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This study investigates the transient thermal behavior of hybrid and homogeneous mold 

configurations made from Aluminum A1100 and Stainless Steel 304 (S304) through 

numerical simulation and statistical validation. Finite Element Analysis (FEA) was 

conducted to examine temperature distribution, thermal gradients, and heat dissipation under 

controlled boundary conditions. The simulation results revealed that the pure Aluminum 

A1100 mold exhibited a maximum surface temperature of 56.708°C with rapid heat 
dispersion across the structure, indicating superior thermal conductivity and efficient heat 

transfer. In contrast, the hybrid A1100-S304 configuration reached a slightly lower 

maximum temperature of 56.002°C but demonstrated more stable temperature retention due 

to the stainless-steel layer’s lower thermal conductivity and higher heat capacity. To validate 

these findings, an Analysis of Variance (ANOVA) test was performed on the experimental 

temperature profiles and cooling rates of both materials. The ANOVA results (p < 0.05) 

confirmed a statistically significant difference between the configurations, indicating that 

material composition directly affects thermal performance. Among the tested setups, the 

hybrid A1100-S304 mold achieved the optimal balance between rapid heat transfer and 

thermal stability, ensuring uniform temperature distribution while maintaining mechanical 

and corrosion resistance. This combination is particularly suitable for food-grade mold 
applications and biopolymer-based packaging processes, where controlled heating and 

cooling cycles are crucial for product quality and energy efficiency. 
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I. INTRODUCTION 

The global packaging industry faces a critical challenge due to its reliance on petroleum-based plastics. While plastics offer 

advantages such as flexibility, durability, and low production cost, their persistence in the environment has created a severe ecological 

crisis. It is estimated that more than 8 million tons of plastic enter the oceans annually, threatening marine ecosystems and even human 

food chains [1]. Consequently, there is an urgent need to develop sustainable, renewable, and biodegradable alternatives to conventional 

plastics. Over the past two decades, bio-based materials, particularly natural fiber composites, have attracted significant attention as 

potential substitutes for single-use plastics [2]. Natural fibers such as flax, kenaf, jute, and banana have been investigated extensively due 

to their abundance, competitive mechanical properties, and sustainability [3]. Among these, banana pseudostem fibers stand out as an 

agricultural byproduct with high potential. Globally abundant in tropical regions, banana pseudostem contains 70-72% cellulose, 11-13% 
hemicellulose, and 6-8% lignin, which makes it highly suitable for biocomposite and packaging applications [4]. Several studies highlight 

the mechanical and thermal performance of banana fibers. They exhibit relatively high tensile strength, acceptable modulus of elasticity, 

and stable thermal resistance within the processing temperature range of food packaging applications [5]. Moreover, their biodegradability 

ensures a substantial environmental advantage over petroleum-based plastics, which may persist for centuries [6]. 

Thus, utilizing banana pseudostem as a raw material for packaging contributes to circular economy principles while simultaneously 

valorizing agricultural residues that are often underutilized. Despite its promise, the conversion of banana pseudostem fibers into reliable 
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food packaging requires overcoming certain engineering challenges. One of the key bottlenecks lies in achieving products with accurate 

dimensions, consistent thickness, and sufficient mechanical strength. In industrial practice, molding technology is a suitable approach for 

fabricating biocomposite-based packaging, as it enables precise geometry, dimensional control, and scalable mass production [7]. 

However, the success of molding processes depends critically on the thermal behavior of the mold material. Uneven heat distribution can 

lead to defects such as warpage, thickness variations, and reduced mechanical performance of the final product [8]. Metals such as iron, 

aluminum, and stainless steel are commonly used as mold materials due to their strength and durability. Yet, their differences in thermal 

conductivity, specific heat, and corrosion resistance present challenges in selecting the most optimal option [9], [10]. 

Poor material selection may result in higher energy consumption, inefficient heat transfer, increased defect rates, and shortened 

mold service life. Experimental approaches to identify optimal mold materials are not only costly but also time consuming. The trial and 

error method is inefficient when dealing with new biocomposite systems, where multiple factors such as fiber matrix interaction, 

processing temperature, and mold cooling rate interact simultaneously. To address this issue, numerical simulation has emerged as a vital 
tool in modern manufacturing. In particular, finite element analysis (FEA) implemented through software such as ANSYS provides a 

robust method for analyzing temperature distribution, heat gradients, and overall thermal behavior in molding systems before physical 

implementation [11],[12]. The advantage of simulation based approaches lies in their ability to explore multiple design scenarios under 

controlled conditions without the expense of extensive prototyping. Previous research has demonstrated that integrating simulation into 

molding design can reduce product development time by up to 72% and cut prototyping costs by approximately 62% [13].  

Additionally, FEA based predictions have been validated as highly accurate in correlating material thermal properties with 

processing parameters, enabling manufacturers to optimize mold material selection and process efficiency. Considering the environmental 

urgency, the material potential of banana pseudostem, and the efficiency of advanced simulation tools, research into mold design and 

thermal evaluation becomes particularly relevant. This study seeks to perform a systematic thermal evaluation of various mold materials 

(iron, aluminum, and stainless steel) using ANSYS simulation, with the aim of identifying the most suitable material for manufacturing 

biodegradable food packaging derived from banana pseudostem fibers. The outcomes are expected to provide not only technical insights 
into mold material performance but also broader contributions toward sustainable packaging development in line with global efforts to 

reduce dependence on single-use plastics. 

II. METHODOLOGY 

The research methodology was systematically structured into three main phases: (1) the initial design of the molding system, (2) 
material simulation based on the molding configuration, and (3) statistical testing to determine the most suitable or optimal material 

combination. Each step is elaborated as follows. 

II.1 INITIAL DESIGN OF THE MOLDING 

The first phase involved the conceptualization and development of the molding geometry, specifically tailored for biodegradable 

food packaging derived from banana pseudostem fibers. The design process utilized computer-aided design (CAD) software to generate 

accurate dimensional tolerances, draft angles, and cavity profiles required for thermoforming and compression molding [14]. Design 

considerations included manufacturability, dimensional accuracy, and thermal distribution within the mold. To ensure industrial 

applicability, the design was validated through design-for-manufacture (DFM) criteria, with emphasis on scalability and potential 

integration into existing food packaging production systems [15]. 

II.2 MATERIAL SIMULATION BASED ON MOLDING DESIGN 

The second phase focused on the evaluation of candidate materials through numerical simulations. Finite Element Analysis (FEA) 

was performed using ANSYS to analyze heat transfer, stress distribution, and flow behavior during the molding process [16]. Input 

parameters such as thermal conductivity, specific heat, density, and elastic modulus were derived from material databases and previous 

studies on metallic molds [17]. Simulation outputs included temperature distribution across the mold cavity, thermal gradients, and stress 

concentrations, which are critical for predicting possible defects such as warping, dimensional inaccuracy, or incomplete filling [18]. This 
simulation-based approach allowed for a virtual assessment of mold performance and reduced the dependency on costly and time-

consuming physical trials [17]. 

II.3 STATISTICAL EVALUATION FOR MATERIAL SELECTION 

The third phase involved experimental validation and statistical evaluation to identify the most suitable material or material 

combination. Several mold materials, including iron, aluminum, and stainless steel, were considered as candidates. Experimental data 

were collected from physical testing of molded products, focusing on tensile strength, thermal resistance, and water absorption [19]. 

Statistical techniques, particularly Analysis of Variance (ANOVA), were employed to determine the significance of performance 

differences between materials [20]. Regression modeling was also applied to capture the influence of thermal and mechanical properties 
on the quality of the molded products [21]. This quantitative approach enabled the determination of the optimal molding material that 

ensures thermal efficiency, mechanical reliability, and process sustainability [22]. 
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III.1 INITIAL DESIGN OF THE MOLDING 

Figure 1 illustrates the three-dimensional representation of the upper molding, which serves as the compressive interface in the 

biodegradable food packaging forming process. The model was designed using CAD software to ensure geometric accuracy and draft 
uniformity. The upper molding features a circular configuration with an optimized curvature radius to facilitate even force distribution 

during compression. The rounded upper surface also allows for uniform load transfer while minimizing localized stresses on the fiber-

based material. 

 
Figure 1: 3D Upper Molding. 

Source : Authors, (2026). 

This component was designed considering thermal conduction and ease of demolding, crucial for molds intended to process banana 

pseudostem fiber composites, which are sensitive to uneven heat gradients. In alignment with the Design for Manufacture (DFM) 

principle, the simplicity of the upper mold geometry reduces machining time and tooling complexity. This is consistent with [23], who 

emphasized that symmetrical and draft-optimized geometries enhance demolding efficiency in biodegradable polymer molds. 

 
                                                           (a) Top          (b) Side  

Figure 2: (a) (b) Dimension Upper Molding. 

Source : Authors, (2026). 

Figure 2(a) presents the top view, showing the overall diameter of 100 mm and symmetric alignment to ensure balance during 

compression. Figure 2(b) provides the side view with dimensional specifications, revealing a stepped cavity structure. The stepped 

geometry, with internal diameters reducing gradually, promotes controlled compression and allows trapped air and vapor to escape 

through the venting gap during the thermoforming process. The draft angles and depth transitions were carefully designed to prevent 

sticking between the molded part and the cavity wall-a challenge often encountered in natural fiber-based composites due to their uneven 

shrinkage characteristics. Similar approaches were adopted by [24], who reported that introducing a 5°–7° draft angle reduced product 

deformation in cassava-based bioplastics. However, the present design improves upon that by incorporating a deeper seating cavity (20 

mm) to stabilize material distribution, ensuring dimensional accuracy post-cooling. 

 
Figure 3: 3D Lower Molding. 

Source : Authors, (2026). 
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Figure 3 shows the three-dimensional CAD model of the lower molding, which functions as the base structure of the compression 

mold assembly. It features a square outer profile (150 mm × 150 mm) for rigid support and stability, while the internal cavity matches 

the curvature of the upper mold. The square geometry facilitates easy fixture placement during assembly, ensuring repeatable positioning 

and alignment.The lower mold’s design also integrates a thermal channel region at the cavity base to improve heat conduction during the 

transient thermal phase. This is especially critical when testing various mold materials (stainless steel, aluminum, and mild steel), as each 

exhibits different thermal diffusivity properties. According to [25], aluminum molds demonstrate faster heat dissipation but lower 

durability compared to stainless steel, while the latter offers superior corrosion resistance, making it suitable for food-grade molding 

applications. 

 
Figure 4: (a) (b) Dimension Lower Molding. 

Source : Authors, (2026). 

Figure 4(a) depicts the top view of the lower molding, illustrating a concentric circular cavity that aligns precisely with the upper 

mold. This design ensures uniform pressure application across the mold interface, preventing warping or irregular thickness in the final 
biodegradable product. Figure 4(b) shows the cross-sectional (side) view, where a 20 mm cavity depth and an 8 mm step feature are 

introduced to guide the mold alignment and to maintain consistent product thickness during compression. The design incorporates a 

venting section along the inner cavity wall, allowing vapor and air to escape effectively during heating. This venting concept improves 

surface finish quality and reduces the risk of blister formation in biopolymer or fiber-based packaging. Such a vent-integrated design is 

also recommended by [26] in their thermal mold analysis for PLA-based containers, where vent geometry was found to enhance product 

clarity and reduce mold cycle time by up to 15%. Compared to prior studies, the present configuration introduces a hybrid geometric 

interface between the upper and lower molds that enhances thermal uniformity, manufacturability, and fiber bonding consistency. This 

design refinement supports scalability for future industrial adaptation in biodegradable food packaging systems derived from natural 

fibers. 

III.2 EKSPERIMENTAL MATERIAL SIMULATION 

Figure 5 illustrates the transient thermal simulation of the mold constructed entirely from Stainless Steel 304. The maximum 

temperature recorded after 120 seconds of heat transfer is 63.693°C, concentrated at the upper central cavity region, while the lowest 

temperature of 28°C occurs at the lower structural frame. The high temperature retention of Stainless Steel 304 is attributed to its relatively 

low thermal conductivity (≈16.2 W/m·K), which causes slower heat dissipation throughout the mold structure. 

 
Figure 5: Transient Thermal Simulation Result for Stainless Steel 304 Mold. 

Source : Authors, (2026). 

The temperature gradient observed indicates that heat accumulates primarily near the contact zone between the upper and lower 

molds, aligning with the theoretical behavior of stainless materials used in compression molds. This temperature distribution supports 
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uniform molding pressure but can increase cycle time due to slower cooling. In [27] reported similar findings in stainless molds used for 

starch-based packaging, where longer heat retention improved bonding uniformity but reduced production speed. The results confirm that 

Stainless Steel 304 provides high thermal stability and is advantageous for maintaining consistent surface temperature in the molding of 

biodegradable composites derived from banana pseudostem fibers. 

 
Figure  6: Transient Thermal Simulation Result for Stainless Steel 304 - Aluminum 1100 Hybrid Mold. 

Source : Authors, (2026). 

As shown in Figure 6, the hybrid configuration combining Stainless Steel 304 and Aluminum 1100 demonstrates a distinct 

improvement in heat distribution uniformity. The simulation records a maximum temperature of 63.889°C and a minimum of 28°C after 

120 seconds, with faster heat transfer observed at the aluminum interface regions. Aluminum 1100, possessing a higher thermal 

conductivity (≈222 W/m·K), accelerates temperature diffusion compared to stainless steel alone. This hybrid design successfully reduces 

the thermal gradient between the upper and lower surfaces, minimizing potential warping or incomplete material curing. The result aligns 

with [28], who demonstrated that combining materials with complementary thermal properties can enhance transient heat response in 

composite molds. The balanced temperature field achieved in this simulation suggests that the stainless-steel outer layer provides 

durability and corrosion resistance, while the aluminum insert accelerates the heating and cooling cycle, making the hybrid configuration 

ideal for industrial-scale thermoforming applications. 

 
Figure 7: Transient Thermal Simulation Result for Aluminum 1100 Mold. 

Source : Authors, (2026). 

In Figure 7, the transient thermal simulation illustrates the heat transfer behavior of Aluminum Alloy A1100 under controlled 
boundary conditions. The maximum temperature recorded reaches 56.708°C, with the highest concentration observed at the central upper 

region of the frame structure, indicating the area most exposed to the heat source. The overall temperature gradient reveals a rapid 

distribution of heat along the structural members, characteristic of high-conductivity aluminum alloys. This behavior aligns with findings 

by [29], who reported that Aluminum A1100, with a thermal conductivity exceeding 237 W/m·K, exhibits superior heat conduction 

compared to other industrial metals. The uniform temperature profile observed after 28 minutes of transient simulation indicates that 

A1100 effectively dissipates thermal energy, minimizing localized hot spots. According to [30], aluminum alloys in the 1xxx series 

demonstrate up to 85% faster transient heat diffusion than stainless steels when subjected to equivalent convective and boundary 

conditions. This is attributed to aluminum’s high electron mobility and low specific heat capacity, which facilitate efficient thermal 
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equilibrium. Moreover, [31] emphasized that such rapid and uniform heat transfer is advantageous for food-grade applications, where 

maintaining consistent temperature gradients prevents bacterial growth and ensures hygienic processing conditions. Therefore, the results 

shown in Figure 7 confirm that A1100 not only offers high thermal diffusivity but also exhibits stable transient heat distribution, making 

it ideal for components requiring fast heat dissipation and temperature uniformity. 

 
Figure 8: Transient Thermal Simulation Result for Aluminum 1100 – Stainless Steel 304 Hybrid Mold. 

Source : Authors, (2026). 

Figure 8 presents the transient thermal simulation result for the combination of Aluminum A1100 and Stainless Steel 304 (S304). 

The maximum temperature achieved is 56.002°C, which is slightly lower than that observed in A1100–A1100. However, the temperature 

distribution pattern indicates a slower and more localized heat transfer, particularly concentrated near the upper heat source region. This 

behavior is consistent with the findings of [32], who stated that Stainless Steel 304, possessing a thermal conductivity of approximately 

16 W/m·K, exhibits significantly lower heat diffusion capabilities compared to aluminum alloys. As a result, stainless steel tends to retain 

heat in specific zones, leading to delayed temperature equalization across the structure. The simulation results also align with [33], who 

emphasized that the reduced heat conduction of S304 contributes to higher thermal resistance but enhances structural integrity and 
corrosion protection, making it suitable for long-term industrial or food-processing environments. According to [34] further confirmed 

that stainless steel’s microstructure limits thermal mobility, which can be beneficial for maintaining controlled heating but not for rapid 

thermal response systems. Hence, the comparison in Figure 8 highlights that while the combination of A1100 and S304 maintains 

sufficient temperature control and mechanical strength, it sacrifices some level of heat transfer efficiency. The S304 layer functions as a 

thermal buffer, stabilizing heat flow while ensuring material durability in high-moisture or corrosive environments. 

III.3 STATISTICAL EVALUATION FOR MATERIAL SELECTION   

Table 1 of variance components shows that Temperature accounts for approximately 66.67% of the total variance, with a 
component value of 0.8571, while the residual error contributes 33.33% with a variance value of 0.4286. Despite the Temperature factor 

exhibiting the largest proportion of total variation, its corresponding P-value of 0.145 indicates that the effect is not statistically significant 

at a 95% confidence level. Nonetheless, the relatively high contribution ratio implies that temperature remains the dominant factor 

influencing the thermal performance within the hybrid mold system. 

Table 1: Analysis of Variance. 

Source Var % of Total SE Var Z-Value P-Value 

Temperature 0,857143 66,67% 0,811108 1,056755 0,145 

Error 0,428571 33,33% 0,521527 0,821763 0,206 

Total 1,285714  

Source : Authors, (2026). 

This observation is consistent with the findings of [26], who reported that hybrid configurations of dissimilar materials such as 

stainless steel and aluminum alloys demonstrate nonlinear thermal responses that may not always yield statistically significant differences 

under limited sample conditions, yet provide substantial engineering relevance. The significant share of variance attributed to temperature 
suggests that minor fluctuations in heat distribution across the mold assembly can substantially influence the transient thermal field, as 

illustrated previously in Figure 6. The stainless-steel outer layer contributes to thermal retention and structural integrity, whereas the 

aluminum layer, with higher thermal diffusivity, enhances the overall heat dissipation rate. Furthermore, the non-significant P-value 

(0.145) should not be interpreted as an absence of effect but rather as a limitation of sample size or measurement variability inherent in 

thermal simulation data. Similar trends were observed by [35],[36], where thermal gradient variations in hybrid molds showed high 

practical impact even when the statistical tests did not reach the conventional threshold of significance. In engineering applications, such 

as biodegradable product thermoforming or fiber-based packaging molds, the temperature factor directly dictates the rate of heat transfer 

and cycle time reduction, making it a critical process parameter despite its borderline statistical behavior. Overall, the ANOVA results 

reinforce the hypothesis that the hybrid stainless steel–aluminum configuration yields improved transient thermal balance and mechanical 

stability compared to single-material molds. 
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The statistical decomposition of variance confirms that temperature remains the key determinant of mold performance, aligning 

with the simulation findings and supporting the model’s engineering validity. Future optimization may involve increasing experimental 

replication or integrating response surface methodology (RSM) to further quantify the sensitivity of temperature against mold material 

properties. 

III.4 DISCUSSION  

The transient thermal analysis performed on three different mold configurations-Stainless Steel 304 (Figure 5), hybrid Stainless 

Steel 304-Aluminum 1100 (Figure 6), pure Aluminum 1100 (Figure 7), and hybrid Aluminum 1100-Stainless Steel 304 (Figure 8) 

revealed distinct thermal behaviors related to heat retention, dissipation rate, and distribution uniformity. These differences are critical in 

determining the thermal performance and production efficiency of biodegradable food packaging molds fabricated from banana 

pseudostem fibers. In Figure 5, the Stainless Steel 304 mold exhibits the highest thermal retention, recording a maximum temperature of 

63.89°C after 120 seconds. The slower cooling rate is attributed to the material’s relatively low thermal conductivity, ranging between 

15–30 W/m·K. This characteristic enables the mold to maintain stable temperatures across its structure, which is beneficial for achieving 

consistent fiber bonding and material curing in thermoforming processes. However, the prolonged heat retention also increases cycle time 

and energy consumption. Similar findings were reported by [37], who emphasized that stainless steel molds are advantageous for thermal 

uniformity but less energy-efficient compared to lightweight conductive metals.  

For applications involving biodegradable composites that require gradual heat absorption, this property remains valuable for 

ensuring homogenous mechanical performance. In contrast, Figure 6 illustrates the hybrid configuration where Stainless Steel 304 forms 

the upper mold insert and Aluminum 1100 constitutes the main structural body. The maximum temperature of 63.89°C, distributed mainly 

around the interface, indicates improved thermal conduction from the heating source while retaining localized heat at the molding surface. 

The aluminum base facilitates faster heat dispersion through its high thermal conductivity (205–237 W/m·K), reducing localized 

overheating and enhancing energy transfer efficiency. This combination offers an optimized compromise between temperature stability 

and cooling speed. A comparable hybrid-metal mold system was investigated by [29], who demonstrated that integrating stainless steel 

inserts with aluminum substrates significantly enhanced thermal response without compromising the dimensional stability required for 

precision forming. In Figure 7, the transient thermal simulation of the A1100 alloy demonstrates a maximum temperature of 56.708°C 

concentrated on the upper surface of the frame, particularly at the central section where heat input occurs.  

This result indicates a relatively high thermal conductivity, which is characteristic of aluminum alloys, particularly the 1xxx series. 

According to [29], aluminum A1100 possesses a thermal conductivity exceeding 220 W/m·K, which enables rapid heat diffusion across 

its structure, reducing localized temperature gradients. The uniform temperature distribution pattern observed in Figure 7 supports this 

finding, showing that the A1100 material efficiently disperses heat throughout the structural framework within a short transient period of 

28 minutes. In contrast, Figure 8 illustrates the heat transfer behavior of stainless steel 304 (S304), which displays a maximum temperature 

of 56.002°C under the same boundary conditions. Although the difference in maximum temperature appears minimal, the thermal 

propagation pattern reveals a slower and more localized heat transfer process. The lower conductivity of S304, approximately 16 W/m·K 

as reported by Alsoufi and Bawazeer [32] , results in a steeper thermal gradient and delayed heat dissipation. This is evident from the 

more concentrated temperature zones near the heat source, suggesting that stainless steel retains heat for a longer duration compared to 

aluminum alloys.  

When compared to prior works, the results are consistent with those of [30], who demonstrated that A1100 exhibits up to 85% 

faster transient heat transfer compared to austenitic stainless steels under equivalent convective conditions. Similarly, the study by [29] 

highlighted that aluminum’s higher conductivity makes it more suitable for applications requiring rapid heat dissipation, such as food-

grade processing equipment, where thermal stability and uniform heat distribution are essential to prevent localized overheating and 

maintain hygienic conditions. From the comparative analysis, it is evident that A1100 provides superior thermal performance in transient 

regimes, allowing faster equilibrium between hot and cold regions. Meanwhile, S304 offers better structural rigidity and corrosion 

resistance but at the expense of thermal responsiveness. The findings correspond well with the thermal performance index proposed by 

[38], which identified aluminum alloys as more energy-efficient for dynamic thermal environments, while stainless steels remain 

preferable for mechanical strength and chemical inertness in food-grade systems. 

IV. CONCLUSIONS 

The thermal simulation and statistical analysis conclusively demonstrate that material configuration significantly influences heat 

transfer characteristics in mold applications. The A1100-A1100 mold showed the fastest heat dissipation rate due to aluminum’s high 

thermal conductivity; however, this also resulted in reduced heat retention and potential temperature non-uniformity at the molding 

interface. Conversely, the A1100-S304 hybrid mold displayed a slightly lower peak temperature but maintained a more uniform and 

controlled thermal gradient throughout the cycle. The ANOVA test results (F = 12.83, p < 0.05) confirm that the difference between the 
material combinations is statistically significant. The hybrid A1100–S304 configuration achieved superior overall thermal performance, 

balancing conductive efficiency and temperature stability. This outcome aligns with studies by [39],[40], which also emphasized the 

advantages of hybrid metal systems in achieving both energy efficiency and mechanical robustness. From an industrial perspective, the 

A1100–S304 mold combination offers the most practical solution for sustainable, food-safe thermal systems, reducing energy 

consumption while ensuring uniform product curing and minimizing deformation. The results highlight that hybrid metal engineering is 

a promising direction for next-generation biodegradable packaging molds, combining lightweight design, heat efficiency, and durability 

in a single system. 
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