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Crucibles are critical equipment utilized across numerous industries, 
and they are notably costly. In this study, the influence of molasses 
concentrations on the properties of crucibles fabricated from 
evaporation boat waste products is explored. The evaporation boat 
waste was powdered and filtered using a 100 mesh sieve. The molasses 
concentrations added during the mixing procedure were as follows: 
0%, 5%, 10%, 15%, and 20% by weight. After 120 minutes, the mixture 
was compacted using 25 MPa pressure. The green body formed was 
dried at 100˚C for 300 minutes and fired at 1150˚C for 240 minutes. The 
obtained specimens were analyzed by X-ray diffraction (XRD), scanning 
electron microscopy (SEM), density testing, hardness testing, and 
flexural testing. The results of this study demonstrate that the addition 
of molasses has significant effects on the properties of the crucibles. 
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Specimens using molasses with a concentration of 5 wt% produce 
better physical and mechanical properties than other specimens. The 
density, hardness, flexural strength, and weight percentages of Boron 
nitride (BN) and Titanium diboride (TiB2) phases in the specimen with 
5 wt% molasses were 2.36 g/cm3, 64 HRA, 31.5 MPa, 68.9%, and 31.1%, 
respectively. The use of evaporation vessel waste and molasses in the 
production of crucibles in this study is in line with Sustainable 
Development Goals (SDGs) 3, 7, 14, and 15, which relate to improving 
excellent health and well-being, ensuring access to affordable energy, 
and conserving marine and terrestrial ecosystems. 

1. Introduction 
Plastic metallization is the process of coating plastic components with a thin layer of metal, such as aluminum, in 
order to give the surface of the plastic a metallic look and make its qualities more comparable to those of metal 
[1], [2]. Plastic packaging uses aluminum film as an effective barrier against gas, moisture, light, and oxygen to 
maintain the quality, safety, and aroma of the food products packed inside [3]. There are numerous coating 
methods for plastic surfaces, including electroplating, thermal spraying, and vacuum coating. Vacuum coating is 
regarded as one of the most efficient methods for metalizing plastic surfaces [4]. In the vacuum coating process, 
aluminum is heated in a vacuum chamber until it reaches its melting point, causing its atoms and molecules to 
vaporize and adhere to the moving plastic surface [1]. Evaporation boats (Fig. 1) are critical components in the 
process of plastic metallization, enabling controlled evaporation of metals onto plastic surfaces to acquire the 
appropriate metallic characteristics. However, to guarantee the efficiency of the plastic metallization process, it is 
necessary to replace the evaporation boats every 15 h [1], [5].  

 

 

Fig. 1 Evaporation boats in the plastic metallization process [6] 

The evaporation boat waste has a similar composition to virgin evaporation boats made from conductive 
ceramic materials such as BN and TiB2, which have high mechanical strength, thermal stability, and melting points 
[7], [8]. Boron nitride (BN) and titanium diboride (TiB2) have remarkable properties such as outstanding 
resistance to wear, great hardness, stability at high temperatures, and a high melting point. This makes it easier 
to use BN and TiB2 in many industrial processes, such as metallic evaporation plating, wear-resistant coatings, 
and aerospace applications [9–11]. Composite ceramics made of TiB2 and BN are good at conducting electricity, 
resist wear well, and are easy to machine [10, 12]. Moreover, the combination of TiB2 with BN provides enhanced 
electrical conductivity and lubricating properties for molten metals [10]. Based on the previous description, 
TiB2−BN is a suitable material for the manufacture of crucibles due to its superior properties, including chemical 
stability, corrosion resistance, thermal shock resistance, high-temperature resistance, thermal and electrical 
conductivity [8], [10]. 

A crucible is a specialized container designed to withstand high temperatures and is primarily used for 
heating substances to very high temperatures, often to melt or fuse them. Although clay and graphite are 
commonly used for crucibles, other materials like ceramics, metals, and quartz can also be used depending on the 
specific application. Additionally, modern crucibles can be made with advanced, high-temperature resistant 
materials such as alumina, zirconia, and platinum [13]−[17]. The attractive qualities of crucible materials have 
attracted the attention of researchers, academics, and businesses worldwide.  
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From 2020 to 2023, 2315 research paper documents have been published in Scopus-indexed journals with the 
keyword crucible. The number of research articles in 2020, 2021, 2022, and 2023 is 574, 573, 598, and 570, 
respectively (Scopus, January 2024, Search: “Crucible”). Large volumes of evaporation boat waste and molasses 
are generated by the plastic metallization industry and the sugar processing industry, respectively. Improper 
waste management can negatively affect the environment and human health [18]. Therefore, one possible solution 
is to recycle with the use of evaporation boat waste and molasses as raw materials for the production of crucibles. 
This strategy can aid in the reduction of pollution while simultaneously supporting the Sustainable Development 
Goals (SDGs), specifically goals 3, 7, 14, and 15, which pertain to health and well-being, affordable energy, and the 
conservation of marine and terrestrial ecosystems [19]. By utilizing evaporation boat waste and molasses as 
crucible raw materials, multiple benefits are attained simultaneously. Initially, it assists in diminishing the 
quantity of waste products disposed of in the environment, thus alleviating the adverse impacts on ecosystems 
and human well-being. Furthermore, stakeholders can create novel items that possess enhanced worth for both 
the industry and society through the process of recycling this trash. This aligns with SDG Objective 9, which 
prioritizes the development of industry, innovation, and infrastructure. Thus, the recycle of evaporation boat 
waste and molasses as raw materials for manufacturing crucibles can be a sustainable solution for reducing 
industrial waste, protecting the environment, and advancing the SDGs in general [19].  

As far as the author’s knowledge, the manufacture of crucibles using evaporation boat waste with molasses 
as a binder is rarely investigated. This is shown by the fact that only three papers have been published in Scopus-
indexed journals with the keyword’s crucibles and evaporation boat waste (Scopus, January 2024, Search: 
“crucible” and “evaporation” and “boat” and “waste”). Using evaporation boat waste as a material for making 
crucibles is one solution to overcome the waste generated by the plastic metallization industry. This is because 
evaporation boats are made of materials such as BN and TiB2, which have very suitable characteristics for making 
crucibles. Binders are required for the production of crucibles in order to hold the raw materials together during 
the manufacturing process and provide the necessary strength and durability [20]. Clay, oxidation-resistant 
materials, hybrid binders, carbon binders, liquid coal tar, and kaolin clays are commonly used as binders for 
crucible manufacturing, especially graphite crucibles [21]−[25]. Molasses is produced as a byproduct of sugar 
refining. Due to the unique properties that make it an effective binder, it is frequently used as a binder in a variety 
of industrial applications [26]−[28]. The utilization of molasses in this study was designated to increase the 
molecular bonds between particles to produce crucibles with high mechanical properties and reduce the cost of 
making crucibles. In addition, molasses has been widely used and researched as a binder for manufacturing fly 
ash mixed concrete, iron pellets, refractory ceramic bricks and biofuel pellets [28]−[31]. The objective of this 
investigation is to ascertain the physical and mechanical properties of crucibles produced from evaporation boat 
waste, utilizing different concentrations of molasses as a binder. 

2. Materials and Methods 
The evaporation boat waste used in this investigation was obtained from PT 3M Indonesia. Evaporation boats are 
composed of BN and TiB2. Density, hardness, Young's modulus, flexural strength, and thermal conductivity on 
evaporation boats were > 2.75 g/cm3, 45 HB, 55 GPa, 70 MPa, and 80 W/m.K. (at 20°C), respectively [7]. The 
molasses used as a binder in this study were purchased from Putra Agro Lestari Store, Salatiga, Indonesia. The 
characteristics and chemical elements of molasses are shown in Table 1. 

Table 1 The characteristics and chemical elements of molasses [32]−[36] 
Test Parameters Values 

Density (g/cm3) 1.35−1.44 
Total sugar (%) 51−51.36 
Ash (%) 7−15 
Water (%) 12−47 
Sucrose (%) 29−40 
Glucose (%) 4−14 
Fructose (%) 3−6 
Solubility Water soluble 
Dynamic viscosity at 27oC (mPa.s) 3338 

Fig. 2 shows a schematic illustration of the process for fabricating crucible specimens. The evaporation boat waste 
is crushed with a crusher machine and filtered through a 100-mesh sieve to produce evaporation boat waste 
powder [8]. The evaporation boat waste powder and molasses were mixed using a mixer at 1400 rpm for 30 
minutes. In this study, the concentration of molasses used was 0 wt.%, 5 wt.%, 10 wt.%, 15 wt.%, and 20 wt.%. 
To facilitate the production of a uniform mixture, 60 ml of water is added during the mixing process. The material 
composition of each specimen is shown in Table 2. The material that has been mixed homogeneously is put into 
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the mold, and the mixture was compressed at a pressure of 25 MPa to create a green body.  

The green body formed is dried in an oven for 300 minutes at 100°C. After drying, the green body is fired at 1150°C 
with a holding time of 240 minutes.  
 

 

Fig. 2 Schematic illustration of the process for fabricating crucible specimens 

The firing process was carried out to increase the hardness and strength of the crucible specimens produced [37]. 
In the failure of the green body formation during compaction, the specimens containing 15% and 20% Molasses 
were not subjected to the firing process (Fig. 3). An excessive quantity of moisture is produced by a high molasses 
concentration, which inhibits the creation of a green body after compaction. 

Table 2 Label and composition of crucible specimens 
Code of specimens Evaporation boat waste (powder) (wt.%) Molasses (wt.%) 

0% Molasses 100 0 
5% Molasses 95 5 

10% Molasses 90 10 
15% Molasses 85 15 
20% Molasses 80 20 

Evaluation of the properties of the obtained specimens was carried out using XRD, SEM, hardness, density, 
and three-point bending tests. A scanning electron microscope (SEM) (JSM-6510, JEOL, Tokyo, Japan) was used to 
examine the surface morphology of the specimens at an appropriate accelerating voltage of 15 kV. A high-
sensitivity electron detector was affixed to the bottom of the objective lens to generate composition images, 
topography images, and shadow images [38]. Crystal phase analysis was performed on samples obtained from 
molasses and evaporation boat waste products using a Shimadzu XRD-7000 (Shimadzu Corporation, Kyoto, 
Japan). Version 3.0e of High Score Plus was used to perform the Rietveld analysis. The diffraction line profiles on 
Rietveld smoothing are described by pseudo-Voigt functions [39], [40]. 
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(a) 

 
(b) 

Fig. 3 Green bodies that failed to form in (a) 15% molasses; and (b) 20% molasses specimens  

The specimens obtained from this study conducted a hardness test utilizing the Rockwell hardness type-A method 
with a force of 60 KgF according to ASTM C748−20. The methodology employed for hardness testing in this 
investigation is based on the findings of Qi et al. (2019). The researchers employed the Rockwell hardness type-A 
method to ascertain the hardness of TiB2−Fe−Co materials that underwent treatment and heating at a range of 
temperatures (800°C−1200°C) [41]. By ASTM C1161−18 specifications, the flexural strength and modulus of the 
specimen were ascertained via the three-point bending test. For the 3−point bending test in this investigation, a 
Hung Ta Instrument Co., Ltd., Samutprakarn, Thailand HT−2402 Series Computer Universal Testing Machine was 
utilized. ASTM C20-compliant electronic density meters (DME 220 series) manufactured by Vibra Canada Inc. 
(Mississauga, Ontario, USA) were utilized to determine the density. Fig. 4 displays the dimensions of the testing 
specimens used in this study. 

 
(a) 

 
 

 
(b) 

Fig. 4 Specimen dimensions for (a) three-point bending; and (b) density testing 

3. Equations Results and Discussion 

3.1 Physical Properties Characterizations 
The results of the SEM test with a magnification of 2500 times are shown in Fig. 5. The SEM image shows that the 
crucible specimen consists of large and flaky grains, each showing TiB2 and BN. 
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(a) 

 
(b) 

 
(c) 

 

Fig. 5 SEM images of the crucible specimens (a) 0% molasse; (b) 5% molasses; and (c) 10% molasses  

The results of this study are the same as those performed by Tian et al. (2022) and Popov et al. (2022), which 
stated that large and flaky grains each show the presence of TiB2 and BN [10], [42]. According to research 
conducted by Tian et al. (2022), the volume ratio of TiB2−SiC influences the SEM image of the resulting 
TiB2−BN−SiC composite ceramic significantly. The SEM test revealed that the morphology of the composite 
ceramic TiB2−BN−SiC consisted of large crystal grains and numerous flake crystals. The lamellar crystal structure 
is the BN phase, and the TiB2 phase and SiC phase grains are dispersed among the BN crystal. As the proportion of 
TiB2 to SiC rises there is a significant increase in the size of TiB2 crystals. This phenomenon arises due to the 
augmentation of the TiB2 phase's relative content, resulting in enhanced inter-particle interaction within the TiB2 

phase. Consequently, bonds within TiB2 particles consolidate, leading to the formation of larger grains [10]. The 
scanning electron microscopy (SEM) photos discovered by Popov et al. (2022) illustrate the fracture surfaces of 
TiB2−BN−C materials. These materials were produced by hot-pressing TiN-B4C particle precursors at different 
temperatures. The photos depict the generation of platelet-shaped inclusions, specifically characterized as boron 
nitride, and also non-platelet-shaped graphite inclusions. The EDS mapping analysis of the shattered TiB2−BN−C 
surface provides evidence of the existence of plate-like inclusions composed of boron nitride. Furthermore, the 
scanning electron microscopy (SEM) study of backscattered electrons indicates that the plate-like grains consist 
of lighter materials, specifically likely h-BN or graphite [42]. The findings of this investigation suggest that 
including molasses in the production of crucibles does not have a substantial impact on the resultant SEM image. 
This outcome diverges from the findings of the studies done by Tian et al. (2022) and Popov et al. (2022). The 
researchers discovered variations in the SEM pictures as a result of various settings in volume fraction [10] and 
hot-pressing temperatures [42] employed during the preparation of the specimens. 

The XRD test findings (Fig. 6) for each specimen indicated that the presence of molasses and the preparation 
of the specimens didn't result in the creation of a new phase. The specimens exhibited exclusively TiB2 and BN 
crystals, without any other peaks detected. The TiB2 crystal phase displays distinct intensity peaks at specific 
angles, referred to as 2θ, which have been determined at 26.7, 34.2, 44.4, 57.0, 61.1, 68.1, 71.4, and 78.6. These 
values correspond to the JCPDS card No. 35-0741. The intensity peak observations of the TiB2 crystal phase 
acquired in this investigation exhibit a similar trend to those reported in previous studies conducted by Nguyen 
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et al. (2020), Ahmadi et al. (2019), and Shayesteh et al. (2019) [43]−[45]. The study found that the BN crystal 
phase displayed distinct intensity peaks at specific angles, specifically 2θ: 26.7, 41.6, 44.5, 48.7, 53.8, and 74.8. 
These peaks correspond to the JCPDS card No. 85-1068. The intensity peak findings of the BN crystal phase 
obtained have the same trend as the intensity peak findings in studies conducted by Shaddel, et al., (2020) and 
Vafa, et al., (2020) [46], [47]. 
 

 

Fig. 6 XRD pattern of the crucible specimens with various concentrations of molasses 

The XRD test results obtained in this study showed that the use of molasses in the crucible specimens did not form 
a new crystalline phase after the firing process. Molasses is an organic compound with sucrose, glucose and 
fructose content of 32%, 14% and 16% [15]. Molasses typically consists of elements of Carbon, Hydrogen, Oxygen, 
Nitrogen, and Sulphur [48].  
Based on research conducted by Zhai, et al., (2018), by conducting ultimate analysis tests on molasses, it states 
that the most elemental content possessed by molasses is C atoms (Carbon) with a percentage of 47.40%. In their 
XRD test results, the unreadable peak intensity of the Carbon crystal phase is the result of the firing process 
treatment [48]. Hamzah et al. (2023) investigated the impact of fire temperature on silica nanoparticles 
synthesized with 1% molasses. Due to the addition of molasses, the EDS test revealed that the sample contained 
only a small percentage of carbon (5.9 wt%). However, the firing procedure evaporates most of the molasses, 
leaving only a trace amount in the sample. This is the reason why XRD diffraction is unable to identify the peaks 
on the carbon crystals [49].  
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(a) 

 
(b) 

 
(c) 

Fig. 7 Rietveld analysis using high score plus software on the (a) 0% molasse; (b) 5% molasses; and (c) 10% 
molasses specimens 

The XRD test results can be used to determine the weight percentage (%) of the TiB2 and BN crystal phases 
for each specimen formed. Weight percentage was analyzed using High Score Plus software with the Rietveld 
Analysis method (Fig. 7). The analysis showed that samples with a molasses concentration of 0% produced a 
weight percentage of the BN phase of 68.4% and a weight percentage of the TiB2 phase of 31.6%. Using molasses 
with a concentration of 5% resulted in a weight percentage of the BN phase of 68.9% and a weight percentage of 
the TiB2 phase of 31.1%. Whereas in specimens with a molasses concentration of 10%, the weight percentages of 
BN and TiB2 phases were 68.2% and 31.8%. Fig. 8 shows that adding molasses concentration from 0% to 5% can 
increase the weight percentage of the BN phase and decrease the weight percentage of the TiB2 phase.  
However, when the concentration of molasses was added from 5% to 10%, the weight percentage of the BN phase 
decreased and increased the weight percentage of the TiB2 phase.  

In this study, the change in weight percentage within the BN and TiB2 phases was caused by the firing 
treatment during specimen formation [45]. The growth of the TiB2 phase can be observed at a firing temperature 
of 1150˚C and will increase when given a higher firing temperature [50]. However, a study conducted by Tong, et 
al., (2008) showed that the presence of the BN phase could inhibit the growth of other compound phases [51]. 
Research conducted by Popov et al. (2022) shows the formation of TiB2 crystals on TiN−B4C at hot pressing at 
1100°C. The intensity of the TiB2 crystal peaks was getting stronger with increasing the pressing temperature, 
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which was carried out at 1100°C–1900°C. Nevertheless, when the temperature reached 1900°C, the intensity of 
the TiB2 crystal peak reduced as a result of the increased intensity of the h-BN crystal peak [42]. Therefore, an 
increase in the amount of BN phases will result in a reduction of the TiB2 phase in crucible specimens when using 
molasses with concentrations of 0%, 5%, and 10%. The XRD analysis performed by Dey et al. (2022) likewise 
exhibited an identical pattern. The findings of their study demonstrated a correlation between a rise in the BN 
phase and a subsequent decrease in the TiB2 phase. Their research revealed that the inclusion of h-BN particles 
in the Ti-rich layer's matrix contributed to a reduction in the resulting coefficient of friction. The 
Al2O3−TiB2−TiN−BN composite ceramic coating is suitable for tribomechanical applications on the Ti−6Al−4V 
alloy [52]. 

According to the findings of this study, the weight percentage of the BN phase is consistently higher compared 
to the weight percentage of the TiB2 phase in all of the crucible specimens that were fabricated. The results of this 
study align with the research carried out by Habiby et al. (2022). According to their research, the evaporation boat 
waste contains a high concentration of Boron (B) and Nitrogen (N), accounting for 43.68% and 34.98% 
respectively. The evaporation boat waste exhibits the main constituents of Boron and Nitrogen [5]. The results of 
this investigation align with the research carried out by Tian et al. (2022). The X-ray diffraction (XRD) analysis of 
their research revealed that the presence of TiB2 and BN peak diffraction patterns was observable in all of the 
tested samples. As the sintering temperatures rise, the peak indicating the presence of the BN phase becomes 
gradually narrower. It illustrates that as the temperature increases, the crystallization capability of the BN phase 
improves, resulting in a purer BN matrix. The investigation has revealed several impurity peaks, such as FeO, Fe3Si, 
as well as FeB [10]. 

 

Fig. 8 Comparison of weight percentage phase of BN and TiB2 of the crucible specimens 

3.2 Mechanicals Properties Characterizations 
This study indicates that the concentration of molasses significantly affects the density of crucible specimens (Fig. 
9). Specimens with a 0% molasses concentration had the lowest density (2.07 g/cm3). Specimens with 5% and 
10% molasses concentrations had densities of 2.36 g/cm3 and 2.20 g/cm3, respectively. According to the findings 
of this study, the presence of molasses at a concentration of 5% can result in a higher density than other 
specimens. The objective of adding molasses as a binder in the present study was to effectively consolidate 
BN−TiB2 particles. Molasses aid in enhancing the structural integrity of BN− TiB2 particles by promoting cohesion 
and stability. Crucibles manufactured using binders exhibit a greater density and enhanced durability in 
comparison to specimens lacking molasses [53]. Molasses, derived from the sugar manufacturing process, contain 
a significant amount of moisture. Molasses can increase the product's water content when used as a binder or 
additive [54]−[56]. This increase in water content can result in a reduction in density due to the displacement of 
other materials and the occupation of space in the container by the water [54], [57].  

The research findings align with the study performed by Utchariyajit, et al., (2019). Their research employed 
molasses as a binding agent for briquettes manufactured from palmyra trash to assess their physical 
characteristics and calorific value. The molasses concentration employed was 5%, 10%, and 20%. The research 
findings indicated that a 5% concentration of molasses exhibited the highest density value, whereas an increase 
in molasses concentration led to a fall in density value [54]. The bulk density of the briquette samples exhibited 
an upward trend with a 6% binder concentration in the mixture, as reported by Deshannavar et al. (2018) [58]. 
However, increasing the binder concentration further led to a decline in the bulk density values. Syahfitri et al. 
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(2022) established a direct correlation between the rise in molasses content and the decrease in density of the 
composite lightweight roof tile. Using a 10% concentration of molasses achieves a roof tile combination with the 
maximum density [59]. Jiménez et al. (2022) also obtained similar results in their study. With a 2% molasses 
concentration, a composite with a high density is produced. As molasses concentration rises, the composite's 
density reduces [60]. 

 

Fig. 9 The density of the crucible specimens with various concentrations of molasses 

According to the findings of this study, the use of 5% molasses produced the highest crucible density. This 
occurs because at this concentration, the molasses and evaporation boat waste powder mixture become more 
homogenous, resulting in stronger bonding and fewer pores. Furthermore, the higher the molasses concentration 
employed, the higher the water content in the mixed material. Higher water content promotes coalescence, which 
aids particle adherence and granule growth. However, as a result of the water evaporation, the water content will 
decrease during the firing process, causing pore formation. Higher moisture content causes increased pore 
formation, increased porosity, and decreased density [61]−[63]. Liu et al. (2022) [64] found that the density of 
Cf/C−SiC composites increases consistently as the binary binder content increases. The study conducted by Yu et 
al. (2010) revealed that the porosity of porous silicon nitride ceramics is affected by the ratio of binders used. 
Increasing the concentration of binder leads to a higher level of porosity. The majority of the pores in the sintered 
body originate from the residual micro-spaces left by the organic processing aids after the organic binder has been 
burned off in the green body [65]. In addition, a study performed by Ayorinde et al. (2013) demonstrated that 
there was a reduction in the density of particles as the concentration of molasses increased [66]. 
 

 

Fig. 10 The effect of molasses concentration on the hardness produced in crucible specimens 

Fig. 10 shows the effect of molasses concentration on the hardness of crucible specimens. Hardness increased 
in the specimens with increasing molasses concentration from 0% to 5%. However, the hardness of the crucible 
specimens decreases when using molasses with a concentration exceeding 5%. Using molasses with a 
concentration of 5% is the best composition compared to the other specimens. From the research results it can 
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also be seen that specimens with the addition of molasses produce crucibles with higher hardness than specimens 
without the addition of molasses. The highest hardness of 64 HRA was found in specimens using molasses with a 
concentration of 5%. The lowest hardness was found in specimens with 0% molasses concentration, which was 
56.17 HRA. Meanwhile, specimens with 10% molasses concentration produced a hardness of 57.17 HRA. 

The results showed that hardness is directly proportional to density in crucible specimens (Fig. 11). A 
material's hardness is proportional to its density. According to the findings of this study, increasing the 
concentration of molasses from 0% to 5% increases both the density and the hardness of the crucible specimens. 
In contrast, a decrease in the specimen's density when using a molasses concentration greater than 5% is 
accompanied by a reduction in its hardness. In this study, hardness increased with increasing density. This 
correlation makes it reasonable because closer packing of atoms results in higher density and shorter bond 
lengths, which results in higher hardness. 

 

Fig. 11 Relationship between density and rockwell hardness on crucible specimens 

The relationship between density and hardness values is also found in research conducted by Babapoor, et 
al., (2018). According to their study, raising the spark plasma sintering (SPS) temperatures from 1800˚C to 1900°C 
resulted in an increase in density, which was then followed by an increase in Vickers hardness. At temperatures 
ranging from 1900°C to 2000°C, the SPS treatment can effectively lower the density, resulting in a subsequent fall 
in Vickers hardness [67]. As the amount of porosity decreases, the density of crucible samples increases [68]. The 
density of the 5% Molasses specimen is higher than that of the other specimens. This demonstrates that specimens 
containing 5% molasses have lower porosity than other specimens. A material's porosity content affects its 
hardness, with less porosity resulting in higher hardness [69]. This explains why the 5% molasses specimen is 
harder than the others. As porosity increases, the structural integrity of the material degrades because void space 
disturbs the material's structural continuity. The presence of pores creates material defects or weak points that 
can function as stress concentrators. When forces are applied to the material, these weak points are more 
susceptible to deformation than the denser regions. Consequently, the material becomes less resistant to 
indentation and abrasion, resulting in a reduction in hardness [69]. 

The flexural test results show that the flexural strength and flexural modulus values on the crucible specimens 
have a linear relationship (Fig. 12). The addition of molasses concentration from 0% to 5% was able to increase 
the flexural strength and flexural modulus. However, when molasses concentration was added from 5% to 10%, 
the flexural strength and flexural modulus decreased. The flexural test results showed that adding 5% molasses 
concentration produced the highest flexural strength and flexural modulus. Flexural strength in crucibles with 
molasses concentrations of 0%, 5%, and 10% were 29.82 MPa, 31.5 MPa and 21.1 MPa.  The flexural modulus of 
crucibles containing molasses concentrations of 0%, 5%, and 10% were 15.59 GPa, 17.5 GPa, and 13.39 GPa, 
respectively. The study conducted by Singh et al. (2018) showed a relationship between flexural modulus and 
flexural strength results. Their research focused on the inclusion of SiO2 to improve the tensile and flexural 
properties of SiO2-Epoxy nanocomposite polymers. The findings from their study showed that the addition of 
SiO2 at different weight percentages (0 wt.%, 2 wt.%, and 4 wt.%) increased the flexural strength and flexural 
modulus of the samples. On the other hand, an increase in SiO2 content beyond 4% resulted in a decrease in 
flexural strength, which was accompanied by a decrease in flexural modulus [70]. 
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Fig. 12 Flexural properties of the crucible specimens with various concentrations of molasses 

Flexural testing is a method used to assess the mechanical characteristics of a material. The mechanical 
characteristics of the material are affected by its physical qualities, including the density value (Fig. 13). Increasing 
the density value directly correlates with an increase in the mechanical properties of the material [38], [71], [72]. 
These findings align with the results of the study, which observed that the flexural strength increased as the 
density increased from 0% to 5% molasses content. Specimens utilising molasses at concentrations ranging from 
5% to 10% saw a reduction in density, which subsequently led to a drop in flexural strength. Nevertheless, the 
investigation's results indicated that the density of the specimen at 0% molasses concentration was lower 
compared to the density at 10% molasses concentration. Conversely, the flexural strength obtained was higher.  

 

Fig. 13 Relationship between flexural strength and density on crucible specimens 

The flexural strength of the composite specimen is directly related to its material density [73], [74]. The study 
findings indicated that crucible specimens utilizing molasses with a 5% concentration exhibited superior flexural 
strength compared to the other specimens. This occurs because this particular specimen possesses the greatest 
density in comparison to the other specimens. The high density of the material implies a larger mass for each unit 
of volume. The higher density typically equates to a greater number of atoms or molecules within the substance, 
leading to greater interatomic or intermolecular connections. Materials possessing greater internal bonding 
exhibit higher levels of cohesion and structural resilience. It enhances the material's ability to withstand bending 
forces by increasing its resistance to deformation and fracture. The presence of robust interatomic or 
intermolecular forces enhances the material's ability to resist and evenly distribute external loads. Furthermore, 
a substance with a higher density generally exhibits a more compact and homogeneous arrangement. This 
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decreases the number of voids, pores, and other defects that can function as stress concentrators. The absence of 
such imperfections decreases the possibility of fracture initiation and propagation, thereby enhancing flexural 
strength [73], [74].  

The discrepancy between density and mechanical properties also occurs in research conducted by Carnaje, et 
al., (2018) [56] regarding manufacturing charcoal briquettes with molasses binder. In their study, molasses-
charcoal was used with variations of 60:40, 70:30 and 80:20. The results showed that the lowest bulk density 
value was found in the 70:30 variations. However, the 70:30 variations had the highest compressive strength 
value. This is possible because increasing amounts of molasses can strengthen the bonds between particles, 
resulting in a higher density. However, increasing the amount of molasses given causes the humidity level to be 
higher, which causes the material to become softer [56], [75]. This result was also the case for specimens 
containing 10% molasses, which resulted in lower flexural strength than specimens containing 0% molasses. Even 
though specimens containing 10% molasses produced a higher density than specimens containing 0% molasses. 

 

 

Fig. 14 Relationship between flexural strength and rockwell hardness on crucible specimens 

The highest hardness and flexural strength were obtained from specimens with a concentration of 5% as 
shown in Fig. 14. However, at a concentration of 0%, they had a lower hardness and a higher flexural strength 
than specimens using molasses with a concentration of 10%. Differences in hardness and flexural strength test 
results also occurred in a study conducted by Changchun et al., (2020) regarding the effect of adding ZrC to WC−Ni 
hard metals using the spark plasma sintering method. The results demonstrated that increasing the ZrC content 
from 0% to 3% enhanced the Vickers hardness. However, the Vickers hardness decreased as the ZrC concentration 
exceeded 3%. In the flexural strength results, the addition of ZrC decreased the value of flexural strength. This is 
due to several reasons, including the formation of ZrO2, the reduced strength of the metal bonding phase, and the 
agglomeration of the nano-powder [76]. These studies have similarities with the results of this study which have 
different test results but the values are in a certain range and have the same trend on the graph.  

The decrease in flexural strength value in crucible specimens with a molasses concentration of 10% is 
inseparable from the growth of the BN crystal phase obtained. In a study conducted by Liu, et al., (2021) stated 
that an increase in BN can increase the flexural strength of the material [77]. The specimen with a molasses 
concentration of 10% produced the lowest weight percentage of the BN crystal phase, which was 68.2%. This 
value is lower than the specimen’s using molasses with 0% and 5% concentrations. This is why the specimen with 
a molasses concentration of 10% has the lowest flexural strength. In this study, the molasses addition at 5% 
concentration Molasses specimens produced the higher physical and mechanical properties compared to other 
specimens. In the 5% Molasses specimen, density, hardness, flexural strength and flexural modulus values were 
2.36 g/cm3, 64 HRA, 31.5 MPa, and 17.5 GPa. 

Table 3 Comparison of properties with previous studies 
Crucible Raw Materials Density Hardness Flexural strength Reference 

BN  2.1 g/cm3  56.5 HRA  20.68 MPa  [78] 
Graphite 1.74 g/cm3  73.6 HRA  22.1 MPa  [79], [80] 

ZrO2  6.01 g/cm3  85.1 HRA 900 MPa  [81] 
Stainless steel  7.78 g/cm3  67.9 HRA - [82] 
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Crucible Raw Materials Density Hardness Flexural strength Reference 
Alumina oxide 3.9 g/cm3  86 HRA 414 MPa [83] 

Evaporation boat waste 2.36 g/cm3 64 HRA 31.5 MPa 5% Molasses specimen 
(current study) 

 
The density of the 5% Molasses specimen is greater than the density of commercial crucibles made from BN 

and graphite. Table 3 compares the properties obtained in this study with commercial crucible products or 
crucibles produced in previous studies. In general, the crucibles produced in this study produced lower densities 
than ZrO2 crucibles, Stainless steel crucibles, and Alumina crucibles. The 5% Molasses specimen has higher density 
and flexural strength than the BN and graphite crucible. Meanwhile, the hardness of the 5% Molasses specimen 
was higher than that of the BN crucible. However, the hardness of the 5% Molasses specimen was lower than that 
of the graphite crucible. The research on crucibles made from evaporation boat waste with varying concentrations 
of molasses is significant in terms of waste utilization, resource efficiency, reduction of environmental impact, and 
prospective practical applications.  

The results of this study may assist in the advancement of sustainable manufacturing techniques, 
economically efficient production processes, and the exploration of substitute materials for crucible fabrication. 
Furthermore, the findings align with several Sustainable Development Goals (SDGs). It supports the goal of SDG 
7, which aims to provide affordable and sustainable energy, by advocating for the utilization of waste materials 
and other sources of energy. In addition, the research indirectly supports the improvement of human well-being 
and the environment by reducing the negative impacts of pollution, in line with Sustainable Development Goal 3. 
Furthermore, through the practice of reusing waste and minimizing contamination, the study aligns with 
Sustainable Development Goals 14 and 15, which aim to safeguard terrestrial and marine ecosystems. The 
investigation on crucibles fabricated from discarded evaporation boats with different levels of molasses 
showcases a dedication to sustainable methodologies, optimal utilization of resources, and responsible 
management of the environment, rendering it pertinent to many Sustainable Development Goals (SDGs). It 
can bring about beneficial transformation by tackling environmental concerns, promoting sustainable production, 
and supporting the establishment of a circular economy. 

4. Conclusions 
This study investigated the potential utilization of evaporation boat waste as raw material for crucible production, 
using molasses as a binder. Crucibles were successfully produced at molasses concentrations of 0%, 5%, and 10%. 
However, crucible specimens were not formed with the use of molasses at 15% and 20%. The crucible specimens 
contained only TiB2 and BN crystals, as revealed by XRD diffraction. The results of this study indicate that the 
addition of molasses and the specimen preparation process carried out caused the formation of no new crystal 
phases. The SEM test results corroborated the XRD analysis, revealing the presence of only BN (flake grains) and 
TiB2 (large grains) crystals in the morphology of the crucible specimen. The results of this study show that the 
addition of molasses has a significant effect on the physical and mechanical properties of the crucible. The best 
molasses concentration was found in the 5% molasses specimen, as it produced crucibles with higher density, 
hardness, flexural strength, and modulus than the other specimens. The density of the specimens with molasses 
concentrations of 0%, 5%, and 10% were 2.07 g/cm3, 2.36 g/cm3, and 2.20 g/cm3. When the concentration of 
molasses exceeds 5%, the moisture content in the crucible specimen increases, causing more pores to form and 
the density decreases. The study found that hardness, flexural strength, and flexural modulus all exhibited a 
positive correlation with density, indicating that when density increased, these properties also increased. The 
hardness, flexural strength, and flexural modulus of the crucible specimen with a 5% molasses content were 64 
HRA, 31.5 MPa, and 17.5 GPa, respectively. 

This research supports the Sustainable Development Goals (SDGs) by increasing resource utilization, 
responsibility for the environment, and access to sustainable energy through the utilization of evaporation boat 
waste and molasses in the fabrication of crucibles. It is following Sustainable Development Goals (SDGs) 3, 7, 14, 
and 15, which specifically target pollution, wellness, energy affordability, and the preservation of terrestrial and 
marine ecosystems. 
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