MEC l—| 2022 INTERNATIONAL SCIENTIFIC CONFERENCE
GABROVO 18-19 November 2022, GABROVO

EFFECT OF HEAT-TREATMENT TEMPERATURE ON THE
MECHANICAL AND MICROSTRUCTURAL PROPERTIES
OF AISI 4140 STEEL

Giirkan IRSEL!, Betiil Nur GUZEY', Bilgin KARA?

! Trakya University, Faculty of Engineering, Mechanical Engineering Department, Edirne / TURKEY
? Inan Makina Industry and Trade Inc., Tekirdag / TURKEY

Abstract

Heat treatment is a metallurgical process for removing residual stresses in metals, improving their mechanical
properties, reducing surface hardness, and preventing the formation of brittle fractures or cracks. The tempering (age
hardening) process, which is a type of heat treatment in tempered steels, affects the mechanical and microstructural
properties of the steel more than the other steel types. In this study, the base material test specimens with 13 HRC
hardness and 12.5 mm diameter were heat-treated and tempered, and the effect of the heat treatment process on the
mechanical and microstructural properties was investigated. AISI 4140 tempered steel was tempered at 600 °C for 3
hours after 3 hours of heat treatment at 880 °C, 850 °C and 820 °C and cooled in oil. While the base material has a
tensile strength of 654.16 £ 12 MPa, the maximum tensile strengths were determined as 1022.44 = 10 MPa, 1006.24 £ 9
MPa and 987.454 + 11 MPa, respectively, after heat treatment at 880 °C, 850 °C and 820 °C. The strength of the
material increased by 56.29% by applying heat treatment at 880 °C temperature. This increase in strength is associated
with the transformation of the existing microstructure from ferritic to martensitic structure. The needle-like structure in
the martensitic structure increased and lath martensite structure was formed with the combination of grain boundaries
with increasing heat treatment temperature. Strength and hardness increased while the heat treatment temperature is
increasing. It was observed that ductility decreased. Hereby, the temperature parameter in the heat treatment process is
effective on the strength and the heat treatment has high advantages in terms of material saving in machine designs.
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INTRODUCTION are required [7][8][9]. The properties of a
Tempered steels are alloyed and non- material can be changed by heat treatments
alloyed machine-manufacturing steels that are and the addition of other alloying elements
suitable for hardening, especially in terms of [10]. Martensite structure is one of the most
carbon content, and show high tensile strength common strengthening phases in steels. In
and high toughness at the end of the heat addition, the carbon content of the metals
treatment process [1][2]. Tempered steels can affects the martensite structure hardness and
be used as non-alloy tool steel, alloyed cold hardening  properties [3]. The surface
work tool steel, high strength general properties, mechanical and microstructural
construction steel, spring steel, heat resisting properties of these steels can be improved by
steel, nitriding steels and heavy forgings [3]. heat treatment processes [11][12]. AISI 4140
The number of steel applications can be steel, which is one of the tempered steels used
expanded even more with the introduction of in the manufacture of machine parts, is widely
modern  steel  processing  technologies used in the automotive industry [13][14][15].
[4][5][6]. In the manufacture of machine parts, After the heat. treatments gpphed to thls steel,
the selection of appropriate materials and the it has the desired mechanical properties. Heat
heat treatments applied to these materials are treated 4140 steel is used in the manufacture of
of great importance. AISI 4140 (42CrMo4) various machine elements such as crankshaft,
steel, which is in the tempered steel class, is axle shaft, splined shaft, bolts, nuts, studs, gear
preferred where high strength and weldability wheels, piston rods, cold drawn shaft and
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springs, and in the production of work
machines [15]. The most important factors that
determine the properties and conditions of use
of materials are microstructure and mechanical
properties. Mechanical properties are of great
importance in material selection and can be
improved by various methods such as
increasing the carbon ratio, alloying, heat
treatment, among the most common ways to
increase the mechanical properties in steels
[11][16][17]. Depending on the phase
diagrams of metals and alloys, the desired
mechanical properties and microstructures are
obtained with different processes applied at
temperatures below the melting temperature
with the help of heat treatment procedure [18].

Heat treatment consists of three main
stages. These are heating, holding at a certain
temperature and cooling stages [19]. Heat
treatment is a controlled process that increases
the service life of parts by changing the
microstructure of materials such as metals and
alloys, improving properties such as surface
hardness, temperature resistance, ductility and
strength. Various heat treatments are applied
to steels in order to increase material life and
reduce processing costs [16][20]. The fragility
and hardness of the material decreases, its
toughness increases, and the stresses in the
structure are reduced by means of tempering
process, which is a heat treatment process.
Tempering or age hardening is the heat
treatment carried out under transformation
temperatures to remove brittleness and impart
toughness to quenched steels. By keeping the
metal at high temperature, the carbon atoms in
it are stabilized. The metal, which is kept at
high temperature for sufficient time, is
suddenly cooled and can be applied to alloyed
and non-alloyed steels.

There are many studies in the literature on
the effects of heat treatment on the mechanical
properties of steels [3]. Koksal et al. [16]
applied the tempering process to steels with
different carbon ratios at 100, 200, 400 and
600 °C after quenching and investigated the
change in the mechanical properties of the
materials. They found that yield and tensile
strength values increased depending on the
increase in carbon content. Sara¢ et al. [1]
investigated the effects of tempering heat
treatment temperature applied after quenching

of AISI 4140 tempered steel on the mechanical
properties of the steel. The samples were
quenched at 850 °C and then the samples were
tempered at four different temperatures. They
determined that the hardness value reached its
maximum at 300 °C, which is the lowest
tempering temperature. Balan et al. [21]
investigated the microstructural changes
during the tempering of the steel to examine
the structure-fracture-property relationship on
16Cr-2Ni steel. They found that tempered
16Cr-2 Ni caused the precipitation of fine
austenite particles, which appears to be
primarily responsible for the significant
secondary hardening of the martensitic
stainless steel. Gurumurthy et al. [22]
investigated the mechanical characterization of
medium carbon AISI 1040 and 4140 duplex
steels and their mechanical characterization
after heat treatment at temperatures of 750,
770 and 790 °C. As a result, they found that
the heat-treated samples showed better
ductility and toughness. In addition, AISI 1040
steel showed higher ductility and toughness
compared to AISI 4140 steel, while AISI 4140
steel had better mechanical properties in UTS
(Ultimate Tensile Strength) and hardness.
Laxmi et al. [5] investigated the mechanical
properties of 42CrMo4 steel using different oil
acids and also carried out tempering at
different temperatures. They determined that
the bainite tempered martensite formed during
tempering showed excellent toughness and
confirmed with the tensile test result. Nayak et
al. [23] studied the effects of quenching in
medium carbon and high carbon steel on the
change of microstructure and consequent
changes in hardness. As a result, they observed
that in medium carbon steels, higher carbon
cleavage and stabilization of austenite from
martensite to retained austenite occur when
martensite has a higher carbon supersaturation
after treatment obtained at low heat treatment
temperature.

In this study, the effect of temperature
difference applied in the heat treatment
procedure of AISI 4140 tempered steel on
mechanical and microstructural properties was
investigated. For the experimental research,
hardness, tensile tests, and FESEM analysis
were applied to the samples of AISI 4140 steel
and heat treated at different temperatures.
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Thus, the mechanical effects of the heat
treatment of AISI 4140 steel at different
temperatures were determined in detail.

EXPOSITION

AISI 4140 steel, which is easily obtainable
and widely used for industrial heat treatment
applications, has been studied to determine its
effects on heat treatment temperatures [24]. In
this study, mechanical and microstructural
tests were applied to AISI 4140 steel and AISI
4140 steel after heat treatment. The test sample
dimensions used for the tensile test are
presented in Fig. 1. The tensile test specimens
for heat-treatment process are presented in Fig
2. The chemical composition of 4140 steel is
presented in Table 1. Mechanical properties of
AISI 4140 steel are presented in Table 2.

I Al

Fig. 1. AISI 4140 tensile test specimen dimensions.
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Fig. 2. AISI 4140 tensile test specimens.

AISI 4140 test specimens are numbered
from 1 to 12. The samples were preheated at
400 °C for 2 hours in Ipsen brand DL(1200)
model preheating/tempering furnaces. Then, in
Ipsen brand RTQF-XL(1200) model heat
treatment furnace; Heat treatment process was
applied to samples 1,2 and 3 at 820 °C,
samples 4.5 and 6 at 850 °C, and samples 7,8
and 9 at 880 °C. After being kept in the
furnace atmosphere with a carbon content of
0.4% C for 3 hours, it was cooled in Petrofer
brand ISORAPID 277 HM model heat
treatment oil. No heat treatment was applied to
samples 10, 11 and 12 (Fig. 3). The mixer

speeds of the oil are 1500 rpm, the oil
temperature is 60°, and the waiting time in the
oil is 30 minutes. Then, tempering process was
applied in Ipsen brand DL(1200) model
preheating/tempering  furnace. After heat
treatment, all samples were tempered at 600°
for 3 hours.

Steels with high carbon content are oil-
hardened against the risk of cracking. Because
the cooling rate of the oil in the oil quenching
process is slower than the cooling rate of the
water. The oil temperature at which the
cooling rate is most efficient is between 50 °C
and 80 °C. In this study, the temperature of the
oil in the hardening process was taken as 60
°C.

Fig. 3. AISI 4140 tensile test specimens after heat-
treatment.

Three different heat-treated specimens were
subjected to mechanical and microstructural
tests such as Rockwell C hardness, tensile
testing and, FESEM analysis.

For the microhardness test, a ball-shaped tip
was dipped on the heat-treated samples and a
main load of 150 kN was applied after a 10 kg
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(100 N) preload was applied. Rockwell C
hardness values were obtained from the
existing gauge by finding the depth increase in
the permanent trace that occurred after the
main load was removed. Hardness test was
carried out with Struers Emco-test DuraScan
G5 brand device according to ASTM E18-22
standard (Fig. 4).

Fig. 4. Rockwell-C hardness measurement.

Tensile test specimens were prepared with a
length of 140 mm and a diameter of 12.5 mm,
and the tensile test was performed according to
the TS 138-A standard (Fig. 5). It was
performed in three repetitions with the ALSA
AB-0066-K test device at a tensile speed of 5
mm/min at 22 °C room temperature.

Fig. 5. T ei;sile testing device (ALSA AB-0066-K).

Standard metallographic sample preparation
processes such as cutting, mounting, sanding,
polishing, and etching were performed for
microstructure investigations and AISI 4140
specimens were visualized at 1.00KX and

2.00KX and 3.00KX magnification with the
help of FESEM (Carl Zeiss Gemini 500 FESEM).
Cutting process was done with Struer brand
CitoPress-5 model device. Struer brand
Tegramin 25 model abrasive grinding and
polishing device was used for sanding and
polishing processes. SiC abrasives with 120,
240, 400, 800, 1200 mesh sizes were used for
sanding and sanding was carried out in the
presence of water to prevent any deformation
on the samples. 3% nital (97 ml Ethanol + 3
Nitric acid) solution was used for etching.

Table 1. Chemical composition of the AISI

4140 steel (wt%).
i |s P

C Cr Mo Mn Si Ni Fe

04 | 1.12 | 0.18 | 093 | 0.33 | 0.031 | 0.025 | 0.17 | balance

Table 2. Mechanical Properties of the AISI 4140
steel (wt%).

Mechanical Properties 4140 Steel
Tensile Strength (MPa) 655

Yield Strength (MPa) 415

Bulk Modulus (GPa) 140

Shear Modulus (GPa) 80

Elastic Modulus (GPa) 190-210
Poisson’s Ratio 0.27-0.30
Elongation at Break 48.2%
Rockwell Hardness 11-13

Result and Discussion

In this study, heat treatment was applied to
AISI 4140 steel and its effect on mechanical
and microstructural properties was
investigated. It was determined that the heat
treatment process temperature influenced
strength and hardness and, microstructure.

Mechanical Investigation

As a result of the hardness tests performed
for the numbered test (Fig 3) specimens, the
surface hardness of the samples was measured
as 29 = 3 HRC for samples 1,2 and 3, as 30 +
3 HRC for samples 4,5,6, and as 32 = 3 HRC
for samples 7,8,9. The base material samples
numbered 10,11,12 was measured as 13 + 2
HRC (Fig. 6). The increase in hardness has
been attributed to the formation (820 °C) and
development (850 °C, 880 °C) of the
martensitic structure formed by increasing
temperature in the structure [20].

In the tensile test, the maximum tensile
strength was observed in the heat-treated
sample at 880 °C. The highest % elongation
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value was observed in untreated base metal as
45.345%. The lowest elongation value was
observed as 27.088% in the sample that was
heat treated at 880 °C and tempered at 600 °C.
In the research carried out on tensile test
specimens, it was determined that the tensile

Hardness (HRC)

Base
material

0 1 2 3 4 5
Heat treatment process

Fig. 6. Rockwell-C hardness graph.

strength increased with increasing heat
treatment process temperature, while the
ductility decreased (Fig. 7). The stress-strain
graph obtained from the tensile test is
presented in Fig. 8.

—E L TR

Fig. 7. Fractured tensile specimens after tensile
testing.

As the heat treatment process temperature
increased, the tensile strength increased.
Gurumurthy et al. [22] applied heat treatment
process to AISI 4140 and AISI 1040 steels at
different temperatures (750, 770, and 790 °C)
and as a result, they observed that the yield
and tensile strength values of both materials

increased after the heat treatment process.
Calik et al. [20] similarly determined that
martensitic transformation occurred in the
structure in the heat treatment process. The
change in mechanical properties above 50%
without weight change was attributed to the
microstructural change occurring under the
influence of the heat treatment process
temperature (Fig. 9).

1200

1100 4
1000

Stress (MPa)

—— Heat-treated at 820 °C
——Heat-treated at 850 °C
—— Heat-treated at 880 °C
— Base material

T T T T T
0 10 20 30 40 50

% Elongation

Fig. 8. Tensile test graph.

Microstructural Investigation

FESEM (Field Emission Scanning Electron
Microscopy) microstructure examination of
AISI 4140 steel was carried out. According to
the results of the FE-SEM analysis, untreated
4140 steel has a ferritic microstructure like the
general structural steel microstructure (Fig 9a).
After the heat treatment, a martensitic
structure was observed after the phase
transformation in the microstructure in Fig.
Ob-d. It was determined that the martensitic
needle-like geometries increased from Fig 9b
to Fig 9d as the heat treatment process
temperature increased. Structures formed by
the combination of grain boundaries are also
observed in Fig 9c-d. Elongated lathes were
formed at 850 °C in Fig 9c. These structures
were further developed at 880 °C. The increase
of these needle structures and formed lath
martensite formed in the microstructure and
observed in Fig 9 increased the strength while
decreasing the ductility. Maximum strength
was also obtained at 880 °C, where the lathe
size reached its maximum [5][11]. Sarag et al.
[1] performed a heat treatment process on
4140 steel and observed that the change in
hardness, tensile and yield strength values is
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related to the phase transformation occurring

Fig. 9. FESEM microstructure of AISI 4140 a) Base material (1.00KX magnification) b) Heat-treated at 820

°C (3.00KX magnification) ¢) Heat-treated at 850 °C (2.00KX magnification) d) Heat-treated at 880 °C
(3.00KX magnification).

CONCLUSION

In this study, the effect of different heat
treatment process temperatures on mechanical
and microstructural properties was
investigated on tensile samples for AISI 4140
steel. It was determined that different process
temperatures were effective on strength and
microstructure. Obtained results are listed
below.

1. The lowest hardness value was
determined in the samples that were
base material as 11 HRC. The highest
hardness was determined as 32 HRC in
the tempered samples. Strength and
hardness increased with increasing heat
treatment temperature.

2. The tensile strength of AISI 4140 base
material without heat treatment was
determined as 654.162 MPa. The
maximum  tensile  strength  was
determined in the material that was

heat-treated at 880 °C and tempered at
600 °C temperature. It was observed
that the ductility decreased. It was
concluded that the temperature
parameter in the heat treatment process
influences the strength.

According to the FESEM analysis
microstructure results, it was observed
that the microstructure changed from
ferritic to martensitic after heat
treatment process. In addition, it was
determined that the hardness and tensile
strength values of the martensitic
structure increased.

Heat treatment at different temperatures
revealed a difference of ~30 MPa in the
tensile strength of the materials. An
increase of ~56.29% was observed
compared to the untreated condition.
The production of light-weight systems
in industry and material saving can be
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achieved with the help of the heat
treatment process.

REFERENCES

[1]

[2]

[3]

[4]

E. Sarag, N.A. Ozbek, Investigation of the
Effects of Tempering Heat Treatment
Temperatures on Mechanical Properties of
AISI 4140 Steel, Diizce Universitesi Bilim
ve Teknol. Derg. 7 (2019) 1574-1586.
https://doi.org/10.29130/dubited.538237.
M.M. Bilal, K. Yaqoob, M.H. Zahid, E.U.
Haq, W.H. Tanveer, A. Wadood, B.
Ahmed, Effect of austempering conditions
on the microstructure and mechanical
properties of AISI 4340 and AISI 4140
steels, J. Mater. Res. Technol. 8 (2019)
5194-5200.
https://doi.org/10.1016/j.jmrt.2019.08.042.
A. Aytag, M.S. Isik, B. Canakci, T.
Ozdemir, K. Aztetin, H. 1pek, Investigation
of  Microstructure and  Mechanical
Properties of Heat Treatment, Carbon Ratio
and Alloying Elements in AISI 1008, 1040
and 4140 Steels, J. Def. Sci. 17 (2018) 139—
165.
https://doi.org/10.17134/khosbd.477252.

G. Irsel, B.N. Giizey, Comparison of laser
beam, oxygen and plasma arc cutting
methods in terms of their advantages and
disadvantages in cutting structural steels, J.
Phys. Conf. Ser. 2130 (2021) 012022.
https://doi.org/10.1088/1742-
6596/2130/1/012022.

B. Laxmi, S. Sharma, J. PK, A. Hegde,
Quenchant oil viscosity and tempering
temperature effect on mechanical properties
of 42CrMo4 steel, J. Mater. Res. Technol.
16 (2022) 581-587.
https://doi.org/10.1016/j.jmrt.2021.11.152.
H.K. Celik, I. Akinci, Analytical and Finite
Element Method Based Stress Analysis of
Rotary Elements: Case Study for the
Motion Transmission Gears of a Rotary
Drum Mower, J. Fail. Anal. Prev. 16 (2016)
293-301.  https://doi.org/10.1007/s11668-
016-0084-3.

G. Irsel, Study of the microstructure and
mechanical property relationships of
shielded metal arc and TIG welded S235JR
steel joints, Mater. Sci. Eng. A. 830 (2021)
142320.
https://doi.org/10.1016/j.msea.2021.142320

A.B. Ozturan, G. irsel, B.N. Giizey, Study
of the microstructure and mechanical
property relationships of gas metal arc
welded dissimilar Hardox 450 and
S355J2C+N steel joints, Mater. Sci. Eng. A.

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

(2022) 143486.
https://doi.org/10.1016/j.msea.2022.143486.
M. Demirgezen, M. Bayrak, O. Fahrettin,
Investigations of the effect heat treatment
on material properties of DIN 4lcr4 and
42CrMo4 steels, (2006).

W.D. Callister, D.G. Rethwisch, Materials
Science and Engineering - An Introduction
(5th edition), 1999.
https://doi.org/10.1108/aeat.1999.12771fae.
004.

H. Berns, W. Theisen, Ferrous materials:
Steel and cast iron, 2008.
https://doi.org/10.1007/978-3-540-71848-2.
Y.Y. Ozbek, Surface properties of AISI
4140 steel modified by pulse plasma
technique, J. Mater. Res. Technol. 9 (2020)
2176-2185.
https://doi.org/10.1016/j.jmrt.2019.12.048.
G. lrsel, Strength-based design of a
sunflower stalk cutter machine design using
finite element analysis and experimental
validation, Proc. Inst. Mech. Eng. Part C J.
Mech. Eng. Sci. 236 (2022) 1147-1168.
https://doi.org/10.1177/0954406221105974
1.

F. Karpat, C. Yuce, Experimental
measurement and numerical validation of
single tooth stiffness for involute spur
gears, 150 (2020).
https://doi.org/10.1016/j.measurement.2019
.107043.

M. Kam, H. Saruhan, The Effect of Deep
Cryogenic  Treatment with  Different
Holding Times on the Mechanical
Properties of AISI 4140 (42CrMo4) Steel,
Diizce Universitesi Bilim ve Teknol. Derg.
9 (2021) 278-292.

N.S. Koksal, M. Uzkut, B.S. Unli,
Differences in Mechanical Properties of
Steels of Different Carbon Concentration
by Heat Treatment, DEU Fac. Eng. J. Sci.
Eng. (2004) 95-100.

D. Senthilkumar, I. Rajendran, M.
Pellizzari, J. Siiriainen, Influence of
shallow and deep cryogenic treatment on
the residual state of stress of 4140 steel, J.
Mater. Process. Technol. 211 (2011) 396—
401.
https://doi.org/10.1016/j.jmatprotec.2010.1
0.018.

M. Uzkut, I. Ozdemir, The investigation of
the effect of various heating rates on the
mechanical properties of different steels,
Dokuz Eyliil Universitesi Miihendislik
Fakiiltesi Fen ve Miihendislik Derg. 3
(2001) 65-74.

11-99

International Scientific Conference “UNITECH 2022 — Gabrovo



[19]

[20]

[21]

[22]

G. Balik¢i, Investigation of Hot Forged
Characteristic of AISI 4140 Steel, (2016).
A. Calik, Effect of cooling rate on hardness
and microstructure of AISI 1020, AISI
1040 and AISI 1060 Steels, Int. J. Phys.
Sci. 4 (2009) 514-518.

K.P. Balan, A. Venugopal Reddy, D.S.
Sarma, Austenite precipitation during
tempering in 16Cr-2Ni martensitic stainless
steels, Scr. Mater. 39 (1998) 901-905.
https://doi.org/10.1016/S1359-
6462(98)00267-X.

B.M. Gurumurthy, M.C. Gowrishankar, S.
Sharma, A. Kini, M. Shettar, P. Hiremath,
Microstructure authentication on
mechanical property of medium carbon

[23]

Low alloy duplex steels, J. Mater. Res.
Technol. 9 (2020) S105-S111.
https://doi.org/10.1016/j.jmrt.2020.03.027.
S.S. Nayak, R. Anumolu, R.D.K. Misra,
K.H. Kim, D.L. Lee, Microstructure-
hardness relationship in quenched and
partitioned medium-carbon and high-carbon
steels containing silicon, Mater. Sci. Eng.
A. 498 (2008) 442-456.
https://doi.org/10.1016/j.msea.2008.08.028.
C.C. Silva, V.H.C. De Albuquerque, C.R.O.
Moura, W.M. Aguiar, JP. Farias,
Evaluation of AISI 4140 steel repair
without post-weld heat treatment, J. Mater.
Eng. Perform. 18 (2009) 324-331.
https://doi.org/10.1007/s11665-008-9294-5.

II-100

International Scientific Conference “UNITECH 2022 — Gabrovo



	introduction
	exposition
	CONCLUSION
	REFERENCES

