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ABSTRACT
Steel has wide range of applications and is used in various machinery and general metallic
components. Depending on the particular application, steels with tailorable and
appropriate properties are used. This requires various methods which can be used to alter
the properties based on the requirements. Generally, mechanical properties of the steel
are improved by conducting the heat treatment processes. The aim of the present work is
to experimentally investigate the effects of conventional heat treatments and special
hardening techniques for dual phase structure on mechanical properties of AISI 4340
steel. The test specimens are machined as per ASTM standards and hardness, tensile,
impact and microstructure analysis were carried out after the heat treatment processes.
Dual phase heat treatment to obtain ferrite-bainite structure is performed by heating the
as-bought specimen to the intercritical temperature for two hours followed by isothermal
holding in fusible salt bath containing sodium nitrate and sodium nitrite at subcritical
temperature for 30 minutes and cooling in air to room temperature. Similarly, ferritemartensite structure is obtained by air cooling after holding isothermally in the salt bath
for 10 seconds. Ferrite-bainite steel was observed to be soft, whereas ferrite-martensite
steel was relatively harder. Austempered steel has high toughness with optimum hardness
and conventionally hardened steel is the hardest among all. Microstructure shows colony
of bainite and martensite in ferrite matrix of ferrite-bainite and ferrite-martensite dual
phase structures respectively. An increase in brittleness was observed with the increase
in hardness due to the conventional hardening to display lesser impact strength compared
to austempered steel.
Keywords: Bainite; austempering; microstructure; martensite.

INTRODUCTION
Heat treatment is a method of heating and cooling for different time intervals to improve
the properties of the material [1-2]. During heat treatment of steel, type of phases, weight
% of phases and grain size of the material may vary depending on the duration of
treatment and cooling methods. Some of the properties may vary so that desired
mechanical properties such as hardness, toughness, yield strength, ultimate tensile
strength, Young’s modulus, percentage elongation may be incorporated [3-5]. The most
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important heat treatment methods include normalizing, annealing, austempering, dual
phase hardening, conventional hardening etc. Today, among different engineering
materials available, steel is the most useful structural material for general applications
because of its good mechanical properties. Annealing is the heat treatment wherein a
material is softened, causing coarser grain structure with enhanced mechanical properties
[6]. The process involves heating of steel to supercritical temperature and then cooling it
slowly to yield diffusion controlled coarser or medium pearlite phase. Well distinguished
lamellar colonies of ferrite-cementite (pearlite) are observed in the microstructure if the
process variables are tailored suitably [7-8]. Annealing treatment is used where maximum
ductility and appreciable level of tensile strength are required in engineering materials. In
normalizing, the material is heated to the austenitic temperature range and critically
cooled in air. This treatment is usually carried out to obtain fine pearlite colony followed
by grain refinement, which results in better machinability due to the development of
moderate strength and hardness levels [9-10]. The chemical composition, especially
carbon content in the steel affects the strength and hardness [11].
In dual phase structures, two varieties ferrite-martensite (F-M) and ferrite-bainite
(F-B) are possible. Dual phase of AISI 4340 steel results in moderate hardness with better
toughness so that machinability of the component is improved. Dual phase structure
provides balanced bulk properties required for better machining [12-13]. Water
quenching yields excellent hardness with reduction in toughness. The property variation
is due to the lattice distortion caused by the formation of supersaturated harder martensitic
phase [14-15]. The austempering treatment results in uniform higher hardness with
excellent toughness. The bainite structure formed in austempering is purely a diffusion
controlled process and its hardness is in midway between the ultra-high hardened
martensite and softer pearlite [16-17]. It is the substitute for conventional case hardening
or surface hardening techniques. Dual phase steels have high resistance to corrosion
compared to other structural steels [18].
Properties and Application of AISI 4340 Steel
Table 1 shows the chemical composition of AISI 4340 steel obtained from spectrometric
analysis. It is a low alloy medium carbon steel, containing chromium, nickel and
molybdenum. Chromium and molybdenum serve as ferrite stabilizers or carbide formers
to improve hardness and wear resistance of the steel with better strength. Nickel is the
strong austenite stabilizer which improves strength, toughness and hardenability
properties. It has high good impact resistance and strength when grains are refined.
Addition of molybdenum also prevents the steel from being susceptible to temper
embrittlement. Nickel also improves the hardness, corrosion and wears resistance [19].
Chromium enhances corrosion and wear resistance [19]. The usage of these alloying
elements, clearly demands different conditions where combination of properties is
required.
AISI 4340 steel is a high tensile strength alloy steel renowned for its wear
resistance properties and exactly fitting where high strength properties are required. Its
application suits in high stress and severe temperature fluctuation environments. It is also
one of the most usable ferrous metals in most of the applications, well demanded in power
transmission system links and shafts, aircraft landing gears, heavy-duty axles, spindles
and simple structural applications like, pins, studs, collets, bolts, couplings, sprockets etc.
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Table 1: Chemical composition of AISI 4340 steel (Spectrometric analysis)
Elements

Wt.%

Carbon
Silicon
Manganese
Nickel
Chromium
Molybdenum
Iron

0.40
0.25
0.70
1.85
0.80
0.25
95.75

METHODOLOGY
Heat Treatment Procedure of Dual Phase
Dual phase steel is a special variety of low or medium carbon hypoeutectoid steel
obtained by controlled heat treatment to yield balanced amount of proeutectoid ferrite
with martensite or bainite phase. Generally, before the treatment (as-bought condition)
such steels consist of ferrite and cementite as equilibrium phases or fully hardened phases
at room temperature. The ferrite phase is soft, cementite is hard and brittle and martensite
is too brittle which makes machinability poor. The lamellar structure of ferrite and
cementite present in steel at room temperature is termed as pearlite. Ferrite phase getting
separated before pearlite formation is called pro-eutectoid ferrite. Pearlite contains well
distributed lamellar ferrite and cementite as alternate layers.

Figure 1. Dual phase heat treatment (Ferrite-Bainite).
Ferrite – Bainite
Figure 1 shows the methodology of dual phase heat treatment. As-bought specimens are
heated to 780oC (intercritical temperature), held isothermally for two hours followed by
quenching in salt bath comprising of sodium nitrate and nitrite (equal proportions by
weight) isothermally at 350oC (subcritical temperature) for 30 minutes and cooling in air
to room temperature to get the desired dual phase.
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Ferrite - Martensite
As-bought specimens are heated to 780oC, isothermally are held at the same temperature
for two hours followed by quenching in salt bath comprising of sodium nitrate and nitrite
(equal proportions by weight) isothermally at 350oC for 10 seconds and cooling in air to
room temperature for the ferrite-martensite dual phase.
Austempering
Specimens are heated to a temperature of 900oC for two hours followed by quenching in
salt bath comprising of sodium nitrate and nitrite (equal proportions by weight)
isothermally at 350oC for 30 minutes and cooling in air to room temperature. This
treatment refines the pearlite colony with finer lamellar ferrite and cementite.
Water Quenching
It is also known as conventional hardening. Specimens are heated to a temperature of
900oC for two hours followed by water quenching to get the martensite phase at the room
temperature.
TEST SPECIMENS AND MATERIAL
Impact Specimen
Commercially available 16 mm diameter AISI 4340 rod is procured from the market.
First, material is cut into 60 mm long pieces using band saw. Drilling is carried out to
make the hole at one end in order to hold the work piece in tail stock. Turning is carried
out in the engine lathe to prepare the specimen as per the dimension. Shaping is carried
out to obtain 10 x10 mm2 square cross section. Specimens are prepared as per ASTM
E23-020 standard-Type A (Figure 2) [20]. V-notch is cut on the square work piece using
shaper and is rounded off.

Figure 2. Dimensions of impact test specimen (all dimensions are in mm).
Hardness Specimen
First, cylindrical specimen is cut in to 25 mm length using band saw and turned to reduce
its diameter to 15 mm. The ends are smoothened by facing operation and length is reduced
to 25 mm. Specimen is prepared as per ASTM E18-02 standard (Figure 3) [21].
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Figure 3. Hardness specimen (all dimensions are in mm).
Tensile Specimen
The commercially available 10 mm diameter rod is cut into 30 mm length cylindrical
pieces using band saw. The required length of the specimen is obtained by facing
operation on Engine lathe. Step turning is carried out as shown and edges are rounded off
to finish the job. The ASTM E8M standard tensile specimen used in the study is shown
in Figure 4 [22].

Figure 4. Tensile specimen (all dimensions are in mm).

EXPERIMENTAL DETAILS
Impact Test
Charpy impact machine is used to find the impact resistance of the specimen. The impact
test is carried out under the maximum load condition and the pendulum is released to
strike the specimen with impact load. The energy absorbed before failure is noted. Total
of three trials are conducted and recorded.
Hardness Test
Matzusawa micro Vickers hardness tester (model- MMT X 7A) is used to determine the
hardness of the specimen. It is placed on the hardness testing fixture and magnification is
set to 400X. Micro-indentation is made on the surface of the specimen by applying 100
gf for 15 seconds. With the help of eye piece, the length of the diagonals of the indentation
is measured.
Tensile Test
Computer controlled Tensometer (kudale instrument) is employed for tensile test.
Specimen is clamped between the jaws and then load is applied till it fails. The load verses
displacement graphs are analyzed and corresponding values of the percentage elongation
and ultimate tensile strength are recorded. Yield strengths are calculated from the load
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versus displacement graphs. The average values of three trails conducted during the
experiments are considered as the result.
Microstructure Study
Inverted metallurgical microscope is employed for obtaining the microstructure at 200X
magnification. Specimens prepared as per the dimension specified in ASTM E18-02, are
finished using emery papers in the order of 1/0, 2/0, 3/0 and 4/0, to obtain the smooth
surface [23]. The specific order of emery papers is used to remove all the scratches on the
specimen. The final polishing to mirror finish is performed on disc polisher mounted with
velvet cloth using diamond paste. Before mounting the specimen on holder for capturing
the images, it is etched with 5% Nital (Ethanol 100 ml and Nitric acid 1-10 ml mixture),
rinsed with cold water and dried.

RESULTS AND DISCUSSION
Charpy Impact Test
The impact energy values in Joules obtained by three trials are recorded and the bar chart
is drawn (Figure 5). The impact energy absorbed is the measure of toughness of the
specimen. The result shows that austempered material has excellent toughness value
followed by F-B dual phase. The excellent toughness of austempered is due to the lower
bainitie phase containing strained finer ferrite with cementite [11]. The well distributed
randomly oriented fine ferrite and cementite phases surrounded by enormous dislocation
density are responsible for the excellent toughness [24]. Surprisingly, F-B dual phase
shows almost the same toughness values as that of austempered. This may be due to the
combined effect of transformed bainite with well distributed finer proeutectoid ferrite
phase. The specimens containing martensite with and without ferrite shows lower impact
energy. It is due to the behavior of brittle martensite.

Figure 5. Impact energy versus heat treatments.
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As-bought specimen shows moderate good toughness values compared to water quenched
and it justifies that the as-bought steel is normalized steel one with fine pearlite structure.
Hardness Test
The hardness of bainite is in between that of ferrite and martensite [18]. Hardness of asbought and F-B dual phase specimen is poor and at par with each other. This may be due
to the behavior of ferrite (higher ductility, poor hardness) dominated phase. F-M dual
phase hardness is slightly poor than austempered one (Figure 6). Since ferrite phase
quantity is dominated in F-M dual phase, the specimen hardness is not the replica of
hardest martensite phase (water quenched). Water quenched shows excellent surface
hardness compared to the other heat treatment conditions due to the formation of
supersaturated martensite phase coupled with enormous amount of crystal defects it is the
hardest phase that one can observe in steel [5].

Figure 6. Hardness versus heat treatments.
Tensile Property
The tensile property of martensite and bainite are almost similar and is superior compared
to ferrite structure [18]. The yield strengths of F-M and water quenched are comparable
whereas as-bought shows least. Yield strengths of F-M dual phase and F-B dual phase
are 0.7 to 0.6 times as that of fully austempered, whereas water quenched shows the value
in between that of austempered and F-M dual phase. The reduction in strength of asbought specimen may be due to the formation of dendritic segregation [11]. Ultimate
tensile strengths of water quenched and F-M dual phase are almost equal and greater than
F-B dual phase and lesser than fully austempered (Figure 7).
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Figure 7. Tensile strength versus heat treatments.
Ferrite is softer phase and has got higher ductility [4]. Marensite is brittle phase, poor in
ductility. Bainite phase strength is higher, ductility is moderate. Accordingly, F-B dual
phase shows excellent ductility and is 40% greater than F-M dual phase specimen.
Austempered ductility value is in between F-B and F-M dual phase specimens. Figure 8
shows that as hardness and strength decrease, ductility increases.

Figure 8. Elongation (%) versus heat treatments.
Microstructure of as-bought, F-B and F-M dual phase specimens at 200X magnification
are shown in Figures 9(a), (b) and (c) respectively. As-bought microstructure shows fine
pearlite colonies and proeutectoid ferrite phases (Figures 8(a)). The F-B and F-M dual
phase specimens show islands of bainite and martensite phases respectively in the ferrite
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matrix shown in Figures 8 (b) and (c), respectively. Randomly oriented cementite and
ferrite discrete phases are seen in fully austempered and plate like parallelly orientated
martensite in water hardened specimens (Figures 8(d) and (e)).

Pearlite

Proeutectoid ferrite

(a)

Proeutectoid ferrite

Bainite

(b)

Proeutectoid
ferrite

Martensite
(c)
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Random orientation of
phases
(d)

Plate martensite

(e)
Figure 9. Microstructure of specimen (a) As-bought (b) F- B dual phase (c) F-M dual
phase (d) Austempered (e) Water quench at 200X.

CONCLUSIONS
The steel is successfully heat treated with considerable alterations in properties without
any change in chemical composition and dimension. Following conclusions are arrived
from the experiments. The austempered and F-B dual phase specimens show almost
similar values of toughness and are little higher than F-M phase. Water quenched
specimen shows excellent hardness followed by F-M dual phase and austempered in the
next decreasing sequential positions respectively. Yield strength of F-M dual phase and
F-B dual phase is 0.7 and 0.6 times respectively as that of fully austempered one, whereas
water quenched shows closer values to austempered one. Ultimate tensile strengths of
water quenched and F-M dual phase are equal and slightly greater than F-B dual phase
and lower than fully austempered one. F-B dual phase shows excellent ductility and is
40% greater than that of F-M dual phase specimen. The F-B and F-M dual phase
specimens show islands of bainite and martensite phases in the ferrite matrix. Random
orientation of cementite and ferrite discrete phases are seen in fully austempered and plate
like parallelly orientated martensite in water quenched specimens.
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