded to determine that the crystal
structure of austenite is a face-centered cubic with a lattice
parameter of a = 3.5526 = 0.0297 A. Moreover, from the
electron diffraction patterns obtained that the o'-Cr particle
located between austenite grains, its crystal structure is a body-
centered cubic with a lattice parameter a = 2.8694 + 0.0025 A.
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b)
Fig. 7 TEM images obtained in the 58Fel7Cr25Ni ASS
sintered at temperatures of a) 900 and b) 950°C for time of 5
minutes.

Alloying 58%Fe, 17%Cr and 25%Ni Powders

Although the alloying reaction occurs under solid conditions,
the powders of Fe, Ni and Cr elements during sintering at
temperatures of 900 and 950°C can form the equiaxed austenite
grains as the matrix of 58Fe17Cr25Ni ASS. The results of the
HRPD analysis support the existence of the austenite grains in
the ASS with the crystal structure of face-centered cubic and
are included in the Fm3m space group. In addition, all Cr
mixed in austenite grains cannot be dissolved in solid solutions
even though the temperature is set to 950°C so that particles
containing high Cr (3.86-10.41% Fe, 78.59-91.45% Cr and 0-
2.95% Ni) is found and can be considered as o'-Cr particles.
All processes occurred in a solid state. By contrast, the liquid
state dissolved all elements and during solidification, the phase
transformation occurs to form the austenite phase which can
dissolve maximum about 12%Cr. Because of this solubility
limit of austenite phase, the remaining Cr will form a particle.
Besides the matrix formed is not yet stable, Cr content exceeds
the solubility limit of y-(Fe, Ni). However, during a solid
reaction, increasing the sintering temperature to 950 ° C can
reduce the amount of Cr content to 13.55% in the matrix of
58Fel17Cr25Ni ASS, approaching the permissible solubility
limit for the austenite phase.

The second phase particles which are between the austenite
grain boundaries in the ASS have been identified as a’-Cr
particle. Sintering temperature affects the distribution of these
particles. The number of particles tends to increase by increas-

ing sintering temperatures from 900°C to 950°C. The high
sintering temperature promotes the remaining insoluble Cr in
the solid solution of Fe-Ni to accumulate and develop to
become the particles of a’-Cr so that number of particles in the
microstructure of ASS sintered at higher temperatures is
distributed larger.

As mentioned above, the microstructure of 58Fe17Cr25Ni ASS
both sintered at temperature of 900°C and at 950°C for 5
minutes generally consists of austenite grains as matrix and
particles of o'-Cr phase that are spread evenly in the matrix.
However, in detail Fig. 7 by looking at TEM micrographs,
58Fel17Cr25Ni ASS formed after sintering at 900°C has twin
structure grains with many slip bands, dislocations and sub-
grains of austenite between coarse austenite grains. In addition,
o’-Cr particles were observed between the austenite grains.
The number of slip bands and dislocations in the grains indi-
cates that the sintering at this temperature has not been able to
eliminate defects such as slip bands and dislocations in the
austenite grains. Besides that, exceptionally fine grains appear
between and within the grains indicating the formation of a
sub-structure formed as partial recrystallization.

Different structure as shown in previous structure, although in
general 58Fel7Cr25Ni ASS still consists of austenite grains
and o/'-Cr particles, micrographs that are more detailed display
ultra-fine austenite grains more dominantly. This change is
consistent with the HRPD results. The average size of the
grains formed is about 73.47 nm, finer and can be said as ultra-
very fine grains. Although still visible, the slip bands on the
ASS are estimated to be exceedingly small. Same likes disloca-
tion defects, it is difficult to observe so it can be said that the
density of dislocation decreases with increasing sintering
temperature. However, air bubbles appear between the austen-
ite grain boundaries. The air trapped between grain boundaries
during the sintering process with the technique of SPS is much
decreased. Most air is sucked through the vacuum pump and a
small portion is trapped in between powder particles, forming
air bubbles and does not reduce ASS hardness as stated in the
previous paper [S. Mustofa 2019]. The high hardness of
sintered ASS is more due to the high density of ASS as men-
tioned in previous paper.

CONCLUSIONS

Based on the discussion of microstructure including its detail
formation in the 58Fe17Cr25Ni ASS formed from powders of
58%Fe, 17%Cr and 25%Ni sintered at temperatures of 900 and
950°C and hold for 5 minutes, it can be drawn some conclusion
as followed:

a. The microstructure of 58Fel7Cr25Ni ASS sintered at
temperatures of 900 and 950°C have matrix of equiaxed
austenite grains which structured face-centered cubic
(FCC) and particles with high Cr content, o’-Cr, which
structured body-centered cubic, spread in the whole ma-
trix.

b. Increasing sintering temperature increase the number of
o’-Cr particles appear in the 58Fe17Cr25Ni ASS.

c.  Most austenite grains still contain of a lot of slip bands
and dislocation even sintered a temperature of 900°C for 5
minutes.

d.  Although, some defects are noticed in the austenite grains,
most regions of grains experience recovery and partial re-
crystallization after sintering the 58Fe17Cr25Ni ASS at
temperature of 950°C for 5 minutes.
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