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(ABSTRACT) 

 

Many manufacturing processes require complex tooling which contributes significantly to the cost 

and time required to develop new products. Bead foam molding is often hampered by these 

limitations. This thesis presents an analysis of Additive Manufacturing (AM) applications in low-

cost bead foam molding, focusing on molding trials, economic analysis, and future potential. 

Through molding trials, the thesis evaluates the efficacy of AM tooling in comparison to traditional 

aluminum tooling, specifically in evaluating tool life and cost. A key finding is a reduction in lead 

time up to 70% and cost of up to 63% compared to traditional tooling, particularly in low-volume 

production scenarios. This thesis includes a detailed cost analysis, which breaks down the cost 

components associated with AM processes such as pre-processing, production, material costs, 

post-processing, and overheads. This analysis reveals that AM tooling can offer substantial cost 

savings over conventional methods, making it a viable option for specific manufacturing contexts. 

Findings suggest that while AM tooling shows significant promise in reducing costs and 

accelerating production in bead foam molding, further research is required. This research should 

focus on exploring the scalability of AM for larger tools and investigating the application of new 

and emerging AM processes and materials. 
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An Exploration of Rapid Tooling in Low-Cost Bead 

Foam Molding Applications 
 

 

Matthew E. DeJager 

 

 

(GENERAL AUDIENCE ABSTRACT) 

 

This thesis explores the use of Additive Manufacturing (AM), often known as 3D printing, in 

creating molds for bead foam moldingða process used in manufacturing a variety of foam 

products. Findings reveal that using AM for toolmaking can be faster and more cost-effective than 

traditional methods, especially for small-scale production. The thesis details experiments 

comparing AM with conventional tooling and presents a cost analysis showing the potential time 

and cost savings. While promising, further research is needed to fully harness the benefits of AM 

in this field. This study opens doors to more efficient and economical manufacturing techniques 

using emerging AM technology. 
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Chapter 1: Introduction  

 
 

Bead foams have been utilized widely by industry for over 50 years to create lightweight and 

complex shapes. The bead foam molding process uses pre-expanded polymer beads to fill a mold 

cavity. The beads are then heated, typically by high temperature steam injection, causing the beads 

to expand and sinter into a solid part taking the shape of the enclosing mold. This foam molding 

technology, often referred to as steam chest molding, is especially useful in creating complex 

geometries. Bead foams consist of several types including two of the most prolific, expanded 

polystyrene (EPS) and expanded polypropylene (EPP). EPS has been used since the 1960s in 

applications such as packaging, insulation, and consumer goods due to its light weight and 

excellent thermal insulation properties. Though the low cost of processing and manufacturing has 

made EPS a popular choice for low grade applications, poor mechanical properties limit its use in 

performance applications. Additionally, poor recyclability has led to phasing out of EPS in some 

applications due to environmental concerns [1]. EPP emerged in the early 1980s and has seen 

widespread adoption for applications requiring increased mechanical performance. Superior 

mechanical stiffness and energy absorption properties allow the use of EPP in a wide range of 

applications including automotive, packaging, aerospace, and consumer products. Developments 

in the processing of EPP have allowed the recycling of EPP products, creating increased 

application potential by reducing negative environmental impacts of manufacturing and disposal.  

 

The automotive industry has readily adopted EPP in the past 30 years. It is used across the industry 

in parts such as bumpers, energy absorbers, and trunk panels. Use in this application has increased 

by an order of magnitude from 2001 to 2011 [2]. Improvements in molding technology have also 

allowed use in automotive interiors for seats, headrests, and head injury prevention components. 

Figure 1.1 shows the increase in EPP use in the automotive industry from 1998 to 2008. This 

growing usage trend will likely continue as lightweighting becomes increasingly critical to the fuel 

economy requirements in coming years [3].  
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Figure 1.1: EPP usage in automotive applications [2]. 

 

Though the automotive industry has historically been the primary adopter of EPP, the use of EPP 

in non-automotive industries has been increasing rapidly [4]. Energy absorbing properties make 

EPP useful in products such as sports underlayment, used to protect athletes from injury and 

provide fall protection on playgrounds [5]. EPP is also used in a wide variety of other consumer 

products such as sports equipment and padding, flotation devices, furniture, toys, and more [6]. 

The drone industry has also benefited from the use of EPP due to low densities and effective crash 

absorption properties. Many fixed-wing Uncrewed Aerial Systems (UAS) now available 

commercially use an EPP airframe such as the eBee and Volantex Ranger, shown in Figure 1.2.  

 

 

 

 

Figure 1.2: Volantex Ranger (left), eBee (right) [7], [8]. 

 

Research labs such as the Uncrewed Systems Lab (USL) here at Virginia Tech have a need for 

manufacturing novel geometries for UAS research. The development of new airfoil shapes and 

airframe configurations presents a manufacturing challenge on a smaller research scale. Though 
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EPP UAS systems are common at commercial scale, the cost of manufacturing using typical steam 

chest mold techniques makes low volume production particularly capital intensive because of the 

investment in machined aluminum mold tools. The goal of this project is to explore the feasibility 

of using Additively Manufactured (AM) tools in bead foam molding. The use of AM tooling has 

the potential to significantly reduce tooling costs and barrier to entry for smaller volume 

production runs in a research setting. A small lab-scale steam chest molding device was developed 

and tested for this application.  

 

This project further explores the potential commercial applications of AM tooling for use in the 

bead foam molding industry. When applied in industry, AM tooling has the potential to reduce 

tooling costs for prototype parts and significantly reduce tooling lead times when compared to 

traditional tooling techniques. This approach could also provide security in logistics chains by 

relocating some tooling production to the shape molding facility in the form of AM machines on 

site. This could reduce impacts of supply chain disruptions and dramatically reduce lead times for 

mold tooling. The commercial application of this technology was explored in an industry setting 

in partnership with JSP International, Butler, PA.  
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Chapter 2: Review of Literature 
 

2.1 Production of Foamed Beads 

 

Bead foams can be made of a variety of polymers and blends such as polystyrene (PS), 

polypropylene (PP), and polyethylene (PE). Though there are some emerging technologies 

allowing the foaming of new materials, the majority of bead foams today are expanded 

polypropylene and expanded polystyrene. The basic principle of manufacture of these two types 

of bead foams are the same. A polymer resin is impregnated with a blowing agent, typically CO2 

or n-pentane, at elevated temperature and pressure close to the melting point. The raw bead is then 

exposed to a rapid pressure drop or temperature increase to reduce the solubility of the blowing 

agent. This causes the raw bead to expand and foam into the expanded form. The expanded bead 

is then used in a later shape molding process where the final part shape is defined, and many beads 

are sintered together into a solid part. Though the general principle of EPS and EPP bead foaming 

is the same, there are key differences in processing that affect the usage and molding of each.  

 

The production of EPS beads is primarily different from EPP due to the amorphous nature of the 

polystyrene resin. The most common method of manufacturing EPS beads starts with extrusion of 

the polystyrene material into raw beads. During this process the blowing agent, n-pentane, is 

introduced and diffuses into the resin. The dissolving of the blowing agent into the raw bead is 

possible due to the amorphous structure [4]. The trapped pentane remains dissolved in the raw 

bead at ambient temperatures. Raw beads are then sorted by size and shipped to shape molders 

where pre-expansion is done. The pre-expansion process expands the raw beads into foamed form 

by heating and mixing under steam pressure in an autoclave process. Heating softens the 

polystyrene and lowers the solubility of pentane, causing gas expansion and cell formation in each 

bead. The duration and temperature dictate the degree of expansion and therefore the resulting 

density. The material at different stages of the EPS production process is shown in Figure 2.1. 

Because EPS material can be shipped to molders in the raw form, transportation costs are 

significantly lower than EPP. Raw EPS beads can be manufactured in a continuous process. The 
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continuous process and lower transportation cost results in EPS material being roughly one third 

the cost of EPP material [9].  

 

 

Figure 2.1: Raw, expanded, and molded EPS beads [10]. 

 

The processing of EPP requires a slightly different approach. Solid polypropylene (PP) beads are 

first produced using a pelletizing process, typically by extrusion in water and then chopping by a 

rotating blade. Additives may be added before extrusion to change the color or a variety of 

properties such as UV resistance or biodegradable characteristics. Solid PP beads are then loaded 

into an autoclave vessel where they are impregnated with CO2 at elevated temperature and pressure 

to act as a blowing agent. After saturation with the blowing agent, the beads are released into an 

expansion vessel creating a rapid pressure drop. This reduces the solubility of the blowing agent 

and causes the expansion of the bead into the final foamed form [4]. The expanded beads are then 

sorted for size and shipped to the shape molder for production of fused parts. Expanded material 

requires significant shipping cost due to the much lower bulk density compared to raw EPS beads. 

Transportation and batch processing EPP bead foams more expensive than EPS foams. Raw PP 

beads and expanded EPP beads are shown in Figure 2.2.  
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Figure 2.2: Small raw PP beads and larger expanded EPP beads [11]. 

 

 

2.2 Shape Molding  

 

The process of molding bead foams into desired shapes requires the use of perforated molds to 

allow heating of the beads by using steam as a heat transfer medium. This technique allows the 

molding of complex shapes and effective bead fusion to create a consolidated part. Heating the 

beads serves two purposes, expanding the bead to fill inter-bead voids and elevating the 

temperature to promote bead fusion at bead boundaries. The expansion process is critical to ensure 

a fully fused final product with uniform mechanical properties. The process of bead expansion and 

fusion is shown in Figure 2.3.  

 

 

Figure 2.3: Representation of bead sintering: (a) nominally stacked beads, (b) moderately packed 

beads, (c) fully packed and sintered beads [9]. 

 

 

The molding process is sometimes referred to as steam chest molding. It is typically done in five 

steps, shown in Figure 2.4 from D. Raps et al. who has provided an excellent visual representation 
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of the steam chest molding process [4]. The first step is closing the mold. Second, expanded beads 

are fed into the mold chamber, typically using air pressure and the venturi principle. Depending 

on the size and geometry of the mold multiple fill guns may be used to ensure even filling of the 

cavity. In the third step steam is forced through the mold, heating the mold and beads. Often steam 

is injected from both sides, one at a time, to ensure full bead fusion and uniform surface finish. 

The steaming process requires the purging of air from the steam chest followed by cross steaming. 

A final autoclave step is sometimes done to improve surface texture and fusion by introducing 

steam pressure on both sides of the steam chest [4]. This three-part steaming process is shown in 

Figure 2.5.  

 

 

 

Figure 2.4: Five step steam chest molding process [4].  

 

 

After steaming, the fourth step is cooling of the mold and fused part. This is done using cold water 

spray nozzles installed in the steam chest behind the mold cavity. Cooling is required to stop the 

expansion process and prevent continued bloating of the part after ejection. Last, the fifth step is 

ejection of the finished part. This is done by either physical ejection rods or a blast of compressed 

air for some geometries.  
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Figure 2.5: Three step steaming process: (1) purging of air, (2) cross steaming, (3) autoclave [4]. 

 

Molding parameters vary greatly depending on material, density, and part geometry. Typical 

molding cycles consist of about 10 seconds for filling, 1 second for cross steaming in each 

direction, several seconds of autoclave, and 60 seconds of water cooling. Between each of these 

steps there are often additional timers to coordinate the movement of tooling and flow of 

condensed steam through the drains. These times can vary greatly and are presented here only as 

representative figures. Typical overall cycle times are in the order of 2-3 minutes. Steam pressure, 

and therefore temperature, also varies based on similar parameters. Typical steam pressures for 

EPP molding are in the range of 2.5 to 5 bar [10]. Because of the lower melting point, EPS molding 

requires a significantly lower 1.5 to 2.5 bar of steam pressure. 

 

To achieve adequate packing of beads in the mold before steaming, two methods of filling are 

used. Crack-filling utilizes a telescoping tool to fill the mold and then close the tool an additional 

small distance to partially crush and compact the beads. Typical crack fill schemes use a depth on 

the order of 10 mm. Crack filling is used for higher material densities and depends on total part 
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thickness. This is sometimes referred to as crush filling. Pressure fill is another method used 

typically for lower densities. In this process the pressure in the material hopper is increased beyond 

the internal cell pressure of the foamed beads, causing the bead to be compressed. The beads are 

then fed into the mold under this pressure where they expand to fill the mold cavity more fully. 

Pressure and crack fill methods are shown in Figure 2.6.  

 

 

Figure 2.6: Crack filling (left), Pressure filling (right) [4] 

 

Mold tools used for EPS and EPP steam chest molding are typically made by machining aluminum 

stock or castings. Mold designers create the mold geometry based on the desired final part and a 

variety of factors including anticipated shrinkage of parts after molding due to water entrapment. 

Designers must be careful to consider the geometry of the part to determine the best orientation 

and parting lines for mold design. Mold geometry must be designed to allow for steam venting to 

be incorporated across the mold surface. Venting is typically done by drilling and installation of 

small, perforated inserts called core vents. These are standard across the industry and come in a 

variety of sizes and geometries. Depending on molded part density and geometry, vents may be 

pin holes or slotted, shown in Figure 2.7. For complex geometry where core vents cannot be 

installed, individual holes are drilled called pin venting. Pin venting is typically done with a 

number 60 drill bit, approximately 1 mm in diameter. Venting schemes depend heavily on foam 

density and part geometry. However, it is standard practice to vent with approximately 2% open 

surface area for most medium density parts.  
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Figure 2.7: Circular hole core vents (top), Slotted core vents (bottom) 

 

Aluminum machined molds are typically about 10 to 15 mm thick along the surface contour of the 

molded part. Mounting methods vary but aluminum tools are typically bolted into an existing 

steam chest frame and further supported by circular posts. These supports transfer loads from the 

mold cavity to the much more rigid back plate of the steam chest. Several examples of this fixturing 

and mold mounting are shown in Figure 2.8.  
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Figure 2.8: Steam chest support configuration, shown removed from molding press. 

 

 

2.3 Bead Foam Molding Business Model 

 

The bead foam shape molding process requires the coordination of several businesses in adjacent 

fields. Material suppliers manufacture the raw beads and sell them to the shape molder. The molder 

then works with customers who order finished molded parts from the shape molder. This process 

requires several intermediate steps to take a part from conception to finished product. Molders 

interface with the customer to determine molded characteristics such as dimensions, surface finish, 

and color. After agreement on product specifications, the molder typically outsources design and 

fabrication of the mold tool to a specialized tool fabricator. This mold shop can be located 

domestically or abroad, depending on the specific business and part. The relationship between 

these entities is shown in Figure 2.9.  
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Figure 2.9: Shape molding business relationships. 

 

For customers with firm product specifications this process is linear. A prototype mold is made 

and an initial batch of parts is molded to confirm the customer expectations are met. A full tool set 

is then ordered and full -scale production can begin. Some customers require a more iterative 

process to determine the desired specifications. Geometry, tolerances, or surface finish may need 

to be optimized by several trial runs. The iterative process for these customers then requires 

multiple tool sets to produce these designs. This not only increases tooling costs significantly, but 

also lead times. Figure 2.10. shows the typical workflow at the start of a shape molding project. 

The outsourced mold design and fabrication process is typically 10-18 weeks, depending on 

demand and tool complexity. When multiple iterations are required by a customer this lead time 

can dramatically increase the time to market and presents a challenge for timely project 

completion. On-site AM tooling has the potential to both reduce iteration cost and time, providing 

value to both the customer and shape molder.  

 

 

Figure 2.10: Shape molding project workflow. 
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2.4 Rapid Tooling 

 

In recent years, global trends in manufacturing have pushed manufacturers to reduce costs and 

lead times as new technology implementation increases competition in the global economy. 

Tooling is a critical part of most manufacturing processes and includes molds, dies, fixtures, and 

more. The time and cost of tooling therefore contributes greatly to lead time and cost of the 

subsequent manufacturing processes. Developments in AM technology and materials have 

allowed the widespread adoption of AM for tooling applications, known as Rapid Tooling [11]. In 

2023 a wide variety of AM technologies are available for exploitation in rapid tooling. These can 

be generally separated by material, polymer and metallic, and are briefly described here.  

 

Polymer AM technologies include Fused Filament Fabrication (FFF) and Vat Photopolymerization 

(VPP). FFF is done by extruding a melted thermoplastic through a nozzle, typically fed in filament 

form, onto a build plate. Deposited material then cools and solidifies so additional layers can be 

deposited, forming the part. This process is the most commonly known and is readily available 

even at the desktop and hobby level. High performance materials have also been developed for use 

in FFF such as Ultem based filaments. Though hobby grade machines have dramatically decreased 

in cost, high performance materials often require higher end machines due to high extrusion 

temperatures and the need for heated build volumes to prevent warpage during the printing process. 

Because material layers are added after some cooling of the previous layer has occurred, layer to 

layer adhesion is significantly weaker than bulk material properties [12]. Nozzle size and material 

extrusion characteristics also affect the print time and resolution. Viscous extension of melted 

plastics limits the speed of deposition, and layer wise deposition creates poor resolution and 

surface finish.  

 

VPP uses light to selectively cure photoreactive resin. A build plate is articulated in a vat of resin 

where a laser or light projector cures a single layer. The build plate is then moved, and the resin 

recoated before another layer is cured. This can be done in a top-down or bottom-up orientation. 

In a top-down configuration, the build plate lowers into the vat and the cure is achieved at the 

surface interface of the resin. A bottom-up configuration utilizes a transparent window in the 

bottom of the vat. This allows the projector or laser to cure from the bottom. The build plate then 
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moves one layer up and resin fills the space between the window and part. VPP allows for high 

resolution and surface finish thanks to the small curing area of the laser and small layer height, 

approximately 25-100 ɛm [13]. Though historically VPP materials have shown poor material 

properties, recent developments in polymer resin technology have allowed increased mechanical 

strength and printability. A major disadvantage is the typically smaller footprint of VPP machines 

when compared to other technologies.  

 

Methods of processing metallic materials include Powder Bed Fusion (PBF) and Directed Energy 

Deposition (DED). PBF can be done with a variety of materials such as metallic, polymer, and 

hybrid powders. Powdered material is evenly coated onto a build piston by a roller or scraper. A 

laser or electron beam then rasters over the deposited layer to fuse the powder in selected locations. 

The piston then lowers by one layer height and material is deposited by the roller. This is then 

repeated to generate the part. Metal PBF has been used to create fully dense parts using a variety 

of materials with mechanical properties at or exceeding those of the bulk material. Though high 

performance parts can be made with this approach, the finely powdered material and AM machine 

leads to high cost relative to other AM technologies [14]. Support structures required in the printing 

process also must be removed in a post processing step.  

 

DED uses a principle similar to welding to deposit metallic material directly onto a workpiece. 

This is done by application of energy in the form of an electron beam or electric arc to melt metal 

powder as it is sprayed onto the workpiece. Similar to PBF, DED can produce fully dense and 

geometrically complex parts from high performance metallic materials. Finished parts often 

require post processing by machining to produce desired surface finishes. DED can also be used 

to repair existing parts, a unique feature in the AM space. Large space and power requirements 

also make this technique expensive.   

 

A variety of AM methodologies have been used in rapid tooling applications. Rapid tooling has 

been exploited in the literature for applications such as injection molding (IM), polyurethane foam 

casting, and sheet metal forming. These applications typically aim to reduce cost and lead time of 

low volume production runs by utilizing the on-site, rapid nature of AM technology. FFF has been 

used by Frohn-Sörensen et al. to create drawing dies for the sheet metal forming of a small cup 
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shape [15]. They found that small production runs of 30 parts could be produced using dies printed 

with economical and readily available FFF machines and material.  

 

Rapid Tooling (RT) used in IM has been extensively studied in the literature. Azhar et al. found 

that the use of RT for IM had the potential to reduce the lead time to market by 80% [11]. More 

detailed investigations such as by Altaf et al. show the promising potential of RT using polymer 

materials, though with concerns regarding the surface finish of printed mold inserts [16]. They 

investigated the feasibility of using ABS and nylon in a FFF process to produce mold inserts for 

metal injection molding. Results were mixed but showed the potential for use in prototype and low 

volume production. RT has also been proposed for use in IM to increase the effectiveness of heat 

cycle molding for improved surface finish by allowing for the integration of conformal heating 

and cooling [17]. FFF has been used in many RT applications for IM, though most of these studies 

conclude that surface finish of the printed tool is not of the quality required for production parts 

[18]. This surface roughness resulting from the FFF material deposition also makes demolding or 

part ejection difficult. 

 

VPP has also been used to create mold inserts for IM. Dizon et al. explored the use of both FFF 

and VPP for IM tool inserts. It was found that both tools suffered from a very short tool life and 

deteriorated quickly. The FFF tool experienced delamination while the VPP tool experienced 

severe cracking after 60 molding cycles [19]. Though, it must be noted that this work used 

relatively low performance materials in the manufacture of their mold inserts, likely contributing 

to the poor performance. The material chosen for the VPP mold insert is known to be very brittle 

while the material used in the FFF mold was ABS. Recent advances in material offerings for VPP 

processes have allowed for more promising results. Formlabs, an industry leader in VPP printing 

machines and materials, has developed both high temperature and high strength resins for use in 

their line of VPP machines. A white paper published by Formlabs showcased some industry case 

studies of IM using tooling made of these new materials [20]. The cases in this paper compared 

typical IM tooling cost and lead time to tooling created using Formlabs printers and their new 

Rigid10K glass filled resin. Partners were able to mold thousands of cycles using Polypropylene 

and ABS in a variety of small shapes and applications. The lead time in these applications was 

reduced by 50 to 90 percent when compared to traditional CNC machined molds. Tooling cost was 
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also reduced by 80 to 99 percent in these cases. Rapid Tooling for IM presents challenges of 

surface finish and mechanical stability at elevated temperatures. Though these challenges have 

resulted in some early mixed results in using FFF, advances in materials have greatly improved 

the potential for RT as a viable alternative to traditional tooling in some production environments.  

 

FFF has also been used to create molds for polyurethane foam casting. This approach for molding 

a two-part foam was attempted by Martens et al. They found challenges with the surface finish and 

permeability of FFF finished mold surfaces, and introduced a surface coating post process to 

mitigate these problems [21]. Romero et al. molded a model polyurethane car seat using ABS and 

High Impact Polystyrene tooling. This approach used chemical surface treatments to smooth the 

molding surface after printing to aid in demolding [22].  

 

A review of published literature has shown many works investigating the use of polymer AM for 

RT applications. Many address IM applications using small size inserts encased in a metal housing. 

To the best of our knowledge, at this time there is no published literature exploring the use of 

polymer AM specifically for bead foam molding applications.  

 

 

2.5 Relevant Industry Efforts 

 

Consultations with industry partners such as JSP International reveal ongoing use and investigation 

of AM rapid tooling for bead foam molding within the industry. Metal AM processes have been 

used to produce mold tools and mold inserts. Overath, a German mold manufacturer, holds a patent 

for a double layered molding tool for improved thermal control using integrated cooling channels 

[23]. This complex geometry is implemented to allow more precise control over mold temperatures 

and can only realistically be manufactured using metal AM fabrication techniques. JSP has also 

attempted similar projects using metal AM, though the specific printing technology used was not 

disclosed. Metallic core and cavity tools were manufactured using AM techniques. This was also 

done to improve cooling characteristics, surface melting conditions, and allow for reduced cycle 

time in the molding process. A tool created for this project is shown in Figure 2.11.  
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Figure 2.11: JSP Metal AM tool for Phone Case [10]. 

 

Work on a similar project at JSP concerned the surface finish and resolution of text and symbols 

on finished molded parts. Logos, symbols, and text are often imprinted on molded parts for 

branding, logistics, and informative purposes. The fine nature of these details relative to the foam 

bead size makes this challenging in some applications. JSP tested the use of a metal AM logo plate 

in applying detailed text to a molded part. This was also compared to the impression left by a 

machined plate used typically. The AM plate allowed for more numerous and geometrically 

complex steam venting patterns, leading to improved clarity of the logo and text on the molded 

part. The AM logo plate and molding results are shown in Figure 2.12.  
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Figure 2.12: JSP logo plate: Top, AM plate tool insert, Bottom, resulting impression on the 

molded part [10]. 

 

Several polymer tools and inserts have also been tested by JSP and partners for use in bead foam 

molding. A collaboration between Plymouth Foam, Plymouth WI, and JSP used a FFF 

manufactured tool insert with Ultem filament material [10]. A small foam football was chosen as 

the shape for this proof of concept. This insert and the resulting molded part are shown in Figure 

2.13. To allow for steam penetration through the printed tool a micro venting pattern was integrated 

during the printing process. This allows for venting without discrete core vents used in typical 

mold tooling. A surface texture was also applied and created by the printing process. Though this 

insert molded fully formed parts, cracking occurred around 300 shots.  
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Figure 2.13: Ultem tool insert for small football shape [10]. 

 

Some rapid tooling is already being used at full production capacity. Areas of mold tooling where 

tolerancing is challenging may become marred. When this is part of a larger machined aluminum 

tool, buffing or some other repair may be needed to continue to produce quality parts. Small AM 

nylon inserts have been used in these areas to prevent damage to the rest of the aluminum tool. 

These inserts are installed and are removable, acting as a sacrificial wear point when opening and 

closing the mold halves. The inserts are also utilized to adjust key dimensions or geometry quickly 

and easily in critical locations. Rather than having to create an entirely new tool when a dimension 

is changed, the insert can simply be reprinted and installed to the desired shape. An insert installed 

in a production tool at a JSP molding facility is shown in Figure 2.14.  
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Figure 2.14: Printed nylon tool insert [10]. 
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Chapter 3: Development of a Small-Scale Bead Foam 

Molding Device 

 

3.1 System Context 

 

The Uncrewed Systems Lab designs and develops a wide range of UAS for a variety of 

applications and research areas. This development typically involves the design and fabrication of 

novel aircraft and structural airframe configurations. Additive manufacturing, along with 

traditional subtractive manufacturing techniques are used to create custom, lightweight parts for 

experimental aircraft at the USL.  

 

The use of EPP foam in UAS applications is widespread. Low density, mechanical stiffness, and 

impact absorption make EPP foams ideally suited for use in UAS applications. As discussed, EPP 

molding has been used to manufacture high volume consumer UAS products. The scale of 

commercial manufacturing allows the use of this technology for large volume commercial 

production runs. Because of the commercial proliferation of EPP UAS systems, the USL has an 

interest in using EPP in experimental aircraft for research applications. This interest calls for the 

development of a lab-scale bead foam molding device.  

 

Traditional bead foam molding machines designed for industrial applications cost on the order of 

hundreds of thousands of dollars. Their high cost provides a barrier to use for smaller lab-scale 

applications. While the development of AM molds for bead foam molding is explored in detail in 

Chapters 4, 5, and 6, this Chapter explores the development of a low-cost device for the steaming 

process required to manufacture bead foam shapes for research applications.  

 

Both EPP and EPS are used in commercially available UAS products such as fixed wing 

recreational drones and gliders. The key differences between the manufacture and processing of 

these materials are described in detail in Chapter 2. In summary, the processing of EPP requires 
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higher temperatures and pressures than EPS. The differing mechanism of bead expansion by a 

blowing agent also results in differences in mold filling procedures. EPS requires both lower 

temperatures and pressures, and less complex bead handling for the filling of the mold. Because 

of these key differences, EPS was chosen as the testing material for this exploration. 

 

 

3.2 Theory of operations 

 

As discussed in Chapter 2, bead foam molding requires the injection of steam through a perforated 

mold to sinter beads together and create the desired shape. This is done in industry by the use of 

large-scale shape molding machines. Such machines are typically integrated into a manufacturing 

facility complete with a large scale steam supply. The goal of this design is to allow the molding 

of bead foams without the need for such a costly machine and accompanying infrastructure. 

Industrial shape molding machines and processing were studied to allow a similar process on a 

smaller, lab scale. The steaming operations used in industry were then emulated using a novel 

steaming device developed to evaluate the feasibility of scaling down the steam chest molding 

process. The device was designed to allow the filling of molds, steaming and cross steaming, and 

part demolding in a low cost package.  

 

Steam is created by heating a boiling vessel over a standard hot plate. The steam accumulates in 

the boiling vessel and is monitored by temperature and pressure gauges. An emergency pressure 

relief valve is utilized to prevent accidental over pressurization of the system. Following initial 

warmup of the boiler system, the pressure boiler is kept at a pressure above the required steaming 

pressure. This allows a reserve of steam to be released into and through the mold box. The pressure 

released to the mold box is regulated by a pressure regulating valve placed between the boiler and 

the mold box. A ball valve is turned to allow steam to enter the mold box. After a predetermined 

duration, on the order of one minute, the valve is closed. The orientation of the 3-way valves is 

reversed, and the ball valve is opened to steam in the opposing direction. The steaming valve is 

then closed, and the mold box opened to remove the molded part. A schematic of the steaming 

system is shown in Figure 3.1.  
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Figure 3.1: Schematic of lab scale steaming device 

 

Adhesive heating pads are installed on the exterior of the mold box to aid in preheating the system. 

This is done both to reduce condensation within the steam system during the molding process and 

to reduce the steam load required to heat the system. The assembled steaming device is shown in 

Figure 3.2. A complete bill of materials is included in Appendix A.  
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Figure 3.2: Assembled Steaming Device 

 

A sealed mold box, shown in Figure 3.3, contains steam pressure during steam chest molding. The 

printed mold therefore is not required to contain steam pressure, reducing the mechanical 

requirements to be air and pressure tight at elevated temperature.  
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Figure 3.3: Mold box 

 

 

3.3 Prototype Molds 

 

Two printed molds were prototyped in this exploration. Mold one was printed on a Stratasys Fortus 

400mc using Ultem 1010. This mold is shown in Figure 3.4. The mold shape was created to 

emulate a component used in the fixed wing EcoSoar drone at the USL. The initial prototype made 

of Ultem 1010 was chosen due to the high HDT of Ultem and the large build volume available on 

the Fortus 400. 

 

Figure 3.5 shows mold two, printed on a Formlabs Form 3L using High Temperature resin. This 

approach was also considered due to the significantly improved surface finish provided by the Vat 

Photopolymerization process utilized by Formlabs printers. The improvement in mold surface 

finish came at the cost of allowable build volume in this smaller printer.  

 

Both molds included a pin venting hole pattern to allow steam penetration of the mold and beads 

held within. All pin vents are 1.5 mm in diameter and spaced according to geometric constraints. 

Mold one used a pin vent spacing of 3 mm while mold two spacing varied from 5 mm rectilinear 

to the hexagonal core vent pattern typical of bead foam molded parts. 
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Figure 3.4: Mold one 

 

 

Figure 3.5: Mold two 

 

To prepare for the steaming of the molds, the printed mold halves are first sprayed with a silicone 

mold release agent to aid in demolding. The molds are then filled with pre-expanded EPS beads 

and closed. The mold halves are secured with small screws to prevent expansion and resist bead 

expansion pressure. This process is shown in Figure 3.6 using mold two as an example. 

 



27 
 

 

Figure 3.6: Mold filling 

 

3.4 Results 

 

Shape molding of the EPS beads was performed under various steaming conditions and with two 

batches of beads provided by Modern Polymers, Cherryville NC. The first batch of beads were 

pre-expanded to 30 grams per liter by Modern Polymers and stored at room temperature in tied 

plastic bags until use. This storage duration was approximately 3 months.  

 

Steaming duration was determined experimentally through trial and error. Typically, optimal 

steaming duration and temperature are dependent on both part geometry and material properties. 

This optimization process is done manually at the shape molding facility utilizing the experience 

of the molding technicians. Using the lab scale device, tests were performed from 60 seconds to 5 

minutes to evaluate the steam conditions. Under steaming can result in low bead expansion and 

poor bead fusion. These symptoms are shown in Figure 3.7b and resulted from a test of 60 second 

steaming time. Additional tests showed the typical results of over steaming. This is characterized 

by shrinking and warping of the molded shape, shown in Figure 3.7a.  
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Figure 3.7: a) Left, Over steaming   b) Right, Under steaming 

 

The effect of steaming duration is not only determined by material and geometry, but also by the 

dynamic pressure equilibrium of the steaming vessel and connected mold cavity. Because the 

steam lines and mold cavity provide both increased volume for steam to occupy and thermal mass 

to absorb heat, the specific steaming duration of a small-scale system such as this will likely differ 

from other configurations.  

 

A second batch of EPS beads was tested and molded using similar methods to those described 

above. Processing proceeded with the same parameters with the key difference being the age of 

the pre-expanded beads. This new batch of beads, again from Modern Polymers, was pre-expanded 

and used within 72 hours. The storage technique was also a tied plastic bag, but the storage duration 

was limited to three days after pre-expansion.  

 

The results of the second batch test are shown in Figure 3.8. This molding test showed improved 

bead expansion, filling the mold contours completely. Bead fusion was also improved as evidenced 

by the skin formation seen on the bottom surface of the molded sample. These preliminary results 

show a strong relationship between the storage duration of pre-expanded EPS material and the 

quality of shape molded parts. It was also observed that the second batch was less sensitive to 

steaming conditions than the first. While the first batch saw very different responses to differing 

steaming durations, the second batch showed more complete bead expansion and fusion across 
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steaming durations. This is likely due to the diffusion of the blowing agent, pentane, through the 

expanded cell walls during storage. Reduced pentane retention then causes under expansion during 

the following shape molding phase.  

 

 

 

Figure 3.8: Sample part molded from second bead batch. 

 

A similar molding trial was conducted with mold two. Beads were loaded into the mold cavity and 

the mold then closed and secured. Steaming was conducted in the same manner utilizing the lab 

scale steaming device. The mold was steamed for a duration of five minutes and removed from 

the mold box. Results of this trial are shown in Figure 3.9. Though a mold release agent was used, 

surface roughness of mold two resulted in sticking and prevented proper mold release of the 

finished part. This surface roughness is characteristic of the FFF process used to manufacture this 

mold. Because of this demolding challenge due to surface roughness, the FFF process was not 

further considered for this exploration. 

 



30 
 

 

Figure 3.9. Attempted molding using mold two. 

 

3.5 Conclusions  

 

This exploration of small-scale bead foam molding investigated the feasibility of low cost bead 

foam shape molding for research applications. Two mold types were tested, one printed using a 

Vat Photopolymerization technique and one using a Fused Filament Fabrication technique. Both 

molds allowed steam penetration of the bead shape and facilitated some bead fusion. The VPP 

mold allowed better demolding of the foam part and improved mold surface finish when compared 

to the FFF mold. Through the testing of two batches of supplied EPS beads, the VPP mold was 

able to produce moderately fused molded parts with some degree of skin formation. Though this 

preliminary test is promising, there are several key limitations preventing immediate application 

of this technique for quality bead foam parts.  

 

Comparison of the two batches of EPS beads sourced from Modern Polymers showed a serious 

impact of storage duration on the quality of shape molding. After the pre-expansion of EPS beads, 

pentane is released from solution and promotes the expansion of the bead. Upon this expansion, 
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pentane begins to diffuse through the foamed cell walls. Though this process can be slowed by 

storage in freezing temperatures, it poses a challenge for small scale applications due to the shelf 

life of the expanded bead. The shelf life of the raw non expanded bead is significantly longer than 

that of the expanded bead. While simple, the process of pre-expansion of EPS beads requires 

significant investment in heated pressure vessels for the controlled and consistent expansion of the 

bead. Because of this, the choice for sourcing of EPS material is either the purchasing of a costly 

batch expander, or the frequent ordering of pre-expanded material to be used within days of 

purchase. Both options hinder the practicality of this application for lab use.  

 

A key challenge in the steaming process is the precise and repeatable control of steam flow through 

the mold apparatus. Control valves and pressure regulators required to handle high temperature 

and pressure steam are readily available, though at significant cost. In the attempt to reduce 

complexity and cost of the steaming device, rudimentary pressure regulators and manual valves 

were used. Though this did reduce cost significantly, process control precision suffered 

significantly. Manual actuation of each valve can create timing irregularities, resulting in 

inconsistent steaming results. Lower end pressure regulators also provide more crude pressure 

control, reducing repeatability and introducing variability in steaming conditions. This design also 

utilized a small sized pressure vessel and hot plate in the interest of cost and space considerations. 

The small hot plate resulted in long startup times for the device prior to molding. Low steam 

capacity due to the volume of the vessel also limited the volume and duration of steaming possible 

in one molding operation. This lower steam capacity was further compounded by the need to heat 

the large thermal mass of the piping system and mold box. Though this was partly mitigated by 

the heating pads installed on the mold box surface, significant condensation still occurred in the 

heating process.  

 

These limitations in steam volume and control are not novel. The steam volume problem can be 

readily addressed by increasing heating capacity with a larger heating device and increasing 

pressure vessel volume. The control limitations can also be solved by the purchase of more precise 

regulators and the integration of a proper control scheme with a PLC for example. These solutions 

would increase the repeatability and likely the quality of the molding process. However, these 

improvements increase cost significantly. As a result, the cost increase may surpass the benefit of 
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a homegrown lab scale system. This exploration has shown the feasibility of a small lab scale bead 

foam molding device. Though these early tests show some limitations of the system presented 

here, the concept has shown promising results. Further investigation and development are required 

to fully evaluate the efficacy of lab scale development of this system, and the limitations of such 

a system. 
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Chapter 4: AM Mold development with JSP 

 

 

After preliminary testing of AM tooling for bead foam molding in a lab scale application, an 

industry partnered trial was conducted. Because of the challenges with developing a cost-effective 

lab scale molding apparatus, an industry partner allowed the direct testing of an AM tool without 

the limitations of the rudimentary molding device. A collaboration with JSP International, located 

in Butler, PA, was established for this purpose. JSP was chosen due to their ability to test AM 

tooling on a molding machine in a production environment. The goals of this in-situ application 

were to show a direct comparison of an AM tool and traditional tool, and the application of this 

rapid tooling approach within the framework of the bead foam molding industry. Two successive 

iterations of an AM tool set were tested. These are referred to as tool set A and tool set B. 

 

4.1 Sample Part Selection 

 

In consultation with JSP, a small sample part was chosen as the focus of the molding trials. To 

make a direct one to one comparison of tooling, an existing part was selected. An existing part 

would already have a traditional aluminum tool set for immediate comparison to the AM tool set. 

This would allow for evaluation of potential differences in mechanical and surface properties when 

using the AM tool set. Direct comparison is also used to estimate differences in tooling costs when 

using the AM approach. Because of cost and time constraints, a small square sample block was 

chosen, shown in Figure 4.1. The AM tooling is designed to mount in the same frame as traditional 

tooling, utilizing the existing mounting methods to reduce adoption barriers and streamline the 

testing process. Because of this, the AM tool is not an insert supported on all sides in a metal case 

but rather a standalone tool to be installed in the same way a conventional tool would be.  
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Figure 4.1: Sample part to be molded. 6 x 6 x 2 inch finished dimensions. 

 

 

4.2 AM Process and Material Selection 

 

Based on knowledge of the steam chest molding process demonstrated in Section 2.2 and results 

of previous foam molding research in Section 2.4, four primary criteria were selected to guide the 

choice of AM technology and material selection: Heat Deflection Temperature (HDT), moisture 

resistance, high stiffness (Modulus), and high resolution. These engineering metrics were mapped 

to the application requirements of the EPP steam chest molding process using a house of quality, 

an engineering down-selection tool which relates requirements to engineering metrics shown in 

Figure 4.2. Six application requirements were determined based on the expected steam chest 

molding application. These requirements are then ranked by importance, all being equal except 

cost. Cost was given a lower weighting because the outcome of a successful molding operation is 

more important than the lowest cost available. A lower cost solution will not be acceptable if the 

molding process requirements are not first met. The relationship between each requirement and 
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engineering metric is then input in the matrix as a value of 1, 3, or 9. The Importance rating is then 

calculated as the sum of the weighted scores for each engineering metric. This procedure allows 

for an objective process to determine the relative importance of each engineering metric used to 

evaluate the AM machine and material options. Material HDT and printer resolution were found 

to be the most important metrics with flexure modulus in third place, and printer cost in last.  

 

 

Figure 4.2: House of Quality for machine and material selection. 

 

 

Steam molding temperatures in the range of 125-150 degrees Celsius necessitate high HDT and 

moisture resistance. Steam and bead expansion pressure also dictate that a high Modulus would be 

required to prevent warping under pressure. Very small steam venting holes require high resolution 

to allow for the successful creation of the venting pattern. While maximum build volume is an 

important consideration for scaling of this application in industry, it was not the primary 

consideration for this demonstration. Cost and availability were also considered second to the 

physical properties listed. Metal AM processes were considered for this application but were not 

utilized due to high costs. Because one of the primary objectives of this project is the exploration 

of low-cost, small-scale foam molding, lower cost AM technologies were further considered. Table 
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4.1 Shows several AM machines available on campus at Virginia Tech. Table 4.2 lists materials 

available for utilization on these platforms.  

 

Table 4.1: AM Machines available on VT campus, not an exhaustive list [24]ï[26]. 

 

 

Table 4.2: Materials available for use on AM Machines on VT campus, representative only [27]ï

[30]. 

 

 

Rigid10K and Ultem 9085 were identified as having the most potential due to high HDT. Though 

High Temp resin was used in initial trials of the lab scale apparatus, it proved extremely brittle and 

therefore was not suitable for industry applications. Section 2.4 discussed challenges in previous 

research with poor surface finish leading to difficulties in demolding and finished part quality. 

This was also evident in the tests conducted in Chapter 3. Because of this, the Fortus 400mc was 

not chosen. The Prototyping Studio in the Virginia Tech library maintains a Formlabs Form 3L 

printer for use by students as a service provided by the university. This machine was chosen along 

with the Rigid 10K material for subsequent RT trials.  
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4.3 Mold Design 

 

The design of the AM tool for Trial A was partially guided by the design of the existing traditional 

aluminum tool. This tool is mounted to a steel frame using four M10 bolts, one in each corner. 

Locating pins are used to maintain alignment with the frame. Renderings and pictures of the 

traditional tool mounted in the molding machine are shown in Figure 4.3. Trial A was planned for 

testing using only an AM cavity, the female half of the tool. The core half of the tool remains the 

original aluminum part. This was done for mounting simplicity and to expedite this first attempt. 

The mounting method of the AM cavity was kept the same as the original cavity. Interior mold 

dimensions are also kept identical to the original tool to account for expected 2.4% shrinkage of 

the molded part from the molded dimensions. Geometric constraints were also considered when 

designing the AM tool such as cooling lines and support bosses to avoid fitment issues. 
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Figure 4.3: Original Aluminum tool rendering (section view) and installed pictures, courtesy of 

JSP. 
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As discussed in Chapter 2, typical venting schemes in traditional tools use small clusters of holes 

spaced approximately 25 mm on center, depending on geometry and foam density. These holes 

are typically 1 mm in diameter. The grouped arrangement is done to reduce machining costs and 

simplify tool manufacturing. Because AM processes provide ñfree complexityò, there are fewer 

restrictions on possible geometry and no cost penalty in increasing complexity. To distribute steam 

more evenly inside the mold cavity, the venting scheme used in the AM tool design was a uniform 

pattern of venting holes. Initial attempts at printing small holes using the Rigid10K resin showed 

challenges in evacuating uncured resin from small holes before the post cure process, leading to 

holes being clogged as shown in Figure 4.4. A benchmarking part was created to assess the 

capabilities and limits of the printer and material combination in making small diameter holes. The 

part utilized a ramped profile varying from 1.2 mm to 10.2 mm in wall thickness. Rows of holes 

with decreasing diameters of 1.6, 1.4, 1.2, and 1.0 mm span the part orthogonal to the ramp, shown 

in Figure 4.4. This allowed the simultaneous testing and estimation of length to diameter ratio 

possible with this printing configuration. It was found that this L/D ratio limit is approximately 7 

for the dimensions tested here. This means for successful prints with clear holes the length of the 

hole should be no more than 7 times the diameter, to prevent resin retention. This aspect ratio limit 

may be different for other channel geometries and significantly larger or smaller channels than 

presented here. This part was printed with the axis of the holes parallel to the build plate plane. 

The orientation of printing can influence the channel formation due to cure through and gravity 

settling of the resin in the channel. Further testing of these aspect ratio limitations should be 

conducted to better understand the effect of print orientation on channel formation.  
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Figure 4.4: Initial sample part (right), L/D benchmarking part (left) 

 

 

A Formlabs Form Wash L was used to clean excess resin from the part before the post cure step. 

Formlabs suggests two wash cycles of 10 minutes in isopropyl alcohol each for the Rigid 10K 

resin. Based on the challenges with resin retention in the first test part, the wash regimen was 

increased to two cycles of 40 minutes each. The orientation of the part was also changed by 90 

degrees between washes. After washing, the parts are cured in a Formlabs Form Cure L. The 

Formlabs recommended post cure cycle of 60 minutes at 70 °C in UV light was used. A secondary 

thermal post cure can be used to further increase the expected HDT. However, this was not used 

for this study. The benchmarking part and all subsequent AM tooling was manufactured using 

these wash and cure settings.  

 

The final form of the AM tool for trial A is shown in Figure 4.5. Four mounting holes and two 

locating pin holes are arranged with the same spacing as the original aluminum tool. Ribbing on 

the back and sides increase tool stiffness while conserving build material. A single ribbed boss 

protrudes from the back of the tool and is sized to rest on the rear plate of the steam chest for added 

support. The venting pattern is 1.5 mm diameter holes spaced 0.15 inch apart in a grid pattern 

where allowable, based on support geometry. Hole diameter was not decreased because of L/D 

limitations of the printing process of cylindrical holes. Nominal tool wall thickness is 0.35 inch, 
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necessitating a hole diameter of 1.5 mm to ensure effective resin clearing and formation of the hole 

geometry. This venting pattern results in 8.0% open mold surface area, a roughly 4x increase over 

traditional core venting.  

 

Figure 4.5: CAD rendering of AM mold cavity A, front and back views. 

 

Solidworks simulation results were used as a guide in determining structural rigidity. Key 

dimensions such as tool wall thickness, flange thickness and width, and ribbing locations and 

thickness were adjusted to balance expected strain and build material use. Modeling was done 

using published material properties of Rigid10K material from Formlabs.  Bead expansion 

pressure and steam pressure are difficult to accurately predict and model in a live molding scenario. 

Elevated temperature and cyclic temperature change as each cycle is cooled also add to 

uncertainty. Due to computational limitations, the analysis was done without the venting pattern. 

This FEA analysis also assumed isotropic material properties. Though anisotropic behavior is less 

pronounced in VPP processes than FFF, it is still a concern. Potential print defects may also cause 

stress concentrations not represented in the model. Numerous assumptions and external factors 

make this model a notional guide only, rather than a precise prediction of failure. Solid tetrahedral 

elements were used. Element size is 4.3mm . 
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For the FEA simulation boundary conditions were set based on mounting methods. Loading 

conditions were based on estimated maximum bead expansion and steam pressure. Bearing 

surfaces on the bolt mounting holes and the support boss were modeled as fixed fixtures. Loading 

conditions were modeled as pressure force across the internal surfaces of the tool. This was 

estimated as 75 psi of steam pressure and 75 psi of bead expansion pressure, totaling 150 psi for 

modeling purposes. These pressures are the typical maximum steam molding pressure used in 

industrial shape molding machines. Figure 4.6 shows the modeled boundary and loading 

conditions in addition to the resulting equivalent strain result. Maximum strain is 0.6% and occurs 

in the corner radius where locating pin holes decrease the cross-sectional area. Published data from 

Formlabs shows Rigid10k elongation at break of 1% [29]. The modeled strain is 60% of the 

expected failure strain.  

 

 

Figure 4.6: AM cavity A: Boundary and loading conditions (left), Equivalent strain results (right) 
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Chapter 5: Molding Trial A 

 

 

To test the proposed AM tool cavity A, it was installed in an EPP molding press at JSP 

International, Butler PA. Parts were then produced following typical manufacturing procedures 

used in full production runs. The molded parts were then measured and tested to confirm fully 

fused and dimensionally stable parts were produced using the AM tooling.  

 

5.1 Completed AM cavity tool A  

 

AM tool cavity A was printed at the Prototyping Studio in the VT library on a Formlabs Form 3L 

VPP machine using Rigid10K resin. Build time was 15 hours and total resin used was 944 ml. 

Layer height was 50 µm. Fully cured and cleaned AM tool cavity is shown in Figure 5.1. Though 

there was some undesired resin pooling, all features were successfully printed including the steam 

venting holes.  

 

 

Figure 5.1: Completed AM tool cavity A 
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After successful printing and inspection at VT, the AM tool was installed in the molding press at 

JSP. The tooling technicians installed the new tool without issue, shown in Figure 5.2. Standard 

mounting techniques were used, and nylon washers were utilized to prevent potential crack 

propagation from bolting surfaces.  

 

 

Figure 5.2: AM tool cavity A installed in molding press. 

 

Molding was conducted using the typical process and ARPRO 5035 material. The tooling was 

mounted in the molding press. Several controlled molding cycles were then done to tune timing 

and steaming parameters to create an optimal part. This tuning was done through trial and error 

and relies on the expertise of experienced molding technicians. After satisfactory tuning, the press 

is ready to produce finished parts. Steaming and timing parameters for trial A can be found in 

Appendix A. A sample of the parts produced in this trial is shown in Figure 5.3. Raised circular 

patterns can be seen on the surface as a result of the venting pattern imprinting on the part surface.   
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Figure 5.3: Molded part from Trial A. Close up of front edge (right) 

 

AM cavity A was able to produce 28 parts before catastrophic cracking and failure on the 29th 

cycle. Upon subsequent inspection, cracks propagated from the corners of the square mold body, 

growing each cycle until failure. The broken AM tool is shown in Figure 5.4.  

 

 

Figure 5.4: Broken AM tool cavity A  

 

5.2 Evaluation of Material Properties and Dimensional Stability  

 

Standard industry tests of Compression Strength, Tensile Strength, and Tensile Elongation were 

performed per ASTM D3575 [31]. Skin formation on the surface of molded parts contributes to 
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the mechanical behavior of the resulting molded material. Skin forming is also significantly 

dependent on conduction of heat through the tool wall and into the surface of the part. The AM 

tool cavity has a thermal conductivity approximately two orders of magnitude lower than the 

aluminum typically used in traditional tooling. Because of this dramatic difference in thermal 

conductivity, there was a concern that proper skin formation would not occur, and mechanical 

properties would therefore suffer. ASTM D3575 is the standard used by JSP, and the industry as 

a whole, in characterizing mechanical properties of EPP foams. This standard for compression and 

tensile strength and elongation also provides guidance on how to present and interpret the 

measured values. The reported value of tensile strength and tensile elongation is the median of 

three tests. The reported value of compression strength at each strain value is the mean of three 

tests. If any of these values deviates more than 20% from the mean, then two additional tests are 

conducted and the mean of all five tests is reported. The results are then compared to known 

properties of traditionally molded EPP of the same density. Figure 5.5 shows Compression 

Strength results overlayed on the published stress strain curve for the EPP material used. Measured 

data is within 5% of published values.  

 

 

Figure 5.5: Compression Strength of Trial A molded foam parts [10]. 

 

Tensile Strength and Tensile Elongation results are shown in Figure 5.6. The measured value of 

Tensile Strength is 0.794 MPa, within 8% deviation from the published data. Tensile elongation is 
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20.8%. Review of the measured data and consultation with JSP confirms mechanical properties of 

AM tool molded EPP meet expected standards of published data.  

 

 

Figure 5.6: Tensile Strength and Elongation of Trial A molded foam parts [10]. 

 

Molded part dimensions were measured on all parts from cycle 1-28 to assess dimensional stability 

and mold tool creep throughout the production run. These dimensions were also measured on a 

run of 28 parts made using the traditional aluminum tool. The width and thickness over the 

sequence of 28 shots are shown in Figure 5.7. Both width and thickness increased from part 1 to 

28 of the AM tool, while there was no significant change observed from the traditional tool. This 

bloating of the part is due to the progressively increasing deflection and deformation of the AM 

tool, common in high stress applications at elevated temperature over time. The flexing of the AM 

cavity wall can also be seen clearly when comparing part 2 and 25, Figure 5.8. The flashing seen 

along the sides shows the expansion of the cavity walls relative to the core half of the mold. It 

appears close to parallel in part 2, but significantly curved in part 25. The cavity wall is curved out 

relative to the core.  
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Figure 5.7: Measured Width and Thickness of molded parts [10]. 
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Figure 5.8: Flashing change from cycle 2 (left) to 25 (right) of AM tool A 

 

Further inspection of molded parts from the AM cavity reveal flashing created by a crack in the 

corner of the tool. Figure 5.9 shows the same location on part 2 and 25. Part 2 has a smooth corner 

with no apparent flashing in the radius. Part 25 has a significant amount of flashing in the corner 

radius. This appearance of flashing in the parts preceding failure suggests that the failure of the 

AM tool started in the corners with cracking, progressing until total failure. It is also noted that the 

flashing observed in the corners was found in the two opposing corners where the locating pin 

holes are included in the AM tool, likely starting here due to the increased stress concentration.  
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Figure 5.9: Crack flashing propagation from part 2 (left) to part 25 (right). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



51 
 

Chapter 6: Molding Trial B  

 

 

After evaluation of the failure of AM tool cavity A, a new AM tool set was designed and tested 

for increased tool life. The new tool cavity was strengthened and additional fixturing was added 

to reduce flexion under molding loads. The new tool set also includes both an AM cavity and AM 

core, making a complete set for testing.  

 

 

6.1 Structural Redesign 

 

Following the results of trial A, the new cavity was redesigned. Numerous design changes were 

made to reduce flexion of the mold walls and reduce equivalent strain in key locations. Nominal 

wall thickness was increased from 0.35 inch to 0.40 inch. Locating pin holes were removed and 

replaced with protruding locating bosses to avoid the thinned cross section at the corner locations. 

Additional support bosses were added to the back of the mold cavity to provide increased support 

against the back of the steam chest. Aluminum brackets were mounted to the frame plate on each 

side of the cavity to significantly reduce flexion of the mold sides. A CAD rendering of the 

redesigned cavity mounted in the mold press is shown in Figure 6.1. 

 

 

Figure 6.1: CAD rendering of redesigned AM tool cavity B.  

 



52 
 

The venting scheme was also changed to increase the hole spacing from 0.15 inch to 0.20 inch 

while keeping hole diameter the same. This results in 3.5% open surface area. Small, recessed 

lettering 3.5 mm tall and 1 mm deep was included to test detail transfer from the polymer tool 

material.  

 

Solidworks FEA simulation was again used to evaluate the stress and strain concentrations of the 

new design and to guide the optimization of feature dimensions. This simulation again used solid 

tetrahedral elements, but with a modified meshing scheme. A curvature based meshing scheme 

was used to decrease the element size near geometry with smaller radii while increasing element 

size in geometrically simple areas. This scheme allows increased resolution in key feature areas 

while balancing total element quantity. This can be seen in Figure 6.2 where the center surface 

shows larger elements while the corner radii use much smaller elements. Maximum element size 

was 10.9 mm and minimum was 0.54 mm. The updated design reduced equivalent maximum strain 

from 0.6% to 0.2%, a reduction of two thirds from cavity A. The FEA results are shown in Figure 

6.2.  

 

 

 

 

Figure 6.2: AM tool cavity B, Loading and boundary conditions (left), equivalent strain plot 

(right) 
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Trial B also called for the replacement of the aluminum core with an AM core to provide a 

complete AM toolset. The same methodology was used to design this AM core. Venting was kept 

the same as AM cavity B. Due to space restrictions the maximum thickness of the AM core was 

limited. To increase stiffness and reduce flexing, an aluminum backing plate was designed. This 

would allow proper nominal tool thickness for venting hole geometry while limiting stress on the 

AM tool. Mounting bolts are recessed into the molding face for easy installation. Small, recessed 

lettering is also included similar to the AM cavity B. CAD renderings of the AM core and 

aluminum backing plate are shown in Figure 6.3.  

 

 

Figure 6.3: AM tool core, Back view with aluminum plate (left), Front view (right) 

 

 

6.2 Results of Molding Trial B 

 

AM tool set B was printed with the same parameters as AM cavity A. Build time was 57 hours for 

the cavity and 10.5 hours for the core. Total build material volume was 1183 ml for the cavity and 

319 ml for the core. They are shown in Figure 6.4 cleaned and before installation.  
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Figure 6.4: AM tool set B, Core and Backing plate (left), Cavity front view (middle), Cavity 

back view (right). 

 

The new tool set was then installed in the molding press at JSP, shown in Figure 6.5.  

 

 

Figure 6.5: Installed AM cavity B (left), Installed AM core (right) 

 

A molding trial was conducted using the same process as trial A. The AM tool set was mounted in 

the molding press and several sample cycles were done to confirm correct tuning of the molding 

parameters. 120 cycles were then completed to test the durability of AM tool set B. Thickness and 

width measurements were taken from a sample of 30 parts spread throughout the 120-cycle 

production run to determine if the mold experienced any warpage or flexing. EPP parts typically 

shrink about 2-3% from the molded dimensions due to cooling and water loss while drying. 

Measurements shown in Figure 6.6 are taken 24 hours after molding.  

 



55 
 

 

 

Figure 6.6: Trial B Dry Part Dimensions. 

 

Post-drying measurements show no systematic change in width or thickness of molded parts over 

the batch of 120 parts. Dimensional stability throughout the batch suggests no measurable 

deflection or creep of the tool set resulting from molding. No additional cycles were conducted 

beyond 120 due to time restrictions. Figure 6.7 shows the results of lettering imprinted on the 

molded part surface. The detailed feature was successfully transferred to the parts and is visible to 

the naked eye.  

 

 



56 
 

 

Figure 6.7: Detail view of lettering from molding trial 2, reads ñPolymer Cavity rev 2ò. 

 

After molding trial B, the tool set was removed and inspected for damage. AM cavity B showed 

no signs of cracking or spalling, nor any permanent deformation. All bosses were intact and corner 

locations appeared free of any cracking or signs of damage. The only damage suffered in the 

molding process was to the locating bosses on the mounting face of the cavity. They appear to 

have been completely sheared off at some point after mounting in the steam chest. Though they 

failed at some point during the 120 molding cycles, there was no change in molding results and 

the cavity likely stayed aligned once set. The cavity is shown in Figure 6.8.   
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Figure 6.8: AM tool cavity B after molding 120 cycles.  

 

The AM core suffered some damage from molding. Surface spalling can be seen on the part facing 

surface of the cavity in Figure 6.9. Spalling appears to be only on this surface of the core and 

cracking does not appear to penetrate the bulk of the part. Interestingly, spalling was not observed 

on any other core surfaces or on the cavity. This may indicate that the spalling is a result of a 

printing or curing defect. There was a small chip broken off the corner, though it cannot be 

determined when this occurred between installation and the end of the production cycles. Marring 

on the edge of the core, shown again in figure 6.9, suggests some contact between the AM core 

and cavity while molding. This is likely from the opening and closing of the tool halves in each 

cycle. Though there appears to be repeated contact between the tools, little damage is evident on 

either side. The lack of permanent deformation or warpage and significant cracking of the AM tool 

set after 120 molding cycles suggests a potentially much longer tool life than tested in trial B. 
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Figure 6.9: AM tool core after molding. 

 

 

 

 

 

 

 

 

 

 

 

 




































