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Abstract

Limited studies are available on post-heat treatment (tempering/annealing) of electro-
chemically carburized low-carbon steel, which can relieve internal stresses induced by the
quenching process. In this study, the electrochemical carburization was carried out using
the electrolyte mixture of sodium carbonate (Na>CO3) and sodium chloride (NaCl) under a
CO; gas environment and 800 °C. The samples were then quenched in either water or oil.
The peak hardness of the water-quenched sample (WQ) was higher than the oil-quenched
sample (0Q). Comparatively, post-heat treated (tempered and annealed) samples showed
lower peak hardness compared to quenched samples. An optical microscope was used to
observe microstructural changes, while X-ray diffraction (XRD) was used to examine metal
phases within all samples. The full width at half maximum (FWHM) of the martensite peak
supported the stress relief in both tempered and annealed samples. Scanning electron
microscope (SEM) with energy dispersive X-ray (EDX) was applied to determine the
elemental composition of as received and electrochemically carburized and quenched low-
carbon steel samples. The carbon content of the WQ sample was relatively higher than the
0Q sample, whereas the tempered samples showed higher carbon content compared to the
annealed samples, but both were lower than for quenched samples. Electrochemical
carburization increased the carbon content and improved the hardness, while the tempering

or annealing process relieved internal stresses that resulted in the hardness reduction.
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Introduction

The hardness of steel is defined as the ability to withstand localised deformation or resist the
change in shape [1,2]. Several studies claimed a linear correlation between yield strength and tensile
strength with the hardness of steel [3]. Furthermore, the behaviour of wear is affected by high
hardness, seen as less abrasion on the parts subjected to high friction stress, resulting in longer
service life of the steels [4].

Low-carbon steels with less than 0.3 wt.% carbon content consisted mostly of ferrite. Ferrite,
which is the softest phase of steel, makes low-carbon steel have high machinability but low hardness
[5]. The hardness of low carbon steels has usually been increased by the carburization process in
molten salt, which increases the carbon content at the surface. In the early stage of molten salt
carburization, the conventional carburization used a cyanide bath (Ba(CN);) as the electrolyte under
heating for a period of time. However, the production of toxic discharge from this process led to the
utilization of other types of electrolytes. Thus, an alternative method, electrochemical carburization,
known as molten salt electro-carburization, was introduced to replace conventional carburization
[6]. The molten salt electrochemical carburization was implemented to increase the carbon content
on the surface of low-carbon steel and improve its hardness, wear resistance, and contact fatigue
[6]. Furthermore, the continuous carbon dioxide (CO;) supply into the system during the
electrochemical carburization process successfully improved the hardness of the carburized mild
steel [7]. The internal strain, induced due to the carbon atoms interstitially present in the crystal
lattice of iron after the electrochemical carburization, caused the increment in hardness [8].
Moreover, the improved hardness of electrochemically carburized mild steel showed the reduced
severity of adhesive wear and the tendency of the worn surface to fracture, resulting in a longer
lifespan of mild steel [9]. The rapid cooling process (known as the quenching process) also improves
microhardness, related to the resistance to slip and dislocation, by altering the primary phases [10].

Heat treatments involve heating the steel to a certain temperature and eventually quenching it
to room temperature in order to produce the desired microstructure of steel [11]. Various cooling
rates of different quenching media (water, oil, etc.) will affect the hardness of steel, where a fast
cooling rate provides better hardness performance [12]. The effect of quenching after the electro-
chemical carburization process improves hardness due to the formation of martensite [13]. It was
already found that a high level of residual stresses was induced after the quenching process due to
the severe thermal gradient at the surface and core of the workpiece [14]. In addition, the presence
of residual macro-stresses after cutting led to the distortion of the steel [15]. A high level of residual
stress distorts the manufacturing process, which results in cracking and general instability of the
steel. It was shown that residual stress leads to the cracking of metal in the corrosive environment.
Moreover, a fast cooling process such as quenching will cause quench cracks [16]. Hence, an idea
was triggered to apply the post-heat treatment of low-carbon steel after electrochemical
carburization and quenching to relieve the quenched steel's internal and residual stresses and
improve its properties. It was shown that mechanical properties such as toughness, hardness and
ductility could be improved by the post-heat-treatment by relieving internal stresses [10]. The
tempering process diminishes the brittleness and improves the strength of the metal, while the
annealing process refines the grain structure, which makes metals more ductile and softer. The post-
heat treatment of metal is almost similar to the post-weld heat treatment (PWHT), which was used
to reduce the residual stress and achieve better performance of the weld [17]. The PWHT ensures
dimensional stability and reduces residual stress along the heat-affected zone of weldment, which
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improves welded joints' performance. This is similar to the residual stress relief performed through
the post-heat treatment of quenched steel [18].

In this study, the low-carbon steel was electrochemically carburized using Na,CO3-NaCl electrolyte
in the carbon dioxide environment. The effect of quenching medium, water or oil, was investigated
for electrochemically carburized samples. Due to their preferable cooling rate, water and oil were
selected to obtain the desired hardness of carburized samples. Post-heat treatment, tempering or
annealing, was conducted after the quenching process to relieve the stress in the samples. Hardness,
microstructure, structural determination, and elemental analysis of the electrochemically carburized
low-carbon steel were performed to examine the effect of both quenching media and two different
post-heat-treatment procedures (tempering and annealing).

To the best of our knowledge, there is a limited number of studies on the post-heat-treatment
of electrochemically carburized low-carbon steel, which triggered the idea of this study. Measure-
ments of the hardness of electrochemically carburized low carbon steel samples quenched in
different quenching media and post-heat-treated (tempering/annealing) were carried out, together
with microscopic images, metal phase analysis and elemental determination. The combination of
heat treatment processes such as electrochemical carburization, quenching and post-heat treat-
ment (tempering/annealing) are expected to provide an alternative method to improve the proper-
ties of low carbon steel aside from the conventional heat treatment.

Experimental

Electrochemical carburization (electro-carburization process)

Low carbon steel samples with dimensions of 2.5x2.5x2.5 cm (lengthxwidthxheight) were
utilized in this study. Each sample surface was further ground to remove contaminants and rust.
After grinding, the sample was connected to the cathode prior to the electrochemical carburization
process. The low-carbon steel sample acted as a cathode, while the stainless-steel rod was used as
an anode. The distance between electrodes was about 2.3 cm. The electrolyte used was a mixture
of sodium carbonate (Na2COs, Bendosen, purity > 99.0 %) and sodium chloride (NaCl, Bendosen,
purity >99.0 %) with a molar ratio of 4:1 (Na2COs: NacCl). A total of 650 g salt was mixed and
transferred into a 750 ml stainless-steel crucible.

The schematic diagram of the setup for the electrochemical carburization process is shown in
Figure 1. A chamber was fabricated using stainless steel with a gas inlet and outlet to ensure the
continuous flow of carbon dioxide gas (CO;) in the chamber during the electrochemical carburization
process. The top of the chamber was covered using alumina wool to minimize heat loss during the
process. The crucible containing the electrolyte was placed in the stainless-steel crucible holder,
then the holder was inserted in the middle of the chamber. A lid connected to the cathode, anode,
and thermocouple was used to close and tightly seal the chamber.

The electrochemical carburization was carried out under the constant temperature of 800 °C for
3 h in the continuous supply of CO2 (200 mL mint) with the constant voltage of 4.0 V supplied by
the DC power supply (Agilent E3633A).

The reactions involved during the electro-carburization are as follows, equations (1)-(4) [7,8,19].

COs* + Fe + 4e” <> Fe-C + 307 (1)
02 + CO,(g) <> COs> (2)
20% <> 0,(g) + 4e” (3)
COx(g) + Fe <> Fe-C + Oz(g) (4)
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(1) Laptop

(2) Power Supply

(3) Thermocouple

(4) Anode

(5) Cathode (Attached with sample)
(6) Gas flow meter

(7) CO,gas tank

(8) Alumina wool

(9) Furnace

(10} Crucible (Filled with molten salt)
(11) Chamber

(12) Crucible holder

(13) Bubbling bottle (Filled with mineral
oil)

Figure 1. Schematic diagram of the setup for electrochemical carburization process

Based on the reaction (1), as the voltage was applied through the electrodes, the carbonate ions
(CO3%) in the electrolyte decomposed into carbon atoms and oxide ions (O%) at the cathode, where the
sample is connected. The 0% ions react with either CO; to form CO3* (reaction (2)) or discharge at the
anode as O; gas (reaction (3)). Reaction (4) shows the overall reaction during the electrochemical car-
burization process with the product of Fe-C, which is the carbon dissolved in the cathode sample [19].

After the electrochemical carburization, the samples were quenched in two types of quenching
media: water and oil. The quenched samples were further tempered or annealed at 600 °C for 1
hour for the post-heat-treatment process. The tempered samples were cooled at ambient
temperature, while the annealed samples were left to cool in the furnace.

As received and electrochemically carburized samples treated in different conditions were abbre-
viated as: as-received (AR), water quenched only (WQ), water quenched and tempered (WQ-T),
water quenched and annealed (WQ-A), oil quenched only (0Q), oil quenched and tempered (0OQ-T)
and oil quenched and annealed (OQ-A), respectively.

Characterization of hardness, structure and composition of samples

The hardness from the outer surface towards the core of AR, WQ, WQ-T, WQ-A, 0Q, OQ-T and
OQ-A samples was measured using Vickers hardness tester (Mitutoyo AVK-C21) with the applied
load of 10 N and 10 s of indentation time [8,13,19]. The hardness from the outer surface towards
the core (1000 um) was taken with an interval distance of 100 um as shown in Figure 2.

Surface towards the core
—

—
_~~1000 pm,.-~~
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Figure 2. Schematic illustration of the hardness test for as-received and electrochemically carburized
samples
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Microstructure analysis was conducted using the optical microscope (20x and 50x magnification,
Olympus BX60M). Prior analysis, the cross-section area and slightly polished outer surface of the sample
was etched with nital solution (4 wt.% nitric acid in ethanol) for 30 s. X-ray diffraction (XRD, Rigaku
Smartlab, 4 =0.15406 nm, Cu Ka radiation, 40 kV, 50 mA) was utilized to characterize the metal phase
of samples in a continuous mode over a range of 29= 25 to 70° with a scan speed of 4.00° min't and step
width of 0.01°. Elemental determination for the samples was examined using a scanning electron
microscope (SEM, Hitachi S3400N) equipped with energy dispersive X-ray (EDX, QUANTEX Esprit 1.9)
under magpnification of 3000x, electron acceleration voltage of 15 kV and 10 mm working distance.

Results and discussion

Hardness and case hardening of as received and carburized samples

The electrochemically carburized samples underwent rapid cooling in two quenching media:
water and oil. After the quenching process, the post-heat-treatment of tempering or annealing was
carried out to relieve the residual stress of the electrochemically carburized samples. Figure 3 shows
the average hardness measured from the outer surface (0 um) to the depth of 1000 um for the as-
received (AR) and electrochemically carburized samples after quenching and post-heat treatment
in different conditions.
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Figure 3. Average hardness from the outer surface to the core of received and electrochemically carburized
samples

It is seen in Figure 3 that the outer surface (zero distance) hardness for all carburized samples
was lower than the peak hardness detected at 100 um depth. Hardness is gradually reduced from
the peak and then levelled towards the 1000 um depth. The point where the hardness started to
level was estimated as the case depth. The case depth of water and oil-quenched samples (WQ and
0Q) was in the range of 600 to 700 um. Post-heat treated (tempered/annealed) samples exhibited
similar case depth in the range of 450 to 550 um. At 100 um, the quenched samples exhibited
relatively higher hardness than post-heat treated samples.

The average hardness of AR sample was 17719 HV. WQ exhibited the highest peak hardness of
70215 HV compared to other samples. Comparatively, the peak hardness of WQ is found to be lower
than the values obtained for 3 hour electrochemical carburization process studied by Liew et al. [19]
(795 HV with 660 um case depth at 4.5 V) and Bahrin et al. [13] (1440 HV with 800 um case depth
at 4.0 V), with different experimental settings. The variation in peak hardness might be due to the
distance between electrodes [13]. A smaller gap between the electrodes increases the transfer rate
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of ions, which leads to higher carbon diffusion at the cathode. Moreover, the difference in the
voltage applied during the electrochemical carburization process affected the hardness of the
sample, too [8]. High voltage increased the charge and accelerated the reaction (1) in the molten
salt bath, where the high activity of CO3? caused the presence of more carbon at the cathode. In
the study of Dewangan et al. [20], low-carbon steel was heated to 727 °C and then water quenched
to room temperature. It was found that the Brinell hardness number (BHN) of the water-quenched
sample was 357 BHN, within the range of 370 to 380 HV. Another heat treatment study on heating
of AISI 1020 to 750 °C and water quenching resulted in the rise of the hardness of the sample from
191.7 HV (as received) to 254.3 HV [21]. A sample that underwent an electrochemical carburization
process possessed higher surface hardness than the sample that was not electrochemically
carburized, suggesting that electrochemical carburization produces high surface hardness. The
higher hardness of electrochemically carburized samples has to be related to the carbon content
formed at the cathode by equation (1).

Both ways of post-heat treatment of the WQ sample caused the reduction of peak hardness. Thus,
the WQ-T sample showed a peak hardness of 623+9 HV, while WQ-A showed 444+1 HV. Both peak
hardness values are lower compared to the WQ sample. The annealing process reduced the peak
hardness more than the tempering process. The peak hardness of WQ-T was higher than WQ-A due
to the cooling process during the tempering or annealing processes. In the tempering procedure, the
sample was cooled at ambient temperature, whereas in annealing, the sample was left and cooled
inside the furnace. Thus, the tempering procedure involved a faster cooling process, which caused
insufficient time for carbon to react with oxygen in the atmosphere, and thus carbon became trapped
within the sample, forming martensite. The annealing process involves a slower cooling process inside
the furnace, where carbon might have sufficient time to react with oxygen [22]. The faster cooling
process increased the hardness of the sample by delaying the formation of ferrite and promoting the
formation of pearlite and martensite [23]. Typically, the range of high to low hardness is martensite >
pearlite > ferrite [22].

The hardness of WQ-T and WQ-A samples was lower than WQ due to the stress relief and the
structure rearrangement that lowers distortion occurring after martensite formation. For non-
carburized samples, almost similar patterns can be observed with the exception that the overall
hardness is comparatively lower than that of electrochemically carburized samples. For instance,
according to Kanwal et al. [24], the initial hardness of low carbon steel in their study was 173.5 HV,
while after heating at 960 °C and water quenching, the hardness was increased to 476.0 HV, and
after the further tempering process at 550 °C, the hardness was reduced to 181.7 HV. The peak
hardness of the OQ sample was 571 + 3 HV. The peak hardness of oil-quenched samples was lower
than water-quenched samples due to the difference in the cooling rate of the quenching medium.
Similar results were reported by other studies, too [13]. At a slow cooling rate, the formation of
pearlite is generated, which has been restricted for a high cooling rate. Therefore, most of the
martensite has been formed through the high cooling rate of water quenching [25]. Martensite is
formed with a highly distorted lattice structure, resulting in a high hardness of the sample [12]. Thus,
the OQ sample, which experienced a slower cooling quenching process, consisted of pearlite and
less amount of martensite, while the WQ sample consisted of a higher amount of martensite.
Consequently, a lower peak hardness is shown for OQ compared to the WQ sample.

Similar to WQ samples, OQ samples also showed a reduction of peak hardness after tempering or
annealing processes. The peak hardness of post-heat-treated samples decreased from 571 £ 3 HV to
495 + 4 HV for OQ-T and to 367 + 6 HV for OQ-A. The peak hardness of the WQ-T sample was higher
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than the WQ-A sample due to the compressive stress. The compressive stress was due to the fast
cooling in the tempering process, leading to higher peak hardness [22]. The increase of compressive
stress increased the hardness of the sample, which will be further discussed below regarding FWHM
results [23].

In general, the post-heat treatment process reduces the peak hardness of quenched samples,
regardless of the quenching medium. Even though tempering or annealing lowered the hardness of
the quenched sample, the hardness of both tempered and annealed samples was generally higher
than the AR sample and provided better ductility (better machinability) compared to quenched
samples. When the hardness was measured towards the core, it can be observed that the hardness
decreased and eventually came close to the hardness of AR. In addition, the hardness decreased
with the relaxation through the annealing process due to the reduction of dislocation density and
strain hardening [26]. Similarly, the hardness also decreased due to the rearrangement of disloca-
tions after stress-relieving tempering [27]. It is noticeable that all samples (except AR) showed lower
surface hardness than the peak hardness at 100 um depth. Further investigation via metallographic
analysis and XRD was carried out. A discussion of the findings will be elaborated in the next section.

Structure and composition of as-received and electrochemically carburized samples

Figure 4 shows the optical microscopic images of the cross-section microstructure of AR and
electrochemically carburized samples, indicating carbon penetration from the outer surface (right)
towards the core (left). As visible in Figure 4(a), the AR sample is dominated by ferrite (white phase),
while the presence of pearlite (dark phase) is visible on the grain boundaries only. Pearlite consists
of lamellas of ferrite and cementite [28]. Nevertheless, the lamellar structure is not clearly visible in
the image due to the relatively close orientation between ferrite and cementite. Another study also
showed the presence of ferrite and pearlite in plain low-carbon steel [29]. Thus, the AR sample
showed high ductility and low hardness due to the dominance of ferrite compared to pearlite [28].

(@) AR

Depth of carbon

Pearlite penetration

4—g Outer surface

Ferrite towards core

(d) WQ-A
et

L

Figure 4. Optical microscope images on the cross-section microstructure of (a) as-received and (b - g)
electrochemically carburized samples
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The quenched electrochemically carburized samples (Figure 4(b) and (e)) and post-heat-treated
samples (Figure 4(c-d) and (f-g)) showed a prominent dark microstructure compared to the AR
sample, with the saturated dark region or dark layer near the surface. The dark microstructure
consisted of phases containing high carbon content. As already reported by others, the dark
microstructure layer consisted of martensite [13]. Martensite was formed when the carbon atoms
became trapped within the octahedral interstitial sites of martensitic crystal structure [23]. Optical
images at two different magnification levels (20x and 50x) for cross-section microstructure of AR,
WQ and OQ samples are presented in Figure 5, showing the presence of martensite within the dark
layer microstructure.

Magnification

LA e

. Surface
AR
Carbon diffusion depth
wQ v,
oqQ

Figure 5. Optical microscope images at different magnifications (20 x and 50x) of cross-section
microstructure for AR, WQ and 0Q samples

According to Figure 5, the microstructure of the AR sample consisted of a majority of ferrite (light
phase) and pearlite (dark phase). For 20x magnification of WQ and OQ samples, there is a dark layer
microstructure near the surface (right), not observed for the AR sample. The dark layer micro-
structure indicates the depth of the carbon diffusion layer from the surface to the core. From images
with a 50x magnification level shown in Figure 5, the martensite present in needle-like or plate-like
structures can be seen in both WQ and OQ samples. This indicates that due to the formation of
martensite, the hardness for both WQ and OQ would be higher than for the AR sample.

The estimated dark layer distance from the surface to the core for WQ and OQ samples was
between 230 to 245 um, while for quenched and post-heat-treated samples (WQ-T, WQ-A, OQ-T
and 0Q-A), between 310 to 340 um. In other words, tempering and annealing processes allow
deeper distribution of carbon towards the core, seen as thicker dark layers for post-heat treated
samples compared to quenched samples (Figure 4). In the re-heating process, the concentration
difference of carbon was created between the inner part and outer part of the sample. This led to
carbon diffusion, seen as dark microstructure diffusing to either the core region or to the surface,
where it would cause decarburization [30]. On the other hand, the hardness of martensite depends
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on the carbon content, and consequently, dispersion of carbon from the dark microstructure layer
to the core would cause lower hardness of the post-heat-treated samples. Moreover, the peak
hardness of all carburized samples in Figure 3 was within the dark layer distance. This is due to the
presence of the martensite phase in the dark region, which improved the hardness of the samples
compared to the rich ferrite phase in AR.

Based on the observation of microstructures from the surface towards the core, the dark
microstructure (carbon-rich phase) is still visible, especially on grain boundaries of quenched and
post-heat-treated samples. Moving further inwards to the core, the dark microstructure is gradually
reduced, suggesting a gradual reduction of the concentration of carbon too. Reduction of carbon
concentration would result in a decrease in hardness, which is in full agreement with hardness
profiles shown in Figure 3. It is noticeable that the hardness of WQ-T, WQ-A, OQ-T and OQ-A samples
have levelled to 177119 HV (AR average hardness) after 550 um depth. It is interesting that even
after 700 um depth, the hardness of WQ and WQ-T samples remained higher than 177+19 HV,
suggesting that carbon was distributed deeper towards the core.

The outermost dark microstructure layer near the outer surface showed a grey layer for post-
heat treated samples. This is due to the oxidation of steel at high temperatures during either the
tempering or annealing process. The presence of oxygen during the cooling process of tempering
and annealing caused the reaction between oxygen and highly oxidized element such as ferrite to
form iron oxide [19]. This led to a lower surface hardness of post-heat-treated samples than the
peak hardness (at 100 um). In other words, for post-heat-treated samples (tempered or annealed),
some extent of decarburization occurred. Based on Zorc et al. [30], the oxidation and decar-
burization of the steel take place simultaneously in the oxidizing atmosphere during the annealing
process. At high temperatures, the difference in carbon concentration between the inner parts and
the steel surface caused carbon diffusion from the inner part toward the surface. The carbon atoms
then reacted with oxygen gas and formed carbon monoxide and carbon dioxide [30]. At
temperatures higher than 570 °C, iron typically oxidizes to form iron oxide. Decarburization
happened when equilibrium carbon potential is achieved between the chemical potential of carbon
in the atmosphere and carbon on the surface of the annealed sample [30]. Campos et al. [31] found
that decarburization of the steel occurred for quenched and tempered samples, for which the
decarburized layer was observed and affected the microhardness of the sample. Therefore, the
decarburization of samples might decrease the carbon content and lower the content of martensite
on the surface, thus causing a reduction of surface hardness.

Further investigation was carried out to analyse the phases present inside the dark region. The sur-
face of the AR and electrochemically carburized samples were polished using 1 um size diamond paste
to remove approximately 30 um of the sample surface. Samples were etched using a nital solution to
unveil the microstructure at 30 um depth. The corresponding optical images are displayed in Figure 6.

The microstructure of the AR sample shown in Figure 6(a) consisted mostly of ferrite, which
contributes to the metal softness but exhibits good strength and moderate ductility. The
microstructure of WQ shown in Figure 6(b) is dominated by the plate-like structure of martensite,
which demonstrates higher hardness but a brittle feature. The hardness of the martensite depends
on the carbon content of the steel, as higher carbon content contributes to high hardness. When
the water-quenched sample was tempered, the martensite was transformed into tempered
martensite, as shown by the image of the WQ-T sample in Figure 6(c). Since the tempered
martensite has a lower hardness than martensite [32], the hardness of the WQ-T sample was found
to be lower than the WQ sample.
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Figure 6. Optical microscope images of slightly polished surface for (a) as received and (b - g)
electrochemically carburized samples

When the water-quenched sample was annealed, soft ferrite was present among the martensite
phase [10], as shown in the microstructure of the WQ-A sample in Figure 6(d). The presence of the
soft ferrite decreased the hardness of WQ-A compared to the WQ sample. As shown in Figure 6(e),
the OQ sample consisted of a dispersion of fine ferrite within the martensite microstructure. The
presence of fine ferrite caused lower hardness of OQ compared to the WQ sample. Tempering or
annealing processes on OQ samples resulted in the formation of pearlite grains and coarse ferrite.
Choi et al. [33] found that fine ferrite grains consisted of equiaxed and polygonal grain shapes that
exhibited higher elastic modulus and hardness compared to coarse ferrite. This was due to the grain
boundary that acted as a barrier of dislocation movement [33]. Hence, the presence of coarse ferrite
in OQ-T and OQ-A samples contributed to the lower hardness compared to OQ samples.

The overall result is that the quenching process contributed to the high hardness due to the
transformation into harder martensite. Formation of martensite, however, caused high distortion
in the microstructure of the sample and therefore induced internal stresses, which led to low
ductility and toughness of the sample. The tempering process was used to relieve the internal stress
across the lath boundaries by allowing the local rearrangement of atoms [34]. Aside from tempering,
annealing was also used to increase the ductility of the sample, soften the sample, relieve internal
stresses and refine the structure to become homogeneous [35].

Further investigation using XRD (Figure 7) was carried out on the surface of AR and electro-
chemically carburized samples. In accordance with the image of AR in Figure 4(a), the XRD peaks of
the AR sample showed the presence of only ferrite (JCPDS 06-0696) [36]. The XRD peaks for ferrite
and martensite are located at 26 = 44.7 and 44.6°, respectively, which are almost the same peak
[36,37]. Based on Figure 6, the AR sample consisted mostly of ferrite, whereas WQ and OQ are
dominated by martensite. The martensite peak (JCPDS 44-1292) [37] at 20= 44.6° (110) was visible
for all electrochemically carburized samples (WQ, WQ-T, WQ-A, 0Q, OQ-T and 0Q-A), while
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martensite peak at 260 = 64.9° (200) was detected only for WQ and OQ, which are only quenched,
and not post-heat treated samples.

It is noticeable that peaks of iron oxides, i.e., magnetite, Fes04 (JCPDS 65-3107) [38] and
hematite, Fe,Os (JCPDS 33-0664) [39] were detected in all samples that underwent post-heat
treatment. The presence of iron oxides (magnetite and hematite) in post-heat-treated samples
supported the occurrence of decarburization and oxidation during the cooling process, where the
samples were cooled in an oxidizing atmosphere, as discussed in the previous section.
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Figure 7. X-ray diffraction (XRD) analysis for the outer surface of as received (AR) and electrochemically
carburized samples (AR, WQ, WQ-T, WQ-A, 0Q, OQ-T and OQ-A)

The full width at half maximum (FWHM) at 26 = 44.6° (martensite) for the electrochemically
carburized samples is summarized in Figure 8. According to Fu et al. [15], the FWHM intensity of
martensite is proportional to the hardness value. Thus, a higher FWHM value of martensite indicates
a higher hardness value.

It is shown in Figure 8 that the WQ sample has the highest FWHM martensite intensity, followed
by WQ-T, 0Q, WQ-A (and OQ-T) and OQ-A samples. The FWHM martensite intensity is comparable
to the hardness value of electrochemically carburized samples, as shown in the hardness profiles in
Figure 3. It is interesting to mention that the stress relieved through the post-heat treatment was
more prominent for WQ samples, where significant changes can be observed in Figure 8. For
instance, the FWHM value for WQ-A and OQ-T samples was similar, but in Figure 3, WQ-A showed
higher surface hardness than the OQ-T sample. This is due to the significant stress relieved from WQ
to WQ-A sample, while the stress relieved from 0OQ to OQ-T sample was not so distinct.
Nevertheless, the FWHM values functioning as hardness indicators support hardness profiles, as
shown in Figure 3.

The hardness of electrochemically carburized quenched samples was reduced after the post-heat
treatment. The FWHM value was found to be proportional to the residual stress [40], where high
FWHM indicates the increment of the micro-strain along with the decrease of domain size of the
metal, which could be relieved through the annealing process. In other words, the annealing process
decreased the micro-strain while increasing the domain size (region inside the grains), reducing
hardness [15].
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Figure 8. Full-width half maximum (FWHM) for the electrochemically carburized samples at 20 = 44.6°

(martensite)

Priyadarshini et al. [41] stated that the annealing process decreased the hardness of the sample

due to the release of internal stresses. Zhang et al. [42] also found that FWHM is related to the grain
distortion, residual stress, and dislocation density of the surface materials since higher FWHM
showed higher hardening of the measured surface. The strain and surface defects were decreased
after the tempering process [42]. In this work, tempering and annealing processes successfully
relieved the stresses on the sample surface since lower FWHM was recorded for tempered or
annealed samples (after either water or oil quenching).

SEM images with EDX mapping of oxygen and carbon were carried out on the outer surface of

AR, WQ, WQ-T and WQ-A samples, as shown in Figure 9.

SEM image Element O Element C
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(b) wQ
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Figure 9. SEM image with EDX mapping of (a) AR, (b) WQ, (c) WQ-T and (d) WQ-A samples
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The oxygen mapping of post-heat-treated samples is in agreement with XRD results. The oxygen
mapping (blue colour) of tempered (Figure 9(c)) and annealed (Figure 9(d)) samples covered more area
(concentrated) compared to WQ and AR samples. Moreover, the dark area (without oxygen) was more
obvious for WQ and AR samples. It is also apparent that the WQ-A sample had higher oxygen
concentration compared to WQ-T. The EDX analysis showed the carbon content on the outer surface of
AR (2.79 wt. %), WQ (5.24 wt.%), WQ-T (5.16 wt.%), WQ-A (2.94 wt.%), 0Q (4.73 wt.%), OQ-T (2.78 wt.%)
and OQ-A (2.63 wt.%), respectively. Higher carbon content was in accordance with the higher surface
hardness of samples. The EDX mapping also showed that, comparatively, WQ had higher carbon
distribution (intense red colour). The red colour in WQ_ is more prominent compared to others, which
indicates a high content of carbon that can be matched to the surface hardness depicted in Figure 3.

Conclusion

Different post-heat treatment procedures were applied to electrochemically carburized and
guenched low-carbon steel samples in order to improve steel properties. Electrochemical
carburization was performed in Na,COs-NaCl molten salt at 800 °Cin the presence of CO;, and samples
were quenched in either water or oil. Post-heat treatment was performed by either tempering
involving faster or annealing involving a slower cooling process. Post-heat-treated samples generally
showed lower peak hardness values than only quenched samples. Among post-heat-treated samples,
annealed samples showed lower peak hardness than tempered samples. In difference to as received
sample that showed only ferrite and quenched samples that showed only martensite phase, XRD of
post-heat-treated samples showed a mixture of martensite, ferrite, and iron oxide (hematite and
magnetite). The corresponding full width of half maximum (FWHM) values for the martensite XRD
peak showed the relieving of stress after either tempering or annealing, which pointed again to the
lower hardness of post-heat-treated samples. Optical images indicated a dark layer extending from
the surface to the core of samples, that was found to be thicker for post-heat-treated than only
guenched samples. This layer is ascribed to the carbon present as the martensite phase, distributed
deeper within post-heat-treated than only quenched samples. The carbon content determined by EDX
analysis was found to be lower, while the oxygen content was found to be higher for both post-heat-
treated samples. These suggest simultaneous decarburization and iron oxidation processes that lower
the hardness of post-heat-treated sample surfaces. The decrease in hardness could be related to
relieving residual and internal stresses after the post-heat-treatment process.
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