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This research is focused on increasing the reliability of
Fe-11Al-Mn by combining the properties of Mn and the superi-
ority of Fe-Al-C under cryogenic temperature. Three Fe-11Al-Mn
alloys with compositions of 15 wt % Mn (F15), 20 wt % Mn (F20),
and 25 wt % Mn (F25) were investigated. The cryogenic process
uses liquid nitrogen in a temperature range of 0—196 °C. Hardness
testing using the Vickers method and SEM was used to analyze
the microstructure. X-ray diffraction (XRD) testing was conduct-
ed to ensure the Fe-11Al-Mn alloy phase and corrosion testing
was carried out using the three-electrode cell polarization meth-
od. With the addition of Mn, the Vickers hardness of the Fe-11Al-
Mn alloy decreased from 331.50 VHN at 15 wt % to 297.91 VHN
at 25wt %. The value of tensile strength and fracture elonga-
tion values were 742.21 MPa, 35.3 % EI; 789.03 MPa, 41.2 % EI;
and 894.42 MPa, 50.2 % EI, for F15, F20, and F25, respectively.
An important factor for improving the performance of cryogenic
materials is the impact mechanism. The resulting impact tough-
ness increased by 2.85J/mm’ to 3.30]/mm’ for F15 and F25,
respectively. The addition of the element Mn increases the corro-
sion resistance of the Fe-11Al-Mn alloy. The lowest corrosion rate
occurs at 25 % wt Mn to 0.016 mm/year. Based on the results, the
E25 alloy has the highest mechanical and corrosion resistance of
the three types of alloys equivalent to SS 304 stainless steel. The
microstructure of Fe-11Al-Mn alloy was similar between before
and after cryogenic temperature treatment, this condition showed
that the microstructure did not change during the process. From
the overall results, the Fa-11Al-Mn alloy is a promising candidate
Jor material applications working at cryogenic temperatures by
optimizing the Mn content

Keywords: Fe-11Al-Mn, Microstructure, Mechanical char-
acteristics, Impact, Corrosion resistance, Cryogenic temperature
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1. Introduction

The development of food technology demands that com-
modities remain fresh and healthy both during storage and
processing. Cryogenic technology provides the best solu-
tion where food is frozen at freezing point therefore it lasts
longer. It has been found that cryogenic freezing technolo-
gy provides several advantages compared to conventional
freezing, cryogenic technology can prevent the destruction
of adenosine triphosphate (ATP) in fresh seafood products
during the storage period, can accelerate the freezing of food
products such as meat and eggs, inhibits the growth of mi-
croorganisms that destroy food products, prevent damage to
the nutrition of food products. Cryogenic-based technology
is also widely applied in various fields such as metallurgy,
chemistry, petrochemical, power generation industry, and
rocket propulsion, and food processing [1].

In the medical field, cryogenic technology plays a vital
role in surgical operations by utilizing cryogenic tempera-
tures to separate bad cells or cancer cells, while in the field
of genetic engineering, cryogenic technology provides an
opportunity for cells to survive. The use of low-temperature
gases in a liquid state such as nitrogen, oxygen, and carbon
dioxide is a necessity in cryogenic technology [2].

Handling of these materials is quite complicated and
potential problems are avoided. Because liquefied gas is

considered dangerous, during transportation and uses it
requires safety guarantees. Until this period, research on
the application of cryogenic technology is focused on the
design of containers or cooling jackets, also on temperature
stability along with the design of the controller, and the most
recent one is an effort to find the best material to be used as
a cryogenic cooling container or jacket including the cryo-
genic vacuum pipe.

Work [3] investigated the 300 series austenitic stain-
less steel that is widely used for cryogenic applications due
to its high strength and toughness at low temperatures.
These alloys generally contain chromium (Cr) ranging from
18-21 % and nickel (Ni) 9-14 %. However, not the majority
of austenitic stainless steels can be used below cryogenic
temperatures because some austenitic stainless steels change
the structure from FCC to BCC resulting in decreased duc-
tility and toughness. Another issue with austenitic stainless
steel is the high cost of elemental Ni and the limitation of Cr
sources around the world.

Materials experts have made numerous attempts to iden-
tify replacement alloys for expensive Cr alloys and Ni-based
alloys. The benefits of high austenitic Mn steels, including
low cost, high strength, high ductility, and toughness, have
been developed for cryogenic applications in the liquefied
natural gas industry. The research of [4] demonstrated the
Fe-5A1-xMn-based alloy steel has physical and mechanical




properties according to material requirements working at
cryogenic temperatures. Alloy Fe-5Al-xMn (25 wt. % Mn)
has high impact toughness, high hardness, and high corro-
sion resistance recorded at 0.036 mm/year.

Thus, it is relevant to develop materials operating at
cryogenic temperatures based on Fe-11Al-xMna alloys. To
reduce various obstacles, including dependence on Cr-based
alloy steels which are in limited supply.

2. Literature review and problem statement

Described in work of [3], the materials that are usually
ductile at atmospheric temperatures but tend to be very
brittle at cryogenic temperatures, whereas other materials
can increase ductility. Other factors need to be considered,
especially the joining technique used must be chosen prop-
erly therefore that it does not change the basic properties
of the material. The properties of different materials at low
temperatures depend on various factors such as crystal
structure, grain size, tendency to absorb contaminants from
the atmosphere, heat treatment, melting process, welding,
and deformation. FCC metals are widely used because of
their moderately low-temperature toughness, whereas BCC
metals exhibit a ductile-brittle transition. Austenitic stain-
less steel (9 % Ni) are commonly used in large-scale indus-
tries, although significant effort has been directed towards
replacing expensive Ni-based alloys with low-cost high Mn
steels of comparable strength, ductility, and toughness.

The authors of [5] declared that the Fe-Al-Mn alloy
system is a low-cost austenitic type stainless steel due to
the abundance of Al in the world. Aluminum (Al) functions
as a structural stabilizer of ferrite [6], the addition of this
element in the alloy system can increase oxidation and re-
duction resistance. The addition of Mn to the alloy system
stabilizes the austenite structure, improves heat workability
and ductility [7].

The addition of 2 % Mn and Mo elements can increase
ductility and toughness when the addition of 0.5 % Si ele-
ments is proven to increase the tensile strength of Fe-7.5Al-
5Mn [8]. The high Mn content (>35 %) causes the alloy to
tend to be brittle due to the formation of the p-Mn phase.
When Al content is above 12 %, the alloy tends to form a
ferritic stainless steel alloy system. The addition of Si to the
Fe-Al-Mn alloy system causes a decrease in ductility due
to the formation of carbide [9]. The decrease in ductility
can be reduced by decreasing the Al content up to 5 %. The
mechanical properties of Fe-Al-Mn alloys are influenced
by the perfection of the austenite alloy structure which is
determined by the content of Mn (>15 %) and Al (3—-6 %).
In addition, during the solution heat treatment process until
quenching, the x-carbide precipitate will be formed if the
content of C and Al elements is sufficient [10].

The authors of [11], when compared to conventional
steels, mechanical properties at cryogenic temperatures
show excellent results, which can be related to the activa-
tion of certain deformation mechanisms. Similar results in
work [12, 13], the Fe-Al-Mn alloys exhibit outstanding me-
chanical properties at low temperatures, therefore Fe-Al-Mn
alloys can be considered potential new cryogenic alloys. Due
to its improved room temperature yield strength (380 MPa)
and impact toughness value (130 J/cm?) at 77 K, the Mn-Al-
Si-C austenitic steels offer promising mechanical character-
istics that can substitute austenitic Fe-Ni steels.

Paper [14] investigated the effect of Mn (19 and 22 wt. %)
and Al (0 and 2 wt. %) contents on the tensile and impact
properties of Charpy at room temperature and cryogenics.
Martensite is not found in steel with added Al, the formation
of many twin deformations results in high Charpy impact
energy. The effect of deep cryogenic treatment (DCT) and
critical annealing (IA) on the microstructural evolution and
mechanical properties of hot-rolled manganese transforma-
tion-induced plasticity (TRIP) steels has been systematical-
ly investigated. Mechanical properties increased significant-
ly with increasing mechanical stability of austenite, yield
strength of 807 MPa, the tensile strength of 1650 MPa,
and total elongation of 25.3 %, which is described in [15].
Study [16] investigated the effect of cryogenic treatment on
the mechanical properties and microstructure of AIST 4340
steel. Neutron diffraction showed that the transformation
of austenite was restrained to martensite, possibly forming
carbides during tempering. These conditions are a major
factor in increasing the hardness and fatigue resistance of
the cryogenically treated specimens.

The authors [17] proposed the Charpy impact tough-
ness of three austenitic high Mn steel tested at room tem-
perature and cryogenically. The majority of martensite is
formed in 0.4C—22Mn steel via the transformation-induced
plasticity (TRIP) mechanism. The twinning-induced plas-
ticity (TWIP) mechanism increases Charpy’s toughness
compared to 0.4C—24Mn and 0.4C—26Mn steel. Another
author [18] reported the maximal strength of a specimen
extruded to a strain of 1.36 and tested in liquid helium was
2.6 GPa. The findings indicate that hydrostatically extruded
austenitic stainless steels are potential materials for cryo-
genic components that are relatively small and heavy-duty.

Study [19] illustrates the tensile test of twinning-in-
duced plasticity steels of various grain sizes at cryogenic
temperatures. At 123 K, grain refinement improved tensile
elongation, yield strength, and ultimate tensile strength sig-
nificantly. Work [20] reported the yield strength of the steel
with the double reinforcing structure is raised by 86 MPa
compared to the soft structure, the cryogenic impact energy
(=196 °C) is reduced by only 17 J. Improved tensile prop-
erties of resistant steel duplex ferrite and austenite rust at
cryogenic temperatures is affected by martensite transfor-
mation induced deformation, simultaneous deformation of
ferrite and austenite, ductile fracture as illustrated in [21].

Austenitic high Mn steels containing about 20 wt. %
Mn have been developed, but few studies have been carried
out on the optimization of Mn elements through combined
testing of impact toughness and corrosion resistance. This
work will formulate the ratio of Mn content that has a sig-
nificant effect on the performance of Fe-11Al-xMn alloys
(=15 wt. %, 20 wt. %, and 25 wt. %) and analyze the impact
ability of the material at cryogenic temperatures. In this
work, the austenitic microstructure was prepared by varying
the Mn content and the Charpy impact was examined at
room temperature and cryogenically.

3. The aim and objectives of the study

The aim of the study is to development of Fe-11Al-xMn
[x=15 wt %, 20 wt %, and 25 wt. %] alloys for a cryogenic cool-
ing container or jacket including the cryogenic vacuum pipe.

To achieve this aim, the following objectives are accom-

plished:



—modify the structure of Fe-11Al-Mn by adding Mn
content (15 wt %, 20 wt %, and 25 wt %);

— investigate the mechanical properties (hardness, ten-
sile strength, and impact);

— investigate the physical properties of corrosion resis-
tance;

— investigate the microstructure & the impact perfor-
mance at the cryogenic temperature.

4. Materials and methods

The raw materials for smelting are Fe-C, Fe-Mn-C
medium, pure Al, and mild steel scrap. The composition
calculation is conducted manually with material balance
and smelting using a vacuum furnace. The wooden pattern
is in the form of an ingot measuring 20x3x3 cm and is in the
shape of a ball with a diameter of 30 mm, followed by making
resin molds.

The smelting of the Fe-Al-Mn alloy begins with the
manufacture of a starter block, namely the smelting of
mild steel, Fe-Mn-C medium, and Fe-C with a target
composition of 0.5 % C and with variations of Mn 15, 20,
and 25 wt. %. The next stage is the smelting of the cylin-
der block with Al in an induction furnace with argon gas
shielding. Composition control is carried out with a chill
tester before pouring. Then, the molten metal is poured
into the ingot mold manually using a ladle. Inspection of
castings is carried out to ensure that the Fe-Al-Mn alloy
castings are free from defects.

Specimen preparation for the characterization of Fe-
11AlxMn alloys included microstructure testing, tensile
testing, hardness testing, impact testing, and corrosion
resistance testing with three-electrode cell polarization.
Microstructure testing was carried out with an optical
microscope and SEM coupled with EDS-EDAX. The XRD
test was carried out to confirm the Fe-Al-Mn alloy phase.
Corrosion testing was carried out using the 3-electrode cell
polarization method in a 0.5 % HCI solution.

5. Result of Experiment

5. 1. Modify the structure of Fe-5A1-1C

5. 1. 1. The chemical compositions

The XRD patterns for F15, F20, and F25 are shown
in Fig. 1. The specimen synthesis process was successful,
there were no peaks caused by impurities. The XRD pattern
in Fig. 1, a—c shows that the Fe-11Al-15 Mn alloy consists
of two dominant phases, austenite (y) at an angle 2-theta of
45° and ferrite (FeAl) at an angle 2-theta of 75°. At 20 % Mn
the austenite phase increased while the ferrite (FeAl) phase
decreased significantly.

At 25 % Mn almost all austenite phases, the ferrite
phase is nearly invisible. The EDS curve reveals that
Fe has a high intensity, implying that the y Fe phase is
equally distributed. The y Fe phase has an FCC crystal
structure and has a crystal plane (111), while at an an-
gle 2-theta of 75° it has a crystal plane (220). Chemical
composition test to obtain the percentage of chemical
elements contained in the specimen. The elements in the
Fe-Al-Mn alloy greatly affect their mechanical properties.
The Mn element in the specimen is expected to replace the
properties of the Cr element in the cryogenic materials.

Visually, the higher the Mn content in the Fe-Al-Mn alloy
shows grayish-white castings (Fig. 2).

Table 1 presents the chemical composition of the three
specimens is 15.354 % (F15), 21.280 % (F20), and 25.320 %
(F25) which showed that they were consistent with the ratio
of Mn content applied to these specimens.
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Fig. 1. Room-temperature XRD pattern:
a —F15; b —F20; ¢ — F25



Fig. 2. Castings of Fe-Al-Mn alloys

The overall composition test results met the ex-
pected target and the smelting method has reached
the alloy composition. The Fe element dominates
the Fe-11Al-Mn alloy with a content of 81.978 %
(F15), 74.299 % (F20), and 71.403 % (F25) re-
spectively. Other elements in low percentage are
C, Si, P, S, Ni, Cr, and Mo. From this group, only
Si was detected in higher percentages of 1.839 %
(F15), 2.632 %, and 1.165 % (F25).

Table 1
Chemical alloy composition
Element F15 F20 F25

Fe 81.978 74.299 71.403
Al 9.096 10.473 11.165
Mn 15.354 21.280 25.320
C 0.086 0.932 0.846
Si 1.839 2.632 1.165
0.043 0.051 0.056

S 0.018 0.013 0.006
Ni 0.057 0.051 0.034
Cr 0.150 0.151 0.717
Mo 0.034 0.037 0.126

5. 1. 2. The microstructure of Fe-11 Al-Mn alloys

Microstructure testing was carried out with an
optical microscope with a magnification of 500x.
Etching was conducted using HCI, HNOj3, and
HF etching fluids. The microstructure is shown in
Fig. 3, a—c. The alloy phase will reach 100 % ferritic
at Al content above 10 %. The microstructure of
the three specimens (Fig. 3, a—c) was detected as
ferrite, austenite, and iron carbide (cementite). In
Fig. 3, a, the color of the ferrite structure is opaque
with fine grains and the white phase is a cemen-
tite structure arranged in coarse grains with sizes
ranging from 5-10 pm in a continuous formation.
Meanwhile, the green one is the austenite phase that
occupies the ferrite and carbide phases.

As shown in Fig. 3, ¢, the steel alloy with Mn con-

tent of 25 wt % produces a carbide structure in a dominating
area compared to the ferrite and austenite phases. The car-
bide phase is in the range of 20—25 m which occupy between

the ferrite and austenite phase.

Fig. 3. Microstructure: a — F15; b — F20; ¢ — F25

5. 2. Mechanical properties
5.2.1. Hardness and tensile strength
Fig. 4 shows that increasing the content of Mn from 15 %

to 25 % in Fe-Al-Mn alloys causes a relatively small decrease




in hardness ranging from 0.5-5%. The highest hardness
value occurred at 15 % Mn content of 225.5 VHN and the
hardness value continued to decrease with increasing Mn
content until the lowest hardness occurred at 25 % Mn con-
tent reaching 297.907 VHN or a decrease in hardness of 5 %.

315

[ ]
[ ]
310
e
7 305-
Q
=)
o
5
an
300
[ ]
T T T
15 20 25
Mn (%)
a
900
([ ]
8501
=
(=W
g
S
2’ 800
B ®
w2
7504
[ ]
T T T
15 20 25
Mn (%)
b
52
(]
48 -
S 44+
£
& o
< 40
361
[ ]
T T T
15 20 25
Mn (%)
c

Fig. 4. Mechanical properties: a — Vickers hardness; b — tensile
strength; ¢ — fracture elongation values of F15, F20, and F25

Overall, the tensile strength of Fe-Al-Mn alloys is in the
range of 731.3—-885.07 MPa, the higher the Mn content, the
higher the tensile strength and strain (Fig. 4, b, ¢). Tensile
strength in specimens with 15 % Mn content (F15) reached
742 MPa. The next composition, which is 20 wt. % Mn and
25 wt. % Mn, has a higher strain than SS 304, which is
41.2 % and 50.2 %. The higher strain at higher Mn content
was due to lower lattice density at higher Mn content. The
Mn atom occupies the position of the Fe atom which is larger
than the Fe atom.

The increase in strength followed by an increase in strain
is one of the advantages of Fe-Al-Mn alloys compared to
conventional stainless steels. This phenomenon is due to the
combined effect of the presence of the elements Al, Mn, and
C in the alloy system. The formation of a solid solution of Fe-
Al-Mn causes a significant increase in strength and strain at
the same period.

3. 2. 2. Impact properties

Fig. 5 shows the effect of Mn content on the impact
toughness for the Fe-11Al-Mn alloys. The addition of Mn to
Fe-Al-Mn alloys increased the toughness significantly up to
3.10 J/mm? at 20 % Mn and reached the highest toughness
at 25 % Mn content of 3.3 J/mm?. The addition of Mn to the
Fe-Al-C alloy system increased the strength and toughness
significantly. The increase in strength followed by a signif-
icant increase in ductility resulted in a very high increase
in toughness. This condition is caused by changes in the
microstructure of the alloy towards austenitic. The alloy
composition with 25 % Mn produces a toughness value that
is almost equivalent to that of conventional SS 304 as cast
stainless steel of 3.12 J/mm?.
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g. 5. Effect of Mn content on the impact toughness for the
Fe-11AI-Mn alloys

Fig. 6 shows the impact (toughness) effect on the Mn
content for the Fe-11Al-xMn alloys. The surface of the F25
specimen has a ductile fracture which is not present in the
F15 and F20 specimens.

The toughness value of Fe-Al-Mn alloy is 0.18 J/mm?
(5.8 %) higher than that of SS 304. The substitution of
Mn in the Fe system is the cause of the significant increase
in toughness significant. The difference in the distance
between atoms (lattice) causes the movement of atoms in
the material when receiving a load to become more flexible.
Mechanically, the toughness, ductility, and strain are higher.



Fig. 6. Fracture surface after the impact test:
a —F15; b—F20; ¢ —F25

3. 3. Physical properties of Corrosion Resistance

Corrosion testing was conducted by calculating the cor-
rosion rate of the samples using the weight difference before
and after soaking in a 0.5 % HCI (chloride acid) solution.
Fig. 7 shows the corrosion rate of Fe-Al-Mn-C alloy in the
range of 0.016—0.031 mm/yr in 0.5 % NaCl media, with a
tendency for the corrosion rate to decrease with increasing
Mn content in the alloy.

Table 2 shows the corrosion rates for the F15, F20, F25,
and SS 304 specimens. The Mn element in the Fe-11Al-1C
alloy has a significant impact on corrosion resistance. The
alloy with the lowest element of Mn (15 %) produces the
highest corrosion resistance compared to other specimens.

The corrosion resistance of this alloy up to 20 % Mn is in-
cluded in the very good category, while the alloy with 25 % Mn
content is included in the extraordinary category. The lowest
corrosion rate of Fe-Al-Mn-C alloy occurs at 25 % Mn content,
which is 0.016 mm/yr, lower than the corrosion rate of SS 304
stainless steel, which is 0.025 mm/yr. The decrease in the cor-
rosion rate was quite significant, reaching 78.67 %.

Table 2
Corrosion rate values for F15, F20, F25, and SS 304

Specimens I Corr (pA/cm?) Corrosion Rate (mm/y)
F15 3.66 0.031
F20 2.85 0.024
F25 1.95 0.016
SS 304 3.05 0.025
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Fig. 7. Corrosion rate for F15, F20, F25, and SS 304

5. 4. Microstructure And Impact Properties of Fe-
11Al-xMn at Cryogenic Temperatures

5. 4. 1. Microstructure of Fe-11Al-xMn at Cryogenic
Temperatures

The cryogenic process was carried out using liquid nitrogen
at various temperatures of 0°C, —100 °C, and —196 °C for 2
hours. This process is carried out to determine the resistance
of the material to cryogenic temperatures. The test specimens
were immersed in liquid nitrogen at various temperatures and
times. To determine the phenomenon at room temperature and
slightly above room temperature, the specimens were tested
at temperatures of 100 °C and 200 °C. Fig. 8 shows the micro-
structure of Fe-Al-Ma alloy after the cryogenic process, similar
to the microstructure before the cryogenic process (Fig. 3).

Fig. 8. Microstructure of Fe-11AI-Mn alloy after cryogenic
treatment for: @ — F15; b — F20; ¢ — F25

The microstructure of the three specimens F15, F20, and
F25 was unaffected by the cryogenic treatment. This shows
that the cryogenic treatment has a negligible effect on the
microstructure. The high C concentration in this alloy pre-
vents austenite from converting to martensite.

5. 4.2. The Impact Properties of Fe-11 Al-Mn at Cryo-
genic Temperatures

The purpose of the Charpy impact test is to determine the
brittleness or ductility of a material (specimen) to be tested



by loading suddenly on the object to be tested statically. The
Charpy impact test also known as the Charpy v-notch test is
a standard high strain rate test that determines the amount of
energy absorbed by a material during fracture. Fig. 9 shows the
impact properties of the F15, F20, F25, and SS 304 specimens
at various temperatures up to —190 °C. At 190 °C, the impact
values are 2.79 J/mm? (F15), 3.19 J/mm? (F20), 3.35 J/mm?
(F25), and 3.13 J/mm? (SS 304). The impact value didn’t
considerably decline at -190 °C, notably for the F20, F25,
and SS 304 specimens, which are 3.09 J/mm?, 3.15 J/mm?,
and 3.11 J/mm?, respectively.
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Fig. 9. The effect of temperature on impact for Fe-Al-Mn alloy
The impact values of Fe-Al-Mn and SS 304 specimens in
the temperature range of 190 °C and —190 °C are listed in Ta-

ble 3. The impact values of the four specimens at temperatures
below 0 °C to —190 °C did not change and were stable.

Table 3
Impact values for Fe-Al-Mn alloys and SS 304 stainless steel
Temp. Impact (J/mm?)
o) F15 F20 F25 SS 304
190 2.79 3.19 3.35 3.13
100 2.87 3.18 3.33 3.13
30 2.85 3.11 3.30 3.12
0 2.85 3.11 3.30 3.11
-30 2.80 3.09 3.15 3.11
-100 2.80 3.09 3.15 3.11
-190 2.80 3.09 3.15 3.11

Absorbed energy is a measure of the toughness of a given
material and depends on the brittle-ductile transition tem-
perature. This method is widely used in safety-critical indus-
tries because it is easy to prepare and perform. Fig. 9 shows
the real fracture surface changes of the 15 %, 20 %, and 25 %
Mn compositions. The higher the Mn content indicates the
higher ductility, the necking is very clearly presented at the
Mn content of 20 % and 25 %. At cryogenic temperatures,
Fe-Al-Mn alloy did not cause significant changes in mi-
crostructure and mechanical properties. From the overall
results, it can be concluded that this alloy is resistant to
cryogenic temperatures and can be used for low-temperature
applications.

6. Discussion of experimental results

The chemical composition data of alloy specimens F15,
F20, and F25 are high alloy steel FA-Al-Mn-Si as shown
in Table 1. This alloy steel contains elements of carbon,
aluminum, manganese, silicon, phosphorus, and sulfur. The
element Mn plays a role in preventing precipitation in alumi-
num alloys which increases corrosion resistance. The micro-
structure, grain size, and mechanical strength of metal alloys
are influenced by the composition of the alloy applied. Im-
purities in the alloy system are elements that can be ignored
because they do not affect the behavior of the alloy metal.

Fig. 3, a shows the microstructure of Fe-11Al-15Mn al-
loy consisting of austenite, ferrite (FeAl) [22] structure, and
intermetallic compound (Fe,Mn)3AIC (x phase) surround-
ing austenite grains. In Fig. 3, b, where the 20 % Mn content
presents that the ferrite structure is decreasing followed the
area of the increasing phase. Fig. 3, ¢ shows that there is a
change in the pattern or shape of the austenite and ferrite
grains. The austenite structure dominates, the ferrite struc-
ture disappears and shows the dendritic structure in a wider
area. The appearance of double phases in the three composi-
tions was due to the relatively high Al content and insuffi-
cient Mn content to reach the perfect austenite phase [23].
Low and medium Mn content also cannot change the ferritic
structure into perfect austenite [24]. The addition of 5-10 %
Mn to the Fe-Al-C alloy system forms a/y duplex struc-
ture [7]. The ability of Mn to form and stabilize the austenite
structure is only half that of the element Ni, these conditions
require Mn in sufficient quantities to obtain a perfect aus-
tenite structure [25]. Mn is dissolved in the Fe system as
a solid solution with a disordered FCC structure [26]. The
presence of Al atoms in the system changes the disordered
FCC structure to ordered FCC and C atoms cause the for-
mation of the K (Fe,Mn)3AIC phase. This k phase surrounds
the austenite phase in the a,/y duplex system [27].

Based on structural changes that occur in the range of
increasing Mn content, the increase in the area of the aus-
tenite structure formed causes a decrease in hardness, this
condition is equivalent to a decrease in tensile strength that
occurs due to an increase in Mn content in the alloy [28].
The Mn atoms occupying the position of the Fe atom shift
the Al atoms in the Fe-Al-Mn-C alloy system causing the
lattice density to decrease so that the hardness level decreas-
es [26]. Due to the size of the Mn atom (1.79 Angstrom) is
smaller than the size of Al (1.82 Angstrom) and closer to the
size of the Fe atom (1.72 Angstrom), the decrease in hardness
is not significant. Compared with austenitic stainless steel
SS 304 with a hardness value of 203 VHN, the composition
with the closest hardness value is 25 % Mn alloy. It was ob-
served from the microstructure that the alloy formed with
25 % Mn was a perfect austenite structure.

Mechanical properties and fracture elongation values
for F15, F20, and F25 are shown in Fig. 4. Compared to
austenitic stainless steel SS 304 with a tensile strength
of 552.5 MPa, Fe-Al-Mn alloy achieved a higher tensile
strength than SS 304. Mn elements in steel play a role in
increasing strength, the results of this study also concluded
that the higher the Mn content in Fe-11Al-Mn alloys have
higher tensile strength [28]. Besides that, the austenitic
structure which is stable at room temperature and increasing
with higher Mn content causes higher strength than SS 304,
conventional austenitic stainless steel [5].



The strengthening mechanism using Mn and Al elements
in the Fe-Al-Mn alloy system can be explained as follows, Mn
in the Fe crystal system occupies an equivalent position with
Fe. This crystal system is FCC (y). The element Al occupies
the corner points of the cubic crystal while Fe and Mn atoms
occupy the center point of the side of the cubic crystal system
(v) [7]. The change in crystal structure from disordered to
v’ ordered (Fig.3) causes a significant increase in tensile
strength. At levels of Mn below 15 %, some of the y’ ordered
will be transformed into the (Fe, Mn)3AIC phase. Meanwhile,
at 25 % Mn content, the microstructure changed to austenite
(y) completely [29]. The formation of a single-phase from sev-
eral of these elements causes a stress field interaction between
soluble atoms and dislocations, this condition requires greater
mechanical energy to form plastic deformation [26].

Fig. 7 shows the corrosion rates for F15, F20, F25, and
SS 304 stainless steel. As the Ni element in conventional
stainless steel, the Mn element in the Fe-Al-Mn-C alloy
besides playing a role in increasing strength and toughness,
the Mn element also plays a role in stabilizing the austenite
structure at room temperature and also plays a role in in-
creasing the corrosion resistance of the alloy.

Fig. 8 presents the microstructure of Fe-11Al-Mn alloy
after cryogenic treatment. The microstructure of the Fe-Al-
Mn alloy system is relatively stable in the temperature range
of 0°C to 200 °C [3]. Strong bonds between atoms lead to
high phase stability. The microstructure of the Fe-Al-Mn
alloy after the cryogenic process using SEM showed that
the structure of austenite, ferrite, and kappa had almost
the same pattern and size as the original alloy. It can be
concluded that the Fe-Al-Mn alloy does not undergo a brit-
tle-ductile transition in the temperature range of =200 °C to
200 °C. This condition is similar to the phenomenon in SS
304 stainless steel.

Fig. 9 shows the effect of temperature on impact for Fe-
Al-Mn alloy The transition curve of Fe-Al-Mn alloy is hori-
zontal, very similar to the transition curve of SS 304 stain-
less steel and the impact value is close to the impact value of
SS 304. The highest toughness value of Fe-11Al-25Mn alloy
is 3.3 J/mm?, the value is still above the toughness value of
SS 304 stainless steel, which is 3.12 J/mm?.

Overall, this research is still limited to testing the micro-
structure and impact toughness under cryogenic treatment and
testing of mechanical properties has not been carried out on
Fe-11Al-Mn alloys under cryogenic conditions. In addition, the
performance improvement of Fe-11Al-Mn alloy steel requires
further development. Heat treatment including surface harden-
ing and age hardening is a commonly applied method that can
improve ductility, wear resistance, and hardness.

7. Conclusions

1. It has been determined that the alloy structure of Fe-
11Al-Mn to Fe-11Al-xMn (F15, F20, F25) has been success-
fully developed with the addition of Mn content.

2. It has been determined that the tensile test shows
that the higher the Mn content indicates the higher the
tensile strength, the tensile stress of the F25 specimen
exceeds SS 304.

3. The corrosion resistance of Fe-Al-Mn alloys increases
significantly with increasing Mn content. Specimen F25
showed the lowest corrosion rate of 0.016 mm/year suitable
as a material working under cryogenic temperature.

4. The results of the cryogenic temperature microstruc-
ture test showed that the microstructure of the Fe-Al-Mn
alloy was almost the same between the specimens before and
after the cryogenic process. Strong bonds between atoms lead
to high phase stability. Impact test results are comparable to
tensile test data, impact toughness increases with increasing
Mn content. These results are consistent with the tensile
test data. Specimens treated with a cryogenic temperature
of 190 °C, the impact toughness of F25 is 3.15 J/mm? which
is higher than that of SS304 stainless steel.
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