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Abstract: The efficacy of using coconut shell powder (CSP) and dog conch shell powder (DCSP) as
an alternative carburizing media for SCM 420 steel pack carburization was investigated. The effective
case depth and wear resistance of quenched specimens prepared using various CSP-DCSP ratios
and carburizing times were determined and compared. The effective case depth was measured from
the microhardness profile obtained using a Vickers hardness testing machine. A CSP-DCSP ratio of
60%:40% and carburization time of 12 h were found to increase the effective case depth of SCM 420
quenched specimens to 2340 um. The results clearly showed that the effective case depth increased
by increasing carburization time and DCSP concentrations from 0% to 40% as a carburizing media
and decreased by further increasing DCSP concentrations to 50%. Moreover, the wear resistance of
quenched specimens increased approximately two times as DCSP concentrations were increased
from 0% to 40% for a carburization time of 12 h.

Keywords: packed carburization; dog conch; coconut shell; carburizing time; effective case depth;
total case depth; wear resistance

1. Introduction

While engineering materials are constantly evolving, their use is determined by their
availability, cost, mechanical properties such as wear resistance, corrosion resistance, dura-
bility, and other functional requirements [1]. Low carbon steel such as SCM 420 is frequently
used for machinery construction and moving components such as shafts, racks and gears,
pinions, cams, rockers, axles, valves, and so on due to its availability, cost-effectiveness,
ductility, and toughness [2-5]. However, this engineering material has some limitations,
most notably in terms of hardness, strength, and wear resistance. Consequently, surface
treatment is frequently used in real-life applications to ensure that components meet re-
quired performance requirements [6]. Pack carburizing treatment is frequently used to
achieve a high surface hardness while retaining the core material’s natural toughness and
ductility [7,8]. Notably, the component’s material properties can be optimized by varying
the duration and temperature of the carburizing process [9-12]. Generally speaking, a
higher carburizing temperature and a longer carburizing time result in a thicker effective
case depth and thus a higher surface hardness.

Several studies proved that casehardening mild steel increases its case hardness,
thereby increasing its wear resistance; the thicker the case depth, the harder the mild steel.
This improves the performance and durability of the mild steel material as a moving part
compared to the untreated mild steel component [13,14]. There are a variety of carburizing
materials available, each with a unique carburizing potential; however, some have a low
carburizing potential. The carburizing potential of these low carburizing potential materials
can be increased through the use of energizers. These energizers increase the carburizing
potential of the carburizing material [13]. Ihom et al. noticed that the effective case depth is
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a good measure of carbon penetration and, thus, that the depth of case hardening can be
used to determine an energizer’s efficacy [14]. Additionally, he stated that according to the
International Standard Organization’s ISO 2639-1973 and SS 1170 08 standards, depth case
is defined as the distance from the surface to a plane with a hardness of 550 Hv [14,15].

Various carbonates are used as energizers in the carburizing process; barium carbonate
(BaCO3), sodium carbonate (NaCO3), and calcium carbonate (CaCOj3) are notable examples.
These are combined with the carbonaceous material in various percentages [16-22]. In
recent years, calcium carbonate from some industrial waste such as fly ash, slag, and other
hot raw material has been used for steel processing. Jiang et al. [23] used fly ash material
to investigate the bonding behavior between steel and geopolymer paste (GPC) at very
high elevated temperatures. Calcium carbonate from various natural shells and bones
has also been considered as the energizer source for carburization. Soenoko et al. [24]
and Darmo et al. [25] used teak wood charcoal and Pomacea canaliculata Lamarck (PCL)
shell powder as the carbonaceous material source and energizing source, respectively, to
pack carburize SS400 steel cylinders. The results indicated that the addition of PCL shell
power increased the hardness and fatigue performance of the S5400 components effectively.
Negara and Widiyarta [26] used goat bone charcoal (GBC) and bamboo charcoal (BC) as the
carburizing media to pack carburize low carbon steel. The results indicated that by selecting
an appropriate carburizing medium (i.e., GBC or BC), significant improvements in hardness,
tensile strength, yield strength, and elastic modulus could be obtained. Aramide et al. [27]
discovered that adding pulverized bone as an energizer enhanced the impact resistance
and stiffness of carburized mild steel specimens. Thom et al. [14] revealed that mild steel
could be casehardened utilizing a carbonaceous material and eggshell combination as
an energizer, achieving a case depth of 0.75 mm after several hours of carburizing. They
noticed that the effective case depth achieved during casehardening is related to the holding
time.

At present, many researchers use shells and bones as energizers for the carburizing
process. However, few researchers have considered using seafood shells to enhance the
pack carburizing process. In the previous work [28,29], the present group discovered the
feasibility of using seafood shells (i.e., dog conch shells) as an alternative energizer for
the packed carburization process of SCM 420 steel. However, the investigations are still
limited on the hardness value and carbon content of carburized specimens. Therefore, the
present study investigates the effective case depth, total case depth, and wear resistance of
SCM 420 specimens carburized using different carburizing medium concentrations and
carburizing times.

The objective of this study was to investigate the effective case depth, total case depth,
and wear resistance of SCM 420 specimens carburized using various dog conch shell
powder (DCSP) and coconut shell powder (CSP) concentrations as a carburizing medium
for carburization durations of 3, 6, and 12 h, respectively. The carburizing temperature is
fixed at 950 °C for each experiment, and the DCSP content is varied in the range of 0~50%.
Generally, dog conch and coconut shells are discarded as waste. Thus, reusing them as an
enhancing source in the carburization process gives an alternative earth-friendly way for
steel processing. Hence, this study significantly contributes to environmental benefits.

2. Materials and Methods

SCM 420 steel bars with a diameter and length of 20 mm and 50 mm were used in
carburizing trials. The samples were placed in a 240 x 120 x 80 mm? (length x width x
height) low carbon steel carburizing box with a 5 mm thickness. The experiments were
performed with various CSP-DCSP percentage ratios. The carbon content of the original
SCM 420 steel is about 0.22 wt.% [28]. The various percentages of carburizing media are
shown in Table 1.
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Table 1. Various CSP:DCSP percentage ratios for carburizing media.

Compound CSP:DCSP Composition
A 100% CSP-0% DCSP
B 90% CSP-10% DCSP
C 80% CSP-20% DCSP
D 70% CSP-30% DCSP
EF 60% CSP-40% DCSP50% CSP-50% DCSP

The coconut shell powder-activated carbon from the company was repeatedly washed
with distilled water to remove contaminants and then dried overnight in a furnace at
60 °C. Before powdering, the dog conch shell was immersed in a 10% H;SOy solution
for 6 h, then repeatedly washed with distilled water and dried in an oven at 60 °C for
24 h to remove impurities. Each experiment began with adding the specified amount
of carburizing media (CSP and DCSP) to the box, which was then placed in an electric
furnace and heated to 950 °C for 3, 6, and 12 h, respectively. To prevent the formation of an
oxidation layer on the carburized sample surface, nitrogen gas was continuously circulated
through the furnace during the entire carburization process. After the carburizing process,
the samples were allowed to cool naturally to room temperature in the electric furnace,
then reheated for 10 min at a temperature of 950 °C, according to Fe-C equilibrium diagram
and austenitizing temperature commonly used for low to medium carbon steel [24,30-32],
and rapidly quenched in water.

For a microhardness measurement preparation, the quenched samples were machined
into test pieces, then ground step by step up to 1200 grit SiC paper and polished using a
motor-driven disk grinder and polisher to clean and smooth out the surface. Microhard-
ness measurements of all the specimens were performed using a Vickers hardness testing
machine (Wilson Hardness Tukon 1102, Shanghai, China) under a 1 kgf load. Microhard-
ness measurements were made starting from the surface, at an interval of 100 um to a
certain distance toward the center. To ensure the reliability of the measurement results,
the microhardness was measured five times (using a new sample each time) for every
experimental condition. A representative value for the sample was obtained by averaging
the five measurement results. From the average microhardness values obtained for each
specimen, the microhardness profiles were plotted, and effective case depths of various
DCSP concentrations and carburizing time were extracted.

The carbon content along the quenched specimens carburized layer was measured
three times per layer using glow discharge spectrometry (GDS) (Leco-GDS500A, Michigan,
MI, USA), with a distance of 100 pm between each layer. Prior to performing GDS analysis
on every layer, the samples were ground using 120-grit ZrO, paper, washed in distilled
water and alcohol, and then dried with an air compressor to remove the impurities. The
phase of quenched specimens was determined using X-ray diffractometry (XRD) (Bruker
D2 Phaser, Karlsruhe, Germany) using CuK« radiation with a diffraction angle range
of 20~80°. The microstructures and chemical compositions of the carburized specimen
were identified by Scanning Electron Microscopy (SEM) machine (Hitachi S-3000N, Tokyo,
Japan) with a detector energy dispersive spectroscopy (EDS) (X-maxN20, Horiba Ltd.,
Tokyo, Japan). Furthermore, the microstructures of the carburized layer were also observed
using optical microscopy (Olympus BX51M, Tokyo, Japan).

The wear resistance of the samples was detected using pin-on-disk wear testing
apparatus. The wear test sample preparation and procedure followed the methodology
and procedure of ASTM G99 [33]. The wear resistance of the specimens was performed
using pin-on-disk wear testings at temperatures of £23 °C with a load of 20N, wear track
(nominal) diameter of 5 mm, and sliding speed of around 0.018 m/s (70 rpm). The wear
test runs for approximately 182 min or about three hours with a sliding distance of 200 m.
Following the procedure of ASTM G99, the SCM 420 quenched specimens were cut into
the thickness of 5 mm and ground to surface roughness of around 0.8 pm. Prior to testing
and weighing, the wear test specimens were cleaned and dried for one minute using an
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ultrasonic cleaning machine to remove all foreign matter and dirt from the samples. The
mass loss was determined by weighing specimens before and after the test with a 0.1 mg
sensitivity balance. To ensure the reliability of the data, mass loss was measured five times
for each experimental condition (using a new sample each time). After averaging the five
measurement results, a representative value for the sample was determined. According
to ASTM G99, the mass loss value of the specimen converted to volume loss by using the
best available density value of the specimens. The wear width is determined by scaling
SEM micrographs of the worn surfaces of samples. Furthermore, the wear depths can be
estimated by dividing wear volume by the wear width of specimens.

3. Results and Discussion

3.1. Effective Case Depth of Quenched Specimens with Different Percentages of Carburizing Media
and Carburization Times

Figure 1a—f shows the microhardness profile of quenched specimens during carburiza-
tion using various CSP-DCSP ratios of 100%:0%, 90%:10%, 80%:20%, 70%:30%, 60%:40%,
and 50%:50% for 3, 6, and 12 h, respectively. As illustrated in Figure 1, the microhardness
value of all quenched specimens prepared with various CSP-DCSP ratios and carburizing
times decreases linearly as the depth from the surface to the substrate increases. Since
the surface’s carburizing condition almost remains the same as the fixed carbon content
depending on the powders’ ratio, the carbon contribution profiles gradually decrease
from the surface. According to Frick’s first law of diffusion, the surface’s microhardness
and carbon content show an almost linearly decreased phenomenon. This pattern also
matches the microhardness profile obtained by Li et al. on carburized 20CrNi2MoV steel
specimens [34].
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Figure 1. Microhardness profile and effective case depth of SCM 420 quenched specimens carburized
using CSP-DCSP ratio of: (a) 100%:0%, (b) 90%:10%, (c) 80%:20%, (d) 70%:30%, (e) 60%:40%, (f)
50%:50% and carburizing times of 3, 6, and 12 h, respectively.

Figure 1a shows the microhardness profile of quenched specimens using CSP-DCSP
ratio of 100%:0% for carburizing times of 3, 6, and 12 h. The surface microhardness
measurements of 628.5 + 5.385 HV, 667.3 & 5.032 HV, and 759.4 + 5.169 HV were obtained
after 3, 6, and 12 h, respectively. The hardness gradually decreased to 550 HV with a
slight fluctuation in the range of 460 um toward the core area for 3 h, 650 um for 6 h,
and 910 um for 12 h carburization times. This result indicated that the effective case
depth of 460 um is achieved after 3 h of carburization. After extending the carburizing
duration to 6 and 12 h, the effective case depth rose to 650 pm and 910 um, respectively.
Figure 1b shows the microhardness profile obtained after 3, 6, and 12 h of carburization
with a CSP-DCSP ratio of 90%:10%. From the microhardness measurement results, the
effective case depth of 520 um was obtained after 3 h. After 6 and 12 h of carburization,
the effective case depth increased to 770 pm and 1120 pum, respectively. The effective case
depths of 620 um, 890 um, and 1420 pm were obtained through carburization with an
80%:20% ratio of CSP-DCSP for 3, 6, and 12 h as shown in Figure 1c. After the carburizing
process for 3, 6, and 12 h using a CSP-DCSP ratio of 70%:30%, the effective case depth of
quenched specimens increased to 840 pm, 1050 um, and 1840 pum, respectively as depicted
in Figure 1d. Furthermore, Figure 1le shows that after increasing the DCSP concentrations to
40% (i.e., CSP-DCSP ratio of 60%:40%) for carburizing times of 3, 6, and 12 h, the effective
case depth increased to 920 pum, 1420 pm, and 2340 pum, respectively. However, after adding
DCSP concentrations of 50% on the carburizing process for 3, 6, and 12 h, the effective
case depth decreases to 640 um, 705 um, and 1010 um, respectively. From Figure 1, it is
found that as the time for pack carburization increases, the effective case depth increases as
well. Additionally, the effective case depth increases when DCSP concentrations increase
from 0% to 40% and decreases when DCSP concentrations increase further to 50%. It
can be seen that, in all various times of carburization (i.e., 3, 6, and 12 h), carburization
using DCSP of 40% achieved a higher effective case depth than other DCSP concentrations
(i.e., 0%, 10%, 20%, 30%, and 50%). These results are related to the depth of carburized
layer for a CSP-DCSP ratio of 60%:40%, higher than other CSP-DCSP ratios. The OM
images of carburized layer thickness for quenched specimens using CSP-DCSP ratios of
100%:0%, 90%:10%, 80%:20%, 70%:30%, 60%:40%, and 50%:50% with carburizing times of
12 h are presented in Figure 2a—f. The results confirm that the thickness of carburized layer
increases by increasing the DCSP concentrations to 40% and decreases by increasing the
DCSP concentrations to 50%.

Interestingly, the maximum effective case depth value presented in Figure le (2340 um)
is around 1.6 times greater than the value obtained in a previous study of alloy steel vacuum
carburization using Y ion implantation (1.47 mm) at a temperature of 920 °C for 5 h [35].
Moreover, it is approximately 3.1 times higher than that achieved in a previous study
using a combination of arecaceae flower waste and eggshells as a carburizing media in the
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carburization of mild steel (0.75 mm) at a temperature of 920 °C for 5 h [14]. However, the
maximum effective case depth value obtained in this study is still lower than the maximum
value obtained in another previous study using carburizing compositions of charcoal and
cowbone (2.6 mm) in RST 37 grade steel carburization [1].

400 um
—

400 pm E 400 um

400 um ' 400 pm
— —

Figure 2. OM images of SCM 420 carburized layers prepared with CSP-DCSP ratio of: (a) 100%:0%,
(b) 90%:10%, (c) 80%:20%, (d) 70%:30%, (e) 60%:40% “Reprinted from [29] under the CC BY license”,
(f) 50%:50% for a carburizing time of 12 h.

3.2. Total Case Depth of Quenched Specimens Prepared with CSP-DCSP Ratio of 60%:40% and
Carburizing Times of 3, 6, and 12 h

Figure 3 shows the microhardness profile and the carburized layer thickness of the
SCM 420 steel during carburization with a CSP-DCSP ratio of 60%:40% for 3, 6, and 12 h.
The total case depth measurements were performed by observing and measuring the
distances between the highest hardness value on the surface of each sample and the point at
which the hardness value begins to stabilize toward the core area. From the measurement
results, the total case depth of 1300 pm was obtained after 3 h of carburization. After 6 h
of carburization, the total case depth increases to 2300 um. Moreover, after extending the
carburizing time to 12 h, the total case depth increases significantly to 3300 um. The OM
images of carburized layer prepared using a CSP-DCSP ratio of 60%:40% with carburizing
times of 3, 6, and 12 h are shown in Figure 4a—c. The results confirmed that as the carburizing
time increases, the depth of the carburized layer increases as well.
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Figure 3. Total case depth of SCM 420 quenched specimens carburized using DCSP concentrations of
40% and carburizing times of 3, 6, and 12 h, respectively.
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—
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400pm

Figure 4. Microstructures of SCM 420 carburized layers prepared with CSP/DCSP ratio of 60:40%
and carburizing times of: (a) 3 h, (b) 6 h, and (c) 12 h “Reprinted from [29] under the CC BY license”.

3.3. Carbon Content Distribution on the Effective Case Depth and Total Case Depth of Quenched
Specimen with a Carburizing Time of 12 h and CSP-DCSP Ratio of 60%:40%

Figure 5 shows the carbon content distribution on the microhardness value of the
carburized layer during carburization with a carburizing time of 12 h and a CSP-DCSP ratio
of 60%:40% as a carburizing media. It is seen that the carbon content on the sample’s surface
of 1.14 £ 0.007 wt.% gradually decreases approximately to 0.435 wt.% at the distance of
2340 um toward the core area. This result indicated that the minimum carbon content
required for effective case depth formation of SCM 420 steel carburized samples during
carburization with a CSP-DCSP ratio of 60%:40% as a carburizing media and carburizing
time of 12 h is around 0.435 wt.%. Furthermore, the carbon content gradually decreases to
approximately 0.225 £ 0.006 wt.% at a distance of 3300 pm toward the core area, showing
that the minimum carbon content on the total case depth is around 0.225 wt.%.

Figure 6 shows the XRD results of quenched specimens prepared with a CSP-DCSP
ratio of 60%:40% and carburizing time of 12 h on different thickness layers. It was found
that the intensity of the iron (Fe) in the surface layer was lower than that found in the
layers with a depth of 300 um, 600 pm, and 900 pm from the surface, and in the core area,
respectively. Furthermore, the quantity of FesC contained in the surface area was more



Crystals 2022, 12, 296

8 of 19

than that found in layers with a depth of 300 um, 600 um, and 900 um, and in the core
area. These results indicate that the intensity of carbon contained in the surface layer is
also higher than that obtained in the other layers. The EDS analysis results of SCM 420
quenched specimens prepared with DCSP concentrations of 40% for a carburizing time of
12 h in different depth layers are presented in Figure 7. From Figure 7, it is found that the
carbon intensity on the surface (a) is higher than that obtained at the depths of 300 um (b),
600 pm (c), and 900 pm (d), and the core area (e), respectively. The EDS analysis results
confirmed that the carbon intensity of quenched specimens gradually decreased from the
surface layer to the substrate. Due to the decreased quantity of Fe;C and carbon intensity
from the surface layer to the core, the hardness value gradually decreases from the surface
layer to the core area, as illustrated in Figure le.
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Figure 5. Carbon content distribution and the microhardness of SCM 420 carburized using DCSP
concentrations of 40% for carburizing times of 12 h.
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Figure 6. XRD analysis result of SCM 420 quenched specimens carburized using DCSP concentrations
of 40% for carburizing times of 12 h in different layers: (a) surface, (b) a depth of 300 um, (c) a depth
of 600 pm, (d) a depth of 900 um from the surface area, and (e) core area.
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Figure 7. EDS analysis result of SCM 420 quenched specimens carburized using DCSP concentrations
of 40% for carburizing times of 12 h in different depth layers: (a) surface, (b) a depth of 300 um, (c) a
depth of 600 um, (d) a depth of 900 um from the surface area, and (e) core area.

3.4. Wear Resistance of Quenched Specimens

The weight loss of quenched specimens prepared with a CSP-DCSP ratio of 60%:40%
for carburizing times of 3, 6, and 12 h are shown in Figure 8. It was found that the weight
loss value was 2.8 & 0.089 mg for untreated specimens. After the carburizing process
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for 3, 6, and 12 h, the weight loss value decreased to 1.9 & 0.141 mg, 1.4 &+ 0.167 mg,
and 0.8 £ 0.170 mg, respectively. These results indicate that after the carburizing process
using a DCSP concentration of 40% as a carburizing media with a carburization time of
12 h, the wear resistance of the quenched specimen increased around 3.5 times compared
to untreated specimens [29]. The wear test results of the quenched specimens prepared
with various CSP-DCSP ratios of 100%:0%, 90%:10%, 80%:20%, 70%:30%, 60%:40%, and
50%:50% for a carburizing time of 12 h are shown in Figure 9. The results show the weight
loss value of 2.2 + 0.185 mg for quenched specimens prepared with a CSP-DCSP ratio of
100%:0%. After increasing the DCSP concentrations to 10%, 20%, 30%, and 40%, the weight
loss value decreased to 1.6 £+ 0.172 mg, 1.4 £ 0.185 mg, 1.1 & 0.148 mg, and 0.8 & 0.170
mg, respectively, and further increased to 1.9 + 0.167 mg when the DCSP concentration
increased to 50%. The volume loss of the wear specimen decreased from 0.28 mm3 to
0.1 mm?3 after increasing the DCSP concentrations from 0% to 40%. These results indicate
that the wear resistance of quenched specimens increased around 2.75 times by adding the
DCSP concentrations from 0% to 40%. However, the wear resistance decreased by further
adding the DCSP concentrations from 40% to 50%.

3.0

254

Weight loss (mg)
- N
] o
1 !

-
=
1

0.5+

0.0

for izing time  for izing time  for izing time

of3h of6h of12h

Figure 8. Wear test results of raw material SCM 420 and quenched specimens prepared with CSP-

DCSP ratio of 60:40% for carburizing times of 3, 6, and 12 h “Reprinted from [29] under the CC BY
license”.
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ratio of ratio of ratio of ratio of ratio of ratio of
100%:0% 90%:10% 80%:20% 70%:30% 60%:40% 50%:50%
Figure 9. Wear test results of SCM 420 quenched specimens prepared with CSP-DCSP ratio of
100%:0%, 90%:10%, 80%:20%, 70%:30%, 60%:40%, and 50%:50% for carburizing time of 12 h.

The wear resistance results of quenched specimens prepared with various CSP-DCSP
ratios of 100%:0%, 90%:10%, 80%:20%, 70%:30%, 60%:40%, and 50%:50% related to the
surface hardness value of each sample. The surface hardness values of quenched specimens
were increased by increasing the DCSP concentrations from 0% to 40%, and decreased when
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increasing the DCSP concentration to 50% after a carburization time of 12 h as depicted in
Figure 10 [29].

1000

950 +

900 -+

850

800

750

Vickers hardness (HV)

700

650 -

600

L) L) L) T T T
100% CSP 90% CSP + 80% CSP + 70% CSP + 60% CSP + 50% CSP +
10% DCSP  20% DCSP 30% DCSP 40% DCSP 50% DCSP
Various concentrated compounds

Figure 10. Surface hardness of SCM 420 quenched specimens prepared with CSP-DCSP ratio
of 100%:0%, 90%:10%, 80%:20%, 70%:30%, 60%:40%, and 50%:50% for carburizing time of 12 h
“Reprinted from [29] under the CC BY license”.

Figure 11 shows the EDS analysis results of quenched specimens prepared with various
DCSP concentrations of 0% (a), 20% (b), 40% (c), and 50% (d) after 12 h carburization.
It was found that the carbon intensity on the carburized layer of quenched specimens
increased after increasing DCSP concentrations from 0% to 20% and from 20% to 40%.
However, the intensity of carbon decreased after increasing DCSP concentrations from 40%
to 50%. Similarly, as shown in Figure 12, the number of martensite structures in quenched
specimens increased as DCSP concentrations increased from 0% to 40% and decreased
as DCSP concentrations increased to 50%. As a result, when DCSP concentrations were
increased from 0% to 40% as a carburizing media, the hardness value and wear resistance
of quenched specimens increased and decreased when further increased to 50%.

1 2 3 1 2 3
Fut Scale 1120 9971 (6 cts) ke Fut Scale 10,000 (4 cts) e\

Figure 11. Cont.
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Figure 11. EDS analysis result of surface quenched specimens prepared with CSP-DCSP ratios of
(a) 100%:0%, (b) 80%:20%, (c) 60%:40%, and (d) 50%:50% for carburization time of 12 h.

Figure 12. SEM morphology of surface quenched specimens prepared with CSP-DCSP ratios of
(a) 100%:0%, (b) 80%:20%, (c) 60%:40%, and (d) 50%:50% for carburizing time of 12 h.

Figure 13 shows XRD analysis results of quenched specimen carburized using CSP-
DCSP ratios of 100%:0%, 90%:10%, 80%:20%, 70%:30%, 60%:40%, and 50%:50% with a
carburizing time of 12 h. It is worthwhile to note the XRD profile taken from the 50%:50%
specimen. The 20 diffraction angles of the (110) plane were shifted to a higher value,
indicating that the lattice constant of the BCC Fe was smaller than other specimens under
different CSP-DCSP ratios. It is reasonable to deduce that the carbon atom concentration of
BCC Fe in the 50%:50% specimen is relatively low, indicating that the effect of carburization
is not promoted as expected. This experimental result is consistent with the microhardness
and the wear property. Based on the surface microhardness property in Figure 10 and
the weight loss property in Figure 9, the surface hardness of the 50%:50% specimen is the
lowest among those specimens with different CSP-DCSP ratios (i.e., DCSP concentrations
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of 10% to 40%). Abrasion data also show that the 50%:50% specimen has the greatest weight

loss.
=== BCC Fe JCPDS 06-0696
g Orthorhombic Fe3C JCPDS 65-2412
WWM] 4 g
|
i =
CSP/DCSP ratio of 90%:10% . S\ 5]
WWWWMM b \l bt -
R | T e g |
= |CSPIDCSP ratio of 80%:20% \ ]
> S
&' | CcSPIDCSP ratio of 70%:30% ) .S
» %
£ g
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S
CSPIDCSP ratio of 50%:50% S
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206(deg.)

Figure 13. XRD analysis result of quenched specimens prepared with CSP-DCSP ratio of 100%:0%,
90%:10%, 80%:20%,70%:30%, 60%:40%, and 50%:50% after 12 h carburization.

The presence of Fe3C on the quenched specimens was also observed by SEM and EDS,
as depicted in Figures 14 and 15. From Figure 14, it was found that some iron carbide (Fe3C)
existed on the carburized layer of quenched specimens. Furthermore, from Figure 15, EDS
analysis results show that certain particles are enriched in carbon elements, indicating that
these particles were Fe3C carbides. This result was consistent with the XRD analysis results
presented in Figures 6 and 13.

Figure 14. The SEM micrograph of quenched specimens was prepared using CSP-DCSP ratio of
60%:40% and a carburizing time of 12 h.
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Figure 15. EDS analysis results of quenched specimens on the different areas prepared with CSP-
DCSP ratio of 60%:40% and carburizing time of 12 h.

Furthermore, the elements distributed on the Fe3C and the matrix from EDS analysis
results are shown in Tables 2 and 3, respectively. Generally, the EDS analysis results cannot
present the exact weight and atomic percentages of light elements such as carbon. However,
from Tables 2 and 3, it can be observed that the carbon elements on the Fe;C area are much
higher than presented in the matrix area. Again, these results also confirm that the iron
carbide exists on the quenched specimens prepared using a CSP-DCSP ratio of 60%:40%
and a carburizing time of 12 h.

Table 2. The element of EDS analysis results on the Fe3C area.

Element. App Intensity Weight% Weight% Atomic%
Conc. Corrn. Sigma
CK 31.58 0.7598 41.59 1.41 76.80
Fe K 51.09 0.8752 58.41 141 23.20
Totals 100.00

Table 3. The element of EDS analysis results on the matrix area.

Element App Intensity Weight% Weight% Atomic%
Conc. Corrn. Sigma
CK 4.47 0.5719 11.18 1.71 36.91
FeK 59.87 0.9638 88.82 1.71 63.09
Totals 100.00

The worn surface of the samples was examined by scanning electron microscopes.
SEM micrographs of the worn surfaces of quenched specimens prepared with CSP-DCSP
ratios of 100%:0%, 80%:20%, 60%:40%, and 50%:50% for a carburizing time of 12 h are
shown in Figure 16. Figure 16a,d show the wear widths of 1.05 mm and 0.9 mm for
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the specimens prepared with CSP-DCSP ratios of 100%:0% and 50%:50%, respectively,
for a carburizing time of 12 h after a sliding distance of 200 m at 20 N. These are much
larger than the wear widths obtained on the specimens prepared with CSP-DCSP ratios of
80%:20% and 60%:40% of 0.75 mm and 0.55 mm as shown in Figure 16b,c, respectively. The
above results confirm that the wear weight losses of specimens with CSP-DCSP ratios of
100%:0% and 50%:50% at the carburizing time of 12 h are greater than those of specimens
with 80%:20% and 60%:40% for a carburizing time of 12 h. Since the wear width of the
specimen in Figure 16 was determined from surface morphology by converting the mass
loss to volume loss using the appropriate density of material specimens, the wear depths
of specimens can be estimated. Volume losses are 0.28 mm?, 0.18 mm?, 0.1 mm?3, and
0.24 mm? for quenched specimens prepared with DCSP concentrations of 0%, 20%, 40%,
and 50%, respectively. The wear depths of quenched specimens prepared with CSP-DCSP
ratios of 100%:0%, 80%:20%, 60%:40%, and 50%:50% are presented in Figure 17. From
Figure 17, it is found that the wear depths of quenched specimens prepared with CSP-
DCSP ratios of 100%:0%, 80%:20%, 60%:40%, and 50%:50% are 0.27 mm, 0.24 mm, 0.18 mm,
and 0.26 mm, respectively. From the above results, it can be stated that the mass loss,
volume loss, and wear depth of specimens with CSP-DCSP concentrations of 100%:0% and
50%:50% are higher than those obtained on the specimens prepared with CSP-DCSP ratios
of 80%:20% and 60%:40%. These results confirmed that the wear resistance of quenched
specimens prepared with a CSP-DCSP ratio of 80%:20% and a CSP-DCSP ratio of 60%:40%
(Figure 16b,c, respectively) is higher than the wear resistance of specimens with CSP-DCSP
ratios of 100%:0% and 50%:50%, as shown in Figure 16a,d, respectively.

Figure 16. SEM images of wear track of quenched specimens prepared with CSP-DCSP ratio of:
100%:0% (a), 80%:20% (b), 60%:40% (c), and 50%:50% (d) for a carburizing time of 12 h.
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Figure 17. Wear depths of quenched specimens prepared with CSP-DCSP ratios of: 100%:0%,
80%:20%, 60%:40%, and 50%:50% for a carburizing time of 12 h.

In addition, from the observation results of the worn surface morphology of each
test specimen, it can be found that the main wear mechanisms of the carburized layer are
adhesion, wear debris, spalling, and grooves [36,37]. It is worth noting that the wear surface
morphology of the carburized layer of the specimens with a CSP-DCSP ratio of 50%:50%
for the carburizing time of 12 h shows more serious spalling and more wear debris, as
shown in Figure 16d. On the other hand, the worn surface morphology of the carburized
layer of the specimens prepared with a CSP-DCSP ratio of 100%:0% for a carburizing time
of 12 h showed severe adhesive wear and grooves, as shown in Figure 16a. Based on the
abovementioned research results, it can be seen that the hardness value of the specimens
prepared with a CSP-DCSP ratio of 100%:0% and a CSP-DCSP ratio of 50%:50% for a
carburizing time of 12 h are lower than the hardness value of the specimens prepared with
a CSP-DCSP ratio of 80%:20% and a CSP-DCSP ratio of 60%:40%. Moreover, the wear
weight loss of the quenched specimens carburized using a CSP-DCSP ratio of 100%:0%
and a CSP-DCSP ratio of 50%:50% with a carburizing time of 12 h was also greater than
the quenched specimens carburized using CSP-DCSP ratios of 80%:20% and 60%:40%.
Therefore, the specimens with a CSP-DCSP ratio of 100%:0% and a CSP-DCSP ratio of
50%:50% with a carburizing time of 12 h exhibit poor wear resistance. The greater wear
weight loss and the poorer wear resistance may be related to the hardness and the density
of the microstructure of the carburized layer.

4. Conclusions

The efficacy of natural shell waste powders (i.e., coconut shell powder and dog conch
shell powder) as an alternative carburizing media on the pack carburization of SCM 420
steel for various carburizing times and carburizing media concentrations at a temperature
of 950 °C has been investigated and confirmed. The investigation concentrated on the
effects of the various CSP-DCSP ratios (100%:0%, 90%:10%, 80%:20%, 70%:30%, 60%:40%,
and 50%:50%) and the carburization times (3, 6, and 12 h) on effective case depth and wear
resistance of the samples. Based on the experimental results, the following conclusions can
be drawn:

1.  The effective case depth, total case depth, and wear resistance increased by increasing
the carburizing times.

2. The highest effective case depth, total case depth, and wear resistance were attained
using a CSP-DCSP ratio of 60:40% as a carburizing media for all various carburization
times (i.e., 3, 6, and 12 h).

3. The effective case depth value of quenched specimens for a carburizing time of 12 h
increased approximately 2.57 times when increasing DCSP concentrations from 0% to
40% and decreased when further increasing DCSP concentrations from 40% to 50%.
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4. Based on the mass loss results, the wear resistance of quenched specimens with 12 h
carburization increased around 2.75 times when increasing DCSP concentration from
0% to 40% and decreased when increasing DCSP concentration to 50%.

5. The wear depths of quenched specimens with 12 h carburization also increased around
1.5 times after increasing DCSP concentration from 0% to 40%.

6.  Similarly, EDS analysis results showed that the carbon intensity of the specimens
increased after increasing DCSP concentrations from 0% to 40%, and decreased after
increasing DCSP percentages from 40% to 50%.

7. The EDS analysis results showed that the carbon intensity of SCM 420 quenched
specimens gradually decreased from the surface to the substrate.

8. The minimum carbon content required for effective case depth formation of SCM 420
steel carburized specimens by using a CSP-DCSP ratio of 60%:40% as a carburizing
media and a carburizing time of 12 h is around 0.435 wt.%.

The effect of effective case depth value on the fatigue resistance of SCM 420 carburized
specimens will be investigated in a future study to complete the mechanical properties
investigation.
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