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ABSTRACT 

 

TOOLING FOR INJECTION MOLDING USING LASER-POWDER BED FUSION 

 

Mohith R. Buxani 

July 20, 2018 

 

Laser-Powder Bed Fusion (L-PBF) has been considered for some time by the injection 

molding industry for the fabrication of tooling for injection molding in order to address 

large lead times and costs for tool-making. Computer-aided simulations are also routinely 

used to evaluate new part and mold designs as well as understanding the effects of material 

compositions and processing conditions on part quality and overall productivity. However, 

there remains a significant need to integrate the perspectives from injection molding, 3D 

printing, metal powders, and component design and process simulation to better utilize L-

PBF for fabricating tooling required for injection molding. The present research addressed 

this need and built a supply-chain collaboration that used a combination of experiments 

and modeling to evaluate the performance of L-PBF fabricated molds as a function of 

machining, part design, simulation tools, material composition and conformal cooling 

channels. The results helped advance the understanding on the opportunities and barriers 

in the design and fabrication of tooling for injection molding using L-PBF.  
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CHAPTER 1 

 

 

1. INTRODUCTION 

 

Plastic injection molding is a $284 billion dollar global industry for the manufacturing of 

consumer plastic products [1]. Injection molding is one of the most exploited 

manufacturing processes for the mass-production of plastic parts [2]. In a typical injection 

molding cycle, polymeric material is inserted into a heated barrel, which melts the material 

and injects it into the mold. The mold is clamped under pressure with a temperature under 

the thermoplastic melt point, allowing the part  to solidify and eject after cooling, as shown 

in Figure 1.1 [3]. 

 

 
Figure 1.1.1 Processing cycle for plastic injection molding  [4]

 

There is an increasing demand in various consumer industries for plastic products, mainly 

packaging, automotive, electrical and electronics, home appliances, and medical devices 
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[5].  This forces the industry to accelerate their tool-making process to satisfy customer-

needs. The tooling for the injection molding industry is commonly fabricated using 

conventional methods, such as Computer Numeric Control (CNC), high-speed milling, or 

lathe [6, 7]. However, major bottlenecks in the injection molding industry have always 

been high tooling costs and large lead times for tool-making [8]. The injection molding 

industry is beginning to acquire other routes for tool-making [9-11]. Additive 

Manufacturing (AM) processes, such as Laser-Powder Bed Fusion (L-PBF) have the 

potential to approach some of these bottlenecks. In L-PBF, a high-energy laser melts fine 

layers of powder, which is then cooled. This process repeats for all layers until the part is 

created, as shown in Figure 1.2. 

 

 
Figure 1.2 Processing cycle for Laser-Powder Bed Fusion (L-PBF) [12] 

 

Additive manufacturing is a disruptive technology with  annual sales expected to reach 

$12.1 billion with a growth of 35% during 2018 [13]. The fabrication of tooling for 
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injection molding using L-PBF provides design freedom, while decreasing build times and 

cost [14-16]. Additionally, 3D printing manufacturers could fabricate tooling for injection 

molding with a variety of materials, such as stainless steels, tool steels, and aluminum 

alloys [17].  

 

Mold CAE services provide platforms to run simulations for the injection molding industry. 

Simulations allow the evaluation of molding uncertainties and part design for the 

fabrication of tooling using L-PBF process. Additionally, simulation platforms allow the 

verification of processing conditions for injection molding trials using the L-PBF 

fabricated molds. There are multiple previous studies that used computer-aided simulations 

to evaluate their part design and processing conditions for injection molding [2, 18-25].  

 

3D printing manufacturers, injection molding companies, and CAE simulation companies 

tool-makers hold a complementary set of expertise in the fabrication of tooling for injection 

molding. There are various studies that approach the 3D printing route for the fabrication 

of tooling for injection molding [15, 26, 27]. Additionally, there are studies that involve 

the use of simulations for the evaluation of part-design [25] [28] [23]. However, there were 

minimal studies found that integrated these perspectives together and evaluated the 

performance of L-PBF fabricated molds. Therefore, this study has taken on the challenge 

of integrating the individual expertise of each industry to create a supply chain 

collaboration, as shown on Figure 1.3. The supply chain collaboration enabled the 

evaluation of the performance of L-PBF fabricated tooling used in this study.  
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Figure 1.3 Supply chain for the fabrication of tooling for injection molding 

 

The focus of this study is the evaluation of L-PBF fabricated molds. However, the 

evaluation of the molds was enabled by the research conducted by this group to study the 

materials for L-PBF molds. The materials section in this project was categorized as 

follows: materials used to fabricate L-PBF molds, mechanical properties achieved from L-

PBF molds, and fabrication of L-PBF molds, as shown in Figure 1.4. 
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Figure 1.4 Materials for L-PBF fabricated mold as a tooling materials review, L-PBF 

parts properties and L-PBF molds fabricated 

 

Several research papers have been studied by this group related to material development, 

as shown on Figure 1.5. The materials studied include P20 tool steel, T15 tool steel, A6 

tool steel, 316L stainless steel, 17-4 PH stainless steel, H13 tool steel, M2 tool steel, 420 

stainless steel, H10 tool steel and P20 tool steel. This study prioritized 17-4 PH stainless 

steel.  

 
Figure 1.5 Material development studies by Materials Innovation Guild (MIG) [29] 
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This research group fabricated multiple tools for injection molding using L-PBF process 

with different materials achieving good mechanical properties, shown in Figure 1.6. The 

tools were fabricated using different 3D printing machines, which include 3D Systems Pro 

X 300, Mlab Cusing R, M2 Dual Laser and EOS M290. The build time for the L-PBF 

fabricated molds ranged from 12 to 26 hours for tooling with different part-designs. The 

materials used to fabricate tooling using L-PBF process were 17-4 PH stainless steel gas-

atomized powder, 17-4 PH stainless steel water-atomized powder, 420 stainless steel gas-

atomized powder, bronze powder, bronze + 420 stainless steel powders. The L-PBF 

fabricated molds were characterized for surface roughness as a function of material 

properties and processing conditions. For this study, the tooling for injection molding were 

fabricated with 17-4 PH stainless steel.  

 

 
Figure 1.6  Tooling for injection molding using L-PBF with multiple materials [30-33] 

 

 

As shown in Figure 1.7, this study focuses on evaluating L-PBF fabricated molds using 

experiments and simulations examining the following categories: post-machining, part-
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design, material design and conformal cooling channels. The results demonstrate the 

opportunities and barriers in the design and fabrication of tooling for injection molding 

using L-PBF.  

 

 
Figure 1.7 Mold evaluation for L-PBF fabricated mold using experiments and 

simulations to examine material design, simulation tools, machining and conformal 

cooling channels 

 

Chapter 2 of the thesis presents a study using injection molding experiments and 

computer-aided simulations to understand the effects of single-sided L-PBF fabricated 

mold cavities on injection molded part quality and molding material composition. This 

study also provided a better understanding of the use of L-PBF fabricated molds in 

evaluating and refining mold-filling simulation platforms and refining material selection. 

The research study in Chapter 2 was presented at the International Conference on Metal 

Injection Molding (MIM) in 2017 and 2018 as well as the Additive Manufacturing with 

Powder Metallurgy (AMPM) Conference in 2017 and 2018. Chapter 2 will be submitted 

to Materials and Manufacturing Processes journal. 
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Chapter 3 presents a study using experiments and computer-aided simulations to evaluate 

L-PBF fabricated core-and-cavity tooling with conformal cooling channels. The cooling 

phase plays a vital role in production rate and part quality, consuming 50-80% of the 

molding cycle, apart from the filling and packing phases [34]. Hence, cooling channels are 

used to decrease cooling time by improving temperature uniformity throughout the part. 

Commonly used in conventional injection mold tooling, traditional cooling channels are 

straight lines machined into the injection mold tooling. Water flows through the channels 

at a certain temperature and pressure, improving cycle time and part quality. However, the 

straight paths cannot provide uniform cooling throughout the tool’s cavity design, causing 

bad part quality and longer cycle times [35]. Conformal cooling channels provide an 

alternative route that can be fabricated using AM processes. In contrast to conventional 

channels, conformal cooling channels curve according to the part’s geometry to provide 

better cooling [2], [36]. Due to this,  part quality improves using reduced cooling time [27] 

[37]. In addition, Chapter 3 evaluates the influence of the conformal cooling channels' 

distance from the tool’s cavity surface. The research shown in Chapter 3 was presented at 

the International Conference on Injection Molding (MIM) in 2018 and the Additive 

Manufacturing with Powder Metallurgy Conference (AMPM) in 2018. Chapter 3 is 

currently under preparation for submitting to the Materials and Design journal.  

Appendix A reports material properties of the thermoplastic resins used to run injection 

molding trials in Chapter 2 and Chapter 3. Appendix B reports the processing conditions 

at which the experimental trials and simulations were ran for the part design in Chapter 2. 

Appendix C contains the dimensions, density and weights for the experiments and 

simulations using the as-printed and machined mold from Chapter 2. Appendix D consists 
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of experimental and simulation results for the part design from Chapter 2.  Appendix E-

H replicates the outline, but for the results using the part design of Chapter 3.  

This research study was funded by Walmart Foundation, alongside with multiple 

collaborators providing equipment, services and materials: Amaray Plastics (injection 

molding), Murakami (machining core and cavities), Moldex3D (mold-filling simulation 

platforms), GE Concept Laser (mold fabrication), MTI Albany (mold fabrication), Plastic 

Products Co. (injection molding), North American Hoganas (metal powders), the UofL 3D 

Printing Business Incubator (mold design), and the Materials Innovation Guild at the 

University of Louisville (L-PBF materials research). 
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CHAPTER 2 

2. EVALUATION OF LASER-POWDER BED FUSION (L-PBF) FABRICATED 

MOLDS FOR PLASTIC INJECTION MOLDING AND MOLD-FILLING 

SIMULATIONS 

2.1. INTRODUCTION 

 

Plastic injection molding is a $284 billion dollar global industry for the manufacturing of 

consumer plastic products [1]. There is a continuous increasing demand in many consumer 

industries for plastic products, mainly packaging, automotive, electrical and electronics, 

home appliances, and medical devices [5]. The tooling for the injection molding industry 

is commonly fabricated using conventional methods such as computer numeric control 

(CNC), high-speed milling, or lathe. These technologies fabricate molds with high 

standards, durability and precision [6, 7]. However, mold-making for injection molding 

using conventional manufacturing routes still face high tooling costs and large lead times 

[14].  

Additive manufacturing (AM) processes, such as laser-powder bed fusion (L-PBF) have 

the potential to alleviate some of these drawbacks. L-PBF, also known as selective laser 

melting (SLM), is an additive manufacturing method that melts the metal powders layer by 

layer using a laser to form 3D structures depending on the CAD file [17, 38]. The 

fabrication of tooling for injection molding using the L-PBF process could decrease 

geometric constraints, provide design freedom, while decreasing build times and cost [14-
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16]. In the past, various independent research studies have been reported on tooling for 

injection mold using the L-PBF process [15, 16, 27, 37]. However, to the best of our 

knowledge, there are no reports in the open literature on the performance of the L-PBF 

fabricated tooling for injection molding that integrate experiments and mold-filling 

simulations with changes in injection molded part design and material.  

In order to address this gap, the present study was performed to critically evaluate the 

performance of L-PBF fabricated tooling using experiments and mold-filling simulations 

as a function of tooling surface roughness, injection molded part design and injection 

molding material. The results from the mold-filling simulations and experiments presented 

in this paper clearly demonstrate the opportunities and challenges in the design and 

fabrication of tooling for injection using L-PBF. 

2.2. MATERIALS & METHODS 

 

The mold cavity design selected for the study is an elliptical-shaped keychain with various 

features, as shown in Figure 2.1a. The diameters for the features on the surface of the part 

range from 2.87 mm for the smallest circles to 8.85 mm for the largest. The thickness of 

the part’s features ranges from 1.92 mm shortest feature to 3.40 mm for the largest. The 

dimensions of the designed mold were 80 mm in length, 60 mm in width and 30 mm in 

height.  

The starting material to fabricate the tooling for injection molding using L-PBF process 

was 17-4 PH stainless steel powder of median size (D50 = 13 µm). Mechanical and 

corrosion properties in previous research studies performed by our group showed that 17-

4 PH stainless can be used as a starting material for the fabrication of injection mold tools 
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[39]. The detailed information about the powder characterization can be found in our 

previous papers [39-42].  

The tooling for injection molding, as shown in Figure 2.1b, was fabricated through Laser-

Powder Bed Fusion process using a 3D Systems ProX 320 machine in Ar atmosphere at 

Metal Technologies Inc., Albany, OR. The L-PBF fabrication process took ~ 12 hours with 

the following processing parameters: laser powder of 195 W, scan speed of 1250 mm/s, 

layer thickness of 30 µm, hatch spacing of 50 µm and energy density of 104 J/mm3 

[39].The as-printed mold was subjected to stress relief at a temperature of 6500 C for 1 

hour in air and separated from the build plate using wire electrical discharge machining 

(EDM).  

Characterization for dimensional tolerance and surface roughness of the as-printed mold 

was performed using Vernier calipers and a surface profilometer, respectively. The as-

printed mold was inserted into a master-unit die (MUD) to perform injection molding trials. 

Several machining operations were performed on the as-printed mold to evaluate its 

performance as a function of part design. Machining operations such as surface grinding, 

EDM, milling, drilling and tapping were performed on the as-printed mold to improve the 

surface finish, draft angles and reduce the cavity depth from 5mm to 3mm. Furthermore, 

the injection molding tool’s performance was evaluated as a function of the as-printed 

mold, machined mold with 5mm cavity depth, machined mold with 3mm cavity depth and 

machined mold with 3mm cavity depth using a blowing agent.  

The polymer material used for the injection molded trials was Celanese Celstran 

Polypropylene GF30-05CN01/10. A 45-ton Cincinnati Milacron D-Series 44 (B) injection 

mold press at Rapid Prototyping Center, University of Louisville was used to run initial 
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injection molding trials with the as-printed mold followed by Sumitomo SE180 S at 

Amaray Plastics using machined molds. The injection molding trials with the as-printed 

and machined molds were run under the conditions mentioned in Table 2.1.  

Table 2.1 Process conditions for injection molding using as-printed and machined mold 

Type 
Injection pressure 

(MPa) 

Injection velocity 

(mm/s) 

Cooling time 

(s) 

As-printed mold 30, 45 25 12, 60 

Machined mold 

with 5 mm cavity 

depth 

30, 45 25 12, 40, 60 

Machined mold 

with 3 mm cavity 

depth 

10, 14 25, 13 12, 15, 20, 60 

 

Computer-aided simulations were performed using Moldex3D platform to evaluate the 

mold-filling behavior of injection molding as a function of cavity dimensions and process 

conditions. Moldex3D Designer platform was used to mesh the part design and transfer the 

meshed file to Moldex3D Simulation platform. Moldex3D Simulation platform was used 

to run simulations and evaluate part quality as a function of sink marks and warpage.  

The final injection molding trial in this mold-evaluation study included the use of a 

chemical blowing agent (endothermic azodicarbonamide, FCX 128112). The chemical 

blowing agent was used to evaluate its efficacy in reducing sink marks and improving 

surface finish of injection-molded parts by releasing gas and creating foamed structures 

inside the part. Table 2.2 shows the process conditions for the injection molding trials with 

chemical blowing agents using an L-9 Taguchi matrix. Minitab statistical software was 
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used to run an Analysis of Variance (ANOVA) to display the most significant factors in 

the design of experiment.  

The weight of the injection molded parts, as shown in Figure 2.2, were characterized using 

a Mettler Toledo scale and the data was used to compute the part density using the 

Archimedes principle, at the Materials Innovation Guild, University of Louisville. Part 

dimensions were measured using Vernier calipers. Part quality, as a function of sink marks 

and warpage, was measured using a dial indicator and a 3D laser scanning microscope, 

Keyence VR-3200.  

Table 2. 2 Taguchi matrix for injection molding with blowing agents using the machined 

mold with 3mm cavity depth 

Condition,# Blowing agent        

(wt. %) 

Injection Velocity 

(mm/s) 

Injection 

Pressure (MPa) 

1 0 50.8 13.8 

2 0 63.5 17.2 

3 0 76.2 20.7 

4 1 50.8 17.2 

5 1 63.5 20.7 

6 1 76.2 13.8 

7 2 50.8 20.7 

8 2 2.5 2.0 

9 2 3.0 2.5 

 

2.3. RESULTS & DISCUSSION 

 

2.3.1. MATERIALS IN L-PBF MOLDS 

 

Table 2.3 summarizes the physical and mechanical properties of 17-4 PH stainless steel 

for injection mold tooling in three conditions: as-printed, heat-treated, and hot isostatic 

pressing (HIP). 
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Table 2. 3 Physical and mechanical properties of 17-4 PH stainless steel used to fabricate 

tooling  

Property 
As-printed         

[39], [43], 

Heat-treated 

[42] 

Hot Isostatic Pressing 

[44] 

Density 

(% theoretical*) 
97.5 ± 0.5 98 ± 0.5 99.5 ± 0.3 

Ultimate tensile strength 

(MPa) 
950 ± 50 1300 ± 30 1450 ± 20 

Hardness 

(HRC) 
28 ± 2 45 ± 1 36 ± 2 

Elongation 

(%) 
16 ± 1 2 ± 1 11 ± 1 

* theoretical density: 7.87 g/cm3 (cast part) 

It can be observed that as-printed parts can achieve density values close to heat-treated and 

HIP-processed parts, ranging between 97-99%. For parts processed with heat-treatment 

techniques, ultimate tensile strength ranges between 1430-1470 MPa for HIP parts and 

1270-1330 MPa for heat-treated parts. However, as-printed parts achieve a lower ultimate 

tensile strength of 900-1000 MPa. Hardness is a common mechanical property 

characterized for steels. HIP and heat-treatment processes strengthens parts to increase the 

material’s hardness. As observed, heat-treatment and HIP causes a decrease in elongation. 

The present study used the as-printed tooling for mold-evaluation studies, as the strengths 

and hardness were acceptable for injection molding trials. 
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2.3.2. AS-PRINTED L-PBF MOLD EVALUATION 

 

Figures 2.1b and 2.1c show the as-printed mold and the post-machined mold fabricated by 

L-PBF using 17-4 PH stainless steel. In Figure 2.1c, it was observed that the machined 

mold had a smoother surface finish, compared to the as-printed mold in Figure 2.1b. 

Additionally, the post-machined mold included extruded boxes around the letter of the 

cavity, allowing a decrease in feature thickness of the part. Draft angles were also increased 

to facilitate part ejection. Figure 2.1d shows a laser-scanned microscopic image of the 

post-machined mold. It can be shown that the design contains various features of multiple 

shapes and sizes 

 

Figure 2.1 (a) Mold design, (b) As-printed mold using L-PBF process, (c) post-machined 

mold with 5mm mold depth, (d) Post-machined mold with laser scanning microscopy 

 

Table 2.4 indicates the surface roughness measurements of the as-printed mold and the 

post-machined mold. On the cavity of the as-printed mold, the surface roughness was 5.1 

± 0.6 μm. On the cavity of the post-machined mold, the surface roughness decreased to 1.6 

± 0.1 μm. Due to this, there was a ~ 70 % reduction in surface roughness of the cavity 

following machining operations on the L-PBF fabricated mold.  

  



35 

 

Table 2. 4 Surface roughness measurements of the as-printed mold and machined mold 

Mold As-printed mold Post-machined mold 

Surface 
Parallel to surface 

(μm) 

Perpendicular to 

surface (μm) 

Parallel to surface 

(μm) 

Top 5.1 ±0.4 4.6 ±0.7 0.6 

Bottom 

(Machined) 
0.9 ±0.2 0.8 ±0.1 0.2 

Sides 5.1 ±0.7 6.3 ±1.0 1.1±0.1 

Cavity 5.1 ±0.6 - 1.6±0.1 

 

Figure 2.2 illustrates a comparison between injection-molded parts using the as-printed 

mold and the post-machined mold. The part using the as-printed mold was injection molded 

under an injection pressure of 30 MPa and cooling time of 12 s. The part using the post-

machined mold was injection molded under an innjection pressure of 45 MPa and cooling 

time of 40 s. The injection-molded parts using the as-printed mold resulted in a noticeable 

warpage and distortion of features, as shown in Figure 2.2a. Part weight for injection 

molded parts using the as-printed mold was 8.52 ± 0.02 g. However, injection molded parts 

were tremendously improved using the post-machined mold, as shown in Figure 2.2b. 

Machining operations performed on the as-printed surface have improved warpage and 

features. The post-machined mold resulted in increased part weight to 10.95 ± 0.01 g.  
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Figure 2.2 (a) Injection molded part using the as-printed mold (top-view), (b) Injection 

molded part using the post-machined mold (top-view) 

 

Figure 2.3 shows warpage and sink mark results extracted from the laser scanning 

microscope of the experimental parts using the as-printed and post-machined mold. In 

Figure 2.3a, the scale bar’s red section indicates that molded part  using as-printed mold 

resulted with warpage of 0.4 to 2.23 mm on the opposite edges of the part. However, after 

additional experimentation, all experimental parts using the post-machined mold resulted 

in decreased warpage ranging from 0.4 to 1.05 mm, when compared to parts molded from 

the as-printed mold. Based on the weight improvement, surface feature improvement, 

warpage and sink mark reduction, it can be concluded from the experimental measurements 

that machining operations on the as-printed mold improved part quality on the injection 

molded parts.  
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Figure 2.3 (a) Warpage and sink mark analysis for molded part with 5 mm part 

thickness, (b) Warpage analysis for experiments with 3 mm part thickness  

 

2.3.3. L-PBF MOLDS IN PART DESIGN 

 

Figure 2.4 illustrates a side-view comparison between injection molded parts using the 

post-machined mold with a 5 mm cavity depth and 3 mm cavity depth. The part using the 

post-machined mold with 5 mm cavity depth was injection molded under an injection 

pressure of 45 MPa, Melt Temperature of 226 °C and cooling time of 40 seconds. The part 

using the post-machined mold with 3 mm cavity depth was injection molded under an 

injection pressure of 10 MPa, Melt Temperature of 226 °C and cooling time of 40 seconds. 

In Figure 2.4a, bent features can be noticed at Locations 1 and 2. In Figure 2.4b, the 

features at the indicated locations are more aligned.  
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Figure 2.4 (a) Injection molded part using the machined mold with 5 mm mold depth 

(side-view), (b) Injection molded part using the machined mold with 3 mm mold depth 

(side-view) 

 

Mold-fillings simulations of sink marks on the rear-view of the part are shown in Figure 

2.5. Sink mark locations are indicated in green for the parts with 5 mm and 3 mm thickness. 

As shown in the scale bar of Figure 2.5a, the sink depths on the part with 5 mm thickness 

ranged between 0.08 to 0.14 mm. However, sink depth decreased on the part with 3 mm 

thickness to 0.07 to 0.11 mm, as shown on Figure 2.5b.  

 

Figure 2.5 Mold-filling simulations for sink mark using: (a) mold with 5 mm cavity 

depth (rear-view), (b) mold with 3 mm cavity depth (rear-view) 



39 

 

Figure 2.6 shows a rear-view of the injection molded parts using the machined molds with 

5 mm cavity depth and 3mm cavity depth. As shown on Figure 2.6a, the location of sink 

marks observated on the injection molded parts correlated well with sink locations 

indicated in mold-filling simulations, as seen in Figure 2.6a. Further, decreasing the cavity 

thickness from 5 mm to 3 mm resulted in a reduction in sink depth, as qualitatively seen in 

Figure 2.6b.  

 

Figure 2.6 (a) Injection molded part using the machined mold with 5 mm mold depth 

(rear-view), (b) Injection molded part using the machined mold with 3 mm mold depth 

(rear-view) 

Figures 2.7 and 2.8 plot a quantitative comparison between experimental and simulation 

results for sink depths of multiple molded parts with varying cooling times during the 

injection molding cycle (12, 20, 40, 60 s). The plots represent three locations indicated in 

Figure 2.6 on the parts with 3 as well as 5 mm wall thickness. In Figures 2.7 and 2.8, 

differences in the magnitude of sink depth were noticed between the simulations and 

experiments. Further, differences in sink mark trends as a function of changing cooling 

time were also seen between simulations and experiments. In Figure 2.7, Locations 2 and 

3 appeared to be the locations with severe sink depth, as shown in simulations and 

experiments. However, from Figures 2.7 and 2.8, it can be noticed that the overall trends 
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on the effect of wall thickness on the depth of sink marks have reasonable correspondence 

between experiments and simulations at all locations. 

 

Figure 2.7 (a) Simulation plot of sink marks using the 5 mm mold cavity with cooling 

times: 12, 40, and 60 s, (b) Experimental plot of sink marks for the 5 mm mold cavity 

with cooling times: 12, 40, and 60 s. 

 

Figure 2.8 (a) Simulation plot of sink marks for the 3 mm mold cavity with cooling 

times: 12,20, and 40 s, (b) Experimental plot of sink marks for the 3 mm mold cavity 

with cooling times: 12, 20, and 40 s. 

In addition to sink marks, the quality of injection-molded parts can be represented by 

warpage. Figure 2.9 represents mold-filling simulations of warpage using the side-view of 

the part. Affected areas by warpage are indicated in red and blue at the opposite ends of 
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the part. Positive and negative values of warpage refer to deviation from a flat reference 

plane located at the bottom surface. As seen in the scale bar of Figure 2.9a, the warpage 

at Location 1 of the part with 5mm wall thickness varied between -0.90 to -1.45 mm and 

ranged between 0.22 to 0.50 mm at Location 2. In comparison, the part with 3 mm wall 

thickness, shown in Figure 2.9b, had a reduction in warpage at Location 1 and was found 

to range from -0.77 to -1.21 mm and from 0.11 to 0. 33 mm at Location 2. As noted, 

simulations predicted a reduction in warpage with a lower wall thickness.  

 

Figure 2.9 Mold-filling simulations for warpage using: (a) mold with 5 mm cavity depth 

(side-view), (b) mold with 3 mm cavity depth (side-view) 

 

Figure 2.10 shows a side-view of the injection molded parts using the post-machined 

molds with 5mm cavity depth and 3mm cavity depth. The principal areas of warpage were 

visible on the same locations indicated by mold-filling simulations. Also, a lower wall 

thickness visually demonstrated improvements in warpage.  
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Figure 2.10 (a) Injection molded part using the machined mold with 5 mm mold depth 

(side-view), (b) Injection molded part using the machined mold with 3 mm mold depth 

(side-view) 

 

Figures 2.11 and 2.12 plot a comparison between experimental and simulation warpage 

results of multiple molded parts with varying cooling times (12, 20, 40, 60 s) on indicated 

locations in Figure 2.10 of the parts with 5 mm wall thickness and 3 mm wall thickness, 

respectively. A small difference in the magnitude of warpage can be noticed between 

simulations and experiments. As shown in Figures 2.11 and Figure 2.12, warpage 

decreases with increases in cooling time for experiments and simulations of parts with both 

wall thicknesses.  Also, it can be noticed that Location 1 has more severe warpage than 

Location 2, for experiments and simulations of both part thicknesses.  
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Figure 2.11 (a) Simulation plot of warpage for the 5 mm mold cavity with cooling times: 

12, 40, and 60 s, (b) Experimental plot of warpage for the 5 mm mold cavity with cooling 

times: 12, 40, and 60 s 

 

 

Figure 2.12 (a) Simulation plot of warpage for the 3 mm mold cavity with cooling times: 

12, 20, and 40 s, (b) Experimental plot of warpage for the 3 mm mold cavity with cooling 

times: 12, 20, and 40 s. 

 

Figure 2.13 shows part-deformation results extracted from the laser scanning microscope 

of an experimental parts with a thickness of  3 mm and 5 mm. In Figure 2.13a, the scale 

bar’s red section indicates that parts with 5 mm part thickness resulted with warpage of 
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0.4-1.05 mm on Location 1, Location 2, and Location 3. However, experimental parts using 

the 3 mm mold cavity resulted with warpage of 0.4-0.69 mm on Location 1 and Location 

2, as shown in Figure 2.13b. It can be seen that warpage in Location 3 have been eliminated 

due to part thickness decrease. Location 4 and Location 5 indicate locations where sink 

marks were seen. In Figure 2.13a, the scale bar’s blue section indicates that the molded 

part with 5 mm part thickness resulted with a maximum sink depth of -0.4 to -1.16 mm on 

Location 4 and Location 5. However, experimental parts using the 3 mm mold cavity 

resulted with a decrease in sink depth to 0 to -0.27 mm, as shown in Figure 2.13b.  

Therefore, it can be concluded from the experimental measurements that sink marks and 

warpage have improved due to the reduction in part thickness.  

 

Figure 2.13  (a) Deformation analysis for experiments with 5 mm part thickness, (b) 

Warpage analysis for experiments with 3 mm part thickness 

Figure 2.14 shows mold-filling simulation results for frozen layers near the cavity’s 

surface after a cooling time of 12 s. In Figure 2.14a, it can be noticed that no region on the 

part with  5 mm wall thickness has reached its freezing temperature after the entire cycle.  

However, a cooling time of 12 s resulted to be enough to freeze most of the part with 3 mm 

wall thickness, as shown in Figure 2.14b. If the part has not completely frozen after the 

cooling phase, then the part is likely to face part quality defects due to the melted regions.  
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Figure 2.14 Mold-filling simulations for frozen layer ratio using: (a) mold with 5 mm 

cavity depth (back-view), (b) mold with 3 mm cavity depth (back-view) 

 

Figure 2.15 shows the melt temperature of the blue-colored regions that resulted in sink 

marks on the injection molded parts with 5 mm part thickness and 3 mm part thickness. 

The locations that indicated sink marks on the injection molded parts did not reach its 

freeze temperature, as shown on Figure 2.15. For the part with 3 mm wall thickness, it can 

be noticed that the temperature difference between the melt temperature at the locations 

and the material’s freeze temperature is is 12 °C. However, the temperature difference for 

the part with 5 mm wall thickness was 46 °C. Due to the higher temperature difference on 

the part with 5 mm wall thickness, the severity of the sink marks were larger. 
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Figure 2.15  Mold-filling simulations for melt regions using: (a) mold with 5 mm cavity 

depth (back-view), (b) mold with 3 mm cavity depth (back-view) 

 

2.3.4. L-PBF MOLDS IN MATERIAL DESIGN 

 

Figure 2.16 shows injection molded parts using polypropylene with 0 wt. %, 1 wt. % and 

2 wt. % blowing agents (BA). The parts in Figure 2.16 were injection molded using the 

post-machined mold with 3 mm cavity depth under an injection pressure of 11 MPa, 

injection velocity of 25 mm/s, melt temperature of 226 °C and cooling time of 15 seconds.  

The locations shown in Figure 2.16a are affected by sink marks. Figure 2.17 plots the sink 

depth for all 9 conditions of the Design of Experiment (DOE), comparing simulation and 

experimental results. Conditions 1-3 contain 0 wt. % BA, Conditions 4-6 contain 1 wt. % 

BA, and Conditions 7-9 contain 2 wt. % BA. It can be noticed that simulation and 

experimental results indicate that increasing the amount of blowing agent results in a 
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significant reduction in the depth of sink marks. However, simulations indicated no 

different between the parts with 1 wt. % BA and 2 wt. % BA.  

 

Figure 2.16 Injection molded parts using the machined mold with 3 mm mold depth 

(side-view): (a) 0 wt. % BA, (b) 1 wt. % BA, (c) 2 wt. % BA 

 

 

Figure 2.17 (a) Simulation plot of sink depth using the 3 mm mold cavity with: 0, 1, and 

2 wt. % BA, (b) Experimental plot of sink depth using the 3 mm mold cavity with: 0, 1, 

and 2 wt. % BA 

 

Figure 2.18 shows deformation results extracted through laser scanning microscopy of the 

experimental parts in the design of experiment using 0 wt. % BA, 1 wt. % BA and 2 wt. 

%. In Figure 2.15a, the scale bar’s red section indicates that parts with 0 wt. % BA resulted 

with a warpage ranging at  0.3 - 0.41 mm on the opposite ends of the part. In Figure 2.18b, 

parts with 1 wt. % BA decreased the warpage range to 0.2 - 0.33 mm on the same locations. 
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In Figure 2.18c, it can be seen that warpage reduced even more on parts with 2 wt. % BA. 

Furthermore, it can be noticed that sink depth has decreased with the increase of blowing 

agents. As blowing agents are incorporated into the injection molded parts, the dark blue 

and green regions in Figure 2.18a become less visible. Using 2 wt. % BA, it can be noticed 

that there is more uniformity throughout the blue region of the part, as shown on Figure 

2.18c.  

Figure 2.18 Analysis of sink marks and warpage using the laser scanning microscope for 

experiments with 3mm mold cavity at: (a) 0 wt. % BA, (b) 1 wt. % BA, (c) 2 wt. % BA 

 

Table 2.5 shows the p-values extracted from the ANOVA using Minitab. The output 

captured from Minitab is shown in the Appendix, Figure D.9 to Figure D.11 for Location 

1 through Location 3. It can be noticed that the p-values of blowing agents for all sink 

locations are less than an α of 0.05, indicating that the concentration of blowing agent is a 

significant factor for the decrease of sink marks. In contrast, the p-values of injection 

velocity and packing pressure are above 0.05. Therefore, injection velocity and pack 

pressure are not significant factors for the decrease of sink marks.  
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Factors Sink Location 1 Sink Location 2 Sink Location 3 

Blowing agent (%) 0.04 0.001 0.005 

Injection velocity (mm/s) 0.60 0.40 0.80 

Pack pressure (MPa) 0.46 0.73 0.29 

Table 2.5 P-values from the Analysis Of Variance (ANOVA) for sink marks at Location 

1, Location 2, and Location 3  

Figure 2.19 displays the effect of each factor on the set response, sink marks. Aiming to 

minimize our response, sink marks, the lowest data point is captured amongst the levels for 

each factor. It can be noticed that blowing agent of 2% is the most significant level to 

decrease sink marks. In comparison, sink marks were not significantly affected by the 

changes in injection velocity and packing pressure. 

 

Figure 2.19 Main effects plot for means of sink marks with 3 replicates at (a) Location 1, 

(b) Location 2, (c) Location 3 

 

Figure 2.20 plots warpage results for all 9 conditions of the Design of Experiment (DOE) 

using mold-filling simulation with blowing agents. As well as experimental results, 

simulation results indicate a reduction in warpage with blowing agents.  
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Figure 2.20 Simulation plot of warpage using the 3 mm mold cavity with: 0, 1, and 2 wt. 

% BA 

 

2.4. CONCLUSIONS 

 

In this paper, 17-4 PH stainless steel tooling for injection molding was fabricated by L-

PBF and evaluated through a series of experiments and simulations. Based on the results, 

the following conclusions emerge: 

1) Injection molded parts using the as-printed mold did not achieve good part quality. 

Therefore, machining operations on L-PBF fabricated molds are necessary to improve part 

quality, avoid discrepancies in the part, reduce surface roughness, adjust draft angles, and 

perform other mold design adjustments. A better understanding of draft angles during the 

design of L-PBF fabricated molds can save time spent in post-machining. 

2) Parts with thin walls tend to cool faster and achieve better part quality in terms of sink 

marks and warpage. The reduction in part thickness resulted in better part quality, indicated 
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by experiments and simulations. L-PBF fabricated molds enable a quicker verification of 

changes in part geometry than traditionally manufactured molds do.  

3) Experimental results indicated that the location of sink marks and warpage could be 

accurately predicted in computer-aided simulations, but their magnitude was not well 

described. Also, the results from simulations indicated that warpage was more sensitive 

than sink marks to the effects of processing conditions such as cooling time, in qualitative 

agreement to experimental data. Changes in the constitutive equations governing sink mark 

predictions may be needed on simulation platforms to address this discrepancy. 

4) The additional of chemical blowing agent concentration to the polypropylene improved 

the part quality in terms of sink marks based on the results from experiments and 

simulations. L-PBF fabricated molds enable a quicker verification of blowing agent 

concentration than traditionally manufactured molds do. The results from simulations 

indicated that the depth of sink marks was not sensitive to the effects of increased blowing 

agent concentration from 1 wt. % to 2 wt., in contrast to experimental data. Changes in the 

constitutive equations governing sink mark predictions may be needed on simulation 

platforms to address this discrepancy. 

5) Moldex3D simulation platform served to accurately predict mold-filling behavior and 

analysis of the fraction of frozen layer to explain the cause of sink marks and warpage as a 

function of changes in geometry (part thickness) and material (blowing agents). 

6)  Tooling for injection molding fabricated by L-PBF can help identify improvements in 

part design, material composition of polymers, and simulation methods quicker than 

traditionally manufactured molds.  
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CHAPTER 3 

 

3. LASER-POWDER BED FUSION FABRICATED TOOLING FOR PLASTIC 

INJECTION MOLDING WITH CONFORMAL COOLING CHANNELS 

 

 

3.1. INTRODUCTION 

 

Injection molding is a widely used manufacturing process for plastic parts, requiring a high 

demand in part production and part quality [5]. Therefore, any reduction in cycle time 

would be significant to mass production. In the injection molding cycle, cooling time 

accounts for 70% of  the cycle [45] [34]. In traditional manufacturing, conventional cooling 

channels are straight-hole passages built into the injection mold insert to decrease cooling 

time and increase temperature uniformity for part quality [15]. However, design constraints 

in traditional manufacturing do not always allow conventional cooling channels to cool 

down a complex part uniformly [37].  

Additive manufacturing (AM) processes, such as laser-powder bed fusion (L-PBF) have 

the potential to alleviate this drawback. L-PBF, also known as selective laser melting 

(SLM), is an additive manufacturing method that melts the metal powders layer by layer 

using a laser to form 3D structures depending on the CAD file [17, 38]. AM enables the 

3D printing of mold inserts conformal cooling channels. Conformal cooling channels are 

cooling passage holes that follow the part’s geometry [35]. By following the part’s 

geometry, the part is cooled in a much more uniform manner. The fabrication of tooling 
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for injection molding using the L-PBF process decreases geometric constraints, while 

decreasing build times and cost [14-16]. In the past, various independent research studies 

have been reported on tooling with conformal cooling channels [4, 15, 16, 26, 27, 37]. 

However, there are, to the best of our knowledge, not many studies in the open literature 

on the performance of the L-PBF fabricated two-sided tooling with conformal cooling 

channels for injection molding that integrate experiments and mold-filling simulations with 

evaluation on printing defects, machining operations, molded part quality, and conformal 

cooling channel distances from the mold’s cavity.  

To address this gap, the present performed a mold-evaluation study with conformal cooling 

channels on the cavity-side and and core-side L-PBF fabricated molds. This study uses two 

cavity-side molds with conformal cooling channels at different depths, 8 mm and 4 mm. 

The L-PBF fabricated molds were evaluated using experiments and mold-filling 

simulations as a function of print defects, machining operations, sink marks, and conformal 

cooling channel distances from the mold’s cavity. The results provide an insight into 

opportunities and challenges in two-sided L-PBF fabricated molds for injection molding.  

3.2. MATERIALS & METHODS 

 

The mold designs selected for this project has a half comb-shaped cavity and core, as shown 

in Figure 3.1. The molds were fabricated through L-PBF process using an M2 Dual Laser 

with 400W laser by Concept Laser in Dallas, Texas. The printing process took 

approximately 17 hours. The L-PBF fabricated mold was subject to stress relief and remove 

from the build plate using wire EDM. 
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The starting material to fabricate the tooling with conformal cooling channels for injection 

molding using L-PBF process was 17-4 PH stainless steel powder. The powder size 

distribution is centered on 30 µm with a D10 of 15 and D90 of 45 µm. Mechanical and 

corrosion properties in previous material development studies performed by our group 

showed that 17-4 PH stainless steel could be used as a starting material for the fabrication 

of injection mold tools [6-10].  

The two designs for the cavity-side molds contained conformal cooling channels at two 

different distances, 4 mm and 8 mm, from the mold’s surface, as shown in Figure 3.1b. 

The core-side mold contained conformal cooling channels 8 mm from the mold cavity, as 

shown in Figure 3.1a. The hole diameter of the conformal cooling channels for all the L-

PBF fabricated molds are 4 mm. A core-side mold was also fabricated with conformal 

cooling channels located 8 mm from the surface. The dimensions of the designed mold 

were 81 mm in length, 61 mm in width and 27 mm in height. 

Characterization for dimensional tolerance and surface roughness of the as-printed molds 

were performed using Vernier calipers and a surface profilometer, respectively. Prior to 

injection molding trials, the as-printed cavity and core-side molds were machined. 

Machining operations performed on the as-printed molds were surface grinding, EDM, 

milling, drilling, tapping to improve surface finish, and draft angles. After machining, the 

molds were fitted to a MUD frame for conducting injection molding studies. 

The polymer material used for injection molding trials was Styron 478, high-impact 

polystyrene. Injection molding trials with the machined molds were performed using A 

110-ton Cincinnati Milacron VT110-7 injection mold press at Plastic Products Co. (PPC). 
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The injection molding trials with the core and cavity-side molds were ran under the process 

conditions shown in Table 3.1.  

Table 3. 1 Process conditions for injection molding using the core and cavity-side molds 

Parameters Cooling time (s) Packing time (s) Holding time (s) 

Run 1 10 1 1 

Run 2 25 1 1 

Run 3 10 2 1 

 

The computer-aided simulations were performed using Moldex3D platform to evaluate the 

mold-filling behavior of injection molding as a function of conformal cooling channels 

with different depths from the mold’s cavity. Moldex3D Designer platform was used to 

mesh the part design and set the conformal cooling channels. Then, the meshed files were 

transferred to the Moldex3D Simulation platform. Moldex3D Simulation platform was 

used to Run simulations and evaluate part quality as a function of sink marks.  

The weight and density of the injection molded parts, shown in Figure 3.5b, were 

characterized using a Mettler Toledo scale and Archimedes principle, at the Materials 

Innovation Guild, University of Louisville. Part dimensions were measured using Vernier 

calipers. Part quality, such as sink marks, warpage, air traps, and weld lines were visually 

noticeable. In this study, a dial gage was not ideal to measure sink depth for this mold-

evaluation study.  
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3.3. RESULTS & DISCUSSION 

 

3.3.1. MATERIALS IN L-PBF MOLDS 

 

Table 3.2 summarizes the physical and mechanical properties of 17-4 PH stainless steel 

for injection mold tooling in three conditions: as-printed, heat-treated, and hot isostatic 

pressing (HIP).  

 

Table 3. 2 Properties of 17-4 PH stainless steel fabricated by L-PBF 

Property 
As-printed         

 

Heat-treated 

 

HIP 

 

Density 

(% theoretical*) 
97.5 ± 0.5 98 ± 0.5 99.5 ± 0.3 

UTS 

(MPa) 
950 ± 50 1300 ± 30 1450 ± 20 

Hardness 

(HRC) 
28 ± 2 45 ± 1 36 ± 2 

Elongation 

(%) 
16 ± 1 2 ± 1 11 ± 1 

* theoretical density: 7.87 g/cm3 (cast part) 

It can be observed that as-printed parts can achieve density values close to heat-treated and 

HIP-processed parts, ranging between 97-99%. For parts processed with heat-treatment 

techniques, ultimate tensile strength (UTS) ranges between 1430-1470 MPa for HIP parts 

and 1270-1330 MPa for heat-treated parts. However, as-printed parts achieve a lower 

ultimate tensile strength of 900-1000 MPa. Hardness is a common mechanical property 

characterized for steels. HIP and heat-treatment processes strengthens parts to increase the 

material’s hardness. As observed, heat-treatment and HIP causes a decrease in elongation. 

The present study used as-printed parts for further evaluation, as the strengths and hardness 
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seemed acceptable for the unfilled polystyrene material being injection molded in relatively 

small production runs. 

3.3.2. AS-PRINTED L-PBF MOLD EVALUATION 

 

Figures 3.1a and 3.1b show the drawings for the core-side mold and cavity-side mold with 

conformal cooling channels. The core-side mold contained conformal cooling channels 8 

mm from the mold cavity. The two designs for the cavity-side molds were evaluated at two 

different conformal cooling channel distances from the mold cavity, 8 mm and 4 mm, as 

shown in Figures 3.1c and 3.1d, respectively.  

 

Figure 3.1 (a) Core-side mold design, (b) Cavity-side mold design, (c) Cavity-side mold 

design with conformal cooling at 8 mm depth, (d) Cavity-side mold design with 

conformal cooling channels at 4 mm depth 

 

Figure 3.2 shows the as-printed core-side and cavity-side molds fabricated by 17-4 PH 

stainless steel. Figure 3.2a shows the as-printed core-side mold with conformal cooling 
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channels at 8 mm depth. Figures 3.2b and 3.2c show the as-printed cavity-side molds with 

conformal cooling channels at 8 mm depth and 4 mm depth, respectively. 

 

 

Figure 3.2 (a) As-printed core-side mold with conformal cooling channels at 8 mm 

depth, (b) As-printed cavity-side mold design with conformal cooling channels at 8 mm 

depth, (c) As-printed cavity-side mold design with conformal cooling channels at 4 mm 

depth 

 

Various materials were used to fabricate L-PBF molds in our group. The L-PBF fabricated 

mold using 420 PH stainless steel demonstrated print defects, such as porosity on the 

cavity’s surface and delamination, as shown in Figure 3.3a and Figure 3.3b, respectively. 

The delamination on the L-PBF fabricated mold was caused due to residual stresses. Print 

defects were not observed on the L-PBF fabricated molds using 17-4 PH stainless steel. 

Independent studies pointed to processing conditions that eliminate 3D printing defects, 

such as porosity and delamination.  
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Figure 3.3 Print defects (a) Porosity in L-PBF fabricated molds, (b) Delamination 

 

3.3.3. LASER-POWDER BED FUSION FABRICATED MOLDS IN MACHINING 

OPERATIONS 

 

Figure 3.4 shows the machined core-side and cavity-side molds fabricated by 17-4 PH 

stainless steel. Figure 3.4a shows the machined core-side mold with conformal cooling 

channels at 8 mm depth. Figures 3.4b and 3.4c show the machined cavity-side molds with 

conformal cooling channels at 8 mm depth and 4 mm depth, respectively. As stated 

previously, machining operations are necessary to achieve good part quality on molded 

parts due to the mold’s surface finish. Therefore, the as-printed molds were not used for 

injection molding in this study.  
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Figure 3.4 (a) Machined core-side mold with conformal cooling channels at 8 mm depth, 

(b) Machined cavity-side mold design with conformal cooling channels at 8 mm depth, 

(c) Machined cavity-side mold design with conformal cooling channels at 4 mm depth 

 

Table 3.3 indicates the surface roughness measurements of the as-printed and the post-

machined cavity-side and core-side molds. On the as-printed molds, the surface roughness 

was 7.1 ± 0.1 m. On the post machined mold’s top surface, the surface roughness for the 

core-side mold, cavity-side mold 1 and cavity-side mold 2 was 4.3 ± 0.2 m, 1.1 ± 0.1 m, 

and 0.5 m, respectively. On the post machined mold’s cavity, the surface roughness for 

the core-side mold, cavity-side mold 1 and cavity-side mold 2 was 1.5 ± 0.1 m, 1.5 ± 0.1 

m, and 1.1 ± 0.1 m, respectively. It can be noticed that the surface roughness on the 

machined molds is smoother with the objective of achieving good part quality. Lastly, it 

was more difficult to machine the cavity of the L-PBF molds because of the part design 

and its complex features.   
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Table 3. 3 Surface roughness measurements (µm) of the as-printed mold and machined 

mold 

Mold As-Printed Mold Machined Mold 

Conformal cooling channels Top (µm) Top (µm) Cavity (µm) 

Core-side mold 7.0 ± 0.1 4.0 ± 0.2 1.5 ± 0.1 

Cavity-side mold 1 

conformal cooling channels at 

8 mm depth 

7.1 ± 0.1 1.1 ± 0.1 1.5 ± 0.1 

Cavity-side mold 2 

conformal cooling channels at 

4 mm depth 

7.1 ± 0.1 0.5 1.1 ± 0.1 

 

 

Figure 3.5a shows the comb-shaped drawing of the cavity-side and core-side molds. 

Figure 3.5b shows injection molded parts with polystyrene using the core-side mold and 

cavity-side mold with conformal cooling channels at 4 mm depth under a cooling time of 

10 s and packing time of 2 s, Run 1.  

 

 

Figure 3.5 (a) Part drawing, (b) Injection molded parts 

 

 

The initial injection molding trial to test the L-PBF fabricated molds, named T0, faced 

issues as the molded parts were found to break. Further analysis indicated that the parts 
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were breaking due to the lack of an ejector pin at the bottom region to force the part out, 

as shown in Figure 3.6b. Ejector pins are typically placed on the core-side mold so as to 

remove the part from the mold cavity after the cooling phase. Due to the parts breaking, 3 

additional ejector pins were machined into the bottom region of the core-side mold, as 

shown in Figure 3.6c. Injection-molded parts with the additional ejector pins machined 

into the L-PBF fabricated molds avoided any cracks on the bottom of the part. The part in 

Figure 3.6d was injection molded under Run 1 using the core and cavity with conformal 

cooling channels at 4 mm depth.  

 

Figure 3.6 (a) Core-side mold design with 3 ejector pins, (b) Injection molded part using 

the 3 ejector pin mold design, (c) Core-side mold design with 6 ejector pins, (d) Injection 

molded part using the 6 ejector pin mold design 

 

 

During injection molding trials with the cavity-side mold with conformal cooling channels 

at 8 mm depth, further issues were found with the material getting stuck between the 

comb’s teeth during the interface between the cavity-side and core-side molds in the 

injection molding trials, as shown in Figure 3.7a. It can be noticed in Figure 3.7b that the 

stuck material on the core-side mold blocked the entrance of the molten material, causing 

features to crush on the injection molded parts. To address this issue, further machining 
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was performed on the core-side mold by adjusting the draft angles on the comb’s teeth to 

improve the interface between both molds. The interface between the core and cavity-side 

molds were adjusted to lock without causing the teeth to distort. Due to these modifications, 

the features were not crushed during further testing of the L-PBF fabricated molds. These 

results indicate that a better understanding of draft angles and ejector pins in the design and 

fabrication of L-PBF molds can save time spent in post-machining.  

 

 
 

Figure 3.7  (a) Core-side mold with draft angle issues, (b) Injection molded part with 

defects caused by draft angle issues, (c) Injection molded part with improved draft angles 

 

3.3.4. LASER-POWDER BED FUSION FABRICATED MOLDS IN PART DESIGN 

 

The injection molded part parts were meshed with three different cooling channel systems: 

part without conformal cooling channels, part with conformal cooling channels at 8 mm 

from the mold cavity, and part with conformal cooling channels at 4 mm from the mold 

cavity.   
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Figure 3.8 Simulation mesh of the part with: (a) No conformal cooling channels, (b) 

Conformal cooling channels, (c) Conformal cooling channels at 8 mm depth, (d) 

Conformal cooling channels at 4 mm depth 

 

The mold-filling behavior of the experimental trials were compared to computer-aided 

simulations of the part-design. As shown in Figure 3.9, the mold-filling behavior for the 

simulations and experiments correlate with each other. It can be concluded that molding 

simulation platforms can serve to predict the mold-filling behavior in injection molding. 

Furthermore, it can be noticed that this part-design could be completely filled in 0.73 s.  

 

Figure 3.9 (a) Simulation mold-filling behavior, (b) Experimental mold-filling behavior 
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Figure 3.10 illustrates a simulation comparison of sink marks between injection molded 

parts with no conformal cooling channels, conformal cooling channels at 8 mm depth, and 

conformal cooling channels at 4 mm depth. The processing conditions used for this 

comparison were ran under a cooling time of 10 s and packing time of 2 s. Sink mark 

locations are indicated in green for the parts. Sink marks are usually located on the regions 

with larger volume, as they would usually contain a larger temperature difference 

throughout the thickness. The severity of the sink at the green locations are indicated in the 

scale bar. It can be noticed that simulations indicate a low sink depth range of 0.03-0.05 

mm. Furthermore, simulations indicated the same locations and severity of sink marks for 

no conformal cooling channels, conformal cooling channels at 8 mm depth, and conformal 

cooling channels at 4 mm depth. In this study, we evaluate sink mark Locations 1, 2, and 

3, indicated in Figure 3.10.  

 

Figure 3.10 Simulations with sink mark results at condition 1 using (a) No conformal 

cooling channels, (b) Conformal cooling channels at 8 mm from the mold cavity, (c) 

Conformal cooling channels at 4 mm from the mold cavity 

 

 

Figure 3.11 illustrates the sink mark Locations 1, 2, and 3 on the injection molded parts. 

The sink locations were equal for molded parts with all cooling channel systems: no 
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conformal cooling channels, conformal cooling channels at 8 mm depth, and conformal 

cooling channels at 4 mm depth. Furthermore, it can be noticed that sink marks in 

experimental trials were showed at the same locations as simulations accurately predicted. 

Figure 3.11c shows a cross-section of the sink at Location 3. In this study, a dial gage was 

not suitable to accurately measure the sink depth for this part geometry. However, sink 

depth for this part design will be quantified using a laser scanning machine and presented 

in future studies.   

 
Figure 3.11 Sink mark locations on experimental parts using the L-PBF fabricated mold 

with conformal cooling channels at 4 mm depth, conformal cooling channels at 8 mm 

depth, and no conformal cooling channels: (a) Location 1, (b) Location 2, (c) Location 3 

cross-section 

 

 

Figure 3.12 plots a quantitative simulation comparison of sink marks between molded 

parts with no conformal cooling channels, conformal cooling channels at 8 mm depth, and 

conformal cooling channels at 4 mm depth. The plots represent the three sink mark 

locations indicated in Figure 3.10 for all three designs. It can be noticed that the sink depths 

for the respective locations are the same for all three cooling channel systems. Furthermore, 

simulations indicate that the sink depth is most severe at Location 2 and least severe at 

Location 3.  
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Figure 3.12 Simulation plot with sink mark defects using (a) No conformal cooling 

channels,  (b) Conformal cooling channels at 8 mm from the mold cavity, (c) Conformal 

cooling channels at 4 mm from the mold cavity 

 

Figure 3.13 shows mold-filling results for frozen regions after a cooling time of 10 s 

between injection molded parts with no conformal cooling channels, conformal cooling 

channels at 8 mm depth, and conformal cooling channels at 4 mm depth. As shown in the 

scale bar, it can be noticed that Location 1 and Location 3 are 19-40% frozen prior to 

ejection of the part. Due to the molten material within those regions, sink marks were 

created due to the difference in temperature between the center and surface of the part. 

Location 2 was frozen 88-99% frozen, not 100% due to the sink mark formed at that 

location.  
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Figure 3.13 Simulations with frozen layer results at Run 1 using (a) No conformal 

cooling channels, (b) Conformal cooling channels at 8 mm from the mold cavity, (c) 

Conformal cooling channels at 4 mm from the mold cavity 

 

Simulations indicated that the conformal cooling channels affected the temperature 

uniformity distribution on the surface of the molded parts, as shown in Figure 3.14. It can 

be noticed that the uniformity distribution with conformal cooling channels increases, as it 

is placed closer to the mold’s cavity. The difference on surface temperature with conformal 

cooling channels was decreased by 5 °C. No difference in surface temperature was noticed 

between conformal cooling channels at 8 mm depth and 4 mm depth.  
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Figure 3.14 Simulations with surface temperature results at Run 1 using (a) No 

conformal cooling channels, (b) Conformal cooling channels at 8 mm from the mold 

cavity, (c) Conformal cooling channels at 4 mm from the mold cavity 

 

Conformal cooling channels usually affect the surface of the part. Hence, it is difficult to 

cool down the center of thicker regions without any direct cooling systems placed around 

them. Figure 3.15 shows the temperature difference between the center and surface of 

Location 1 at run 1 with conformal cooling channels at 4 mm depth. The scale bar indicates 

a large difference in temperature between the center and surface of the part. Therefore, the 

shrinkage caused by the temperature difference in those regions created sink marks. It was 

noticed that conformal cooling channels for this part design did not largely cool down the 

center temperature at Location 1. Due to this, the difference between the center temperature 

and surface temperature remained large. 
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Figure 3.15 (a) Simulation results of surface temperature and internal temperature at run 

1 (b) Simulations plot with difference in temperature at all conditions using no conformal 

cooling channels, conformal cooling channels at 8 mm depth, and 4 mm depth 

 

 

Figure 3.16 illustrates a simulation comparison of cooling temperatures of molten regions 

after a cooling time of 10 s between injection molded parts with no conformal cooling 

channels, conformal cooling channels at 8 mm depth, and conformal cooling channels at 4 

mm depth. It can be noticed that sink mark regions were at a relatively high temperature. 

After 10 s of cooling time provided, the part is ejected from the cavity even if there are 

molten regions within the part. Locations 1, 2, and 3 were at a temperature above the 

material’s freezing temperature. There is a slight decrease of molten material with 

conformal cooling channels. Figure 3.17 replicates the same simulation comparison of 

cooling temperature, but after a cooling time of 25 s. With an increase in cooling time to 

25 s, Location 2 displays no molten material in mold-filling simulations. Additionally, the 

molten volume at Location 1 and Location 3 decreases with a larger cooling time.  
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Figure 3.16 Simulations with cooling temperature results after a cooling time of 10 s 

using (a) No conformal cooling channels, (b) Conformal cooling channels at 8 mm from 

the mold cavity, (c) Conformal cooling channels at 4 mm from the mold cavity 

 

 
Figure 3.17 Simulations with cooling temperature results after a cooling time of 25 s 

using (a) No conformal cooling channels, (b) Conformal cooling channels at 8 mm from 

the mold cavity, (c) Conformal cooling channels at 4 mm from the mold cavity 

 

Figure 3.18 shows mold-filling simulation results for heat transfer after a cooling time of 

10 s of injection molded parts with no conformal cooling channels, conformal cooling 

channels at 8 mm depth, and conformal cooling channels at 4 mm depth. During the cooling 
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phase, the molten plastic solidifies as heat conduction occurs through the mold’s wall. The 

mold dissipates the heat from the material and the difference in temperatures stabilizes 

after a while, according to the 2nd law of thermodynamics. It can be noticed that heat flux 

between the mold and molten material to dissipate heat was slightly increased by 0.20 

J/s.cm2 on thicker regions with conformal cooling channels at 4 mm depth.  However, this 

difference in heat flux was not relatively large for this part design to make a difference in 

part quality. Lastly, as shown in the scale bar, it can be seen that the heat flux is larger on 

the thicker regions because there is more heat to be extracted from those locations.  

 

Figure 3.18 Simulations with heat flux results at Run 1 using (a) No conformal cooling 

channels, (b) Conformal cooling channels at 8 mm from the mold cavity, (c) Conformal 

cooling channels at 4 mm from the mold cavity 

 

 

Figure 3.19 illustrates in-stress caused by the force of the ejector pins. Ejector pin marks 

are commonly caused by the part not having enough cooling time or a high ejection 

pressure by the injection molding machine. In this study, as the ejector pin marks were 
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noticed with molded parts under cooling times of 10 and 25 s, we concluded that the ejector 

pin marks were mainly caused because of the machine’s high ejection pressure.  

 

 
Figure 3.19 In-stress on experimental parts after a cooling time of 10 s using L-PBF 

fabricated mold with (a) conformal cooling channels at 4 mm depth, (b) conformal 

cooling channels at 8 mm depth, (c) No conformal cooling channels 

 

 

 

3.4. CONCLUSIONS 

 

In this paper, 17-4 PH stainless steel core-and-cavity tooling for injection molding was 

fabricated by L-PBF and evaluated through a series of experiments and simulations. Based 

on the results, the following conclusions emerge: 

1) 3D printing defects, such as porosity and delamination are possible complications when 

tooling for injection molding is fabricated using L-PBF process. Independent studies 

pointed to processing conditions, which were used in this study, that overcame these 3D 

printing defects, enabling this mold-evaluation study to be conducted. 
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2) Injection molded parts using the as-printed mold did not achieve good part quality. 

Therefore, machining operations on L-PBF fabricated molds are necessary to improve part 

quality, avoid discrepancies in the part, reduce surface roughness, adjust draft angles, and 

perform other mold design adjustments. A better understanding of draft angles and ejector 

pins during the design of L-PBF fabricated molds can save time spent in post-machining. 

3) The Moldex3D simulation platform served to predict mold-filling behavior and fill time 

of the experimental parts. Furthermore, the platform accurately captured sink mark 

locations. In this study, a dial gage was not appropriate to measure sink depths in molded 

parts with this part design. Sink depth for this part design will be quantified using a laser 

scanning machine and presented in future studies by this group.  

4) Simulations indicated that the conformal cooling channel design influenced the surface 

temperature distribution of the part. However, simulations indicated no alleviation by 

conformal cooling channels in the center temperature of the thickest region. This study 

indicates that existing simulation tools based on the Moldex3D platform may be 

satisfactory for pre-screening parts that are suitable for injection molding using molds and 

conformal cooling channels and L-PBF processes. 

5) There was not a significant difference in part quality or cooling with the incorporation 

of conformal cooling channels for this geometry based on simulations and experiments. 

Additional mold designs need to be evaluated to understand when to use conformal cooling 

channels in tooling fabricated using L-PBF. 
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CHAPTER 4 

 

4. CONCLUSIONS AND FUTURE WORK 

 

4.1 CONCLUSIONS 

 

In this paper, 17-4 PH stainless steel tooling for injection molding was fabricated by L-

PBF and evaluated through a series of experiments and simulations. Based on the results, 

the following conclusions emerge: 

1) 3D printing defects, such as porosity and delamination are possible complications when 

tooling for injection molding is fabricated using L-PBF process. Independent studies 

pointed to processing conditions, which were used in this study, that overcame these 3D 

printing defects, enabling this mold-evaluation study to be conducted. 

2) Injection molded parts using the as-printed mold did not achieve good part quality. 

Therefore, machining operations on L-PBF fabricated molds are necessary to improve part 

quality, avoid discrepancies in the part, reduce surface roughness, adjust draft angles, and 

perform other mold design adjustments. A better understanding of draft angles and ejector 

pins during the design of L-PBF fabricated molds can save time spent in post-machining. 

3) Parts with thin walls tend to cool faster and achieve better part quality in terms of sink 

marks and warpage. The reduction in part thickness better part quality, indicated by 

experiments and simulations. L-PBF fabricated molds enable a quicker verification of 

changes in part geometry than traditionally manufactured molds do.  
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4) Experimental results indicated that the location of sink marks and warpage could be 

accurately predicted in computer-aided simulations, but their magnitude was not well 

described. Also, the results from simulations indicated that warpage was more sensitive 

than sink marks to the effects of processing conditions such as cooling time, in qualitative 

agreement to experimental data. Changes in the constitutive equations governing sink mark 

predictions may be needed on simulation platforms to address this discrepancy. 

5) The additional of chemical blowing agent concentration to the polypropylene improved 

the part quality in terms of sink marks based on the results from experiments and 

simulations. L-PBF fabricated molds enable a quicker verification of blowing agent 

concentration than traditionally manufactured molds do. The results from simulations 

indicated that the depth of sink marks was not sensitive to the effects of increased blowing 

agent concentration from 1 wt. % to 2 wt., in contrast to experimental data. Changes in the 

constitutive equations governing sink mark predictions may be needed on simulation 

platforms to address this discrepancy. 

6) Moldex3D simulation platform served to accurately predict mold-filling behavior and 

fill time of the experimental parts. Analysis of the fraction of frozen layer in simulations 

allow to explain the cause of sink marks and warpage as a function of changes in geometry 

(part thickness) and material (blowing agents). 

7) Simulations indicated that the conformal cooling channel design influenced the surface 

temperature distribution of the part. However, simulations indicated no alleviation by 

conformal cooling channels in the center temperature of the thickest region. This study 

indicates that existing simulation tools based on the Moldex3D platform may be 
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satisfactory for pre-screening parts that are suitable for injection molding using molds and 

conformal cooling channels and L-PBF processes. 

8) There was not a significant difference in part quality with the incorporation of conformal 

cooling channel on the part design of Chapter 3. Mold designs need to be evaluated to 

understand when to use conformal cooling channels in tooling fabricated using L-PBF.  

4.2 FUTURE WORK 

 

The current research furthers its study in evaluating more part designs with conformal 

cooling channels and understanding when to incorporate conformal cooling channels. 

Moldex3D simulation platform will be used for verification of mold-filling behavior, part 

design, gate design, multi-cavity molds and conformal cooling channels.  Another sector 

of future studies entail evaluating injection molded parts using the L-PBF fabricated molds 

with 420 PH stainless steel. Further studies will be implemented on the understanding of 

sink mark magnitude using computer-aided simulations. For comparative quantification, 

sink depths on experimental parts will be measured using a laser scanning machine. Future 

experiments will also test the L-PBF fabricated molds in Chapter 3 using blowing agents 

to eliminate sink defects presented. Finally, a cost-benefit analysis and a simulation-led 

protocol will be developed to assess the favorable part and mold designs for using L-PBF 

fabricated molds with conformal cooling channels relative to CNC-machined tooling.  
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APPENDICES 

 

APPENDIX A 

MATERIAL PROPERTIES FOR INJECTION MOLDED PARTS 

Table A. 1 Physical and mechanical properties for part material used for injection 

molding trials in Chapter 2 

Material Type Thermoplastic polypropylene 

Trade name Celstran PP GF30-05CN01/10 

Melt Temperature (°C) 190-231 

Mold Temperature (°C) 32-65 

Freeze Temperature (°C) 134 

 

Table A. 2 Physical and mechanical properties for part material used for injection 

molding trials in Chapter 3 

Material Type High-impact polystyrene 

Trade name Styron 478 

Melt Temperature (°C) 193-232 

Tensile modulus (MPa) 2000 

Elongation (%) 60 

 

 

Figure A. 1 (a) PVT graph for thermoplastic polypropylene, (b) PVT graph for high-

impact polystyrene 
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Figure A. 2 (a) Viscosity graph for thermoplastic polystyrene, (b) Viscosity graph for 

high-impact polystyrene 
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APPENDIX B 

 

EXPERIMENTAL PROCESSING CONDITIONS OF THE INJECTION MOLDED 

PARTS USING THE L-PBF FABRICATED TOOLING IN CHAPTER 2 

Table B. 1 Constant process parameters for all experimental trials 

Mold 

temperature (‧C) 

Melt temperature 

(‧C) 

Ram position 

(mm) 

Pack time 

(s) 

Fill time       

(s) 

50 226.66 50 2 0.9 

 

 

Table B. 2 Processing conditions using the as-printed mold 

Run Injection Pressure (MPa) Cooling Time (s) 

1 30 12 

2 45 60 

3 45 12 

4 45 60 

 

 

Table B. 3 Processing conditions using the machined mold with 5 mm cavity depth 

Run Cooling time 

(s) 

Melt 

Temperature (̊C) 

Injection Pressure 

(MPa) 

1 12 226.66 30 

2 60 226.66 45 

3 12 226.66 45 

4 60 226.66 30 

5 40 204.44 45 

6 40 226.66 45 

7 40 204.44 30 

8 40 185 30 
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Table B. 4 Processing conditions using the machined mold with 3 mm cavity depth 

Run Cooling time 

(s) 

Injection velocity 

(mm/s) 

Injection pressure 

(MPa) 

1 15 25.4 10.34 

2 12 25.4 10.34 

3 12 25.4 13.79 

4 12 50.8 10.34 

5 12 12.7 10.34 

6 20 12.7 10.34 

7 40 12.7 10.34 

8 60 12.7 10.34 
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APPENDIX C 

 

DIMENSIONS, WEIGHTAND DENSITY RESULTS OF EXPERIMENTS AND 

SIMULATIONS USING THE AS-PRINTED AND MACHINED MOLD FROM 

CHAPTER 2 

Table C. 1 Dimensions of the injection molded parts with 5 mm part thickness, 3 mm 

part thickness, and 3 mm part thickness with blowing agent 

Molded part Height (mm) Length (mm) Thickness (mm) 

5 mm part thickness 63.2 ± 1.0 34.8 ± 0.1 5.0 ± 0.1 

3 mm part thickness 63.5 ± 0.1 34.3 ± 0.1 3.0 ± 0.1 

3 mm part thickness 

with BA 

64.0 ± 0.1 34.5 ± 0.1 3.0 ± 0.1 

 

 

Figure C. 1 (a) Density plot for experimental parts from the as-printed mold, (b) Weight 

plot for experimental parts from the as-printed mold 
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Figure C. 2 (a) Density plot for experimental parts from the machined mold with 5 mm 

cavity thickness, (b) Weight plot for experimental parts from the machined mold with 5 

mm cavity thickness 

 

 

Figure C. 3 (a) Density plot for experimental parts from the machined mold with 3 mm 

cavity thickness, (b) Weight plot for experimental parts from the machined mold with 3 

mm cavity thickness 
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Figure C. 4 (a) Density plot for experimental parts with blowing agents from the 

machined mold with 3 mm cavity thickness, (b) Weight plot for experimental parts with 

blowing agents from the machined mold with 3 mm cavity thickness 
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APPENDIX D 

 

EXPERIMENTAL AND SIMULATION RESULTS FOR THE PART-DESIGN IN 

CHAPTER 2 

 

 

Figure D.1 3D mesh using Moldex3D designer platform for (a) part with 5 mm wall 

thickness, (b) part with 3 mm wall thickness 

 
Figure D.2 (a) Simulation plot of sink marks using the 5 mm mold cavity with Melt 

Temperatures (°C): 185,204,226, (b) Experimental plot of sink marks for the 5 mm mold 

cavity with Melt Temperatures (°C): 185,204,226 
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Figure D.3 (a) Simulation plot of sink marks using the 3mm mold cavity with Injection 

Velocity (mm/s): 12.7, 25.4, 50.4, (b) Experimental plot of warpage for the 3mm mold 

cavity with Injection Velocity (mm/s): 12.7, 25.4, 50.4 

 

Figure D.4 (a) Simulation plot of warpage using the 5mm mold cavity with Melt 

Temperatures (°C): 185,204,226, (b) Experimental plot of warpage for the 5mm mold 

cavity with Melt Temperatures (°C): 185,204,226 
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Figure D.5 (a) Simulation plot of warpage using the 3mm mold cavity with Injection 

Velocity (mm/s): 12.7, 25.4, 50.4, (b) Experimental plot of warpage for the 3mm mold 

cavity with Injection Velocity (mm/s): 12.7, 25.4, 50.4 

 

 

 

Figure D.6 Mold-filling simulation results for cooling time to reach eject temperature 

using: (a) mold with 5 mm cavity depth (front-view), (b) mold with 3 mm cavity depth 

(front-view) 
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Figure D.7 Mold-filling simulation results for volumetric shrinkage using: (a) mold with 

5 mm cavity depth (front-view), (b) mold with 3 mm cavity depth (front-view) 

 

 

Figure D.8 Mold-filling simulation results for air trap using: (a) mold with 5 mm cavity 

depth (front-view), (b) mold with 3 mm cavity depth (front-view) 

 

 



93 

 

 

Figure D.9 Analysis of variance for means of sink marks at sink Location 1 

 

 

Figure D.10 Analysis of variance for means of sink marks at sink Location 2 

 

 

 

Figure D.11 Analysis of variance for means of sink marks at sink Location 3 
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APPENDIX E 

 

EXPERIMENTAL PROCESSING CONDITIONS OF THE INJECTION MOLDED 

PARTS USING THE L-PBF FABRICATED TOOLING IN CHAPTER 3 

Table E. 1 Constant process parameters for all experimental trials 

Processing parameters Description 

Part material HIP Polystyrene 

Mold material 17-4 PH stainless steel 

Water circulating Q (cm3/sec) 139 

Water temperature (°C) 40 

Mold temperature (°C) 60 

Melt temperature (°C) 204 

VP switchover (mm) 10.16 

Injection pressure (MPa) 118 

Injection volume (cm3) 24 

Pack pressure (%) 30 

Fill time (s) 0.65 

Eject temperature 105 

Injection velocity (mm/s) 25.4 

Mold open time (s) 5 

 

Table E. 2 Processing conditions using the machined mold with conformal cooling 

channels at 4 mm from the mold cavity 

Run Pack time (s) Cooling time (s) 

1 2 10 

2 2 25 

3 3 10 

 

Table E. 3 Processing conditions using the machined mold with conformal cooling 

channels at 8 mm from the mold cavity and no conformal cooling channels 

Run Pack time (s) Cooling time (s) BA (wt. %) 

1 2 10 0 

2 2 25 0 

3 2 25 1 

4 3 10 0 
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APPENDIX F 

 

COMPUTER-AIDED SIMULATION SETUP FOR PART-DESIGN IN CHAPTER 3 

 

 

Figure F.1 (a) Simulation setup of part design, (b) Simulation of part design with 

conformal cooling channels at 8 mm depth, (c) Simulation part design with conformal 

cooling channels at 4 mm depth, (d) Simulation part design with none 

 

 

Figure F.2 (a) Simulation process interface setup for mold material, (b) Simulation 

process interface setup for molded part material 
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Figure F.3 (a) Simulation process interface setup for filling/packing settings, (b) 

Simulation process interface setup for flow rate profile, (c) Simulation process interface 

setup for injection pressure, (d) Simulation process interface setup for packing pressure 

 

Figure F.4 (a) Simulation process interface setup for cooling settings, (b) Simulation 

process interface setup for conformal cooling channels 
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APPENDIX G 

 

DIMENSIONS, WEIGHTAND DENSITY RESULTS OF THE L-PBF FABRICATED 

MOLDS, EXPERIMENTS AND SIMULATIONS USING THE PART DESIGN FROM 

CHAPTER 3 

Table G. 1 As-printed and machined mold density and dimensions for the core-side, 

cavity-side 1 and cavity-side 2 molds 

Measurements 
As-

designed 
As-printed Machined 

 all Core 
Cavity 

1 

Cavity 

2 
Core 

Cavity 

1 

Cavity 

2 

Length (mm) 82 81.7 81.8 81.8 80.9 80.9 80.9 

Width (mm) 62 61.8 61.8 61.8 61.4 61.45 61.45 

Height (mm) 27 27.1 27.1 27.1 25.7 25.7 25.6 

Hole diameter 

(mm) 
4 

Weight (g) - 1010 951 955 920 885 882 

Volume (cm3) - 132.9 125.1 125.2 - - - 

Density (g/ cm3) - 7.6 7.6 7.6 - - - 

*Cavity 1: conformal cooling channels 8 mm from mold cavity, Cavity 2: conformal 

cooling channels 4 mm from mold cavity 

 

Figure G.1 Part design for the L-PBF fabricated cavity-side and core-side molds in 

Chapter 3 (a) Front-view, (b) Side-view, (c) Back view 
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Table G. 2 Dimensions of the injection molded parts from using the cavity side mold 

with no conformal cooling channels, conformal cooling channels at 8 mm depth and 

conformal cooling channels at 4 mm depth 

DIMENSIONS L W1 W2 H1 H2 

No conformal 

cooling channels 
70.6 ± 0.2 35.2 ± 0.1 20.5 ± 0.1 5.2 ± 0.1 10.3 ± 0.1 

Cavity side mold 

with conformal 

cooling channels 

at 8 mm depth 

70.6 ± 0.2 35.3 20.4 ± 0.1 5.3 ± 0.1 10.2 ± 0.1 

Cavity side mold 

with conformal 

cooling channels 

at 4 mm depth 

70.7 ± 0.2 35.3 ± 0.1 20.6 ± 0.1 5.2 ± 0.1 10.3 ± 0.1 

 

 

Figure G.2 (a) Density plot for experimental parts from the machined mold with no 

conformal cooling channels, (b) Weight plot for experimental parts from the machined 

mold with no conformal cooling channels 
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Figure G.3 (a) Density plot for experimental parts from the machined mold with 

conformal cooling channels at 8 mm depth, (b) Weight plot for experimental parts from 

the machined mold with conformal cooling channels at 8 mm depth 

 

 

Figure G.4 (a) Density plot for experimental parts from the machined mold with 

conformal cooling channels at 4 mm depth, (b) Weight plot for experimental parts from 

the machined mold with conformal cooling channels at 4 mm depth 
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APPENDIX H 

 

EXPERIMENT AND SIMULATION RESULTS OF THE PART-DESIGN IN 

CHAPTER 3 

 

Figure H. 1 (a) 3D Printed core-side mold, (b) 3D Printed cavity-side mold 

 

Figure H. 2 (a) 3D Printed molds for design evaluation, (b) 3D Printed molds with 

conformal cooling channels at 8 mm depth and 4 mm depth 
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Figure H. 3 (a) Die-lock condition, (b) Cavity and core interface testing 

 

 

Figure H. 4 Injection molding press for experimental trials: Cincinnati Milacron (CML) 

VT-110 
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Figure H. 5 (a) Simulation part design with warpage defects (b) Simulation plot with 

warpage defects for all 3 runs with no conformal cooling channels, conformal cooling 

channels at 8 mm depth and conformal cooling channels at 4 mm depth 

 

Figure H. 6 Simulations with surface temperature results at run 1 using (a) No conformal 

cooling channels, (b) Conformal cooling channels at 8 mm from the mold cavity, (c) 

Conformal cooling channels at 4 mm from the mold cavity 
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Figure H. 7 Simulations with surface temperature results at run 1 using (a) No conformal 

cooling channels, (b) Conformal cooling channels at 8 mm from the mold cavity, (c) 

Conformal cooling channels at 4 mm from the mold cavity 

 

Figure H. 8 Simulations with packing volumetric shrinkage results at run 1 using (a) No 

conformal cooling channels, (b) Conformal cooling channels at 8 mm from the mold 

cavity, (c) Conformal cooling channels at 4 mm from the mold cavity 
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Figure H. 9 Simulations with cooling channel efficiency results at run 1 using (a) 

Conformal cooling channels at 8 mm from the mold cavity, (b) Conformal cooling 

channels at 4 mm from the mold cavity 

 

 

Figure H. 10 Simulations with coolant Reynolds number results at run 1 using (a) 

Conformal cooling channels at 8 mm from the mold cavity, (b) Conformal cooling 

channels at 4 mm from the mold cavity 
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University of Louisville, Louisville, KY 

 RESEARCH EXPERIENCE 

Fabrication & Evaluation of a Plastic Injection Mold with Conformal Cooling 

Channels                                     Dec 2017-Jul 2018  

Project Lead                 Louisville, KY 

• Evaluated the effect of conformal cooling channels and its distance from the mold 

cavity using L-PBF fabricated molds, with the purpose of decreasing cycle time 

and improving part quality. 

• Utilized Moldex 3D Software to run simulations and compare results to injection 

molding trials. 

• Presented at the MIM2018 Conference (International Conference on Injection 

Molding of Metals, Ceramics and Carbides 

 

Evaluation of a Plastic Injection Mold fabricated by L-PBF        July 2016 –Dec2017 

Project Lead                 Louisville, KY 
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• Worked on the evaluation of a 3D-printed mold, with the purpose of decreasing 

lead time.  

• Utilized Moldex 3D Software to run simulations and compare part quality to 

injection molding trials following a design of experiments.  

• Presented at the MIM2017 Conference (International Conference on Injection 

Molding of Metals, Ceramics and Carbides, and POWDERMET2017.  

 

 PROFESSIONAL EXPERIENCE 

UPS Supply Chain Solutions                               

Louisville, KY  

IE Co-op                 Jan. 04, 2016-May 06,2016 

      

• Evaluated cost-saving ideas for different areas of the warehouse, focusing on 

inbound and outbound.  

• Built Work-Measurement Tools (WMT) for the processes in the warehouse.  

• Assisted in a project involving the incorporations of a new type of box. 

• Involved in various projects concerning productivity of the conveyors, MHE in 

the warehouse, issues backtracking the boxes. 



 

 

Arvato, Bertelsmann                                                    

Louisville, KY  

IE Intern                             May 08, 2017-August 15,2017 

      

• Built Work Measurement Tools for various processes to update the MAR and 

evaluate cost-saving ideas. 

• Assisted on building a staffing tool by identifying volume trends to optimize 

warehouse staffing.  

• Examined alternative processes for the removal of an unused conveyor by 

evaluating financial profit and time reduction.   

• Played a role in various projects concerning productivity tracking, demand 

forecasting, and Material-Handling Equipment, and employee overtime.  

 

Nucleus LaunchIt Entrepreneur Training Program      

Louisville, KY 

Startup Member       April 20th, 2017 

                                                                        

• Worked with team members to discuss innovative ideas and evaluate them 

through the program. 

• Acquired business and marking strategies that are commonly used in the 

industries. 

• Networked with various people of the program and shared ideas and opinions. 
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 LANGUAGES 

• English: fluent writing & speaking. 

• Spanish: fluent writing & speaking. 

• Hindi: fluent speaking. 

 

ACTIVITIES & AWARDS 

• Six Sigma Green Belt Certified 

• Received “Dean’s Academic Honor List”  

• Received Speed School Outstanding Academic Achievement award for 3.5-3.74 

GPA  

• Founding President of the American Society of Engineers of Indian Origin 

UofL Chapter (Jan 2016-May 2017) holding 20 active members  

• Received 2016 Undergraduate Scholarship Award by ASEI  

• Sigma Beta Rho Fraternity, Inc., Vice President & Fundraising Chair (June 

2015-present) 
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