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Abstract: Nowadays, many applications are utilizing bainite as, for instance, lightweight design
of car bodies. Bainite phase has higher hardness compared with ferrite, pearlite and austenite, but
still retain better toughness than martensite. To create a bainite, however, a specific method called
austempering is needed where the steel is quenched in the temperature below pearlite formation and
held for a certain time. The optimalization of the quench temperature and holding time become very
important. In this study, series of heat treatment processes have been carried out on the S45C steel
to form bainite structure. The heat treatment processes include variations of transformation
temperature from 200 — 400°C, and holding time from 1 — 5 hours, The lower salt-bath temperature
and longer holding time generated larger amounts of bainite. In average, the highest hardness result
was achieved on 5 hours holding time at 200°C with 42 HRC, and the lowest hardness was on 1 hour

holding time at 400°C with 22 HRC.
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1. Introduction

Steel is a material consist of iron and carbon. Other
elements such as chromium, manganese, and nickel are
added to improve the strength or as well as other steel
properties V. Steel has great formability and durability,
good tensile and yield strength, and also good thermal
conductivity. These properties provide varies of steel
usage from structural building to biomaterials 2.The
properties of steel depend on the microstructure and
phases. Other solutes whether by design or as impurities
may also affect the properties ¥. The phase in steel can be
appeared as austenite, ferrite, cementite, pearlite, bainite
and martensite. These different phases depend on carbon
content heat treatment process and cooling rate ¥. Bainite
is formed at cooling rates slower than martensite, and
faster than ferrite - pearlite formation. Bainitic
microstructures offer the best balance between strength
and ductility, compared with martensite phase which has
very high hardness. Very hard materials tend to difficult to
be machined or may need specialized machining process
5. The cooling rate of bainitic formation is fast enough
to increase the strength without producing brittleness. The
strength - toughness balance is the reason why an
increasing number of automotive components are being
made from bainitic steels . Additionally, bainitic steel is
not a substitute for wear resistance materials, and many
other materials have been studied for this specific usage

101D For steel-based materials, surface hardening process
is more suitable for wear resistance purpose 2.

Austempering is a process to produce bainitic phase. In
this process, the steel is rapidly cooled from the
austenitizing temperature to the heat extracting medium,
usually molten salt 3!, The molten salt is held at a
defined temperature range between 200°C and 400°C. In
this temperature range, transformation of austenite into
bainite is occurred. The process is commonly used in the
automotive industry and other parts where optimum
durability formability and durability are necessary '9.
Holding time is induced to ensure temperature uniformity
across all its entire volume '”. After holding in higher
temperature, the parts are cooled to room temperature
accordingly. The final mechanical properties of
austempered steel rely upon microstructural parameters
such as morphology of bainite or ferrite, volume
percentage of retained austenite, and martensite '®. Hence,
it is a very crucial aspect to determine the most optimal
temperature and holding time during quenching in the
molten salt.

A salt bath is used widely in austemper process as the
molten salt, to extract heat at higher temperature. A
nitrate-based is chosen, due to suitable for quenching from
austenization temperature up to 900°C. This molten salt is
applicable for most carbon and low-alloy steels '?.
Mixtures of sodium nitrate and sodium nitrite are usually
used at lower temperatures for rapid cooling.
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2. Experimental Methods

The material used in this study is a medium carbon
S45C steel. The composition of this steel is shown on
Table 1. Figure 1 shows the microstructure of the S45C
steel before any heat treatment. It can be seen from the
figure that the main phases in the steel were ferrite and
pearlite. The austenization temperature was the same for
all sample at 900°C. Meanwhile the salt-bath temperature
and holding time were varied at 200 — 400°C and 1 — 5
hours respectively. Both austenization and salt-bath
treatment were conducted in Nabertherm Furnace.

The tools used for austemper process were furnaces (for
austenization and salt-bath), 60mm-diameter graphite
crucible to contain the molten salt, nitrite and nitrate salt.
Some of these tools were shown in Figure 2. In this study,
the ratio for nitrate and nitrite salt was 1:1. Hardness
testing method was used to observe the mechanical
properties of the bainitic steel. Rockwell hardness method
was done as macro hardness test. For the Rockwell test,
10 kgf minor load and 150 kgf mayor load was used.
Additionally, micro-Vickers was done to check the
different colored phase in the microstructure. Both
hardness testing was done in Center for Materials
Processing and Failure Analysis, Faculty of Engineering
Universitas Indonesia, using QualiRock Digital Hardness
Testers based on ASTM E18-11 standard.

Table 1. Chemical composition of S45C.

Fig. 1: Micrograph of $45C Steel be

(mag. 500X)

foer Heat Treatment

Element % Weight
Carbon 0.47
Silicon 0.27
Manganese 0.7
Phosphorous 0.01
Sulphur 0.006
Chrome 0.25
Aluminum 0.023

Metallography is a versatile method, which can be used
to determines the physical structure, chemical
composition, and characteristics of the material. Other
than observing shapes and structure, metallography is also
used to assess the specific characteristics of
microstructure through quantitative measurements of
microstructure or commonly referred to as quantitative
metallography 2%. In this study, metallography was done
to analyze the phase and microstructure of S45C steel after
heat treatment. Metallography testing was conducted in
Technology of Microstructure Analysis Laboratory,
Metallurgy & Materials Engineering  Universitas
Indonesia, based on ASTM E3-11 by using “Precise”
grinding and polishing machine. Each specimen was cut
into one-centimeter-thick half-rod shape and were
mounted by using castable resin method. All specimens
were etched with Nital acid, and observed with Carl Zeiss
Primotech optical microscope.

Fig. 2: (a;) Sodium Nitrite, (b) Sodium Nitrate, (c) Graphite
Crucible, (d) S45C Sample

3. Results and Discussions

The result and discussion section in this paper is divided
into several parts i.e., hardness result, microstructure
analysis on each austemper temperature, and phase
distribution result. Table 2 showed the coding of each

sample related with the austempering condition. This
coding was used to simplify the discussion.

Table 2. Sample code for each austempering condition

Sample Salt bath Holding Time
Code Temperature (°C) (hours)
200H1 200 1
200H3 200 3
200H5 200 5
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300H1 300 1
300H3 300 3
300H5 300 5
400H1 400 1
400H3 400 3
400H5 400 5

3.1 Hardness result

According to hardness value average, the hardness

number increase significantly followed by extended
holding time. For example, sample 200H1 produced 26.34
HRC for 1 hour holding time, and 37.52 HRC was
produced by sample 200H3 on 3 hours holding time.
Meanwhile, sample 200HS5 with 5 hours holding time,
which was the longest compared to others, had the greatest
hardness value with 42.15 HRC. This hardness number
was also the highest of all sample even in different
austempering temperature. In general, the hardness value
can be seen in Figure 3 as the result of all heat treatment
processes.
Every group of salt-bath temperature tends to increase in
hardness value with longer austempering holding time.
These phenomena indicated the formation of different
phase in microstructure. For example, if there was a
martensite or bainite in the microstructure due to longer
holding time, the hardness value was increased
significantly 2V. In this research, the carbon content of
S45C steel was in between 0.42-0.48 % Carbon. Therefore,
it can be assumed that the maximum bainite hardness of
this research was below 45 HRC.
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Fig. 3: Rockwell hardness for all samples

Vickers microhardness value from different phase as
shown in Table 3 obtained using 100 gf load within 10
seconds. The microhardness testing was conducted on 5
indentations of two appeared phases, white-colored phase
and black-clored phase according to Figure 4. The
standard used in Vickers microhardness testing was
ASTM  E384 with MicroMet® 5100  Series
Microindentation Hardness Testers testing machine.
Indentation number 1 and number 2 which had white
phase mark generated 411 HV 0.1, while indentation
number 2 to 5 marked by black phase on the
microstructure exhibited minimum of 451 HV 0.1.

The testing was done to ensure the different

microstructures and phases in this research. The phases
present was usually consisting of martensite, bainite,
pearlite, and proeutectoid ferrite ??. The darker phase,
normally martensite and bainite, has higher hardness
value than the brighter phase which was proeutectoid
ferrite.

Table 3. Hardness comparison on different phases

Austemperin Vickers
condirt,ion y Hardness Phase Color
410 White
411 White
200°C, 5 hours 451 Black
464 Black
452 Black

testing (Mag. 1000X)

3.2 Microstructure analysis on 200°C austempering
temperature

Proeutectoid ferrite, lower bainite, and martensite were
appeared on sample 200H1. The microstructures were
shown in Figure 5 a-c. Proeutectoid ferrite could be
formed in the steels if the carbon content was lower than
the eutectoid composition. This kind of steel was called
hypoeutectoid steels. The formation of proeutectoid ferrite
might occurred during the transfer of sample from
austenitizing furnace into salt-bath furnace. There was
some delay time, hence the transformation from austenite
did not directly change into bainite formation >¥. Instead,
it reached ferrite nose on TTT diagram before reach
bainite start.

3.3 Microstructure analysis on 300°C austempering
temperature

Sample 300H]1 resulted a proeutectoid ferrite and lower
bainite as represented in Figure 5 d-f. Sample 300H1 had
different salt-bath temperature compared to sample
200H1, sample 200H3, and sample 200HS. The
proeutectoid ferrite were more spread out in the surface
compared with 200°C bath. Microstructure in sample
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300H5 shows three different constituents: pearlite,
proeutectoid ferrite, and lower bainite. The pearlite in
sample 300HS5 was very clearly visible compared to
sample 300H1 and sample 300H3, shown in Figure 6.
Pearlite phase was identified by the mutual growth of
ferrite and cementite (Fe3C) from austenite. This resulted
in the formation of a lamellar structure that tends to
consist of alternating layers of ferrite and cementite in
two-dimensional portions.

3.4 Microstructure analysis on 400°C austempering
temperature

The main difference of 400°C austempered sample was
on the proeutectoid ferrite. In the figure 5 g-i, the
proeutectic ferrite appeared wider and bigger on the
microstructure. Moreover, there was upper bainite which
consists of coarse bainitic, ferrite and austenite with
precipitated carbides took place on microstructure. Upper
bainite developed at higher temperatures specifically 550—
400°C, allowing excess carbon to separate before
precipitating in the ferrite 29,

Fig. 5: (a-c) sample 200H1, 200H3, 200HS5; (d-f) sample
300H1, 300H3, 300H5; (g-1) sample 400H1, 400H3, 400HS5.
Scale bar: 20um

3.5 Phase distribution calculation

Phase distribution was conducted to support the
microstructure result obtained by metallography. The
calculation was done by using ImageJ application, which
is widely used for phase fraction calculation °29. As the
microstructure consists of several phases, some
assumption was used for calculation in ImageJ. The white
phase indicated a proeutectoid ferrite, meanwhile the
black phase usually revealed lower bainite and upper
bainite. The remainder phase commonly the grey or
lighter black was considered as martensite and pearlite in
depending on the temperature. Table 5 shows the
distribution of phase percentage according to the appeared
microstructures. From the table, it can be seen at 200°C
the longer holding time shows more bainite and less

proeutectoid ferrite, hence the higher hardness. Higher
austempering temperature resulted in pearlite formation,
lowering the overall hardness. This result was relevant
with the previous discussion '®. The composition of the
bainite and other phases were strongly dependent with the
quench temperature and holding time.

¢ i

Fig. 6: Pearlite Phase in Sample 300H5

Table 5. Distribution of each phase in different austempering

temperature
Phases
Sample Martensite Lower Upper Pearlite  Proeutectoid
Bainite Bainite Ferrite

200H1 23.639% 59.498% 16.863%
200H2 28.925% 60.047% 11.028%
200H5 16.99% 77.241% 5.769%

300H1 58.767%
300H3 60%
300H5 61.556%
400H1 53.628%
400H3 54.680%

400H5 59.982%

23.043%
22.421%
22.586%
21.526%
24.464%
22.167%

18.190%
17.579%
15.858%
24.846%
20.856%
17.851%

4. Conclusions

The variation of salt-bath temperature and holding time
influenced the appeared microstructure and hardness
value on S45C steel. The lower salt-bath temperature
showed harder microstructure (martensite and bainite)
formation. Martensite and bainite were formed due to the
low austempering temperature according to time-
temperature transformation diagram. Longer
austempering holding time ensure temperature uniformity
across all its entire volume, increasing the percentage of
bainite which later affecting the hardness value of samples.
Meanwhile, higher austempering temperature resulted in
the formation of pearlite phase, decreasing the overall
hardness number.
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