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1. Introduction

Heat treatment of steel is an important process where 
steel is rapidly cooled from high temperature to increase the 
strength and hardness through Martensite phase transfor-
mation [1]. Rapid cooling in this process is conducted using 
a quenchant. However, quenchant selection is also very im-
portant as different types of quenchant offer different cool-
ing rates. Furthermore, improper cooling rates could have 
a negative impact on the quenched steel. Slow quenching 
could result in low hardness due to non-uniform Martensite 
formation. Meanwhile, quenching with excessively high 
cooling rates will crack the still because of high thermal 
shock during quenching. 

The types of quenchants normally used are water, salt 
baths, brine solutions, vegetable oils and recently nanofluids. 
Water and brine were used as quenchants. Thus, the factors 
affecting the heat transfer rates during quenching have 

been studied by many researchers and plenty of literature is 
available [2, 3]. Recently, research using particle-dispersed 
quenching media was conducted because of their better 
heat transfer performance compared to conventional quen-
chants. Some used Carbon nanotube (CNT) nanofluids as 
quenchants and found that the method of preparation played 
a vital role in determining the heat transfer rates during 
quenching [4]. Also, some studied the effect of CNT concen-
tration ranging from 0.25 to 1.0wt % in CNT nanofluids and 
agitation on heat transfer rates during quenching [4]. They 
found that the peak heat flux increased with CNT concen-
tration until 0.5wt % and then decreased with a further in-
crease in CNT concentration. However, the researchers have 
not yet analyzed the impact of Printed Circuit Board (PCB) 
particle-dispersed quenchant on the metallurgical and me-
chanical properties of steels.

Fast technology development results in many devices 
being produced every day. Many of these devices have a rela-
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In this study, the effect of Sodium 
Dodecylbenzene Sulfonate (SDBS) addition as 
a surfactant on the performance of the Printed 
Circuit Board (PCB) particle-dispersed quenchant 
in terms of thermal conductivity, particle stability, 
the microstructure and hardness of S45C medium 
carbon steel has been investigated. Conventional 
quenchants have fixed, uncontrollable cooling 
rates. Adding solid particles creates a thermal 
bridge, enabling adjustable cooling rates to address 
this limitation. The solid particles in the quenchant 
were synthesized from PCB. The surfactant helps 
to improve particle dispersion and avoid agglom-
eration by modifying the surface tension between 
the particles and the fluid. PCB particle-dispersed 
media have been prepared and used as quen-
chants to study the effect of PCB dispersion, and 
its concentrations on the heat transfer rate during 
quenching. Based on this research results, parti-
cle stability measurement by zeta potential shows 
the stability improvement up to –21.53 mV after 
7 wt % of surfactant addition, compared to dis-
tilled water. Due to the better particle dispersion, 
the thermal conductivity of the quenchant is also 
improved by 39 %, maximized at 0.82 W/mK when 
compared with the quenchant without surfactant 
at only 0.61 W/mK. Furthermore, the quenched 
steel hardness also increases by 29 %, maximized 
at 58 HRC at 7 wt % surfactant and 0.3 wt % PCB 
particles composition. The Dispersed PCB parti-
cles in the quenchant allow the heat flow from high 
to lower temperature efficiently. The experimen-
tal results show that a water-based quench medi-
um with PCB particle dispersion is an alternative 
quench medium to obtain a more controlled cooling 
rate in steel heat treatment and is one solution for 
utilizing PCB electronic waste
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tively short lifetime. Therefore, electronic waste is becoming 
an increasingly serious problem [5]. It is already common 
that one method to recycle e-waste is by reducing its size 
into small particles. Waste Printed Circuit Board (PCB) is 
one type of e-waste that is very concerning for the environ-
ment due to its huge amount. The use of PCB particles as 
a particle-dispersed quenching medium is one method for 
recycling electronic waste. 

The main challenge for dispersing particles in a fluid is 
particle agglomeration. To have an improvement in the ther-
mal conductivity of the quenchant, particle agglomeration 
must be avoided. Moreover, agglomerated particles tend 
to settle quickly, resulting in a non-uniform quenchant. To 
avoid this phenomenon, a surfactant is important to modify 
the particles’ surface tension and disperse them better [6]. 
One type of commonly used surfactant is Sodium Dodecyl-
benzene Sulfonate (SDBS). Therefore, it is crucial to observe 
the effects of surfactant addition and PCB particles in the 
particle-dispersed surfactant on its performance to increase 
the strength of the quenched steel.

2. Literature review and problem statement

The papers [3, 7] present the results of quenching sim-
ulations and experiments. It is discussed that traditional 
quenching methods, such as using water, oil, and poly-
mer-based solutions, face challenges due to fixed cooling 
rates during quenching for each quench medium. The fixed 
cooling rate characteristic makes it difficult to obtain a 
proper cooling rate, and often results in thermal gradients, 
causing cracks, warping, or distortions that compromise the 
steel’s performance. Therefore, controlling the cooling rate 
in the quenching medium becomes very important. To over-
come the cooling rate problem, both papers also suggest the 
utilization of particle-dispersed quench medium. However, 
the particles used in the papers are advanced and quite cost-
ly such as Carbon Nanotubes. Therefore, this would pose a 
problem if applied in the real heat treatment industry. Other 
options of more affordable particles are very crucial. For this 
reason, this research observes the possibility of using PCB 
particles as dispersed particles.

The paper [8] shows that fine-sized particles tend to 
agglomerate when dispersed in a fluid. This paper discussed 
the importance of surfactants to modify the surface tension 
of a particle to increase its stability. The mentioned paper, 
however, only focused on the characterization of the effect 
of surfactant addition. It does not elaborately explain the 
connection between surfactant addition and thermal con-
ductivity in a quench medium.

For a quench medium, agglomeration could become a 
problem as well. Particle instability in the quenchant can 
lead to inconsistent quenching performance and reduced ef-
ficiency. This is a significant challenge in utilizing particles 
within quenching fluids, which is ensuring their stable dis-
persion. One way to overcome this problem is by surfactant 
addition. The addition of surfactants like sodium dodecyl-
benzene sulfonate (SDBS) becomes particularly important, 
as they help maintain a stable suspension of particles in the 
quenchant [7]. The addition of SDBS has been found to im-
prove the wetting properties of quenching fluids by reducing 
their surface tension [9]. This allows for a more uniform 
cooling process, reducing thermal stress and minimizing the 
likelihood of cracking. SDBS, as an anionic surfactant, also 

plays a crucial role in stabilizing dispersed particles within 
the quenchant, preventing agglomeration that can cause 
uneven cooling rates. Stabilized particles due to surfactant 
addition in quenchants could increase its thermal conduc-
tivity and improve heat transfer [10]. By preventing agglom-
eration, SDBS ensures a uniform cooling process, which is 
crucial for reducing internal stresses and achieving the de-
sired mechanical properties in steel. This, in turn, influences 
microstructure transformations, leading to improvements in 
the hardness and durability of steel components.

One innovative approach gaining attention involves 
repurposing electronic waste, particularly printed circuit 
boards (PCBs), as a source of particles for quenching media. 
PCBs contain various metals and compounds that could be 
utilized to enhance heat transfer during quenching. 

The papers [11, 12] discussed waste PCB utilization by 
processing into small particles. The obtained small parti-
cles of waste PCB are normally then leached to produce a 
precious metal. Meanwhile, the rest of the PCB compound 
is still underutilized and disposed of in landfills. Therefore, 
the papers still don’t offer any solution to utilize waste PCB 
with precious metals already extracted. 

One option to reduce waste PCB sent to landfill disposal 
is by using it as dispersed solid particles in a quench medium. 
It is already well known that solid particles have higher ther-
mal conductivity than a fluid [13]. Hence, adding solid par-
ticles in a quench medium could increase its overall thermal 
conductivity. Using particles derived from electronic waste 
not only leverages their thermal properties but also address-
es the growing concern over e-waste recycling, aligning with 
sustainability goals [14]. This approach not only provides 
a potential enhancement in steel hardness but also offers a 
novel method to repurpose waste materials, turning them 
into valuable resources for industrial applications.

All this allows us to assert that it is expedient to con-
duct a study on the combined use of SDBS surfactant and 
PCB-derived particles as a novel quenchant for medium car-
bon steel, specifically S45C steel. It is necessary to explore 
whether this innovative quenchant can improve the hardness 
and overall mechanical properties of steel while also contrib-
uting to sustainable waste management.

3. The aim and objectives of the study

The aim of this study is to determine the effectiveness 
of using PCB-based particles, combined with the SDBS 
surfactant, in creating a novel quenchant to improve the 
hardness of S45C medium carbon steel. 

To achieve this aim, the following objectives are accom-
plished:

– to observe the effect of leaching and milling on PCB-
based particles;

– to evaluate the stability and thermal conductivity of 
PCB-based particle-dispersed fluid;

– to analyze the microstructure of S45C steel after the 
quenching process.

4. Materials and methods

The object of the study is the properties of S45C medium 
carbon steel after heat treatment. It is hypothesized that 
adjusting the amount of solid particle addition could control 
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the thermal conductivity and thus optimize the cooling rate 
of the quenchant. By using particles sourced from PCBs, this 
research not only optimizes the quenching process but also 
promotes an environmentally friendly solution that aligns 
with circular economy principles. The findings have the 
potential to transform traditional heat treatment practices 
by reducing dependence on conventional quenchants that 
may have environmental and economic drawbacks, thereby 
fostering greener industrial processes.

The main sample of this research is PCBs as a source of 
dispersed particles in the quenchant, and S45C steels for the 
sample in the quenching process. Both PCB and S45C steel 
are new, commercially available, generic, and unbranded 
type. In this research, a new unused commercially available 
PCB was used to avoid any unnecessary contamination. 
It is assumed that the unused PCB could represent waste 
PCB without any significant difference. Furthermore, the 
usage of unused PCB also simplifies the sample prepara-
tion steps by avoiding any cleaning process. The PCB was 
bought in a 10×20 cm board shape (Fig. 1). To prepare for 
further treatment, the PCB was rough milled using a large 
steel ball to create coarse particles (Fig. 2). For the milling 
process, the equipment used was an NQM-4L planetary ball 
milling machine from Shenzhen, China. A 500 ml SUS 304 
stainless-steel jar was used to contain the PCB sample 
during milling. In rough milling, a stainless-steel ball with a 
diameter of 20 mm was used. Rough milling was conducted 
at 500 rpm for one hour.

The PCB particles were then leached to reduce the met-
al fraction content, simulating the extracted waste PCB. 
Leaching also helps to dissolve the epoxy resin, which binds 
the fiberglass [12]. The leaching process was done using 
1M HCl with stirring for 24 hours [15], using a generic 
beaker glass on top of a magnetic stirrer. After leaching, the 
PCB was pyrolyzed to change the polymer used in the PCB 
into a charcoal-like substance (Fig. 3). The charcoal-like 
substance is more brittle, hence might help the milling 
process later. The pyrolysis treatment was conducted in 
a Nabertherm tube furnace for 15 minutes at 500 °C in 
the Argon gas to create an Oxygen-free environment. The 
Argon gas flow was 5 liters per minute. Subsequently, the 
PCB was milled to reduce the particle size (Fig. 4). For the 
particle reduction milling, the same planetary ball milling 
machine and jar were utilized. However, the stainless-steel 
ball used for particle reduction has a diameter of 3 mm. The 
dry milling process was conducted for 20 hours at 500 rpm. 
A typical 10:1 ball to powder ratio was used.

The characterization of PCB particle morphology was 
conducted using Scanning Electron Microscopy (SEM). The 
SEM instrument used in this research was FEI Inspect 50. 
For the electron microscopy observation, a small amount 
of PCB particles was placed on top of a sample stub with a 
carbon tape. Because the PCB particles are not conductive, a 
layer of Au-Pt was then coated on the sample using a sputter 
coater, to prevent charging defects during SEM observation. 

For the chemical composition of the particles, X-Ray Flu-
orescence (XRF) was employed using an Aeris XRF instru-
ment from PANalytical. In this observation, PCB particles 
were placed on a sample plate. The X-ray from the instru-
ment will radiate the PCB particles, exciting the innermost 

Fig.	1.	Commercially	available	Printed	Circuit	Board

Fig.	2.	Coarse	Printed	Circuit	Board-based	particles	obtained	
by	rough	milling

Fig.	3.	Printed	Circuit	Board-based	particles	after	the	
pyrolysis	process

Fig.	4.	Planetary	ball	milling	process	on	the	Printed	Circuit	
Board-based	particles
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electron in the particle, which leaves the orbital creating a 
vacancy. The electron from the outer orbital then fills the 
vacancy while emitting fluorescence radiation, which can 
be used to identify the chemical composition of the sample.

The particle size was measured using Particle Size 
Analysis (PSA), coupled with Zeta Potential to observe the 
particle stability in the fluid. The equipment used for both 
PSA and Zeta Potential measurement was a Horiba SZ-100 
nanoparticle analyzer. The PCB sample was dispersed into 
distilled water and inserted in a cuvette for this observa-
tion. Dynamic Light Scattering method was applied for the 
measurement. In this method, a laser is irradiated toward 
the particles, and the angle of scattering was measured to 
determine the particle characteristics.

To synthesize the particle-dispersed quenchant, the milled 
PCB particles were added to distilled water as a base fluid. The 
concentration of the particles was (in weight percent) 0.1, 0.3, 
and 0.5. As mentioned earlier, a surfactant was added to im-
prove the particle dispersion. The SDBS addition was 3 %, 4 % 
and 7 %, respectively in each particle variation. The surfactant 
was then assumed to have a uniform mixture 
after the ultrasonic bath. Each quenchant vari-
ation was checked for thermal conductivity. 
Thermal conductivity was measured using the 
KD2 Pro Thermal Properties Analyzer. This 
equipment operates based on the transient 
hot-wire method (THW), where a small probe 
heats the surrounding water and measures the 
resulting localized temperature increase. For 
the measurements, 100 ml of quenchant was 
placed in a glass beaker. The temperature of 
the quenchant was maintained at room tem-
perature (approximately 26 °C) using a tem-
perature-regulated water bath. This precau-
tion ensured that the quenchant’s temperature 
remained stable and did not rise excessively 
during the measurement, which could other-
wise affect the accuracy of the results.

For the heat treatment and quenching 
experiment, S45C medium carbon steel was 
austenitized and quenched. The sample dimen-
sions are shown in Fig. 5. The steel composition 
was checked by Optical Emission Spectrosco-
py (OES). For this research, Foundry-Master 
Xpert was used as a spectroscope instrument. 
The wide flat surface of the steel sample was 
sanded using #300 sandpaper to remove any 
contaminants and smooth out the cutting 
mark. Subsequently, the prepared side of the 
sample was placed on the OES equipment, 
and then a high voltage will spark the sample. 

Because of the spark, the electron in the sample will be excited 
and emit a certain unique wavelength for each element. This 
wavelength can be used as a base for composition identifica-

tion. The composition results are shown in Table 1. The sample 
dimensions ensure the efficiency of the austenization duration, 
while still provide ample space for hardness testing. The com-
position test confirms that the sample was S45C.

Austenization was conducted at 900 °C for 1 hour, 
followed by quenching using each variation of the quen-
chant (Fig. 6). From the figure, it can be seen that the heat-
ing rate was roughly at 10 °C/minute. Preheating at 500 °C 
was done to avoid any thermal shock.

Table	1

Chemical	composition	of	the	S45C	steel	sample

Element Weight, %

Fe 98.1

C 0.45

Si 0.27

Mn 0.71

P 0.03

S 0.07

After the heat treatment process, the sample under-
went a standard metallographic preparation route, includ-
ing mounting, grinding, and polishing. The steel hardness 
and microstructure were then checked using a Rockwell 
hardness tester and an Optical microscope to observe the 
different performance of the quenchant. The microstructure 
analysis was performed using an Olympus Inverted Met-
allurgical Microscope BX41M-LED. To reveal the micro-
structure, a freshly prepared 2 % Nital solution (composed of 
2 ml nitric acid and 98 ml of 75 % alcohol) was utilized as an 
etchant. The etching duration ranged from 5 to 30 seconds, 
depending on the sample. Rockwell hardness testing was 

Fig.	5.	Dimensions	of	the	S45C	steel	sample

Fig.	6.	Heat	treatment	profile	for	steel	quenching
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carried out using the Qualirock Digital Hardness Tester, 
following the ASTM E18 standard. In this testing, an inden-
tation is produced by a load from the indenter on the surface 
of the steel sample. After that, the permanent depth of the 
indentation is measured by the equipment. The indentation 
will be shallower on the harder sample.

5. Results of the research on printed circuit board-based 
particles with sodium dodecylbenzene sulfonate

5. 1. Observation on leaching and milling effects on 
printed circuit board-based particle synthesis

Table 2 shows the XRF results of leached PCB particles. 
The most significantly reduced element was Magnesium, from 
25 % to 8 %. The other elements seemed to be fluctuating 
even though not significantly. Chlorine, on the other hand, 
increased significantly due to leaching using HCl. The leach-
ing process reduced the metallic element content in the PCB 
to simulate the extracted waste PCB. During the leaching 
process, metals react with HCl, creating metal chlorides [15]. 
The most significant reduction occurred for Magnesium met-
al, as it is easier to form MgCl2 compared to other metal chlo-
rides. From the same study, it is mentioned that HCl leaching 
showed the most optimum metal reduction compared with 
other acids such as HNO3 or H2SO4 [15]. However, another 
study also found that using aqua regia, some metals digestion 
is more satisfactory [14]. The usage of HCl in this research 
considers the safer leaching waste effect on the environment.

Table	2

X-Ray	Fluorescence	results	for	Printed	Circuit	Board-based	
particles

Element
Concentration before leach-

ing (%)
Concentration after 

leaching (%)

Mg 25.975 8.277

Al 8.391 8.361

Si 35.099 37.808

S 0.686 0.676

Cl 0.273 13.323

K 0.2 0.214

Ca 23.184 20.846

Ti 0.245 0.281

Cr 0.229 0.235

Mn 464.7 (ppm) 606.3 (ppm)

Fe 1.376 1.484

Ni 664.6 (ppm) 578.7 (ppm)

Cu 2.374 4.753

Br 0.116 0.151

Sr 0.293 0.356

Ag 0.237 0.286

Sn 0.245 0.748

Ba 0.789 1.703

Pb 0.174 0.381

However, in general, the metallic content in the parti-
cles may help to increase the thermal conductivity of the 
quenchant. Solid metallic particles generally have higher 
conductivity compared to non-metallic ones [13]. However, 
due to the greater weight of metallic particles, they tend to 
settle faster than non-metallic particles.

As mentioned earlier, the leached PCB particles were 
pyrolyzed and milled using a planetary ball mill. The average 
particle size was determined by PSA. Before milling, the par-
ticle size averaged at 1,035 nm. The particle size was reduced 
to 572 nm after milling. Hence, it can be concluded that the 
milling process could reduce the particle size by up to 44 %. 
The morphology of the milled particles is shown in Fig. 7. 
From the SEM image, the particle shape is mainly granular.

The granular shape of the particles is a result of the shear 
and impact force between the ball mill, mill jar, and the 
PCB particles themselves. Although there are still rectan-
gular-shape particles, probably from the fiberglass particles, 
the majority of granular particles indicate that the milling 
process was conducted successfully. 

5. 2. Evaluation of the stability and thermal conductivi-
ty of a printed circuit board-based particle-dispersed fluid

The synthesized PCB particles were then used to create 
a quenchant. SDBS was added as a surfactant to help and 
improve particle dispersion. The dispersion of the particles 
was measured using zeta potential. Table 3 shows the effect 
of surfactant addition in the quenchant with 0.5 % particles. 
It shows that the increasing concentration of the SDBS 
surfactant, increases the zeta potential of the quenchant. 
The result is similar to another report where particles are 
more stable with the increasing content of the SDBS sur-
factant [6, 16]. Higher zeta potential means better stability, 
where particles could disperse longer without precipitation.

Table	3

Zeta	potential	analysis	of	Milled	PCB	particle-dispersed	fluid	
stability

PCB particle content 
(weight %)

SDBS content (%) Zeta potential (mV)

0.5

0 –16.1

3 –18.1

5 –20.13

7 –21.53

As a quenchant, thermal conductivity becomes an im-
portant characteristic. Thermal conductivity measurement 
was done on all quenchants. The measurement is shown 
in Fig. 8. In the figure, the most optimum thermal conduc-
tivity was obtained at 0.82 W/mK for the quenchant with 
0.3 % PCB particles and 7 % SDBS surfactant addition. 
Standard room-temperature distilled water has a thermal 
conductivity of around 0.59 W/mK.

Fig.	7.	Morphology	of	milled	Printed	Circuit	Board	particles
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Therefore, the additional particles and surfactant increased 
the thermal conductivity up to 39 %. A decrease in the thermal 
conductivity was found at 0.5 % PCB particles with 3 % and 
7 % SDBS. The result is quite similar to previous research using 
multi-walled carbon nanotubes (MWCNT) as nanoparticles 
and different surfactants [10]. It might suggest that the phe-
nomenon is similar, where a higher percentage of PCB-based 
particles was not fully compatible with SDBS as a surfactant, 
creating agglomeration and lowering thermal conductivity. 
Agglomeration occurred because of the formation of micelles 
from the bulk surfactant [17]. These micelles reduce the ability 
of the surfactant to modify the particle’s surface tension [18].

5. 3. Microstructure analysis of S45C steel after the 
quenching process

Before any heat treatment, S45C steel has a very low 
hardness at 20 HRC. To support the hardness results, 
standard metallography practice was conducted to reveal 
the microstructure. All samples were mounted, ground, 
polished, and lastly etched using 2 % Nital solution. The mi-
crostructure of this steel is shown in Fig. 9. As expected, the 
microstructure consists of Ferrite and Pearlite phases [7]. 
Heat treatment and quenching were conducted to improve 
the characteristics, especially the hardness of the steel.

The first steel sample was quenched in distilled water to 
compare the effects of PCB-based particles and surfactant 
addition. The microstructure of the water-quenched sample 
is shown in Fig. 10. Because of the rapid cooling, the micro-

structure consisted of Bainite and Martensite phases. The 
hardness value of the steel was increased up to 43 HRC. The 
increasing hardness after quenching is a common knowledge 
and has been reported by many studies [19].

The other samples were then quenched with quenchants 
added with different variables of PCB particles and surfac-
tant addition. Fig. 11 shows the hardness of the steel after 
quenching in different quenchants. From Fig. 11, it appears 
that in general, the higher amount of surfactant addition 
could increase the hardness of the steel. 

The highest hardness was achieved at 58 HRC for the 

sample quenched in 0.3 % PCB particles and 7 % SDBS. 
This hardness number is an improvement of roughly 35 % 
compared with the steel quenched in distilled water. The 
result suggests that the optimum ratio between particles and 
surfactant provides the best improvement in steel hardness. 
Excessive particles or surfactant could result in agglomera-
tion and lower steel hardness [4, 7].

On the other hand, without the surfactant, the particles 
tend to agglomerate and settle easily. Hence, there is only a 
few dispersed particles in the base fluid. This phenomenon is 
supported by the result where the surfactant was not added 
to the quenchant. The lowest achieved hardness for the 
steel quenched in PCB-based particles was 45 HRC. Even 
this lowest hardness was still 4 % higher than that of steel 
quenched in distilled water.

The hardness result is in line with the thermal conductiv-
ity result. Higher thermal conductivity would provide a faster 

Fig.	8.	Thermal	conductivity	of	the	quenchant	with	dispersed	
Printed	Circuit	Board-based	particles
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Fig.	11.	Hardness	result	of	S45C	steel	quenched		
in	different	quenchants	with	dispersed		
Printed	Circuit	Board-based	particles
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cooling rate, hence higher steel hardness. Lower thermal con-
ductivity, for example, on the sample with more surfactant, re-
sulted in lower steel hardness. Therefore, it can be concluded 
that the thermal conductivity of the quench medium affects 
the cooling rate and the final quenched steel hardness.

Microstructure observation was conducted to support 
the hardness of the steel sample. The sample was also 
ground, polished, and etched using 2 % Nital solution. 
Fig. 12, 13 show the microstructure of the steel with the 
lowest and highest hardness, respectively. Each sample 
contains Martensite and Bainite phases. The only differ-
ence was the amount of each phase. 

As expected, the microstructure for the steel quenched 
in the quenchant with 0.1 % PCB without surfactant has a 
less dense Martensite phase. Meanwhile, the steel quenched 
in the quenchant with 0.3 % PCB and 7 % surfactant has a 
denser Martensite phase, hence the higher hardness. In the 
sample with the highest hardness, the Martensite phase 
was denser [20].

6. Discussion of the results of research on the effect of 
sodium dodecylbenzene sulfonate addition as a surfactant 

in the printed circuit board-based particle-dispersed 
quenchant on the hardness of S45C steel

The leaching process in this study was designed to 
simulate the actual condition of waste PCBs by reducing 

their metal content. HCl was chosen as the leaching agent 
due to its efficiency in removing metallic elements, partic-
ularly magnesium, as indicated in Table 2. Its use aligns 
with the environmental objectives of this study because 
it produces less hazardous waste compared to alternatives 
such as aqua regia. The paper [12] reported that aqua regia 
has more comprehensive metal removal capabilities, how-
ever, its byproduct poses significant environmental risks. 
The mentioned risks would contradict the sustainable 
approach targeted in this research. By carefully select-
ing HCl, the study achieved a balance between effective 
metal removal and environmental safety, emphasizing its 
practicality in real-world applications where minimizing 
pollution is very crucial.

Following the leaching process, pyrolysis was em-
ployed to enhance the carbon content of the PCB parti-
cles. This step converted the resin components of the PCB 
into char, significantly increasing the thermal conductivi-
ty of the particles because of the high carbon content. The 
residual metallic elements in the pyrolyzed PCBs further 
contributed to this improvement, creating a mixture of 
particles with a high thermal performance profile. This 
stage of the process not only improved the functional 
properties of the material but also highlighted the po-
tential of pyrolysis as a value-adding step in repurposing 
electronic waste. The enhanced thermal conductivity of 
the particles is critical for their role in the quenchant, 
as it directly influences the efficiency of heat transfer 
during quenching. The thermal conductivity of particles 
is reported by [13], stating that solid particles always have 
higher conductivity than a fluid.

The next step involved size reduction through plan-
etary ball milling, which reduced the particle size to 
an average of 572 nm, as shown in Fig. 7. This reduc-
tion represented a 44 % decrease from the initial size, 
demonstrating the efficiency of the process. The result 
is similar to the paper [11] where the final particle size 
is in the range of 500 nm by using a disk mill. Planetary 
ball milling is a widely used and cost-effective method for 
particle size reduction, offering a balance between sim-
plicity and performance [14]. However, its effectiveness 
depends heavily on parameters such as milling duration, 
rotational speed, and the ratio of ball to powder. De-
spite these efforts, the resulting particle size remained 
in the range of hundreds of nanometers. While this size 
is acceptable for many applications, it poses challenges 
for uniform dispersion in fluid media and can increase 
settling speed, potentially affecting long-term stability. 
These challenges mean the need for further adjustment in 
milling techniques to achieve smaller, more uniform parti-
cles for even better performance. Nevertheless, the milling 
process shows its potential to reduce the PCB into small 
particles, which can be utilized as dispersed particles in  
the quenchant.

To address the dispersion challenges, the study uti-
lized SDBS as a surfactant, which significantly im-
proved the zeta potential of the particle-dispersed fluid 
to –21.53 mV (Table 3). This improvement ensured that 
the particles remained stable and non-agglomerated, 
which is critical for maintaining consistent thermal con-
ductivity. Stable dispersions allow for efficient heat trans-
fer, as the particles provide continuous pathways for the 
heat to move from high-temperature regions to cooler 

Fig.	12.	Microstructure	of	steel	quenched	with	0.1	%	Printed	
Circuit	Board-based	particles	without	surfactant

Fig.	13.	Microstructure	of	steel	quenched	with	0.3	%	Printed	
Circuit	Board-based	particles	and	7	%	surfactant
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ones within the fluid. The enhanced stability provided 
by SDBS minimized agglomeration, ensuring a uniform 
distribution of particles throughout the fluid. This sta-
bility is essential for achieving continuous pathways for 
heat transfer and maintaining the performance of the 
quenchant over time. Hence, it is shown that SDBS addi-
tion could contribute to particle stability. The SDBS role 
in increasing particle stability is also supported by the 
paper [6], stating that SDBS addition increases the zeta 
potential of the fluid.

The data in Fig. 8 confirm that adding 7 % SDBS 
increased the thermal conductivity of the quenchant 
to 0.82 W/mK, which is comparable to the performance of 
more advanced and costly materials such as multi-walled 
carbon nanotubes (MWCNT) [10]. Unlike MWCNT, 
however, the PCB-based particles are more sustainable 
and environmentally friendly, offering a viable alternative 
for heat treatment applications where cost and sustain-
ability are key considerations. The improved thermal 
conductivity shows the importance of SDBS surfactants 
in enhancing heat transfer efficiency. Stable dispersions 
allow for continuous and effective pathways for thermal 
energy movement, demonstrating the quenchant’s poten-
tial in industrial heat treatment applications.

The improved performance of the particle-dispersed 
quenchant was further validated through microstructure 
observation and hardness testing of the quenched steel. 
Before quenching, the steel has a microstructure of Fer-
rite and Pearlite phases, shown in Fig. 9. These phases 
transform after quenching into Martensite and Bain-
ite (Fig. 10). Martensite and Bainite phases have higher 
hardness. The hardness testing confirms this phase trans-
formation. As shown in Fig. 11, the hardness of the steel 
increased linearly with the thermal conductivity of the 
quenchant. The steel microstructure in Fig. 12, 13 shows 
a denser Martensite phase, hence higher hardness. The 
paper [7] also reported the Martensite and Bainite phase 
transformation after quenching, similar to this study. This 
relationship shows the importance of thermal conductivi-
ty in determining the effectiveness of quenching process-
es. Furthermore, this relationship highlights the crucial 
role of improving particle stability by SDBS surfactant 
addition in determining the effectiveness of quenching 
processes. When compared to traditional quenchants such 
as water or oil, the particle-dispersed quenchant demon-
strated a more significant improvement in steel hardness. 
This result highlights the potential of the proposed quen-
chant for industrial heat treatment processes.

Despite these promising findings, the study is not 
without limitations. One major limitation is the relative-
ly large size of the particles after milling, which could 
impact the uniformity of dispersion and the settling be-
havior over time. While the addition of SDBS mitigated 
these issues to some extent, achieving smaller particle 
sizes would provide further benefits, including a larger 
surface area for heat transfer and improved fluid stabili-
ty. Additionally, the disadvantage of this study is lacked 
precise thermal conductivity data for the PCB particles 
themselves. The mixed and loose nature of the PCB mate-
rial complicates the direct measurement of this property, 
creating a gap in the evidence base. Future research could 
explore this disadvantage by compressing the particles 
into solid forms to facilitate accurate thermal conductiv-

ity measurements, though care must be taken to avoid air 
entrapment, which could interfere with the results.

There are several directions for improvement of this 
research. Achieving finer particle sizes through advanced 
milling techniques, such as shaker milling, could enhance 
the thermal and dispersion properties of the quenchant. Ad-
ditionally, exploring alternative surfactants, such as Cetyl 
Trimethyl Ammonium Bromide (CTAB) or Polyethylene 
Glycol (PEG), could provide a broader understanding of 
how different stabilizers impact particle dispersion and over-
all fluid performance. Other than the mentioned technical 
improvements, a deeper investigation into the environmental 
impact of the synthesized PCB particles, such as a life-cycle 
assessment, would strengthen the sustainability claims of 
this study and highlight its broader implications for waste 
management and green technology. Finally, exploring the 
practical applications of this quenchant in industrial settings 
would provide valuable insights into its scalability and po-
tential to replace conventional quenching media.

The findings of this study demonstrate a potential for 
practical applications in the industry of steel heat treatment 
processes, particularly where improving mechanical proper-
ties, such as enhanced hardness is essential. This quenchant 
is also suitable for industries focusing on sustainability, in 
which environmental impact is a critical consideration. 

The proposed quenchant is, nevertheless, optimized 
under specific conditions. For the real application of the 
quenchant, the parameter such as the particle and surfactant 
concentration may require to be adjusted depending on the 
aim to be achieved. In the future, the adoption of this quen-
chant has the potential to improve the mechanical properties 
of steel, reduce the operational cost, while minimizing the 
environmental impact.

7. Conclusions

1. The study demonstrated that the leaching process 
using HCl effectively reduced the metallic content, partic-
ularly magnesium, with its concentration decreasing from 
25.9 % to 8.3 %. This result aligns with previous findings 
that HCl is efficient in reducing specific metal concen-
trations while being relatively safer for the environment. 
Additionally, the milling process using a planetary ball 
mill successfully reduced the particle size from 1,035 nm 
to 572 nm, indicating a 44 % reduction. 

2. The addition of SDBS surfactant significantly 
improved the stability of the PCB particle-dispersed 
fluids, as evidenced by the increase in zeta potential 
from –16.1 mV to – 21.5 mV with increasing surfactant 
concentrations. This indicates better particle dispersion 
and reduced agglomeration, resulting in longer stability 
of the quenching fluid. The thermal conductivity of the 
optimized quenchant reached 0.82 W/mK, representing a 
39 % increase over distilled water (0.59 W/mK). Howev-
er, at higher particle concentrations, agglomeration was 
observed, which decreased thermal conductivity due to 
ineffective surfactant-particle interaction. 

3. The quenching process using the PCB particle-dis-
persed quenchant resulted in an improvement in the hard-
ness of S45C steel, achieving a maximum hardness of 
58 HRC compared to 43 HRC for water-quenched samples. 
Furthermore, the microstructural analysis revealed a dens-
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er martensitic phase in the quenched steel when using the 
PCB-based quenchant, compared to a less dense mixture 
of Bainite and Martensite in water-quenched samples. This 
result highlights the potential of using recycled e-waste 
particles not only for sustainability but also for achieving 
enhanced mechanical properties in heat-treated steels.
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