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Abstract

The aim of this investigation was to compare the microstructural, mechanical and electrochemical corrosion characteristics
of 38CrSi steel with widely used AISI 4140 steel under various heat treatment processes to widen its field of applications.
Experimental steels 38CrSi and AISI 4140 were subjected to austenitizing at 900 °C for 30 min followed by annealing,
quenching in oil and quenching followed by tempering at 400 °C for 120 min. Microstructure of 38CrSi and AISI 4140
steels was characterized by light optical and scanning electron microscopy. Tensile, Charpy impact toughness and Rock-
well hardness testing techniques were used to evaluate the mechanical properties. Electrochemical corrosion behavior was
evaluated by a Tafel scan in tape water. Results show that microstructure of both steels comprised of ferrite and pearlite
after annealing, packets and blocks of lath martensite with retained austenite after quenching and tempered lath martensite
with retained austenite after quenching, and tempering with varying grain size distribution and volume fractions of different
phases. Hardness and tensile properties of both steels varied in quite identical manner, while impact toughness of both steels
varied in inverse manner. 38CrSi steel was found to be brittle, while AIST 4140 steel exhibited excellent properties under
all heat treatment processes. In 38CrSi, the corrosion rate decreases as compared to the as-received sample from 0.515 to
0.486 mpy in quenching and tempering heat treatment, while in AISI 4140 steel the corrosion rate decreases during quench-
ing from 0.620 to 0.472 mpy.
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Introduction

Heat treatments and manufacturing processes impact the
materials behavior during specific applications. Due to
this significant importance, many studies are carried out
in the last few years [1, 2]. Some researchers investigated
the influence of annealing processes on characteristics of
steels such as SCM435 steel [3], medium carbon steel [4],
30% Cr super ferritic stainless steel [5], Fe-Si steel [6],
Fe-25Cr-20Ni steel [7] and TRIP steel [8, 9], while some
focused on characteristics of steels like 30CrMnSiNi2A
steel [10], low-carbon martensitic steels [11], 718H steel
[12], 3Mn-Si—-Ni martensitic steel [13], Cr14 ultra-high-
strength steel [14], 2.25Cr-1Mo-0.25V steel [15], medium
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carbon bainitic steel [16], medium-Mn TRIP steels [17],
HSLA steel [18], reactor pressure vessel steel [19], 300M
steel [20], Aermet 100 steel [21], P92 steel [22], mooring
chain steel [23], X12CrMoW VNDbN10-1-1 steel [24], non-
quenched bainitic steel [25] and AISI 4140 steel [1, 2, 26]
under quenched and tempered conditions. 38CrSi steel is a
medium alloyed experimental steel used in manufacturing of
general machinery components due to its high hardness [27].
There is great need of investigating its characteristics under
various heat treatment processes in comparison to some
other widely used materials such as AISI 4140 steel which
is used in manufacturing of gears, bolts, couplings, spindles,
tool holders, sprockets, oil industry drill collars and tools
joints [26]. Xiong et al. [6] found that stress relief annealing
significantly lowered the dislocation densities and the low-
angle grain boundary percentages, refined grain sizes and
improved the hysteresis loops of Fe—Si steel. Xiong et al.
[7] reported that best amalgamation of mechanical proper-
ties of cryo-rolled Fe-25Cr—20Ni steel can be achieved by
annealing at temperature greater than 800 °C for 10 min. Xu
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et al. [8] reported that inter-critical annealing significantly
improves the tensile strength and slightly reduced elonga-
tion than one step annealing and transformed lathe austenite
into block like austenite in hot rolled medium manganese
TRIP steel containing 5-ferrite. Ma et al. [5] reported that
an increase in annealing temperature improves the strength,
hardness and reduces elongation of 30% Cr super ferrite
stainless steel. Similarly, Cheng et al. [3] also showed that an
increase in annealing temperature improves the spheroidiza-
tion ratio, mechanical properties and formability of SCM435
steel. On the other hand, Hafeez et al. [10] reported that
optimum amalgamation of characteristics of 30CrMnSiNi2A
steel achieved at 350 °C for 3 h of tempering temperature.
Martensite transformed into e-carbide, cementite, coars-
ened and spheroidized cementite, and ferrite and austenite
with increasing tempering temperature [9]. Wang et al. [9]
showed that quenching at 780 °C for 15 min gives the best
combination of tensile properties for hot rolled TRIP sheet
steel [13]. Zhang et al. [14] reported that an increase in
tempering temperature causes increasingly segregated car-
bides, an increase in tensile strength and decreases in yield
strength, elongation, impact toughness and fracture tough-
ness of Cr14 ultra-high-strength steel. Jiang et al. [15] found
that 0.5 h tempering improved, while 0.5-128 h tempering
reduced the strength and ductile to brittle transition tem-
perature of normalized samples greater than oil quenched
samples of 2.25Cr-1Mo-0.25 V steel. Kang et al. [16] found
that medium carbon bainitic steel gives the most suitable
combination of strength and toughness with specific plas-
ticity level at a 340 °C of tempering temperature. Li et al.
[17] reported that increasing annealing time lead to carbon
and manganese enrichment of austenite, deterioration of the
transformation-induced plasticity (TRIP) effect and reduc-
tion in dislocation density and work-hardening rates. The
quenching and tempering process caused enrichment of ele-
ments, stability of the TRIP effect and the best combination
of mechanical properties and high dislocation density in aus-
tenite. Lu et al. [28] reported that quenched 13% Cr marten-
sitic stainless steel exhibited a much higher pitting potential
than tempered steel. A gradual reduction in pitting potential
was observed with the increase in tempering temperature. At
500 °C, tempering significantly reduced corrosion resistance
of the steel. Before undergoing practical use, almost all the
steels subjected to some heat treatment process to achieve
suitable amalgamation of mechanical properties. Since the
working temperature can vary from a low to sufficiently high
value, which may cause alteration in microstructure along

with composition in the adjacent region. This alteration can
result in modification of mechanical properties, pitting sen-
sitization and reduction in corrosion resistance [28]. There-
fore, there is a great need for investigating the effect of heat
treatment processes on mechanical and electrochemical cor-
rosion properties of steels. In the present work, the effect of
heat treatment on microstructure, mechanical properties like
tensile properties, impact toughness and hardness of 38CrSi
and AISI 4140 steels was investigated. Tafel scanning was
also carried out to analyze the variation in polarization and
corrosion behavior under various heat treatments.

Experimental Work
Material

38CrSi and AISI 4140 steels were obtained in the form of
30 mm diameter rods produced by melting in a vacuum
induction furnace, casting in a continuous casting machine
and rolling into final shape. The chemical composition of
these steels is given in Table 1. Wet sectioning was carried
out to cut 152.4-mm-long pieces for subsequent heat treat-
ment processes.

Heat Treatment

The samples of 38CrSi and AISI 4140 were austenitized at
900 °C for 30 min. Three samples were annealed by furnace
cooling, three were quenched by immersing in Quench 310
oil, and three were quenched in the same manner and tem-
pered at 400 °C for 120 min. The schematic heat treatment
cycles are shown in Fig. 1. After heat treatment, all the sam-
ples were degreased in an alkaline cleaning solution of 10%
NaOH solution for 10 min at 60 °C.

Microstructure Analysis

For microstructure analysis, samples were cut by wet sec-
tioning into 10X 10x 10 mm samples then ground manually
on P60, P120, P220, P400, P600, P800 and P1000 grades
of silicon carbide (SiC) papers and polished on automatic
polisher (Ecomet 250 Grinder Polisher, USA). For rough
polishing, a nylon cloth with diamond pastes of 3 and 6
microns was used, whereas for fine polishing, velvet cloth
with diamond pastes 0.25 and 1 microns was used. Sam-
ples were then etched in freshly prepared 2% nital for 15 s,

Table 1 Chemical composition

N Material C Mn Cr Mo S P
of steels (Wt.%)
38CrSi 0.40 1.01 0.57 1.36 0.07 0.02 0.01
AIST 4140 0.40 0.22 0.90 1.00 0.20 0.03 0.02
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Fig. 1 Heat treatment cycles applied on 38CrSi and AISI 4140

rinsed in ethanol and dried by a hot air dryer. Microstructure
evaluation was performed on light optical microscope (Leica
Model DM 15000M, Germany) and scanning electron micro-
scope (Hitachi SU-8000 Japan).

Mechanical Testing

Hardness testing was performed on polished samples of
dimension 10X 10x 10 mm by a Rockwell hardness tester
(Insize ISH-R150, China) under diamond cone indenter with
load of 1471 N for 10 s on Rockwell hardness scale ‘C.’
The hardness value was calculated by taking the average of
three readings. For tensile testing, rods were machined into
samples of gauge length 50.8 mm, gauge diameter 12.7 mm,
fillet radius 9.525 mm and reduced section length 57.15 mm
according to the ASTM EB8 standard. Testing was performed
on a computer control universal testing machine (Kelson’s,
India). For impact testing, samples of length 75 mm, square
cross section of side length 10 mm, notch depth 2 mm, notch
angle 45° and notch to edge distance 28 mm were designed
according to the ASTM E23 standard. Impact testing was
performed on a Charpy impact tester (Avery Denison, USA)
under a load of 300 J.

Electrochemical Corrosion Testing

The working electrode was connected with copper wire
for electrical connection by soldering and cold mounted
in polyester resin by exposing 1 cm? surface area. Before
electrochemical corrosion testing, the working electrodes
were ground to P220, P600, P800 and P1000. Tape water
(pH 7.55, conductivity 239 uS cm™!, TDS 155 mg L™,
hardness 90 mg L~!, chloride 7 mg L~!, bicarbonates
110 mg L', sulfates 21 mg L™") was used as an electrolyte

for electrochemical corrosion testing at room temperature.
Saturated calomel was used as a reference, and platinum
wire was used as the counter electrode in three electrode
cell system coupled with an Autolab potentiostat (Metrohm
PG30, Netherlands). Tafel scanning was used to investigate
the polarization behavior and corrosion kinetics in tape
water.

Results and Discussion
Microstructure

Micrographs of 38CrSi and AISI 4140 steels captured by
light optical and scanning electron microscopes after vari-
ous heat treatment processes are illustrated in Figs. 2, 3,
4 and 5. Microstructures of as-received 38CrSi and AISI
4140 steels comprised of pearlite randomly distributed in
the matrix of ferrite with a difference of grain size. 38CrSi
steel contains larger grains than AISI 4140 steel as presented
in Fig. 2a and b. The presence of these phases was validated
by high-magnification SEM micrographs Fig. 3a and b. As
a result of austenitizing, microstructure of both steels fully
transformed into austenite. The annealing process produced
uniformly distributed pearlite in the matrix of ferrite with
pearlite in larger fractions as previously reported by Lu et al.
[4]. At this stage, phases become clear and easy to identify
Figs. 2¢, d and 3c, d.

After quenching of both steels, austenite partially trans-
formed into packets and blocks of lath martensite along
with fractions of retained austenite in accordance with the
work of Zhang et al. [14] as presented in Fig. 4a and b and
high-magnification SEM micrographs Fig. 5a and b. Tem-
pering is performed on steel after quenching to achieve sta-
ble tempered martensite and retained austenite along with
precipitation of secondary phases causes improved material
properties [14]. When the quenched samples are tempered
at 400 °C, excess carbon in the supersaturated lath mar-
tensite diffuses out, precipitation of secondary phases like
epsilon carbides or cementite occurred, and stable tempered
martensite achieved in accordance with [2, 16, 18, 21] as
presented in Figs. 4c, d and 5S¢, d.

Mechanical Properties
Tensile Properties

Variation in tensile properties of 38CrSi and AISI 4140
with various heat treatment processes is plotted in Table 2.
Tensile properties of both steels are observed to be highly
dependent on heat treatments and resulting microstructures.
In the as-received (AR) condition, 38CrSi steel exhibited
better tensile strength (944 MPa), significantly higher
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Fig.2 Optical micrographs of AISI 4140 and 38CrSi (a, b) as received, (¢, d) annealed at X 1000 magnification

elongation (17%) and reduction in area (54%) than AISI
4140. 38CrSi steel which is attributed to the larger frac-
tions of ferrite with pearlite in finer grain size than AISI
4140. Tensile strength of both steels slightly reduced after
annealing (A) due to the uniform distribution and coarsen-
ing of ferrite and pearlite grains. Elongation and reduction
in area of annealed AISI 4140 (20 and 54%) are significantly
improved because it contains ferrite in greater fractions,
while in case of 38CrSi it was reduced which is due to the
greater fractions of pearlite. When these steels are subjected
to oil quenching (Q), they exhibit improved strength, and
significantly reduced elongation and reduction in area due
to the formation of packets and blocks of lath martensite
which is brittle in nature. Tempering of AISI 4140 steel at
400 °C results in significant improvement in tensile strength
(1583 MPa), elongation (7%) and reduction in area (45%)
compared to quenched steel which is due to the diffusion
of excess carbon from martensite into austenite and sec-
ondary phase particles, and interaction of secondary phase
carbides with dislocation as previously described by Kang
et al. [16]. The behavior of 38CrSi steel after quenching
and tempering (QT) was similar to AISI 4140 for tensile
strength as it improved to (1703 MPa) but was quite different
in case of elongation and reduction in area showing slight

@ Springer

improvement to 1.47 and 4.55%, respectively. This unusual
behavior might be due to the higher percentage of chromium
and silicon which caused brittleness of material.

Impact Toughness

Impact toughness reflects the resistance of metal materials
to external shock loads. Steel with a poor toughness has a
low impact toughness value [14]. The behavior of 38CrSi
steel under impact loads is quite different from AISI 4140
steel as shown in Fig. 6. In the as-received (AR) condi-
tion, 38CrSi and AISI 4140 steels show a similar impact
toughness of 14 and 18 J, respectively. After annealing (A)
experimental steels showed the inverse behavior as 38CrSi
became more brittle showing reduced impact toughness of
10 J while AISI 4140 became fully ductile showing maxi-
mum impact toughness of 40 J which is due to the pres-
ence of greater percentage of Cr with sufficient amount of
Mn in 38CrSi which enhance the fractions of pearlite and
make this steel more brittle, while in AISI 4140 formation
of sufficient fractions of ferrite makes this steel more ductile.
During quenching (Q) which always caused brittleness in
steels, impact toughness reduced for 38CrSi and AISI 4140
steels after quenching (Q) as 8 and 21 J, respectively. The
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Fig.3 SEM images of AISI 4140 and 38CrSi (a, b) as received, (¢, d) annealed

38CrSi steel showed extreme brittle behavior in quenched
form which is attributed to the formation of supersaturated
lath martensite in excess fractions. On the other hand, AISI
4140 steel showed a moderate level of impact toughness
after quenching (Q) due to lower fractions of lath martensite
than 38CrSi steel. Quenching and tempering process (QT)
reduced the brittleness and improved the impact toughness
for both steels by transferring the excess carbon from lath
martensite to austenite or secondary phases.

Hardness

The Rockwell hardness results of 38CrSi and AISI 4140 steels
after annealing, quenching and quenching-tempering processes
are shown in Fig. 7. It can be observed that in as-received (AR)
samples of both steels possess moderate hardness values, but
38CrSi steel (22 HRC) has lower hardness value than AISI
4140 steel (28 HRC) which is attributed to the presence of
greater percentage of silicon in 38CrSi steel which suppress
the formation of carbides results in larger fractions of ferrite
and lower fractions of pearlite with larger grain size, while in
AISI 4140 due to presence of Mo and Mn in greater percent-
age which promotes hardness in the as-received form. After

annealing (A), hardness values reduced for both steels, but
38CrSi steel exhibited less reduction in hardness than AISI
4140. It is due to the fact that the larger volume fractions of
pearlite formed due to higher percentage of chromium and
silicon in 38CrSi, while in AISI 4140 steel the formation of
sufficient fractions of ferrite caused significant reduction in
hardness. After quenching (Q), a drastic increase in hardness
was observed which is caused by the formation of packets
and blocks of lath martensite. 38CrSi (53 HRC) shows greater
hardness in the quenched condition than AISI 4140 (49 HRC)
due to the presence of a greater percentage of Cr and Si with
a sufficient amount of Mn which promotes the formation of
martensite Fig. 7. When the steels were quenched and tem-
pered (QT) at 400 °C, hardness of both steels reduced due to
the decomposition of martensite, and retained austenite, and
formation of secondary phase carbides [2, 16, 18, 21].

Electrochemical Corrosion Properties
Tafel scans of 38CrSi and AISI 4140 after various heat treat-

ments in tape water are shown in Fig. 8. The polarization
behavior was evaluated in the potential range of —0.25 to
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Fig.4 Optical micrographs of AISI 4140 and 38CrSi (a, b) quenched, (¢, d) quenched and tempered at x 1000 magnification

0.25 V with respect to open circuit potential with a scan rate
of 1 mV/s. The kinetic parameters were calculated by a Tafel
extrapolation method using NOVA 2.1 software as shown
in Table 3. According to the Butler—Volmer relation [29]:

fet = io{eXp (ﬁa;—;na)l — exp [—(1 - B.) Z—?nc] }

where ‘f,” and ‘g, are the anodic and cathodic Tafel con-
stants. ‘z,” and ‘5.’ represent the anodic and cathodic polari-
zation of the metal surfaces during Tafel extrapolation.
The electrochemical corrosion behavior of both 38CrSi
and AISI 4140 changes with different heat treatment. /.
and E_, are the corrosion current density and potential,
respectively. The anodic and cathodic polarization slope
of the Tafel scan is represented by f, and S, respectively.
In the case of as-received (AR) condition, 38CrSi has
a f, value of 83 mV decade™! greater as compared to
64 mV decade™! of AISI 4140 which shows that in the
as-received condition the 38CrSi has less metal dissolu-
tion as compared to AISI 4140. The corrosion current
density of 38CrSi which is 1.129 pA cm~2 results in a
lower corrosion rate of 0.515 mpy as compared to AISI
4140 with 1.357 uA cm~2 and 0.620 mpy. The higher
current density resulting in a higher corrosion rate is
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according to Butler—Volmer relation [29]. 38CrSi micro-
structure shows a larger grain size than AISI 4140 in the
as-received condition and a random distribution of pearl-
ite in the matrix of ferrite so its corrosion rate decreases
due to fewer grain boundaries. As both the steels were
annealed in the same conditions then due to furnace cool-
ing the grain size increases, but amount of pearlite in the
matrix of ferrite also increases as shown in Fig. 2¢ and
d. The ferrite content in the microstructures of the steel
will increase the corrosion rate [30]. In the case of 38CrSi
steel after annealing (A), the increase in the corrosion rate
to 0.678 mpy from 0.515 mpy in the as-received condition
is due to an increase in the ferrite content, while for AISI
4140 after annealing (A) the grain size increase results in
a decrease of 0.523 mpy from 0.620 mpy compared to the
as-received condition. When both steels were quenched
in oil, due to fast cooling rate the martensite and austen-
ite phases are formed as shown in Fig. 3a and b which
reduces the corrosion rate as compared to the as-received
samples [30]. After quenching, in 38CrSi steel the corro-
sion rate decreases to 0.495 mpy compared to 0.515 mpy
in the as-received condition which means the heat treat-
ment will affect the electrochemical corrosion behav-
ior significantly. But in AISI 4140 steel the corrosion
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Fig.5 SEM images of AISI 4140 and 38CrSi (a, b) quenched, (¢, d) quenched and tempered

Table 2 Tensile properties of 38CrSi and AIST 4140

Samples ID Tensile strength Elongation (%) Reduction
(MPa) in area (%)

38CrSi

AR 943.609 16.86 54.58

A 854.947 14.49 34.58

Q 1030.610 0.64 1.58

QT 1703.223 1.47 4.55
AISI 4140

AR 782.650 3.76 3.25

A 760.976 19.72 54.33

Q 1035.631 0.44 1.44

QT 1582.654 7.05 45.13

rate significantly decreases after quenching from 0.620
to 0.472 mpy due to the formation of lath martensite
and austenite phases. The presence of lath martensite
increases the hardness, so in many applications the high
hardness increases the deterioration of steel component.
So quenching and tempering was performed to over-
come this problem. After quenching and tempering, the

40 A

T
AISI 4140
38CrSi 1

30 A

25

15

Impact Toughness(J/cmz)
=
1

AR A Q QT

Fig.6 Impact toughness profile of 38CrSi and AISI 4140 under vari-
ous heat treatments

corrosion rate in 38CrSi further decreases to 0.486 mpy,
while in AISI 4140 it increases to 0.778 mpy. So, the
quenching and tempering has adverse effect on the elec-
trochemical corrosion behavior of AIST 4140.
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Table 3 Kinetic parameters of heat-treated 38CrSi and AISI 4140

Samples B, (mV/ B, (mV/ I

corr E . (mV) Corrosion

dec- dec- (LA cm™?) rate (mpy)
ades) ades)
38CrSi
AR 83 105 1.129 —-734 0.515
A 100 119 1.483 —-760 0.678
Q 71 84 1.084 -719 0.495
QT 68 99 1.064 —645 0.486
AISI 4140
AR 64 119 1.357 —758 0.620
A 80 101 1.146 - 697 0.523
Q 111 137 1.035 —-679 0.472
QT 106 128 1.701 —693 0.778
Conclusion

Microstructural, mechanical and electrochemical corrosion
properties of 38CrSi steel were systematically compared
with AISI 4140 steel as a function of various heat treat-
ment processes. Significant variations in characteristics
were observed for all heat treatment processes. The follow-
ing conclusions can be extracted from this investigation:

1. After an annealing process, 38CrSi possessed larger
fractions of pearlite and smaller fractions of ferrite
than AISI 4140; therefore, it exhibited slightly greater
hardness, tensile strength, corrosion resistance and suf-
ficiently lower elongation, reduction in area and impact
toughness. The behavior of 38CrSi was observed to be
brittle after annealing.

2. After a quenching process, slightly larger fractions of
packets and blocks of lath martensite with smaller frac-
tions of retained austenite produced in 38CrSi are com-
pared to AISI 4140 steel and showed slightly greater
hardness, almost equal tensile strength, elongation and
reduction in area but significantly lowered impact tough-
ness

3. After a quenching and tempering process, diffusion of
carbon from lath martensite into austenite and second-
ary phase particles results in improved strength, impact
toughness and reduced elongation, reduction in area
and Vickers hardness in 38CrSi and AISI 4140 steels as
compared to the as-received condition.

4. 38CrSi steel is more brittle than AISI 4140 steel on the
basis of impact toughness behavior under all heat treat-
ments.

5. Quenching and tempering heat treatment technique
reduced the corrosion rate of 38CrSi compared to as-
received sample.
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