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Abstract: Thermomechanical cyclic quenching and tempering (TMCT) can strengthen steels through a grain size reduction mechanism. The
effect of TMCT on microstructure, mechanical, and electrochemical properties of AISI 1345 steel was investigated. Steel samples heated to
1050°C, rolled, quenched to room temperature, and subjected to various cyclic quenching and tempering heat treatments were named TMCT-1,
TMCT-2, and TMCT-3 samples, respectively. Microstructure analysis revealed that microstructures of all the treated samples contained pack-
ets and blocks of well-refined lath-shaped martensite and retained austenite phases with varying grain sizes (2.8—7.9 um). Among all the tested
samples, TMCT-3 sample offered an optimum combination of properties by showing an improvement of 40% in tensile strength and reduced
34% elongation compared with the non-treated sample. Nanoindentation results were in good agreement with mechanical tests as the TMCT-3
sample exhibited a 51% improvement in indentation hardness with almost identical reduced elastic modulus compared with the non-treated
sample. The electrochemical properties were analyzed in 0.1 M NaHCO; solution by potentiodynamic polarization and electrochemical imped-
ance spectroscopy. As a result of TMCT, the minimum corrosion rate was 0.272 mm/a, which was twenty times less than that of the non-
treated sample. The impedance results showed the barrier film mechanism, which was confirmed by the polarization results as the current dens-
ity decreased.

Keywords: thermomechanical treatment; cyclic heat-treatment; nanoindentation; potentiodynamic polarization; electrochemical impedance

spectroscopy

1. Introduction

Several industrial applications, particularly automotive in-
dustries, are demanding economical steels with superior
strength, ductility, and impact toughness to manufacture
lightweight structural components [1-4]. These properties
can be achieved by producing stable and ultrafine grained
microstructures [5]. For this purpose, several techniques, i.e.,
microalloying (of cobalt, copper, and boron in steel composi-
tion) [6], oxide dispersion strengthening technique [7-8],
high-pressure torsion, equal channel angular pressing, accu-
mulative roll bonding [5,9], controlling initial microstructure,
austenitizing temperature, and austenitizing time [10], ther-
momechanical treatment (TMT) [11], and cyclic heat treat-
ments [12], have been reported.

TMT is a well-recognized, economical, and efficient
method of stabilizing and refining microstructure through
bulk recrystallization of nanoscale My;Cs and MX-type
carbide/carbonitride particles and nano sized subgrain
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boundaries in the matrix [7-8,13]. TMT has become the fo-
cal point for producing high-strength steels without altera-
tion in composition in the last few years. In TMT, steel is
heated to a sufficiently high temperature of about 1100°C,
hot rolled into bars or rods, and quenched to room temperat-
ure [14]. The final microstructure, obtained after TMT, com-
prises refined martensite, retained austenite, and nanoscale
carbide/carbonitride particles, resulting in significantly im-
proved mechanical properties [15].

Cyclic heat treatment is also well-known economical
method used for microstructural refinement [16]. Cyclic heat
treatment involves repetition of austenitization [17-20], an-
nealing [21], quenching [22], and tempering [23] processes.
Several steels such as 9CrWVTiN steel [23], 5Cr steel [10],
AISI 4140 steel [12], SCRAM steel [24], 16Cr-2Ni steel
[17], high carbon-bearing steel [22], 0.34C-containing low-
alloy Ni-Cr—Mo-V steel [18], P92 steel [19], and AISI D2
tool steel [20] have been investigated under cyclic heat treat-
ment. Thus, significantly refined microstructure and im-
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proved mechanical properties have been achieved. However,
AISI 1345 steel has not been investigated under thermo-
mechanical or cyclic heat treatments. AISI 1345 steel is one
of the well-known steels used in manufacturing bolts and
wear rings for different applications [5].

Bicarbonates are electroactive species that exist in the at-
mosphere, water, oil, and gas in small amounts and interact
with metallic structures through both anodic and cathodic re-
actions. Corrosion of the steel structure in the bicarbonate en-
vironment is a substantial issue [25-26]. In industrial prac-
tice, several failures due to bicarbonate-induced corrosion
have been reported [27-28]. Previous research described
scale formation in the presence of bicarbonates on bare steel
surface [29-32]. Wang and Atrens [33] explained the stress
corrosion cracking mechanism in steel due to carbonate/bi-
carbonate ions and high pH electrolyte. Oskuie et al. [34]
suggested that the critical current density during active to
passive transition in carbonate/bicarbonate electrolyte indic-
ates the initiation of stress corrosion cracking. Most of the
previous researches were carried out on API X-series, i.e., X-
65, X-70, X-80, and X-100, in near neutral and high pH car-
bonate/bicarbonate solutions [24,35-37]. In the present work,
combinations of thermomechanical treatments and cyclic
heat treatments were applied on AISI 1345 steel, and their ef-
fects on microstructure, mechanical, and electrochemical
properties were investigated.
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2. Experimental
2.1. Production of steel

AISI 1345 steel was cast on the laboratory scale in rod
form. The chemical composition of the cast steel is given in
Table 1.

Table 1. Chemical composition of AISI 1345 steel ~ wt%
C Si Mn S P Fe
0.45 0.37 1.78 0.017 0.002 Balance

2.2. Thermomechanical cyclic heat treatments

In thermomechanical cyclic heat treatment (TMCT), AISI
1345 cast steel rods were first heated to 1050°C for 120 min
and then subjected to the rolling process. These rods were
rolled into sheets of 5 mm thickness through multiple passes,
followed by oil quenching. After rolling, sheets were subjec-
ted to three types of cyclic heat treatments (TMCT-1, TMCT-
2, and TMCT-3), as illustrated in Fig. 1. In TMCT-1, steel
was austenitized at 900°C for 30 min, oil quenched to room
temperature, low-temperature tempered at 200°C for 60 min,
and air-cooled to room temperature. This steel was then re-
austenitized at 900°C for 30 min, oil quenched to room tem-
perature, high-temperature tempered at 550°C for 60 min,
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Fig. 1.
quenching; A.C—Air cooling).

Thermomechanical cyclic heat treatments applied to AISI 1345 steels: (a) TMCT-1; (b) TMCT-2; (¢) TMCT-3 (0.Q—Oil
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and oil quenched to room temperature. In TMCT-2, steel was
first austenitized at 900°C for 30 min, oil quenched to room
temperature, re-austenitized at a relatively lower temperature
of 860°C for 30 min, oil quenched to room temperature,
high-temperature tempered at 550°C for 60 min, and oil
quenched to room temperature. In TMCT-3, steel was sub-
jected to a cycle of austenitization at 900°C for 30 min, oil
quenching for three times, and a final high-temperature tem-
pering at 550°C for 60 min, followed by oil quenching to
room temperature. For the quenching process, martensite
start temperature (Ms) was determined by the Nehernberg
equation [38]:
Mg =498.9 -300Wc —33.3Wyy, —22.2We—

16.7Wxi —11.1 (Wg; + W) 1)

where We, Wy, Wer, Wi, Wi, and Wy, are the weight frac-
tions of C, Mn, Cr, Ni, Si, and Mo, respectively.

2.3. Microstructure analysis

For metallography, TMCT sheets were wire cut into di-
mensions of 1 cm x 1 cm x 0.5 cm. All samples were manu-
ally ground on SiC grinding papers grades P100, P200, P400,
P600, P800, and P1000, and then polished on an automatic
polisher (Struers Tegrapol-15 Grinder/Polisher, USA) with
nylon and velvet cloths by using diamond pastes of grades 6,
3, 1, and 0.25 um. Samples were then etched in 3vol% nital
solution for 15 s. Microstructure was analyzed on an optical
microscope (Leica Model DM-15000M, Germany) at 500%
and scanning electron microscope (SEM, FEI brand model
Inspect S50) at 2500x magnification. Grain size analysis was
also carried out on the 100x magnification optical micro-
graphs according to the ASTM E-112 standard.

2.4. Mechanical testing

To evaluate the effect of TMCT on the mechanical prop-
erties of AISI 1345 steel, hardness and tensile tests were per-
formed. Rockwell hardness testing was carried out using a
Rockwell hardness tester (Insize ISH-R150, China) with a
diamond indenter and 980.67 N load. Five readings were
taken and averaged to obtain the final value for each sample.
For tensile testing, samples were machined and tested ac-
cording to the ASTM E-8 standard.

2.5. Nanoindentation analysis

Nanoindentation analysis was also performed using a
nanoindentation tester (CSM-international NHTX S/N: 01-
2569, USA) to evaluate the micromechanical properties of
AISI 1345 steel after TMCT. Tests were carried out in load
control mode at a uniform loading/unloading rate of 200
mN/min up to a maximum load of 100 mN with a three-sided
pyramidal diamond tip (Berkovich BJ-48, USA) having a
nominal angle of 65.3° and diameter of 200 nm. For in-situ
examination of the multiphase microstructure during analys-
is, a scanning probe microscope attached with a nanoindent-
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ation tester was used. For each sample, three readings were
measured and averaged to obtain the final value.

2.6. Electrochemical analysis

Electrochemical properties of TMCT steels were investig-
ated in 0.1 M NaHCO; solution. Samples were mounted on a
specially designed copper sample holder using epoxy resin
exposing one side (1 cm?) to the electrolyte. Corrosion kinet-
ics, mechanism, and polarization behavior of TMCT samples
were analyzed at 35°C on potentiostat (Gamry Interface
1000, USA). Ag/AgCl electrode (with saturated KCI electro-
lyte) was used as reference, while graphite rod and TMCT
samples were used as counter and working electrodes, re-
spectively, in a three-electrode cell system by maintaining
distance (~1 mm) between working and reference electrode
using luggage probe to avoid short circuit. Open circuit po-
tential (OCP) was run for 1 h to stabilize the potential and
maintain the equilibrium between working electrode and
electrolyte. Electrochemical impedance spectroscopy (EIS)
was obtained at £5 mV effective AC potential amplitude
versus OCP in a frequency range of 100 kHz to 10 mHz. Po-
tentiodynamic polarization curves were obtained by polariz-
ing the working electrode in a potential range of 500—1500
mV versus OCP at a scan rate of 5 mV-s .

3. Results and discussion
3.1. Microstructure analysis

Macroscopic grain structures of all the non-treated and
TMCT AISI 1345 steel samples are schematically presented
in Fig. 2. From Fig. 2, the microstructures of AISI 1345 steels
were significantly altered after TMCTs. Optical and SEM
micrographs of all the samples are illustrated in Figs. 3 and 4,
whereas the corresponding grain sizes are plotted in Fig. 5.

In the non-treated form, AISI 1345 steel possessed a
coarse-grained (31.8 pum) microstructure that comprised a
lamellar pearlite (P) phase and body-centered cubic (bec) fer-
rite (o) phase (Figs. 3(a) and 3(b)). Pearlite phase was ob-
served to be non-homogeneously segregated in the matrix of
the ferrite phase. In TMCT, TMT treatment involved hot
rolling, compressing the grains of all treated samples equally,
and reducing the intergranular spacing. Subsequent cyclic
heat treatments refined the grain sizes through microstructur-
al phase transformation, as schematically presented in Fig. 2.

In the TMCT-1 sample, due to intermediate low-temper-
ature tempering at 200°C in the first stage, nucleation of fine
carbides in the matrix of martensite occurred, which provided
preferential sites for nucleation and growth and refined the
austenite phase during re-austenitization in the second stage.
The grain size of martensite after re-quenching is directly
proportional to the grain size of austenite before quenching
[2—4,12]. Therefore, after TMCT-1, a grain refined (7.9 pm)
microstructure comprising packets of martensite was ob-
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Fig.2. Schematics of macroscopic grain structures of (a) non-treated, (b) TMCT-1, (c) TMCT-2, and (d) TMCT-3 AISI 1345 steels.

Fig. 3. Microstructures of (a, b) non-treated and (¢, d) TMCT-1 AL

crographs.

tained. These packets contained blocks with the multi-vari-
ant crystallographic orientation, and the blocks consisted of
laths of martensite. As a sufficient content of manganese
(1.78wt%), as an austenite stabilizer, is present in the AISI
1345 steel, some fractions of austenite (y) were retained after
TMCT-1, as illustrated in Figs. 3(c) and 3(d); this result was
similar to the findings reported by Sanij et al. [12].

In the TMCT-2 sample, the first austenitization at high
temperature (900°C) dissolved an amount of coarse carbides
and produced coarse microstructures after the first quench-
ing. For grain refinement, re-austenitization at a relatively
lower temperature (860°C) was performed after the first
quenching. Re-austenitization followed by re-quenching can
produce a highly homogeneous and refined grained micro-
structure that possesses increased volume fraction of retained
austenite [10,24]. Therefore, in the current work, after

SI 1345 steel samples: (a, ¢) optical micrographs; (b, d) SEM mi-

TMCT-2, a highly refined grained (2.8 pm) microstructure
was obtained. This microstructure comprised packets and
blocks of martensite with increased volume fraction of re-
tained austenite (Figs. 4(a) and 4(b)).

In TMCT-3, the purpose of repeating austenitization at the
same temperature and oil quenching two times was to fully
eliminate carbides and refine the microstructure. Therefore,
the microstructure of TMCT-3 sample (5.6 um) was refined
than that of TMCT-1 sample but coarsened than that of
TMCT-2 sample, containing the same aforementioned
phases (Figs. 4(c) and 4(d)).

3.2. Mechanical properties

Microstructural grain refinement has a significant impact
on the mechanical properties of polycrystalline metals
[38-39]. Mechanical properties, i.e., tensile strength (TS),
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Fig. 4. Microstructures of (a, b) TMCT-2 and (¢, d) TMCT-3 AISI 1345 steel samples: (a, ¢) optical micrographs; (b, d) SEM mi-

crographs.
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Fig. 5. Plot of grain sizes of the microstructures of non-

treated (NT) and TMCT AISI 1345 steels.

yield strength (YS,,), elongation (er), reduction in area (R,),
and calculated TS X g; factor of non-treated and TMCT AISI
1345 steels are given in Table 2. In the non-treated form,
AISI 1345 steel exhibited a low TS (1090 MPa) and signific-
antly high elongation (29%). These results could be attrib-
uted to the bee ferrite and lamellar pearlite phases in the mi-
crostructure of non-treated AISI 1345 steel. The bec ferrite
phase is softer in nature and always offers low mechanical
properties, whereas pearlite is lamellar structure of ferrite and
cementite phases and offers relatively better but still lower
mechanical properties than the bec ferrite phase. In quenched
and tempered steels, strengthening can be improved accord-
ing to several mechanisms such as martensitic strengthening,
precipitation strengthening, solid solution strengthening, dis-
location strengthening, and grain size reduction strengthen-
ing [40—43]. In the current work, all the TMCTs caused grain
refinement of microstructure. Therefore, martensitic
strengthening and grain size reduction strengthening oc-

Table 2. Mechanical properties of the non-treated (NT) and
TMCT AISI 1345 steels

Sample TS/MPa YSy,/MPa &1/% Ry/% ((Tgptlf;)))/
NT 1090 919 29 19 3161
TMCT-1 1395 1261 26 47 3627
TMCT-2 1683 1560 16 35 2693
TMCT3 1529 1390 19 41 29.05

curred in this work, similar to the literatures [44—48].

The TMCT-1 sample exhibited a 28% improvement in TS
(1395 MPa) and 10% reduction in elongation (26%), com-
pared with the non-treated sample. These changes were at-
tributed to the formation of supersaturated lath martensite and
retained austenite phases and fourfold refinement of these
phases after TMCT-1 compared with the non-treated steel.
Formation of the lath martensite phase increased the disloca-
tion density of the steel and made it harder and stronger. By
contrast, formation of the retained austenite improved the
toughness of steel [49]. Refined grains have different crystal-
lographic orientations and common grain boundaries. Dur-
ing plastic deformation, a moving dislocation needs to
change the direction of motion while crossing the grain
boundary. A dislocation cannot easily change the direction of
motion due to significant crystallographic misorientations,
resulting in strengthened steel. Another reason for strength-
ening of steel by grain size reduction is atomic disorder
across the grain boundary, which creates discontinuity of slip
planes [42—43], as illustrated in Fig. 6.

TMCT-2 sample demonstrated a 54.4% improvement in
TS (1638 MPa) but a 44.8% reduction in elongation (16%),
compared with the non-treated sample. These results were at-
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Fig. 6. Schematic of strengthening by grain size reduction oc-
curred in the TMCT-1 AISI 1345 steel.

tributed to the 11-fold grain refinement of the microstructure,
which comprised lath martensite and retained austenite
phases that were obtained after TMCT-2, similar to the work
of Rao and Thomas [50]. In TMCT-2, high-temperature aus-
tenitization and relatively lower temperature re-austenitiza-
tion led to a well-refined microstructure with increased frac-
tions of retained austenite, resulting in strengthening of steel.
Double austenitization also reduces the intensity of temper
embrittlement of steels [10].

TMCT-3 sample caused moderate 40% improvement in
tensile strength (1529 MPa) and 34% reduction in elongation
(19%), compared with the non-treated sample, because
TMCT-3 caused sixfold grain refinement of microstructure.

3.3. Micromechanical properties

To evaluate the micromechanical properties of the non-
treated and TMCT AISI 1345 steels, nanoindentation analys-
is was performed. Normal force—penetration depth curves,
obtained after nanoindentation analysis, areillustrated in Fig. 7.
The corresponding measured quantities, i.e., indentation
hardness (H), Vickers hardness (Hy), reduced elastic modu-
lus (E,), and stiffness (S), are given in Table 3. The indenta-
tion hardness (H) was calculated using Eq. (2) [51-52]:

Proay
H= e @)
where P, is the applied load, and 4 is the projected contact
area. Vickers hardness (Hy) was calculated using Eq. (3)
[51-52]:
Pmax

Hy = A 3)
where Ap, is the developed area. Reduced elastic modulus (E;)
was calculated using Eq. (4) [51-52]:
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where S is stiffness.
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Fig. 7. Normal force—penetration depth curves of the non-

treated (NT) and TMCT AISI 1345 steels obtained by nanoin-
dentation analyses.

Table 3. Micromechanical properties of the non-treated (NT)
and TMCT AISI 1345 steels

Sample H/MPa Hy, VAN E,/GPa S/(mN-nm™)
NT 3143 291 262 0.526
TMCT-1 4274 396 206 0.349
TMCT-2 6707 621 119 1.522
TMCT-3 4746 439 280 0.990

In non-treated form, AISI 1345 steel possessed low val-
ues of H (3143 MPa) and Hy (VHN 291) and moderate val-
ues of £, (262 GPa) and S (0.526 mN/nm). These properties
were attributed to the presence of bec ferrite and lamellar
structured pearlite phases in the microstructure. TMCT-1
sample exhibited a 36% improvement in H and Hy at the
21% expense of E, and 34% expense of S, compared with the
non-treated sample. This was due to the fourfold grain refine-
ment in microstructure, having lath-shaped martensite and re-
tained austenite phases produced by TMCT-1.

TMCT-2 produced 11-fold refinement and caused max-
imum strengthening of steel at a loss of elongation. There-
fore, TMCT-2 sample exhibited a maximum twofold im-
provement in H and Hy, threefold improvement in S, and
maximum twofold reduction in E,, compared with the non-
treated sample. Meanwhile, TMCT-3 produced sixfold re-
finement compared with the non-treated sample, thereby of-
fering optimum balance in micromechanical properties.
TMCT-3 sample demonstrated 51% improvement in A and
Hy, 7% in E,, and 88% in S. Micromechanical properties of
TMCT AISI 1345 steels were in good agreement with the
mechanical properties above.

3.4. Electrochemical properties

3.4.1. Open circuit potential

The OCPs of the non-treated and TMCT AISI 1345 steel
samples, measured in 0.1 M NaHCO; solution at 35°C, are il-
lustrated in Fig. 8.
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meters calculated by Echem Analyst software are tabulated in
Table 4. The electrochemical parameters in the EEC model
are as follows: R, is the solution/electrolyte resistance, Ry is
the barrier film resistance, R, is the charge transfer resistance,
Yy is the non-ideal double layer capacitance, and Y is the
non-ideal barrier film capacitance. In the Bode plot, imped-
ance modulus corresponding to high frequency is usually re-
ferred to as solution/electrolyte resistance; at low frequency,
it usually corresponds to charge transfer resistance [53].

3500

Fig. 8. Open circuit potentials of the non-treated and TMCT
AISI 1345 steels.

Non-treated AISI 1345 steel showed a negative OCP of
—182.7 mV vs. Ag/AgCl, and this value was attributed to its
coarse-grained (31.6 pm) microstructure. For the TMCT-1
sample, it shifted toward a more negative (active) potential of
—200.3 mV vs. Ag/AgCl due to the grain refined (7.9 um)
microstructure. For the TMCT-2 sample, a sharp shift in
OCP was observed toward a positive (noble) direction at
—103.5 mV vs. Ag/AgCl, because of the homogeneous and
grain refined (2.8 pm) austenite phase. The OCP of the
TMCT-3 sample drastically shifted toward a negative (act-
ive) direction at —224.7 mV vs. Ag/AgCl, because of grain
coarsening (up to 5.6 pm) compared with the TMCT-2
sample. Moreover, the highly negative potential of the
TMCT-3 sample in 0.1 M NaHCO; solution, referred to as
the active state of the surface, presented its high tendency to
react with the electrolyte.

3.4.2. Electrochemical impedance spectroscopy

EIS was performed to determine the corrosion mechan-
ism of passive/barrier film growth on the non-treated and
TMCT AISI 1345 steel samples in 0.1 M NaHCO; solution
at 35°C in the frequency range of 100 kHz to 10 mHz with
alternating voltage range of £5 mV. Nyquist plots are illus-
trated in Fig. 9. Equivalent electrical circuits (EECs) used to
fit the Nyquist plots are presented in Fig. 10, and the para-
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Fig. 9. Nyquistplot of the non-treated and TMCT AISI 1345

steels.
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Fig. 10. Schematic representation of the simulated EEC mod-
el for AISI 1345 steel (R.E.—Reference electrode;
W.E—Working electrode; n,—Constant phase of barrier
film; ng—Constant phase of double layer).

Table 4. Electrochemical parameters obtained from the EIS spectra of the non-treated and TMCT AISI 1345 steels

Sample R,/ (Q-cm?) Rpi/ (Q-cm?) Yo/ (WF-cm ™) g Yq/ (uF-cm™?) nq Ry / (kQ-cm?)
NT 20.54 545 379.80 0.7255 702.2 0.3562 5.134
TMCT-1 50.73 1008 138.90 0.4456 292.7 0.3609 12.470
TMCT-2 69.77 1014 24.53 0.4944 341.5 0.4559 14.530
TMCT-3 1591 402 37.75 0.3476 121.9 0.5409 12.470

The barrier film may develop on the steel surface due to
the formation of iron carbonate or complex iron carbonates.
The formation of a barrier film depends on the dissolution
rate of steel, grain size, and microstructural phases [37]. Ry
for the non-treated steel sample was observed to be 545
Q-cm’. This finding was attributed to the coarse grained and

non-homogenous microstructure of AISI 1345 steel in non-
treated form. After TMCT-1, R, increased to 1008 Q-cm’
due to the substantially refined (7.9 um) microstructure ob-
tained. The refined microstructure increased the dissolution
rate and formed a thick barrier film, which resisted the cur-
rent flow. The Ry value further increased to 1014 Q-cm? after
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TMCT-2 due to further refinement of microstructural grains.
However, after TMCT-3, R, decreased to 402 Q-cm?”. This
change might be associated with the formation of moderately
refined and stable retained austenite martensite phases after
TMCT-3, which retarded the formation mechanism of the
barrier film. Compared with the non-treated samples, both
TMCT-1 and TMCT-3 increased R, to 12.47 kQ-cm?,
whereas TMCT-2 further increased it to 14.53 kQ-cm?.
3.4.3. Potentiodynamic polarization

The effect of TMCT on the corrosion tendency of AISI
1345 steel was estimated from the potentiodynamic polariza-
tion curves in 0.1 M NaHCO; solution at 35°C (Fig. 11). The
potentiodynamic polarization curves presented the active/
passive behaviors of the non-treated and TMCT AISI 1345
steels. These curves were then Tafel fitted using Echem Ana-
lyst software, and the values are tabulated in Table 5.

1500
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Fig. 11.  Potentiodynamic polarization curves of the non-

treated and TMCT AISI 1345 steels.

Table 5. Electrochemical parameters calculated from potentiodynamic polarization curves of AISI 1345 steels

Sample fcor / (WA cm ™) Eeor / mV Corrosion rate / (mm-a™") Epq/ mV ip/ (WA cm™)
NT 604.0 —380 7.026 1082.0 1049.0
TMCT-1 23.4 -273 0.272 1069.0 495.6
TMCT-2 189.0 —587 2.196 1032.0 260.6
TMCT-3 91.3 —400 1.061 952.5 181.7

Under applied conditions, NaHCO; could separate into so-
dium ion (Na") and bicarbonate ions (HCO;). During cathod-
ic polarization, bicarbonates may dilute to carbonates with
the evolution of hydrogen gas (H,) according to reactions (5)
and (6) [35]:

HCO; +e~ — H,y + CO%¥ (%)
HCO; +e” +H,q — H, +CO3” 6)

The cathodic polarization curves of all the TMCT samples
were the same. However, for the non-treated sample, the
cathodic reaction was disturbed and a small kink was formed
due to reaction (5) and formation of adsorbed hydrogen
(Hag)-

Non-treated steel sample showed a corrosion rate of 7.026
mm/a and a corrosion current density (i) of 604 uA~cm’2.
The negative corrosion potential (E.,,,) value of =380 mV of
the non-treated sample was associated with the presence of
non-homogeneously segregated lamellar pearlite phase in the
matrix of the bee ferrite phase. During anodic polarization,
iron (Fe) may dissolve in the activation polarization region
when the corrosion current density reached 127 pA-cm* and
potential of =293 mV. The current density became constant,
which indicated barrier/passive film formation on the steel
surface due to the following reaction (7) [54]:

Fe +2H,0 — Fe(OH), + 2H" + 2e~ )

The above reaction is a complex reaction and takes place
step-by-step as represented in reactions (8)—(11) due to the
formation and adsorption of intermediate species (i.e., ad-

sorbed FeOH™ (FeOH_, ), adsorbed FeOH (FeOH,q), and ad-
sorbed FeOH" (FeOH*, )) at the steel surface.

ads

Fe+OH™ — FeOH_, ®)
FeOH,,, — FeOH,q4, + ¢~ ©)
FeOH,q; — FeOH}, +e~ (10)
FeOH},, + OH™ — Fe(OH), (11

The barrier film that formed on the non-treated steel sur-
face broke down at the potential above —293 mV, and the dis-
solution of steel began. When the potential reached 487 mV,
the barrier film formed again, which was most probably due
to the corrosion product formed on the steel surface. Accord-
ing to previous research [55], the complex iron hydroxyl car-
bonate (Fe,(OH),COs) species formed on the steel surface,
which was exposed to the electrolyte as reaction (12):

2Fe + HCO; +2H,0 — Fe,(OH),CO; +3H +4e~  (12)

The formed species may react further with HCO; species,
and FeCO; formed according to reaction (13):

FCQ(OH)2C03 + HCO; +H" - 2FeCO;5 +2H,0 (13)

The barrier film formed at a constant current density of
1.04 mA-cm * called passive current density (i,), which fur-
ther stopped the dissolution reaction. When the potential fur-
ther increased, the current density remained constant at the
potential range of 487—622 mV. Subsequently, the barrier
film broke down at the breakdown potential (E,;) of 1082
mV. At this high potential, iron carbonate (FeCO;) could re-
act with dissolved bicarbonate ions and form soluble ferrous
carbonate complex Fe(CO,);™ according to reaction (14):
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FeCO; + HCO; — Fe(CO5)3™ +H* (14)

After TMCT-1, the corrosion rate decreased to 0.272
mm/a due to its corrosion current density decreasing to 23.40
nA-cm % compared with the non-treated sample. Moreover,
its less negative E,, value of =273 mV corresponded to the
nucleation of fine carbides in the martensitic matrix, which
provided preferential sites for nucleation, growth, and refine-
ment of austenite during re-austenitization. The anodic polar-
ization curve of the TMCT-1 sample showed that there was
no barrier film of the iron hydroxide layer (Fe(OH),) formed
at low potential, which was formed in the non-treated steel
sample. At the potential of 201.4 mV and current density of
448.5 pA-cm, the iron hydroxide layer formed, which was
unstable at high potential and may breakdown in the pres-
ence of bicarbonates according to reaction (15) and formed
another barrier film of iron carbonate [55]:

Fe(OH), + HCO; — FeCO; +H,0 + OH™ (15)

The i, value (495.6 pA-cm™) for TMCT-1 sample was
very small, compared with that of non-treated steel sample,
which indicated that the TMCT-1 sample had low dissolu-
tion and formed a barrier film at low current density. With
further increase in the potential, the current density remained
constant at the potential range of 201.4-1036.4 mV, which
was wider compared with that of the non-treated sample, and
the barrier film broke down at E4 of 1069 mV.

By contrast, the TMCT-2 sample formed two active—pass-
ive nose sat low and high potentials. The first active—passive
nose was formed at the critical current density (i) of 219.1
pA-cm?, which corresponded to the potential (E.;) of
—519.4 mV. This first nose formation was attributed to its re-
fined grained microstructure compared with the other
samples. The mass transfer-controlled electrochemical pro-
cess was mostly related to the surface coverage by Fe(OH),
(reaction (7)). As the formation of Fe(OH), is a stepwise re-
action, the anodic polarization curve moved toward the low
current density value and underwent active to passive trans-
ition. Upon reaching the low current density of 14.31
nA-cm *and potential of —424.8 mV, the current density ab-
ruptly changed and stopped the formation of Fe(OH),. The
second active—passive nose formed at the critical current
density (i) of 120.1 pA~cm’2, which corresponded to the
potential (E.) of —301.5 mV due to the formation of com-
plex iron hydroxyl carbonate Fe,(OH),CO; species on the
steel surface according to reaction (12). When the potential
increased to 288.8 mV, the barrier film of FeCO; formed at i,
0f 260.6 pA-cm 2 and broke at £y of 1032 mV. As a result of
the refined grained microstructure and increased fractions of
retained austenite, the TMCT-2 sample exhibited a corrosion
rate of 2.196 mm/a, corrosion current density of 189
uA-cm?, and passivation range of 288.8-1171.1 mV.

For the TMCT-3 sample, the corrosion rate decreased
(1.061 mm/a) again with the decrease in the corrosion cur-
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rent density (91.30 pA-cm?) as compared to the TMCT-2
sample. The E,,, value of —400 mV corresponded to its re-
fined grains as compared with that of TMCT-1 steel due to
rapid cycles of quenching. The i, value of 181.7 pA-cm > was
less than that of all the samples, and the E,4 value was 952.5
mV, which was almost at the same potential as those of the
other heat-treated samples.

4. Conclusions

The following conclusions were drawn from this work:

(1) A well-refined microstructure, comprising packets and
blocks of lath-shaped martensite and retained austenite, was
achieved by all the TMCT methods. TMCT-2 offered max-
imum grain refinement (from 31.8 to 2.8 um) among all
treatments.

(2) Among all the TMCT methods, the maximum TS
(1683 MPa) was achieved after TMCT-2 with minimum &
value, whereas the maximum value of &1 (26%) was achieved
after TMCT-1 with minimum TS. TMCT-3 provided an op-
timum combination of TS (1529 MPa) and &1 (19%).

(3) The maximum values of H (6707 MPa), Hy (VHN
621), and S (1.522 mN/nm) and minimum value of E, (119
GPa) were achieved after TMCT-2. However, TMCT-3
offered an optimum combination of H (4746 MPa), Hy
(VHN 439), and S (0.990 mN/nm), with a maximum value of
E, (280 GPa).

(4) TMCT methods substantially improved the corrosion
resistance of AISI 1345 steel. TMCT-1 caused the maximum
reduction in the corrosion rate from 7.026 to 0.272 mm/a and
altered the mechanism of the formation of barrier film on the
steel surface by decreasing the passive current from 1049 to
495.6 pA-cm 2, as compared to the non-treated steel.
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