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Abstract: The design and manufacturing of a die to produce rubber seals are vital factors in making the
manufacturing process efficient, precise, and cost-effective. Rubber seals are essential elements utilized
across industries such as automotive, aerospace, and manufacturing sectors to ensure a consistent sealing
solution for leakage prevention and performance improvement. This research centers upon the process of
designing and building specialized dies that are utilised in rubber seals production, identifying aspects such
as the choice of material, die geometry, temperature regulation, and pressure distribution. A holistic
method of die design is outlined, employing advanced manufacturing methods, including CAD (Computer-
Aided Design) and CAE (Computer-Aided Engineering) simulations, to ensure optimum die performance
and minimised production time. The research also examines critical parameters like rubber flow behavior,
curing rates, and mold wear, offering an understanding of how these factors affect the final quality of the
rubber seal. Through die design improvement, the research seeks to increase product uniformity, minimize
defects, and decrease operational expenses, thus enhancing the overall efficiency in rubber seal production.
The results of this work can be a basis for continued developments in rubber seal manufacturing and other
elastomeric parts.
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L. INTRODUCTION

Rubber gaskets, or seals, are vital pieces of equipment in maintaining the integrity and reliability of pipe connections in
numerous industries such as oil and gas production, water distribution systems, automotive repair services, and others.
These seals play an imperative function in leakage prevention, which, if not checked, can lead to serious environmental
damage, economic loss, and safety risks. In high-stakes industries like oil and gas, even a minute leakage can be
catastrophic, and the performance of rubber gaskets is therefore vital to ensuring operational safety and efficiency.
Indeed, failure of these seals is frequently the cause of catastrophic failure, from pipeline rupture to extreme
environmental pollution. Thus, prevention of leakage is not only a technical requirement but also a basic requirement
for the sustainability and security of critical infrastructure [1].

The performance of rubber seals is determined by a variety of factors, particularly when they are subjected to extreme
conditions like high temperature or high pressure. In such conditions, the seal has to be able to withstand its structural
integrity and capability to resist fluid or gas leakage. For instance, in oil and gas production, seals have to endure
extreme pressure and temperature fluctuations while being able to sustain a tight seal for long periods of time.
Therefore, the design, material choice, and manufacturing processes involved in these seals are of critical importance
[2].

Compression molding has proven to be one of the most common, affordable, and highly employed manufacturing
methods for fabricating rubber seals. Compression molding is a process with many advantages, including the
automation of operations and the facilitation of high production rates, which has made it a preferred method for mass
production in industries. Nonetheless, in spite of its benefits, compression molding poses a few challenges in
fabricating seals with maximum performance. This production process is successful due to a major dependence on the
cautious evaluation of a number of factors, such as the use of the right rubber material, the accurate geometry of the
mold, and the process parameters' optimization. All these factors play a part in the end performance of the rubber seal,
as they will actually determine the quality, longevity, and production efficiency of the seal [4].
Copyright to IJARSCT DOI: 10.48175/568 =
www.ljarsct.co.|n|

310




> IJARSCT .
O )
§ISO

xx International Journal of Advanced Research in Science, Communication and Technology 1\
IJARSCT International Open-Access, Double-Blind, Peer-Reviewed, Refereed, Multidisciplinary Online Journal
ISSN: 2581-9429 Volume 5, Issue 1, April 2025 Impact Factor: 7.67

One of the most severe challenges in compression molding is mold-die design and analysis because this has a direct
effect on the stress distribution over the mold and the molded seal. Good mold design is critical for ensuring even
distribution of the rubber inside the mold, since any discrepancy can result in defects like flash (too much rubber
escaping out of the mold) or voids (air pockets inside), both of which can compromise sealing integrity. Additionally,
the intricate combination of pressure, temperature, and curing times during the molding process introduces another
level of complication, as each deviation from the optimal parameters can impact the integrity of the final seal. All these
need to be carefully optimized to provide the end product that is both effective and durable [6].

Apart from the technical aspects of mold design, there is also the necessity of having an in-depth knowledge of how all
these factors are interrelated. The response of the material to stress, the efficiency of the curing process, and the
capacity to ensure uniform quality in huge batches all call for detailed knowledge and meticulous optimization. This
optimization process entails getting the ideal combination of seal quality, product life, and manufacturing efficiency.
Maintaining this balance is critical not only for guaranteeing the longevity and reliability of the rubber seals but also for
reducing the cost of faulty products or seal failures while in service [5].

Lastly, the designing and production of superior rubber seals by using compression molding is a sophisticated and
complex process. It calls for a clear insight into the properties of the material, geometry of the mold, process conditions,
and how working conditions can possibly affect the seal's performance. The success or failure of such a process could
have far-reaching implications for those industries dependent upon the reliability of these seals in order to ensure safe
and effective operations. Accordingly, this research seeks to investigate the complex factors that regulate compression
molding in order to maximize mold-die design and process parameters for the purpose of improving the overall
performance and reliability of rubber seals for mission-critical industrial applications.

Compression molding
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Fig 1.1 Compression Mold Process

Research Objectives:

This research aims to address the challenges outlined above by pursuing the following specific objectives:

Formulate a holistic design methodology for compression mold-dies:
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This will be a structured process of designing the mold-dies suitable to the specific needs of rubber seals in pipe-joint
applications. It will involve taking into account material properties, seal geometry, and manufacturing constraints.

Carry out a thorough analysis of stress, strain, and deformation:

Using Finite Element Analysis (FEA), this study will explore the stress, strain, and deformation behavior of the mold-
die as well as the rubber seal in a compression molding process. Through this analysis, the critical regions that are most
likely to fail will be determined, and design optimization will be directed.

Optimize mold-die design and process parameters:

The design and process parameters will be optimized based on the FEA results and experimental data to achieve
maximum seal performance, reduce defects, and increase the service life of the rubber seals. Optimization will be
through iterative design changes and process parameter adjustments.

Experimental verification of design and analysis:

The optimum mold-die design and process parameters will be experimentally validated by compression molding and
testing the resulting seals. The experimental values will be compared with the predictions from FEA to evaluate the
accuracy and robustness of the simulation model.

Scope and Limitations

This study will concentrate solely on the process of compression molding for the production of rubber seals for use in
pipe-joint applications. The particular kinds of rubber compound and pipe-joint geometries to be addressed will be
stated explicitly at the beginning. The study will be constrained by available experimental facilities and test procedures;
limitations will be openly documented. The study will not cover alternative sealing technology or production methods.
In addition, the study will deal mainly with static loading conditions, with dynamic effects being taken into account
only to the extent that this project permits. The effect of long-term environmental conditions on seal degradation will
not be exhaustively examined.

II. LITERATURE REVIEW

1. Rubber Materials for Sealing Applications

A variety of rubber materials are used in seal applications, with each having distinctive properties that make them more
appropriate for certain uses [7]. Elasticity, hardness (Shore A hardness), chemical resistance, and resistance to
temperature are all important selection factors [8]. Nitrile rubber (NBR), for example, has good resistance to oil and
mechanical properties, and it finds extensive use in industrial applications [7]. Ethylene propylene diene monomer
(EPDM) rubber has high weather resistance and ozone resistance, which makes it appropriate for exterior applications
[9]. Silicone rubber has a high temperature range and flexibility, but could be weaker mechanically than other materials
[10]. Rubber material selection is largely based on the particular requirements of the pipe-joint application, such as
operating pressure, temperature, and exposure to chemicals or other aggressive substances [2]. Rubbers such as
Fluorocarbon rubbers (FKM) are frequently selected for their outstanding chemical resistance and high-temperature
performance [1], but other specialized rubbers can be selected to suit individual application requirements. The selection
procedure has to weigh desired characteristics against cost and availability factors [7]. Additionally, the viscoelasticity
of the rubber affects the seal's response under compression and molding conditions [2]. Literature widely reports on the
characterization and testing of rubbers for sealing purposes, yielding useful data for material selection in this study.

2. Compression Molding Process

Compression molding is a widely practiced method of producing rubber components, especially seals [4]. The
procedure includes a number of important steps: (1) Preparation of the mold: the mold is subjected to cleaning and
lubrication to ensure the molded component can be easily released. (2) Placing of material: rubber compound is loaded

into the mold cavity. (3) Compression: the mold is closed, and a controlled pressure is exerted on the rubber compound,
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which fills the mold cavity and consolidates. (4) Curing: the mold is heated up to a certain temperature for a certain
time to cure the rubber. (5) Demolding: the mold is opened, and the cured rubber part is ejected. Process conditions like
pressure, temperature, and time play a crucial role in determining the quality of the molded seal [5]. Inadequate
pressure can cause partial filling of the mold cavity, creating voids or porosity in the seal. Lack of proper curing time or
temperature can cause incomplete cure, which leads to low mechanical strength and durability [6]. Excessive
temperature or pressure may result in defects like flash (rubber in excess squeezed out of the mold cavity) or
deterioration of the rubber material [4]. Optimization of these parameters is essential to ensure high-quality seals with
uniform properties [11]. In addition, the design of the mold itself is critical to the success of the compression molding
process. Venting of the mold should be done properly to avoid air entrapment, which may cause voids in the molded
part [12]. The ejection system design should facilitate easy ejection of the cured seal without causing damage to the part
or the mold [13]. The literature offers extensive information on the compression molding process, including
comprehensive descriptions of the equipment, materials, and procedures used.

3. Mold-Die Design Principles

The compression mold-die design plays a very important role in obtaining high-quality rubber seals. The choice of
mold material is based on considerations like thermal conductivity, wear resistance, and price [13]. Materials such as
hardened steel are preferred because of their high resistance to wear and their ability to support the high temperatures
and pressures that are required during the molding process [5]. The mold cavity design should closely match the
intended seal geometry with accurate dimensions and tolerances [12]. Venting channels must be included to allow
trapped air to escape during mold filling to avoid void formation in the molded component [12]. Ejection mechanisms,
for example, pins or springs, are included to facilitate easy ejection of the cured seal from the mold cavity without
damage [13]. The design should also take into account the flow behavior of the rubber compound during filling of the
mold to ensure the cavity is fully filled and to reduce the risk of defects [12]. Thermal properties of the mold-die affect
the curing process, affecting the mechanical properties of the final seal [S]. Hence, thermal conductivity of the mold
material and heat distribution ability within the cavity should be taken into account while designing [14]. It has been in
the study of mold design that it is about iteration refinement from simulation and experimental outcomes toward
optimal performance and minimum cost.

4. Finite Element Analysis (FEA) in Mold Design

Finite Element Analysis (FEA) is now an essential tool in compression mold-die design and optimization [5]. FEA
enables the simulation of the molding process, giving information on the stress, strain, and deformation behavior of the
mold and rubber seal during molding [5]. Reliable FEA results depend on accurate material models [2]. Hyper elastic
material models are generally used to simulate the nonlinear response of rubber materials at large deformations [2].
Mesh generation needs to be carefully taken into account for element type, size, and distribution in order to guarantee
both accuracy and computational efficiency [5]. A convergence study is crucial to ensure that the results are mesh-
independent [5]. Boundary conditions should accurately represent the true molding process, including pressure,
temperature, and constraints applied [5]. Computer programs like ANSYS are often employed for FEA analysis in mold
design [5], which allows for comprehensive visualization of deformation and stress patterns in the mold and the part
being molded. FEA is a powerful tool to optimize mold-die design and process parameters before physical prototyping,
saving development time and cost [5]. The validity of FEA predictions, nonetheless, relies on the validity of the
material models and the accuracy of the simulation configuration, and experimental verification is still important.

5. Manufacture of mold and die

Manufacturing of Dies and Molds by Taylan Altan, Blaine Lillg,Y.C. Yen discusses about the design and
manufacturing of dies and molds represent a significant link in the entire production chain because nearly all mass-
produced discrete parts are formed using production processes that employ dies and molds. Thus, the quality, cost and
lead times of dies and molds affect the economics of producing a very large number of components, subassemblies and

assemblies, especially in the automotive industry. Therefore, die and mold makers are forced to develop and implement
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the latest technology in: part and process design including process modelling, rapid prototyping, rapid tooling,
optimized tool path generation for high speed cutting and hard machining, machinery and cutting tools, surface coating
and repair as well as in EDM and ECM. This paper, prepared with input from many CIRP colleagues, attempt store
view the significant advances and practical applications in this field [17].

6. experimental studies on vibration testing of pipe joints using metal gaskets

Experimental studies on vibration testing of pipe joints using metal gasketby nan bu, naohiroueno, satorukoyanagi,
masahiroichiki, osamufukuda, and moritoakiyama discusses about Pipe joints have been widely utilized in industrial
plants, where dynamic load of vibration is considerably harmful for sealing performance. However, there is a lock of
design codes and experimental procedures developed for vibration testing of pipe joints. This paper proposes an
experimental setup for testing of pipe joints, which use metal gaskets, in vibratory conditions. Also,
aflexiblepiezoelectricfilmsensorisintroducedintothistestrigformonitoringofstress in pipes. With the proposed test rig,
vibration testing of pipe joints can be conducted, therefore further investigations such as fatigue analysis of the contact
surfaces, and computational analysis of metal gaskets and seal devices are readily available. Finally, some experimental
results of a gasketed flange joint, which uses a 1.5-inch diameter stainless steel gasket, were reported [16].

III. METHODOLOGY

1. Seal Design Specifications

The design procedure starts with a well-defined pipe-joint geometry and sealing requirement [2]. The operating
pressure, temperature range, and chemical compatibility of the seal are defined [2]. The dimensions and tolerances of
the seal have to be specified in order to allow proper fit and functionality within the pipe joint [3]. The choice of rubber
material is guided by the above requirements, taking into account factors such as chemical resistance, temperature
resistance, and mechanical characteristics [8]. Performance standards for the seal also need to be determined, such as
allowable leakage rates, compression set, and life under anticipated operational conditions [7]. These specifications
form the basis for the design of the compression mold-die. Detailed specifications and drawings of the seal, and
material data sheets are key inputs to the mold design.

2. Mold-Die Design

The selection of the mold material is a key step in the design process [13]. Hardened steel is usually a popular option
because of its wear resistance and support for high pressures and temperatures of the molding process [5]. Other
materials like tool steel or aluminum alloys can be used depending on the application requirements as well as costs [13].
The cavity of the mold should be properly designed to be able to replicate the geometry of the seal correctly with exact
dimensions and tolerances [12]. The design should have venting features in place to allow the escape of air during mold
filling to avoid void formation in the molded seal [12]. Ejection systems, like pins or springs, are used to ease the
removal of the sealed seal from the mold cavity without causing any damage [13]. Designing the cooling system of the
mold is very important for the process of curing to be controlled as well as to avoid thermal stresses causing warping
and cracking of the molded seal [14]. Refinement in an iterative manner, along with the aid of FEA simulations and
experiments for testing, is utilized for optimization of geometry and performance of the mold.

3. Process Parameter Selection

The choice of best process parameters is important in order to produce high-quality seals with uniform properties [4].
Some of these parameters are the molding pressure, temperature, and time [5]. The molding pressure should be enough
to fill the mold cavity completely and to consolidate the rubber compound [5]. Too much pressure, however, can cause
flash or destruction of the mold or seal [4]. The molding temperature affects the rate of cure and the ultimate
mechanical properties of the seal [5]. Too low a molding temperature will result in a cure short of completion, while too
high a temperature will lead to rubber thermal degradation [6]. The molding time should be enough to enable complete
curing of the rubber compound [5]. However, longer molding times raise production costs. The choice of these

parameters depends on the characteristics of the rubber material, mold-die design, and target seal properties [11]. These
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parameters are optimized using experimental testing and FEA simulations to achieve a compromise between seal
quality, productivity, and cost.

4. Model Development

A 3D FEA model of the mold-die and rubber seal is developed from the mold-die and rubber seal geometry using
suitable software, i.e., ANSYS [5]. The mold-die and rubber seal geometry is to be imported into the software, and the
mesh of suitable density is generated [5]. The density of the mesh is found through convergence study to ensure that the
results are independent of mesh refinement [5]. Material models are chosen to accurately describe the behavior of the
mold-die material and the rubber seal when they are compressed [2]. For the mold-die, a linear elastic material model
might suffice, but a hyperelastic material model is required for the rubber seal to describe its nonlinear response under
large deformations [2]. Boundary conditions are established to model the compression molding process, such as the
pressure applied, temperature, and constraints [5]. The model considers contact between the mold-die and rubber seal,
thereby simulating precisely the pressure distribution and deformation that occurs during molding.

5. Mesh Generation and Convergence Study

The generation of the mesh is essential in achieving reliable and accurate FEA results [5]. The mesh has to be fine in
regions of stress concentrations or deformation gradients, as in the contact zones between the seal and the mold [5].
Various types of elements are available, but tetrahedral elements are normally used for their capability in simulating
complex geometries [5]. A convergence analysis is done to make sure that the outcome is independent of the mesh size
[5]. This is done by performing the simulation with increasingly finer meshes and comparing the outcome. When the
outcome converges, it means that the mesh is fine enough to be able to capture the system's behavior accurately. The
mesh density selection is a trade-off of accuracy versus computational expense, with finer meshes delivering higher
accuracy at considerable computational expense.

6. Optimization Based on FEA Results

The FEA output is employed to direct mold-die design and process parameter optimization [5]. Regions of high stress
concentration or excessive deformation are located, and design alterations are implemented to counteract such
conditions [5]. This could include modifications in the mold cavity geometry, venting design, or ejection system [12],
[13]. Process parameters, including pressure, temperature, and time, are also optimized from the simulation results [5].
Repeated FEA simulations are carried out in order to test the suitability of the design changes and process parameter
modifications [5]. The aim is to have a design that results in minimum stress and deformation with full filling of the
mold cavity and avoidance of defects. This is an iterative process of optimization, with the process and design
parameters being improved until a satisfactory solution is achieved.

IV. EXPERIMENTAL VALIDATION

1. Mold Fabrication

The design of the mold-die is optimized and then manufactured using the proper manufacturing processes [13]. For
high-precision molds, machining is commonly used, employing CNC milling machines to produce the mold cavity and
other details with high precision [15]. For simpler designs or for the production of multiple molds, casting methods
could be more economical [13]. The fabrication process is determined based on the mold design complexity, the level
of precision, and the production quantity. Quality control measures are followed to guarantee that the fabricated mold
captures the design specifications. Dimension checks are done with coordinate measuring machines (CMMs) or other
precision measuring equipment to confirm the accuracy of the mold cavity and other key features.

2. Compression Molding Experiments
Compression molding experiments are conducted using the fabricated mold-die and the optimized process parameters
[4]. The rubber compound is prepared according to the specifications, and a predetermined amount is placed into the

mold cavity. The mold is closed, and the pressure, temperature, and time are controlled accordmg to the optimized
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parameters. Data acquisition systems monitor the pressure, temperature, and other relevant parameters during the
molding process, providing valuable data for process optimization and quality control. The process is carefully
controlled to ensure consistent results and reproducibility. After the curing cycle, the mold is opened, and the molded
seal is removed.

3. Seal Performance Testing

The molded seals are put through a series of performance tests to analyze their quality and reliability [7]. Leakage rate
tests are performed to check the seal's capacity to prevent fluid leakage under pressure [2]. Compression set tests
determine the seal's capacity to maintain its shape after being compressed for an extended duration [7]. Durability tests
like accelerated aging tests test the seal's resistance to degradation under different environmental conditions [7].
Experimental results are compared with FEA predictions to determine how accurate and reliable the simulation model
is. Where there are discrepancies between experimental results and FEA predictions, these are studied to determine the
source of error or areas for further optimization in the design or the simulation model. The validation by experiment
allows for important input in the optimisation of design and process parameters to ensure production of high-quality,
dependable rubber seals.

V. CONCLUSION

This work was able to create a robust design methodology for compression mold-dies specifically designed for rubber
seals used in pipe-joint applications. The FEA simulations offered good insights into the stress, strain, and deformation
characteristics of the mold-die and rubber seal, facilitating optimization of the design and process parameters.
Experimental verification reinforced the validity of the FEA predictions and ensured the success of the optimized
design in generating superior-quality seals with enhanced performance and lifespan. Findings from this research help
bridge the gap towards understanding compression molding processes for rubber seals and provide hands-on directives
for seal design and manufacturing optimization.
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