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Abstract: The thermo-mechanical treatments and cyclic annealing processes have the potential of
optimizing the corrosion performance of carbon steels in corrosive environments. Herein, an attempt
has been made to optimize the corrosion performance of AISI 1345 steel in hydrochloric acid by
thermo-mechanical cyclic annealing treatments. AISI 1345 steel was produced and cast in the
laboratory and subjected to three types of thermo-mechanical cyclic annealing treatments (TMCA).
The first TMCA treatment comprised hot rolling at 1050 ◦C followed by oil quenching and single
austenitizing at 900 ◦C followed by furnace cooling (TMSA). The second and the third TMCA
treatments involved similar hot rolling processes with double austenitizing and furnace cooling
(TMDA) and triple austenitizing and furnace cooling (TMTA) processes. Microstructure analysis
showed that dual-phase (retained austenite + pearlite) microstructure was achieved after all TMCA
treatments with an exception of secondary phase particles precipitation after TMSA treatment.
Maximum fractions of retained austenite and minimum fractions of pearlite were achieved after
TMTA treatment. Highly refined microstructure of size 26.7 µm was achieved after TMDA treatment
whereas; TMSA treatment offered coarse grained microstructure of size 254 µm. Electrochemical
analysis was performed in 5 vol% HCl solution using Tafel scan technique. Results revealed that
both TMDA and TMTA treatments caused three-fold reduction in corrosion rates (3.025, 2.771 mpy)
compared to non-treated steel sample. After 168 h of immersion corrosion analysis in 5 vol% HCl
solution, the surface of TMTA treated sample was observed to be partially covered with a very thin,
crack-free oxide layer exhibiting minimum oxygen (8.16%) percentage. These features indicated that
the TMTA treated sample underwent a very low-intensity minor corrosion attack of HCl solution
and exhibited the best immersion corrosion performance among all samples. Electrochemical and
immersion corrosion analysis results were in good agreement.
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Crystals 2020, 10, 265; doi:10.3390/cryst10040265 www.mdpi.com/journal/crystals

http://www.mdpi.com/journal/crystals
http://www.mdpi.com
https://orcid.org/0000-0001-7337-7595
https://orcid.org/0000-0003-1337-9497
https://orcid.org/0000-0003-2623-8474
https://orcid.org/0000-0003-2262-6429
https://orcid.org/0000-0002-4318-7712
http://dx.doi.org/10.3390/cryst10040265
http://www.mdpi.com/journal/crystals
https://www.mdpi.com/2073-4352/10/4/265?type=check_update&version=2


Crystals 2020, 10, 265 2 of 13

1. Introduction

Due to excellent mechanical properties, exceptionally low cost, and availability [1], carbon steels
are widely used in industrial applications i.e., construction, automobile, power production [2], oil and
gas refineries [3], chemical, petroleum, mining [4], and allied industries. Carbon steels are used in
manufacturing storage tanks for storing acids, alkali, and salt solutions [5]. Acidic solutions particularly
HCl, H2SO4, and HNO3 are commonly employed in the cleaning process of steel boilers, pickling of
industrial steel circulating cooling system, ores processing, ion exchangers recovery, oil wells acidizing,
and acid descaling [6,7]. In all these applications, carbon steels remain in contact with acids for a
long time.

The carbon steels are highly susceptible to natural corrosion in acidic environments and cause
considerable economic losses, hazard problems at the workplace, and waste of manpower and
materials [8]. Therefore, it is mandatory to find quick, easy, and economical methods of minimizing
these adverse corrosion effects on carbon steels [9,10]. Several strategies i.e., inhibitors [1–8,10],
materials selection, cathodic protection, coatings [2], and heat-treatment [11], have been reported to
control these undesirable mechanisms of degradation.

Various heat-treatment processes i.e., solution treatments [12,13], annealing [14], normalizing,
hardening [15], oil quenching [16] and tempering [17,18], water quenching [16], stabilization and
sensitization [19], aging [14,20–22], intercritical heat-treatment [23], thermo-mechanical treatment
(TMT) [24], and cyclic heat-treatment [25], have been employed to optimize the corrosion performance
of carbon steels.

TMT treatment is a very well-known, efficient, and cost-effective way of optimizing the corrosion
performance of carbon steels [24]. TMT treatment causes grain refinement and bulk recrystallization
of nano-scale particles and nano-sized subgrain boundaries in the matrix [26,27]. TMT treatment
involves heating of steel to a sufficiently high temperature about 1100 ◦C, soaking at this temperature
for sufficient time, hot rolling to the required shape, and quenching to room temperature [28]. On the
other hand, cyclic heat-treatments are also well-recognized processes involving the repetition of
austenitization [29–32], quenching [33], tempering [34], and annealing [35–38] processes. Cyclic
annealing is one of the best methods of achieving ultra-fine microstructure and considerably improved
properties of steel. It involves austenitizing near upper critical (AC3) temperature, furnace cooling to
room temperature, re-austenitizing at relatively low temperature, and second furnace cooling to room
temperature [35]. TMT and cyclic annealing treatments have been applied on various carbon steels
but AISI 1345 steel has not been investigated in this era. AISI 1345 is one of the widely used steels in
manufacturing bolts and wear-rings for various applications [39].

In the present work, AISI 1345 steel was produced and cast in the laboratory and subjected to
various thermo-mechanical cyclic annealing (TMCA) processes. Microstructure analysis and micro
Vickers hardness test results were obtained to evaluate the impact of TMCA treatments on steel’s
microstructure. To evaluate the corrosion performance of TMCA treated steel, the electrochemical and
immersion corrosion analysis were performed in 5 vol% HCl solutions. Corrosion products properties
were also evaluated by SEM, EDS spot analysis, and elemental mapping techniques after immersion
corrosion analysis.

2. Materials and Methods

2.1. Materials

The experimental AISI 1345 steel was produced in the laboratory using mild steel scrap,
ferro-silicon, ferro-manganese, and carburizer in the pure as-received forms. The required quantities
of raw materials were weighed to produce a melt of 52.1 kg, melted in an induction furnace, and cast
in the sand molds into ingots of dimensions 50 × 50 × 300 mm3. The chemical compositions of raw
materials and produced AISI 1345 steel were measured by combustion analysis and wet analysis.
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The weights and the chemical compositions of raw materials and produced AISI 1345 steel are given in
Table 1.

Table 1. Weights and chemical compositions (wt. %) of raw materials and produced AISI 1345 steel.

Raw Materials Wt. (kg) C Si Mn S P Fe

Mild Steel Scrap 50.0 0.10 0.30 0.25 0.002 0.002 Bal.
Carburizer 0.08 98.0 – – 0.015 – –

Ferro-Silicon 0.11 – 70.0 – – – Bal.
Ferro-Manganese 1.92 6.00 0.97 60.0 – – Bal.

AISI 1345 52.1 0.45 0.37 1.78 0.017 0.002 Bal.

2.2. Thermo-Mechanical Cyclic Annealing Processes

The TMCA processes are schematically presented in Figure 1. In TMCA processes, firstly steel
was subjected to TMT treatment by heating to 1050 ◦C, soaking at this temperature for 120 min, and hot
rolling into sheets of 5 mm thickness through multiple passes followed by oil quenching to room
temperature. After hot rolling, steel plate samples were subjected to three types of cyclic annealing
processes. The first cyclic annealing process was designated as a thermo-mechanical single annealing
process (TMSA), second as double annealing (TMDA) process, and third as a triple annealing (TMTA)
process. TMSA process comprised of austenitizing at 900 ◦C for 30 min followed by very slow furnace
cooling to room temperature. The TMDA process was performed by repeating the annealing process
twice. The first annealing process was identical to the TMSA process whereas, in second annealing
experimental steel was austenitized at a relatively lower temperature of 830 ◦C for 30 min followed by
similar furnace cooling to room temperature. The TMTA process was carried out by repeating the
annealing process thrice. First and second annealing processes were identical to the TMDA process
whereas, in third annealing process steel was austenitized at a relatively low temperature of 760 ◦C for
30 min followed by slow furnace cooling to room temperature.
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2.3. Microstructure Analysis

The TMCA treated AISI 1345 steel samples were wetly sectioned into dimensions of 10 × 10 ×
5 mm3 using a wire cut machine for microstructure analysis. All the samples were metallographically
prepared by manual grinding on Federation of European Producers of abrasives (FEPA) grades P100,
P200, P400, P600, P800, and P1000 grinding papers followed by automatic polishing on diamond
pastes (6 µm, 3 µm, 1 µm and 0.25 µm) coated nylon and velvet cloths using an automatic polisher
(StruersTegrapol–15 Grinder/Polisher USA). After etching in 4 vol% nital solution (4 vol% nitric
achid + 96 vol% ethanol), the microstructure was analyzed under an optical microscope (Leica Model
DM-15000M Germany) at 1000×magnification and then by scanning electron microscope (FEI brand
model Inspect S50 USA SEM) at 2000×magnification. Elemental compositions of both phases (Retained
austenite, Pearlite) of dual-phase microstructure were analyzed using an energy dispersive spectrometer
(EDS) equipped with new generation silicon drift detector (SDD) attached with SEM. For this purpose,
spot analysis technique was applied by selecting two spots; one on pearlite and the other on retained
austenite. Three measurements were taken for each sample to check the reproducibility of results.

2.4. Vickers Hardness Testing

Vickers hardness testing was performed on ground and polished steel samples of dimensions
10 × 10 × 5 mm3 using Vickers hardness tester (Shimadzu Model HMV Japan) equipped with diamond
indenter; under the load of 1000 g. Five readings were noted and averaged to get the final hardness
value for each sample.

2.5. Electrochemical Analysis

For electrochemical analysis, the steel samples of dimensions 10 × 10 × 5 mm3 were soldered with
single copper wire and cold mounted in polyester resin with 10 × 10 mm2 exposed surface area. All the
samples were metallographically prepared by the aforementioned procedure. Polarization potential
and corrosion kinetics of TMCA treated steel were evaluated in 5 vol% HCl solution by the Tafel
scan technique on Autolab potentiostat (Metrohm PG30, Netherlands). In the three-electrode system,
a saturated calomel electrode was used as a reference electrode, platinum wire as an auxiliary electrode,
and experimental steel sample as a working electrode. To validate the reproducibility, three tests were
performed for each sample.

2.6. Immersion Corrosion Analysis

Immersion corrosion performance of TMCA treated AISI 1345 steel was evaluated in 5 vol% HCl
solution at room temperature. The samples of dimensions 10 × 10 × 5 mm3 were metallographically
prepared by the aforementioned procedure from all sides and then vertically immersed in the HCl
solution for 168 h. After this immersion time, the samples were taken out of the solution and washed
with distilled water. The corrosion morphologies, elemental compositions, and distributions of
corrosion products were analyzed using SEM (FEI brand model Inspect S50 USA SEM), EDS spot
analysis, and elemental mapping technique.

3. Results and Discussion

3.1. Microstructure Evolution

Microstructural features of TMCA treated steel samples were found very sensitive to the applied
treatments. Optical and SEM micrographs of non-treated and TMCA treated steel samples are
illustrated in Figures 2 and 3, whereas, the corresponding EDS spectra are presented in Figure 4.
Variations in C and Mn percentages in retained austenite and pearlite phases and average grain size of
microstructure with TMCA treatments are plotted in Figure 5.
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In non-treated form, AISI steel exhibited coarse grained (179.6 µm) microstructure having low
fraction of retained austenite phase randomly distributed along the grain boundaries of the lamellar
pearlitic matrix as illustrated in Figure 2a,b. EDS spectra demonstrated that the retained austenite
phase contains 1.36% C and 9.91% Mn whereas, the pearlite phase contains 2.14% C and 9.65% Mn
as illustrated in (Figures 4a and 5). It is a well-known fact that TMT treatment including hot rolling
and oil quenching produces lath martensite and retained austenite phases in microstructure [40],
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but subsequent annealing process involving very slow furnace cooling transforms these phases
into ferrite, pearlite, or retained austenite phases depending upon the chemical composition of
steel [35,37,38]. Therefore, in this work, TMSA treatment transformed the martensite phase obtained
after TMT treatment into pearlite phase whereas, retained austenite remains stable due to presence of
Mn (1.78 wt%) in the steel. The microstructure obtained after TMSA treatment comprised of relatively
coarse grained (254 µm) microstructure with improved fractions of the retained austenite phase and
reduced fractions of pearlite phase (Figure 2c,d) compared to non-treated steel. The TMSA treatment
also reduced the C percentages (0.99% and 1.68%) in both retained austenite and pearlite phases as
illustrated in Figures 4b and 5. Reduction in C percentage in both phases might be attributed to
the precipitation of secondary phase particles along the grain boundaries. It has been reported that
precipitation of secondary phase particles always causes diffusion of C from other phases to these
particles [41–44].

On the other hand, TMDA treatment offered maximum refined grained (26.7 µm) microstructure
having relatively reduced fractions of pearlite and increased fractions of retained austenite (Figure 3a,b)
compared to non-treated steel. Due to prolonged and double furnace cooling, most of the C content
(3.82%) diffused into the pearlite phase whereas, minor C content (1.83%) lied in the retained austenite
phase as illustrated in Figures 4c and 5.

As mentioned earlier, TMTA treatment involved three times repetition of austenitizing and slow
furnace cooling, therefore TMTA treatment resulted in well-refined (37.8 µm) microstructure compared
to non-treated steel but coarser than TMDA treated steel with maximum retained austenite fractions
and minor fractions of pearlite at the great boundaries as illustrated in Figure 3c,d. Pearlite formed
after TMTA treatment possessed the highest C (3.96%) and Mn (14.38%) contents among all samples
(Figures 4d and 5).

3.2. Vickers Hardness

Micro Vickers hardness values of non-treated and TMCA treated AISI 1345 steel are plotted in
Figure 6. In non-treated form, experimental steel exhibited the highest hardness value (248 VHN)
among all samples attributed to the highest fractions of the pearlite phase and lowest fractions of the
randomly distributed retained austenite phase. As mentioned above, TMSA treatment produced a
coarse-grained microstructure with improved fractions of retained austenite phase, reduced fractions
of pearlite phase, and diffused the C of both phases to the secondary phase particles. Therefore,
considerably reduced (19%) Vickers hardness (200 VHN) was achieved after TMSA treatment compared
to non-treated steel.
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TMDA treatment offered almost identical Vickers hardness value to non-treated steel. This is
because TMDA treatment produced a well-refined microstructure containing further improved fractions
of retained austenite phase and reduced fractions of the pearlite phase present at the grain boundaries.
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The lowest Vickers hardness value (168 VHN) was achieved after TMTA treatment. This is because a
moderately grained microstructure was formed after TMTA treatment having negligible fractions of
pearlite and almost maximum fractions of retained austenite.

3.3. Electrochemical Properties

Tafel scans of non-treated and TMCA treated AISI 1345 steel are plotted in Figure 7. The polarization
behavior of all steel samples was explored in −0.25 V to 0.25 V potential range with reference to open
circuit potential at a scanning rate of 1 mV/s. The Tafel extrapolation method with NOVA 2.1 software
was utilized to calculate the kinetic parameters given in Table 2. According to the Butler–Volmer
relation: [45]

inet = io

{
exp
(
βa

nF
RT
ηa

)
− exp

[
−(1− βc)

nF
RT
ηc

]}
(1)

where ′β′a anodic Tafel constant, ′β′c the cathodic Tafel constant, ′η′a is anodic polarization and ′η′c is
cathodic polarization of the metal surfaces during Tafel extrapolation.
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Table 2. Kinetic parameters of non-treated and TMCA treated AISI 1345 steel.

Samples βa
mV/Decades

βc
mV/Decades

Icorr
(µA.cm−2)

Ecorr
(mV)

Corrosion Rate
(mpy)

NT 81.40 179.1 20 −480 9.143
TMSA 69.20 143.7 35.60 −469 16.27
TMDA 61.30 142.3 6.610 −647 3.025
TMTA 65.90 138.3 6.060 −522 2.771

The AISI 1345 steel demonstrated varying values of corrosion current density (Icorr), potential
(Ecorr), βa, βc, and corrosion rate under varying TMCA treatments. In non-treated form, AISI 1345 steel
exhibited moderate Icorr (20 µA.cm−2) and moderate corrosion rate (9.143 mpy) whereas, after TMSA
treatment, the value of Icorr significantly (78%) increased to 35.60 µA.cm−2. According to the
Butler–Volmer relation, the value of Icorr is directly proportional to the corrosion rate of steel [45].
Therefore, the corrosion rate of TMSA treated steel was also increased (78%) to 16.27 mpy compared
to non-treated steel. This increment in Icorr and corrosion rate might be attributed to several factors
i.e., coarsening of grain size, uniform distribution of retained austenite and pearlite phases, reduction
of C percentages in retained austenite and pearlite phases, and precipitation of secondary phase
particles. Although the retained austenite phase is reported to be less susceptible to corrosion attack,
but corrosion cells formed in the presence of pearlite phase [46,47]. Therefore, the decrease in the
pearlite phase after TMDA treatment reduced the number of corrosion cells and caused a three-fold
decrease in corrosion rate (3.025 mpy) compared to non-treated AISI 1345 steel.
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As mentioned earlier, fractions of the pearlite phase decreased and that of retained austenite
increased to maximum level after TMTA treatment and offered the minimum number of corrosion
cells. Due to this fact, the TMTA treated sample demonstrated the lowest corrosion rate (2.771 mpy)
among all samples.

3.4. Immersion Corrosion Properties

One of the toughest challenges in corrosion science is the prediction of corrosion susceptibility
of steels in a specific environment [48]. Corroded surfaces of non-treated and TMCA treated AISI
1345 steel obtained after immersion test in 5 vol% HCl solution for 168 h were analyzed by SEM,
EDS spot analysis, and EDS mapping technique. SEM micrographs, EDS spectra, and elemental maps
of corroded surfaces of all samples are illustrated in Figure 8. It has been reported that immersion of a
steel in a specific corrosive environment can produce various corrosion products i.e., hematite (Fe2O3),
magnetite (Fe3O4), lepidocrocite (γ–FeOOH), goethite (α–FeOOH), calcite (CaCO3), and green rusts
(hydrated ferrous–ferric compounds) [48–53]. As the HCl is an aggressive environment, the surface of
non-treated steel was observed to be fully covered with thick crack-free corrosion layers (Figure 8a).
It has been reported that a high percentage of oxygen in the corrosion product presents a high corrosion
rate [54–58]. Here, the intensity of corrosion attack at non-treated steel surface can be judged from
the oxygen percentage in the EDS spectrum and elemental map which are highest (57.5% and 71%)
among all samples. High percentages of oxygen in the corrosion product indicated that non-treated
steel sample underwent intense corrosion attack. On the other hand, the surface of the TMSA treated
steel was also fully covered with the thick corrosion layer but this layer was observed to be spongy
and has micro-cracks as can be seen in Figure 8b. Oxygen percentages were observed to be slightly
lower (50.51% and 68%) than non-treated steel indicating an almost identical intensity of the corrosion
attack at the TMSA treated sample surface.

The surfaces of both TMDA and TMTA treated samples were observed to be partially covered with
thin, crack-free corrosion layers as illustrated in Figure 8c,d. The oxygen percentage (42% and 61%)
in EDS spectrum and elemental map of TMDA treated sample exhibited that this sample underwent
moderate corrosion attack of HCl. The intensity of this attack was relatively lower than non-treated
and TMSA treated samples. TMTA sample demonstrated minimum oxygen percentage (8.16% and
42%) presenting highest corrosion resistance among all samples. The results of immersion corrosion
analysis were observed to be in good agreement with electrochemical analysis results.

4. Conclusions

The following were the extracted conclusions:

i. Dual-phase microstructures comprising retained austenite and pearlite phases were achieved
after all TMCA treatments of AISI 1345 steel. Secondary phase particles precipitation was
observed after TMSA treatment. Variations in grain size, fractions of both phases, and C and Mn
percentages in both phases were observed with varying TMCA treatments. TMTA treated sample
exhibited maximum fractions of retained austenite and minimum fractions of pearlite along grain
boundaries. This pearlite contained the highest percentages of C (3.96%) and Mn (14.38%) among
all samples. TMDA treatment provided maximum (26.7 µm) whereas, TMSA minimum (254 µm)
grain refinement of microstructure.

ii. TMDA and TMTA treatments significantly improved the electrochemical properties of AISI 1345
steel in 5 vol% HCl solution compared to non-treated steel. Both treatments caused a three-fold
reduction in Icorr (6.610, 6.060 µA.cm−2) as well as in corrosion rate (3.025, 2.771 mpy) attributed
to the reduced fractions of pearlite and in turn number of corrosion cells. On the other hand,
TMSA treatment exhibited very poor electrochemical properties among all samples.

iii. The surface of the TMTA treated sample was observed to be partially covered with a very thin
crack-free oxide layer having the lowest oxygen percentages (8.16% and 42%) in the EDS spectrum
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and EDS map among all samples. These features proved that TMTA treated sample underwent a
minimum corrosion attack of the HCl solution. On the other hand, the surface of TMSA treated
sample was fully covered with thick, spongy oxide layer having clear micro-cracks and highest
oxygen percentages (50.51% and 68%) in the EDS spectrum and EDS map among all treated
samples. These features proved that TMSA treated sample underwent intense corrosion attack of
the HCl solution. Results of electrochemical analysis and immersion corrosion analysis were in
good agreement.
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