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Additive manufacturing (AM) is a relatively new manufacturing technique that can create high 

complexity parts out of many materials in low volume.  The fused filament fabrication (FFF) is 

the lowest cost AM process and is capable of producing only thermoplastic components.  

Powder injection molding (PIM) is a high volume low cost manufacturing technique for 

producing complex high precision parts from ceramic or metal powders.  This research focuses 

on applying PIM material systems to the FFF process.  Enabling the printing of a high powder 

loaded thermoplastic binder system which is capable of being printed by FFF methods, and be 

processed and sintered into a metal component.  This new 3d printing process would be much 

less expensive than current AM of metal materials because of FFF’s low cost and low post 

processing costs to produce densified parts.  To achieve this, the goal was to develop a powder-

polymer feedstock that could be made into FFF filament, 3D printed, solvent debound, thermally 

debound, and sintered.  Materials for developing the feedstock were selecting from existing FFF 

and PIM polymers and powders.  The developed feedstock was varied to improve ease of 

printing.  The feedstocks were then tested to determine their ability to perform the intended 

processing steps.  The results from experimentation showed FFF printing of materials with a 

high powder loading of 54.9vol% was possible, and the printed parts can be solvent and 

thermally debound.  Preliminary sintering testing indicated densification occurred but was 

hindered by improper processing parameters.  
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Chapter 1: Introduction 

Additive manufacturing can produce accurate near net shape parts for small production runs at 

lower per part cost with waste material compared to traditional manufacturing processes.  

Additive manufacturing is also known as 3d printing or solid freeform fabrication.  Polymer and 

Metal materials are the most commonly used materials in AM, and ceramics have recently been 

investigated [1]–[3].  Polymer components can be produced using many techniques some of 

these include fused filament fabrication (FFF), selective laser sintering (SLS), stereo lithography 

(SLA), and binder jetting.  Some of the metal printing processes include SLS, selective laser 

melting (SLM), direct metal laser sintering (DMLS), and electron beam melting (EBM).  Polymer 

AM initial investment and cost per part is typically much less expensive than metal AM because 

of the increased energy needed to fuse metal materials.   

Metal AM techniques are of particular interest because AM has the ability to produce complex 

geometries at little or no added cost.  This increases design flexibility by removing traditional 

machining limitations, such as being capable of producing internal features [4].  Currently metal 

AM techniques are cost prohibitive and have a limited material selection that are often 

proprietary.  Their increased cost is due to the need for a high power laser or other focused heat 

source to sinter or melt the material.  In powder bed methods the powder that is not 

incorporated into a part may only be reused a handful of times, increasing waste and cost.  The 

powder is also more expensive by weight than the same amount of wrought material.  A typical 

laboratory grade laser based powder bed 3d printer costs over $100,000.  The cost of metal AM 

needs to be reduced if it is to be widely accepted [5]. 

Several attempts have been made at reducing the cost of metal AM by using a powder and 

binder system similar to that used in powder injection molding (PIM).  Two approaches have 

been taken to applying PIM material systems to AM.  The first method, known as indirect 

selective laser sintering (ISLS), uses a powder coated with a polymer binder.  The polymer is 

melted to bond the powder together, then it is debound and sintered [6].  The second method 

uses a heated syringe to extrude small amounts of melted polymer powder feedstock that can 

be fused together similar the common polymer printing method FFF, but without using filament 

[1].  Startups have begun making low cost direct metal laser sintering or welding, but the least 

expensive model is several thousand dollars and has a limited material selection and build area 
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[7], [8].  This research is focused on a new method of metal additive manufacturing that applies 

a high powder loading feedstock to FFF by producing a filament that is printed with a 

commercially available 3d printer.  A feedstock was developed using common 3d printed 

thermoplastics, as well as polymers used in the PIM industry, and a bronze powder.  It was 

tested for each aspect that would make it a feasible material for AM of metals.  These aspects 

include printing the filament, solvent debinding, thermal debinding, and sintering.  

1.1 Fused Filament Fabrication 

Fused filament fabrication (FFF) is the most common and inexpensive process that produces 

near net shape thermoplastic parts for hobbyists and industrial applications [9], [10].  FFF is the 

least expensive of 3d printing processes because their cost typically starts at a few hundred 

dollars, and the materials is low ranging from $25-$175 per kilogram [11].  The material cost 

depends on the manufacturer, material, quality, additives used, and quantity purchased.  The 

application of this inexpensive manufacturing technique enables rapid prototyping to help 

develop better solutions.  It can be used for small production runs of complex components.  

Some of the applications of FFF printing are listed in  

Table 1-1.   

Table 1-1: Fused filament fabrication applications 

Industry Application Sources 

Aerospace 
 Complex part small batch production 

 Reduced cost and time for functional scale 
models 

[12]–[14] 

Automotive 
 Custom race car components 

 Prototyping for product development 
[3], [10], [15] 

Consumer 

 Appliance replacement components 

 Artistic models 

 Functional prototyping 

 Components for lost polymer casting 

[11], [16], [17] 

Dentistry 
 Patient impression models 

 Denture molds 
[18], [19] 

Manufacturing 
 Low production and temperature injection 

molds 

 Custom assembly line tools 

[20]–[22] 

Medical 
 Mockups for surgical preparation 

 Tissue support scaffoldings to promote healing 

 Low cost prosthetics 

[3], [23]–[25] 
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1.1.1 The FFF Process 

The FFF process works by extruding small amounts of melted polymer on a surface and moving 

the extruder around to produce a single cross-section of a desired shape.  Then moving the 

nozzle up relative to the print bed for each successive layer building off of the previously 

extruded layer of polymer.  The extruded polymer is supplied by a filament that is either 

1.75mm or 2.85mm in diameter.  These two filament diameters have become the standard in 

the hobbyist market, and other proprietary standards exist for industrial FFF.  Typically the 

filament is forced through the extruder into the hotend by a driven hobbed wheel, and is held 

against the drive wheel by an idler bearing.  The crushing force to ensure the filament doesn’t 

slip during printing is enough to allow the teeth of the hobbed wheel to bite into the filament 

and resist slipping.  Figure 1-1 depicts the polymer extrusion process for FFF.  The filament can 

be driven directly into the hotend, or connected by a semi-rigid tube so the extruder can be 

placed off of the printer’s carriage to reduce weight.  This type of remote extrusion is known as 

Bowden extrusion.   
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Figure 1-1: Fused filament fabrication polymer extrusion process.  (a) Filament, extruder, 
hotend, and nozzle depicting how material is extruded.  (b) Layers of polymer being built into 
a part.  (c) Top view with a wireframe of the nozzle’s bottom face and how the nozzle presses 

the polymer flat during printing. 

Filament melting and extrusion is only part of the process.  The movement of the extrusion 

nozzle in the X-Y-Z directions while extruding polymer is what creates the intended geometry.  

While the nozzle is moving and extruding it lays down a line of polymer that is pressed flat by 

the edges of the nozzle onto the printing surface.  This is done to improve adhesion interlayer 

adhesion, reduce air void size, and reduce surface roughness.  There are several printing 

patterns used for each layer in FFF, the most common are shown in Figure 1-2.  Rectilinear is the 

fastest because it prints the outer layers (shown in red) first to define part geometry at a lower 

speed for better accuracy.  Then it quickly fills in the middle raster which typically has the 

longest straight paths that can be printed quickly.  The concentric pattern is slower because it 

begins extrusion on the outside to define part geometry then prints the inner portions quickly.  

The path length decreases as it reaches the middle of the layer, the printer has to slow down to 

turn more often which slows printing.   
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 Rectilinear Concentric 

Figure 1-2: Most common types of 100% fill density printing patterns used in Slic3r of a square 
layer with basic printer settings.  Red lines are shell, and blue are infill print lines. 

The printing patterns shown above are created by a program that ‘slices’ a 3d model.  There are 

many freeware slicing software available such as Slic3r, Cura, and KISSlicer [26]–[28].  They use 

parameters defined by the printer and by the user.  These parameters are used to produce G-

code that is then sent to the printer from a host computer [29].  Some of the parameters that 

can be adjusted are listed in Table A-7 on page 141 along with the slicing parameters used in this 

research.  They are adjusted to match the printer’s abilities, change a part’s strength, increase 

part accuracy, reduce printing time, and many other reasons.  Slicing parameters are a major 

contributing factor to the part that is printed in terms of general quality.  Layer height has the 

greatest effect on part quality.  Shorter layers increase print quality, but increase total printing 

time significantly [30]–[32]. 

The FFF process has some disadvantages that limit its applications.  Only thermoplastics can be 

used because the material needs to be melted, extruded, and frozen to produce parts.  There 

are a wide range of thermoplastics available and different fillers can modify the material 

properties [33], [34].  But it limits FFF printed components to low temperature, and strength 

applications.  The process produces components with anisotropy from melting and freezing 

while printing creates residual stresses and has the possibility of poor interlayer bonding [35]–

[37].  Dimensional accuracy can be poor if the printer isn’t tuned properly or slicer settings are 

incorrect.  Accuracy can be improved by post machining of printed parts [29].  Another 

limitation is FFF’s limited ability to print features that don’t have part geometry or aren’t on the 

print bed.  This is known as an overhang, and typically can be produced at low angles off of the 
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orthogonal axis to the build plate, which limits part design.  A support structure designed to be 

easily removable can also be used for larger overhangs or a second extruder with another 

material that can be dissolved.  Printing overhang features, even with supports, have lower 

dimensional accuracy because the materials droops[38].   

FFF is a simple process that is very effective at producing thermoplastic parts relatively fast 

compared with other printing processes.  The general quality of the part is determined by 

changing the printer components and adjusting the printer’s movement by tuning slicing 

parameters.  The process is currently limited to thermoplastic materials, which reduces its 

applicability in many design situations.   

1.1.2 Filament Materials 

There are many materials used with FFF printers that offer a wide range of physical properties 

depending on the intended application.  Raw polymers are the most commonly printed because 

they are the easiest print and have the lowest cost.  Polymer blends are available that enhance 

material properties to improve ductility, increase strength, or modify thermal properties.  Filled 

polymer filaments also exist to modify the mechanical and visual properties of the material.   

The many raw polymers used in FFF are listed in Table 1-2.  PLA and ABS are the most common 

polymers printed in FFF machines in the hobbyist market.  PLA has the benefit of cold welding 

well and having low thermal expansion, but is not as strong as ABS.  PLA’s good cold welding 

ability means it is easy to print and sticks to most types of build plates.  It creates well bonded 

parts without the need for a heated build chamber or build plate.  ABS requires a heated build 

plate to remain bonded during printing, and suffers from poor interlayer adhesion if a heated 

build chamber isn’t used.  The other raw polymers being used in FFF offer improved material 

properties, but are less common than PLA or ABS.  These include PC, nylon, HIPS, PEI, and PETE.  

PC, nylon, PEI, and PETE all offer better material properties than PLA or ABS, but are more 

difficult to print.  Nylon, PEI, and PETE require high hotend printing temperatures (>250°C) that 

some printers cannot reach.  HIPS is used primarily as a dissolvable support material for 

producing complex geometries.  Limited research is available on FFF printing of the other 

materials. 
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Table 1-2: Common raw polymers used in fused filament fabrication. 

Material Properties Source 

Polylactic Acid 
(PLA) 

 One of the most common FFF materials 

 Strong but brittle 

 Low softening and melting temperature  

 Moderate thermal expansion coefficient 

 Good cold-welding ability 

 Low impact toughness 

[3], [39], [40] 

Acrylonitrile 
Butadiene 

Styrene (ABS) 

 One of the most common FFF materials 

 More ductile than PLA with similar strength 

 High glass transition and printing temperature 

 Moderate thermal expansion coefficient 

 Moderate cold welding ability 

 High impact toughness 

[3], [41], [42] 

Polycarbonate 
(PC) 

 High strength, moderate ductility 

 Very high glass transition temperature 

 Poor cold welding ability 

 Very high impact toughness 

[3], [41], [43], 
[44] 

Nylon 

  High strength and ductility 

 Low glass transition and high melting temperature 

 Moderate thermal expansion coefficient 

 Good cold welding ability 

 High impact toughness 

[41], [45], [46] 

High-Impact 
Polystyrene 

(HIPS) 

 Dissolvable support material 

 High strength, moderate ductility 

 High glass transition and melting temperature 

 Moderate impact toughness 

[3], [41], [47], 
[48] 

Polyetherimide 
(PEI) 

 High strength, moderate ductility 

 Very high glass transition temperature 

 Moderate impact toughness 

[3], [46] 

Polyethylene 
Terephthalate 

(PETE) 

 Moderate strength and ductility 

 Moderate glass transition and high melting 
temperature 

 Low impact toughness 

[41], [48], [49] 

Many filled polymers are currently available for use with a fused deposition modelling (FDM) 

printer.  Some of the options are listed in Table 1-3.  The current purpose of filling polymers for 

use with FDM is to modify the look and feel of the polymers, to improve mechanical properties, 

or to add a property to the material.  Metal, wood, and ceramic fills are used to improve the 

look and ‘feel’ of the polymer.  They modify the density, color, specific heat, thermal 

conductivity, modulus of elasticity, and strength to be more like the filler material.  This is useful 
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for creating artistic pieces, but adding fillers to a high volume percent reduces the strength 

properties of the blended material.  Carbon fiber fills are used because they have higher 

strength than the polymer would alone [38].  Conductive filled polymers are new to the market 

and give FDM printers the ability to make simple embedded circuit boards.  Glow in the dark 

filaments are another example of a filled filament for the purposes of being artistic.   

Table 1-3: Filled Polymers in the Market 

Fill Type Names Sources 

Wood LayWood, WoodFill, BambooFill, Maple PLA Composite [50]–[52]  

Carbon Fiber XT-CF20, Carbon Fiber PLA  [51], [53] 

Brass BrassFill [51]  

Bronze BronzeFill, Bronze PLA Composite [51], [52]  

Copper CopperFill [51]  

Iron Iron PLA Composite, Magnetic Iron PLA  [52], [53] 

Steel Stainless Steel PLA [53]  

Glow in the Dark GlowFill [51]  

Conductive Fill Conductive Graphene Filament, Conductive PLA  [53], [54] 

Ceramic LayBrick, Limestone PLA Composite [50], [52]  
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1.2 Powder Injection Molding 

Powder injection molding (PIM) produces complex geometry in high volume, at low cost, with 

tight tolerances, using a variety of materials, and has good final material properties [58].  PIM is 

used to manufacture components for many applications and is applicable for components from 

3mg to 17kg [59].  The injection molding process allows the injection molding of metallic and 

ceramic materials [60].  PIM can be used to produce components for many different industries 

due to its flexibility.  Examples of what can be produced with the PIM process are listed in Table 

1-4.   

Table 1-4: Powder injection molding applications 

Industry Applications Source 

Aerospace  Rocket nozzle guidance systems 

 Combustion chambers 
[60], [61] 

Automotive  Locking mechanisms 

 Transmission synchronizers 

 Airbag sensors 

 Spark plug bodies 

[60], [61] 

Consumer  Watch components 

 Children’s toys 
[61], [62] 

Dentistry  Orthodontic appliances 

 Partial dentures 

 Permanent implants 

[61]–[63] 

Electronics  Hard disk drive magnets 

 Cellular phones 

 Accelerometers 

[61], [62], [64] 

Military  Fire arm components 

 Ordnance fuses 
[65] 

Medical  Orthopedic Implants 

 Surgical tools 

 Hypodermic needles 

[59]–[61] 
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1.2.1 The PIM Process 

The Powder injection molding process has several steps to produce the final part.  These steps 

are shown in Figure 1-3.   

 

Figure 1-3: Powder injection molding process. 

The first step in the process of PIM is to select the powder and binder that will be used to create 

the feedstock.  The powder and binder system are selected to meet the needed processing and 

final property requirements.  The binder system is designed to flow easily, remain homogenous, 

create strong green parts, be easily removable, and reduce deformation during processing.  The 

binder properties are modified by additives such as plasticizers, lubricants, surfactants, and 

backbone polymers [61].  The powder is selected to meet the final part’s requirements and the 

binder system is modified to match the needed processing conditions.  Selection and tuning of 

the material systems is traditionally done by trial and error, with some research recently into 

simulation [66]–[68].   

Blending of the powder and binder is typically done by melt blending.  The feedstock can be 

mixed in different steps depending on the components used, and is mixed until it is highly 

homogeneous.  Powder loadings of 60vol% are typical for narrow size range powder, but can be 

increased by having a wider size range or by the addition of finer powder to reach 74vol% or 

more [58].  Typical average powder diameters range from 0.1 to 20µm [60].  The powder loading 
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of a feedstock is chosen by testing for the critical solids loading and selecting a lower volume 

percent.  The mixed feedstock is then pelletized or ground into small enough pieces to be 

injection molded [66]. 

Injection molding is done in several steps by an extruder.  The pelletized feedstock is fed into 

the barrel by a controlled method.  The feedstock is melted in the barrel and is moved forward 

by the rotating screw.  The mold is closed and the feedstock is forced into the die cavity.  When 

the cavity is mostly filled the pressure remains high to pack the mold.  The green part is then 

cooled and ejected so another component can be molded.   

The next step is to remove the polymer from the green part prior to sintering.  This can be done 

by solvent and thermal debinding.  Solvent debinding removes polymer by submerging the part 

in a heated solvent to dissolve a portion of the binder.  Thermal debinding removes the 

remaining polymer by pyrolysis, which is the decomposition of the polymer at high 

temperatures.  Adding a polymer to the binder system that can be removed by solvent 

debinding is optional.  Binder removal can be accomplished by only thermal debinding.  Solvent 

debinding is used to reduce the stress on the part that occurs during thermal debinding by 

creating open porosity so gases to escape the part more easily during thermal debinding.  It also 

reduces the amount of polymer that is needed to be removed.  Thermal debinding is done by 

holding the part at several high temperatures that minimize deformation, and remove all of the 

polymer. 

After the polymer is removed the part is sintered.  Sintering is the consolidation of the powder 

into a large aggregate that has strength, and typically shrinks depending on the material.  

Sintering is done at temperatures near, but below the melting temperature of the material.  The 

high temperatures increase atomic diffusion that causes sintering.  The beginning of sintering 

typically begins at ½ to 2/3 of the materials melting temperature [58].  Figure 1-4 is a basic 

representation of the sintering process if the powder was perfectly spherical.   
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Figure 1-4: The sintering process 

The final part will be smaller than the injection molding green part because the gaps between 

the powder particles is reduced.  This has to be compensated for in the design of the part and 

mold.  Shrinkage varies depending on the powder loading and remaining porosity.  96% of 

theoretical density is typical and the components have mechanical properties similar to that of a 

wrought material [60].  The produced parts are higher accuracy than sand cast components and 

post machining can be performed to further increase dimensional accuracy [59].   

 

1.2.2 Binders and Fillers 

The binder and filler chosen for producing the PIM feedstock changes its material properties and 

processing.  The binder system effects how high the powder loading can be, how strong the 

green part is, how the parts are processed, and how easily the feedstock is mixed/molded.  The 

filler can also effect the maximum powder loading, the strength of green parts, and sinterability.  

Some commonly researched binder systems and the fillers tested with them are listed in Table 

1-5.   

A binder systems consist of backbone, plasticizers, surfactants, and soluble polymers depending 

the intended processing conditions.  The backbone polymers such as polypropylene, poly 

methyl-methacrylate, and polyacetal provide the strength to green parts.  Plasticizers are used 

to make the part tougher and more flexible.  Soluble polymers are included so the green parts 

can be solvent debound, and often also act as plasticizers and lubricants.  Some of the polymers 

used for solvent debinding are polyethylene glycol, paraffin wax, microcrystalline wax, and 

carnauba wax [58]. 
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Powder morphology also affects the material properties of the feedstock.  Powders can have 

different physical characteristics such as: particle shape, size distribution, average particle size, 

and apparent density.  Irregularly shaped powders don’t pack well and will have a lower critical 

solids loading and apparent density.  A wide size distribution or multiple powder sizes can 

increase solids loading and apparent density.  Increasing the critical solids loading and apparent 

density increases the amount of powder that can be loaded into green parts.  Which decreases 

shrinkage during sintering and improves dimensional accuracy [58], [69].   

Table 1-5: Common binder systems and fillers. 

Binder System Fillers Binder System Description Source 

Poly Methyl-
Methacrylate 
and 
Polyethylene 
Glycol 

Stainless Steels, 
Titanium alloys, 
Zirconia,  

High density achieved by solvent 
debinding PEG in warm water, and 
relying on PMMA to hold the part 
together during pyrolysis and early 
sintering.  Up to 85wt% PEG used. 

[70]–[77] 

Polyethylene 
and 
Polyethylene 
Glycol 

Tin Bronze, Titanium, 
Zirconium Silicate 

Solvent debinding of PEG, with 
Polyethylene as a backbone polymer. 

[78]–[80] 

Polyethylene 
and Wax 

Stainless Steels, Tin 
Bronze, Tungsten 
alloys, Aluminum 
alloys, Nickel, 
Alumina, and Zirconia 

Paraffin, carnauba, bees, or 
microcrystalline wax is removed by 
thermal debinding or solvent 
debinding in toluene, heptane, and 
others.  Polyethylene degrades at a 
higher temperature than wax and 
strengthens the green parts. 

[64], [69], 
[78], 

[81]–[89] 

Polyethylene, 
Ethylene Vinyl-
Acetate, and 
Wax 

Stainless Steel, 
Alumina, and Zirconia 

Ethylene Vinyl-Acetate is added to 
the PE/wax system to increase the 
maximum temperature the binder 
system remains during thermal 
debinding. 

[64], [89] 

Ethylene Vinyl-
Acetate and 
Wax 

Inconel, and Zirconia 

Wax is removed by solvent or 
thermal debinding.  EVA is removed 
by thermal debinding and provides 
strength and flexibility to the green 
and brown parts.   

[89], [90] 

Polyacetal and 
Polyolefin 

Steel alloys, Stainless 
Steels, Alumina,   

Solvent debound by degradation of 
polyacetal into formaldehyde below 
its softening temperature with acid.   

[91], [92] 
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1.3 Problem Statement and Materials 

Replace the injection molding step in PIM with FFF 3d printing.  To achieve this a sinterable 

feedstock that can be made into FFF printer filament was developed.  The intended process is 

outlined in Figure 1-5.  This process would expand the materials that can be printed using FFF 

into any metal or ceramic that has been used in PIM.  The materials used to develop a sinterable 

feedstock were selected from those used in current PIM and FFF.   

 

Figure 1-5: Combined FFF and PIM process diagram. 

The filler selected for this research was bronze because it sinters at a relatively low 

temperature, can be highly spherical, have a small average particle size, and is resistant to 

corrosion [69], [92].  It has been tested with several binder materials that are shared with that 

of FFF filament materials.  Spherical powder have higher theoretical critical powder loading and 

minimum powder loading is typically 50vol%.  Having a higher critical solids loading gives a 

larger window of powder loadings to test and a lower powder loading relative to the critical will 

make green feedstock more flexible, and have lower melt viscosity [73]. 

The binder polymers were selected for testing because of their use in PIM and FFF.  From PIM 

the polymers polymethyl methacrylate (PMMA), ethylene vinyl acetate (EVA), paraffin wax, 

carnauba wax, microcrystalline wax, polyethylene glycol (PEG), polyvinyl alcohol (PVA), glycerol 

monostearate (GMS), and stearic acid (SA) were selected for testing.  PMMA and EVA are 
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common binder systems used that provide the needed strength, and are removed easily by 

thermal debinding.  The waxes, PEG, and PVA are the solvent debindable polymers that were 

tested.  GMS and SA are surfactants that are also water soluble.  From FFF the polymer PLA was 

selected for testing.  It is the easiest material to 3d print, and blends well with several common 

PIM materials.  Binary blends of these polymers have been researched and ware used to guide 

decisions about polymer blending.   

The backbone polymers PLA and PMMA used in binder development are miscible [93]–[98].  The 

binary blending of PLA and PMMA’s effect on the glass transition temperature is shown in Figure 

A-5.  PMMA has a higher glass transition temperature, and starts to noticeably increase the 

binary blend’s glass transition at 20wt% PMMA.  This was used to counteract the decrease in 

glass transition from addition of PEG.  PLA and PMMA have similar mechanical properties in 

terms of tensile strength, modulus of elasticity, and elongation at break.  Blending of the 

polymers increases the tensile strength by 3-14% between 20-50wt% PMMA, shown in Figure 

A-6 [93], [94], [97].  The increase in strength causes a small decrease in elongation at break, but 

the raw materials are already brittle so the effect is minimal.  Modulus of elasticity follows the 

linear rule of mixtures with little variation [93], [97]. 

EVA was used as a plasticizer for PLA in this work, and has been thoroughly researched by 

others.  Some previous research suggests the polymers are completely miscible when the EVA 

has a high vinyl acetate (VA) content, while other suggest the opposite.  It is unclear if the two 

polymers are miscible, but they produce a homogeneous binary mixture when blended by melt 

blending or by solvent blending [99]–[108].  Because the polymers produce a two phase 

mixture, they maintain their original glass transition and melting temperatures.  The addition of 

EVA does change the mixture’s mechanical properties.  Figure A-9 shows the decrease in tensile 

strength that occurs with the addition of EVA.  Reduction in strength continues until the tensile 

strength of the EVA is reached between 50-60wt% EVA.  The VA content of the EVA doesn’t 

change its effect on tensile strength of PLA [99]–[108].  The modulus of elasticity, shown in 

Figure A-10, follows the linear rule of mixtures.  The elongation at break in Figure A-11 had a 

wide variation with no noticeable change for different VA contents.  The data from [99], [100], 

[102]–[105], [107]–[109] all agree that a large increase in elongation at break doesn’t occur until 

~50wt% EVA.  But [106] shows very small amount of EVA can drastically increase the elongation 
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at break of PLA, and it is included on the plot as ‘outlier’.  The same materials in the outlier data 

are used in other papers, it was excluded from decisions made to improve the binder because it 

didn’t agree with other data.   

PEG was used as a plasticizer and was the solvent debindable phase.  PEG is available in a range 

of molecular weights (MW) that change its physical properties from a liquid, to soft wax, to hard 

solid wax.  In its solid form it is weak and brittle.  All MW’s of PEG have a glass transition 

temperature below room temperature, and is miscible with PLA [110]–[116].  The glass 

transition temperature of PLA/PEG polymer blends, shown in Figure A-12, almost follows the 

linear rule of mixtures.  At about 20wt% PEG the glass transition temperature is approximately 

room temperature.  With too much PEG, the PLA will be very soft and prone to being crushing in 

the 3d printer’s extruder.  The glass transition temperature will need to be increased with 

PMMA or other miscible high glass transition temperature polymers.  Tensile strength of PLA is 

reduced by adding PEG of all MW’s, and is shown in Figure A-13.  The strength reduction is 

significant and is reduced to that of the PEG by adding only 20-30wt% PEG [110]–[116].  Liquid 

PEG’s reduce PLA’s strength the fastest, and by the most.  Waxy PEG’s reduce tensile strength 

similarly to that of solid PEG, but continue to reduce strength at PEG contents greater than 

20wt%.  Solid PEG reduces PLA’s tensile strength the least and the slowest with PEG addition, 

down to 20MPa.  Modulus of elasticity was reduced the most by liquid PEG’s, Figure A-14 shows 

this.  Waxy and solid PEG reduce PLA’s elastic modulus at a similar rate, down to about half its 

raw elastic modulus at 20wt% PEG.  Previous research on the elongation at break of PLA/PEG 

blends is in Figure A-15.  Liquid PEG increased the elongation at break the most at 10wt% PEG, 

then decreases for all available data up to 20wt% PEG.  Waxy PEG shows increasing elongation 

at break up to the max 20wt% PEG that has been researched.  Solid PEG had little increase in 

elongation at break with [116] reporting >100% elongation at break for 10,000MW PEG, but all 

others report <10% elongation at break for high MW PEG’s [110], [111], [113]–[115].  Waxy PEG 

with a MW between 1000 and 1500 will likely be the best for the solvent debindable portion of 

the binder.  Percentages of up to 30wt% PEG seem possible without complete loss of strength, 

and will act as a plasticizer to increase flexibility of the filament and help with spooling.   
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1.4 Goal of the Study 

The goal of this research is to apply PIM methods to the FDM 3d printing process and create a 

metal powder filled polymer feedstock that can be made into filament, printed on a FFF 3d 

printer, solvent debound, thermally debound, and sintered to high density.   

The steps taken to reach this goal were:  

1. Measure polymer and filler materials properties. 

2. Determine the optimum sintering temperature by testing loose powder sintering of 

bronze. 

3. Develop a feedstock blend that can be printed with high enough powder loadings that it 

could theoretically be sintered. 

4. Add a solvent debindable phase to the binder so sintering with fewer defects would be 

possible, and still can be printed. 

5. Prepare several variants of this functional feedstock that have different effects on its 

ability to perform parts of the goal. 

6. 3D print test coupons which each feedstock for testing. 

7. Study the different feedstock’s solvent and thermal debinding performance to 

determine correct processing parameters prior to sintering. 

8. Conduct sintering tests with coupons using the parameters determined in previous 

steps.   
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Chapter 2: Experimental 

2.1 Materials 

There are a wide range of metal powders available in PIM, the most important characteristic for 

this application is average particle size.  If the powder particles are too large they will cause 

jamming in the 3d printer’s nozzle because they can build up a bridge blocking material from 

being extruded.  For the feedstock to be made into a FFF filament that has PIM processing 

properties it will need to be strong, highly flexible, thermally removable, allow high powder 

loadings, and a portion needs to be solvent debindable.   

2.1.1 Fillers 

The filler powder for this research needed to be easy to work with so the task of developing a 

functional binder system could be the main focus.  This required the powder to be easily 

sintered, resistant to corrosion, highly spherical, have a small average particle size, and a low 

particle size distribution.  An easily sintered material will sinter at low temperatures, doesn’t 

require an exotic sintering atmosphere, and isn’t too sensitive to remaining polymer after 

thermal debinding.  Allowing shorter and less expensive furnace runs, and increases the 

flexibility of the binder system to polymer that may not burn out completely.  Resistance to 

corrosion such as oxidation allows the use of water debinding, which is easier than solvent 

debinding other materials such as wax in heptane [117].  A highly spherical powder will allow a 

higher powder loading without as high an increase in viscosity or decrease in green strength.  A 

spherical powder will also flow better when melted and jam less by the powder particles 

bridging in the 3d printer’s nozzle.  Having a low particle size distribution will also decrease the 

change of jamming because it reduces the possibility of many large particles passing through the 

nozzle simultaneously.  

A material that sinters easily and is resistant to corrosion is bronze.  It builds a thin protective 

layer of different oxides, and this layer takes several days to begin appearing [86].  If this oxide 

layer appears can easily be removed in a reducing atmosphere during sintering [78].  The 

powder can be highly spherical and have low particle size ranges.  Because bronze powder fits 

well with the requirements it was selected for as the filler for the extensive portion of testing.  

The bronze powders used as filler were provided by Accupowder.  Three powders were 

purchased for testing that had different properties.  The chemistry of each powder is in Table 
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2-1.  All three had similar chemistries with small differences in the tin/copper ratios, as well as 

small differences in phosphorous content.   

Table 2-1: Bronze powders chemistry 

Powder Tin% Phosphorous% Copper% 

Bronze 10P 10.430% 0.094% 89.476% 

Bronze 5807 9.550% 0.180% 90.270% 

Bronze 5807C 11.590% 0.153% 88.257% 

The properties of these powders measured by Accupowder are given in Table 2-2.  There was 

little variation in the apparent densities between the powders.  A higher apparent density will 

give a higher critical solids loading, which allows more powder to be used in feedstock.  The 

sieve results show the 10P has the most particles above 44µm.  This gives 10P a higher chance of 

having multiple large particles passing through the nozzle at the same time and increased the 

chances of jamming due to bridging.  5807 and 5807C had similar sieve results, with half the 

number of particles as 10P in the -74/+44µm range.  None of the powders had any particles 

above 74µm because they were sieved with this mesh before testing to eliminate particles 

greater than this size.   

Table 2-2: Bronze powders properties. 

Powder 

Apparent 
Density 

[g/cm^3] +74 µm Mesh -74/+44 Mesh 
 

-44 µm Mesh 

Bronze 10P 4.84 0.00% 5.60% 94.40% 

Bronze 5807 5.05 0.00% 1.90% 98.10% 

Bronze 5807C 4.98 0.00% 2.40% 97.60% 

SEM images in Figure 2-1 of the powders show particle sizes that match with sieve data in Table 

2-2.  The 10P SEM shows a wider particle range than the other two powders, where 5807 and 

5807C have a much narrower observed particle size range.  The 10P has a visually estimated 

average particle size of about 8µm.  The 5807 SEM shows it is has the largest average particle 

size of about 80µm and the 5807 powder has an average particle size of about 15µm.  These size 

estimates are based off measuring some of the particles using the SEM software and applying an 

observed average particle size.  Unfortunately a number average particle size measurement was 

not available to give more accurate results.  Though the powders had similar results from sieve 
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analysis they had very different estimated average particles sizes and size ranges.  5807 had the 

largest estimated average particle size, and was not tested because of its high chance to jam the 

printer.  Only 10 particles wide of 5807 would fit through the nozzle at once.  10P had the 

smallest estimated average particle size, with only a small percentage being above the 44µm 

size in the sieve testing.  The small average particle size gives 10P the lowest chance of jamming 

in the 3d printer so it was the material focused on in this research.   

 

Figure 2-1: Bronze powder SEM’s.  (a) 10P, (b) 5807, (c) 5807C. 

 

2.1.2 Binders 

For a 3d printing filament to function properly it has be to easily formed, be flexible enough to 

spool, strong enough to be extruded in a standard extruder, be low enough viscosity to flow 

through the nozzle, and be capable of PIM processes steps.  To achieve these properties a 

binder system had to be developed that included backbone polymers, plasticizers, solvent 

debindable components, and surfactants.  Backbone polymers provide strength to the binder 

mixture.  Plasticizers improve flexibility and reduce strength of the binder system.  Solvent 

debindable polymers allow the removal of some polymer from the green component to reduce 

stresses on the part during thermal debinding.  The solvent debindable polymers also can act as 

plasticizers because they are typically waxy polymers.  Surfactants keep the powder well 

dispersed in the feedstock and are used in low concentrations to avoid affecting the mechanical 

properties.  By combining these polymer components into one binder system the goal of 

producing a printable, debindable, and sinterable filament.   

The majority of testing was done using the materials listed in Table 2-3, and some of their 

material properties are included.  PLA Natureworks 3001D was used because it is designed for 

injection molding and has a high melt flow rate.  75,000MW PMMA was used because it was 
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readily available.  Elvax450 is an EVA produced by DuPont with 18wt% VA content.  Only thermal 

properties for Elvax450 were provided from the manufacturer, mechanical properties were 

taken from EVA with the same VA content.  PEG properties are of the hard wax higher MW 

PEG’s.  No elongation at break was found in literature because the material is brittle.  Melting 

temperature of PEG decreases with MW, and is about room temperature around 1000MW.  

Different MW PEG’s were tested to determine which would work best for the needed material 

properties.  Hytrel5526 is a thermoplastic elastomer produced by DuPont.  It is flexible, melt 

blends well with EVA, and has been used in PIM applications.   

Table 2-3: Polymer properties (* values from similar materials). 

Material Tg [°C] Tm [°C] 

Tensile 
Strength 

[MPa] 

Modulus 
of 

Elasticity 
[MPa] 

Elongation 
at Break Sources 

PLA 3001D 55 155-170 62 3700 3.5% [118] 

PMMA 75k 
MW 

105 NA 65 
2700-
3720* 

10% 
[41], [93], 

[97] 

Elvax450 61 86 15.3-19.4* 27.6-44.4* 264-712%* 
[102], 
[103] 

PEG 
(>4000MW) 

NA 50-63 1.5-2.6 900-1200 NA 
[112], 
[119], 
[120] 

Hytrel5526 -20 203 14 190 300-780% [121] 

The polymers in Table 2-3 were melt blended with bronze powders in different ratios to develop 

a feedstock that could be printed with a high enough powder loading for sintering.  All of the 

feedstock mixtures tested can be found in Table A-2 on page 137.   

 

2.2 Feedstock Development 

2.2.1 Mixing 

A Brabender Intelli-Torque Plasti-Corder with a mixing/measuring head attachment torque 

rheometer was used for mixing each feedstock.  Mixing was done at temperatures between 

140-230 °C, rotation speeds between 20 and 120 RPM, and long enough mixing times to reach a 
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homogenous and uniform mixture.  The binder and filler components of each sample were put 

in the mixing chamber simultaneously.  The components of each feedstock tested are listed in 

Table 3-9, Table A-2, Table A-3, and Table A-4.  Typically no premixing of the feedstock 

components was done.  The samples were weighed into the same pan and slowly added to the 

preheated mixing chamber.  The samples were mixed until the mixing torque remained constant 

and the sample looked homogenous in the mixing chamber.  Constant torque values at the end 

of mixing were used as an initial test of melt viscosity by comparing them with values for a 

generic 3d printer filament produced by Shaxon.  If the melt viscosity was too high, it would be 

difficult to extrude through the hotend on the 3d printer and the feedstock could be rejected 

quickly. 

 

Figure 2-2: Brabender Intelli-Torque Plasti-Corder. 
 

2.2.2 Critical Solids Loading 

The critical solids loading (Φc) occurs when the powder particles are tightly packed and every 

void between particles is filled with binder.  It is important because it is the maximum amount of 

powder the binder system can have in suspension.  The highest powder loading possible will 

give the best sintering results.  Knowing how much powder the binder system can hold in 

suspensions helps select the powder loading (Φ) of the feedstock, which is always less than Φc.  

The Brabender intelli-torque plasticorder used for mixing was also used for finding the Φc for 

different polymer systems.  The mixing to measure critical solids loading was done at 190°C and 
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60 RPM.  The binder polymers were added to the mixing chamber first and allowed time to melt 

completely.  The bronze powder was then slowly added to a starting powder loading of 85wt% 

(48vol%).  The sample was mixed until the mixing torque values became constant.  More 

powder was then slowly added to the mixing chamber in small increments.  After each powder 

addition the mixing torque was allowed time to stabilize.  More powder was incrementally 

added until the torque became non-constant or drops drastically.  The critical solids loading falls 

between the last powder addition and the one before.  The powder loading of the feedstock is 

then selected a few weight percent less than the measured critical solids loading. 

 

2.2.3 Melt Flow Indexer 

A Dynisco D4000 melt flow indexer (MFI) was used to produce filament and for finding an 

appropriate hotend temperature for printing.  The MFI is a piston is driven by a fixed mass, 

which forces polymer through a removable die, in a temperature controlled cylinder.  A basic 

depiction of the MFI’s geometry is shown in the left image of Figure 2-3.  Standard operation of 

an MFI is outlined in ASTM D1238, and this standard was followed for melt flow rate testing.  

The standard die dimensions for melt flow rate testing are shown in the right image of Figure 

2-3.   

For melt flow rate testing procedure ‘A’ in ASTM D1238 was followed.  The ASTM standard 

recommends only using procedure if the melt flow rate is less than 50g/10min.  The feedstocks 

in this research are much denser than a typically tested polymer, so this recommendation was 

ignored.  The testing standard recommends certain temperatures and weights for different 

polymers[122].  Because the testing was intending to determine which temperature was best 

for printing the temperature was varied.  The heaviest weight available was used of 2.16kg 

because the high powder materials loading makes the material very viscous even at high 

temperatures.  The same weight was used for all testing to make the results easily comparable.  

Before testing, the feedstock was cut into small enough pieces to be placed easily into the 

cylinder and the cylinder, piston, and die of the MFI were thoroughly cleaned.  The MFI was set 

at the lowest temperature intended to be tested for the feedstock.  The die and piston were 

inserted into the cylinder during heating.  The MFI was allowed to heat up and normalize for to 

within ±0.2°C for each test.  For the first test a minimum of 15 minutes of heating was allowed 
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before testing so the MFI could reach a steady state temperature.  An appropriate amount of 

feedstock material was placed into the cylinder and the piston was inserted again.  The polymer 

was allowed time to heat up and for the MFI to reach steady state temperature again.  The 

weight was then added to the top of the piston.  When the piston passed the lower scribe mark 

a timer was started simultaneously with cutting and removing the material that was below the 

die.  Depending on the observed material flow rate different cut times were used to to make 

five cuts during each test.  After the test was complete the remaining material was purged, the 

cylinder and die were removed, and the MFI was cleaned.  The MFI was set 10°C higher and the 

test was repeated.  The temperature was increased until the flow rate was extremely high 

relative to that of the standard 3d printer PLA filament, or the material would fall out of the MFI 

under its own weight giving poor results.   

 

Figure 2-3: (a) Melt flow indexer operation and (b) ASTM standard die dimensions in 
millimeters. 

To produce filament using the MFI several custom dies were machined to allow the filament to 

be produced as close to the 2.85 mm diameter as possible because this was the ideal filament 

diameter for the 3d printer.  The manufactured die diameters ranged from 2.34mm to 3.15mm.  

The smaller sizes were produced if die swell occurred, and the larger diameter dies were used to 

account for necking.  A cooling fan was used to freeze the filament immediately upon extrusion 

from the MFI to avoid excessive necking due to the high density of the material.  The 
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temperature for extrusion was selected by trial and error, and was typically well below the 

melting point.  The MFI temperature was first set at a temperature that the material would 

extrude under the weight of the 2.16kg mass used for melt flow rate testing.  This temperature 

was always too high to produce filament without it breaking, or necking as it was extruded.  The 

MFI temperature was reduced in increments of ten, and the material was extruded by pressing 

firmly down on the weight on top of the MFI.  The temperature was reduced until no necking 

occurred, or until the material couldn’t be forced through the die.  The temperature was then 

increased in 1°C increments until it could extruded.  The process was extremely sensitive, 

variations in ambient temperature would change to required temperature.  The failures that can 

occur from incorrect temperature and the correct temperature are shown in Figure 2-4.  The 

extruded filament was coiled below on top of the MFI.  The barrel of the MFI can be filled 

multiple times without severing the filament, allowing the production of a few meters of 

filament if the material was strong enough.   

 

Figure 2-4: (a) Failed filament, (b) filament necking, and (c) correctly produced filament. 

After the filament had been produced the feedstock needed to be tested in several ways.  To do 

this a FFF printer was built and maintained, test parts needed to be printed, the printed samples 

needed to be solvent debound, thermally debound, and sintered.  During each of these steps 

the materials used had to be characterized to verify the feedstock was meeting performance 

requirements.  Each tool used for these steps and how it was used is described in detail below.   
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2.3 3D Printing 

2.3.1 The Printer 

There are many types of FFF printers commercially available at the hobbyist level.  The FFF 

printer used for this research was a modified MendelMax 2, Figure 2-5 shows printer.  It uses 

Cartesian translations to move the filament extruder and hotend.  The X-axis is supported and 

moved vertically by the Z-axis.  The Y-axis holds the build plate and provides the third 

translational axis.  This printer was chosen because of its open design, ease of modification, and 

ability to handle heavy or multiple extruders.  The majority of the printer was unmodified, and 

many parts were sourced from the manufacturer.  The X-axis and Y-axis were modified to use 

linear bearing and rods because the commercially available model uses polymer bushings that 

need to be replaced often and can’t handle high loads.  The electronics are normally placed 

under the Y-axis, but were mounted outside of the base in a printed case for easy access for 

troubleshooting.   

  

 (a) (b) 

Figure 2-5: MendelMax 2 3D printer with modifications.  (a) Model of printer and (b) Built 
printer. 

The X and Y axis were MXL timing belt driven off of NEMA17 stepper motors with a 20 tooth 

aluminum pulleys.  The Z-axis was held in place by 2 linear rods with oil impregnated bronze 
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bushings, and was driven by one acme screw on either side of the X-axis.  The Z-axis had one 

NEMA17 stepper motor for each screw to have enough power to easily lift the X-axis carriage.  

The build plate was attached to the Y-axis.  The printing surface of the build plate was 

borosilicate glass that was backed by an aluminum heat spreader with a resistive heater 

adhered to the bottom with Kapton tape.  The heated bed could maintain temperatures within 

5°C of the target and could hold temperatures in excess of 120°C without an enclosure.  A 

heated bed helps the extruded material adhere to the build plate, and can reduce the warping 

due to thermal shrinkage during printing.   

The extruder and hotend were both purchased because of there are several option that are 

better than what could be manufactured.  The extruder purchased was a Bulldog XL and is 

shown in Figure 2-6.  It uses a shortened NEMA17 motor that is geared down 5:1 to increase 

drive torque.  It drives a wheel with sharp teeth cut into it that bite into the filament.  A ball 

bearing is forced up against the drive wheel with adjustable springs, so the compression on the 

filament could be varied.  The extruder drives the filament into a hotend that is seen below the 

extruder in Figure 2-6.  The hotend has a heated nozzle and block at the bottom with a heat-

break and heatsink that keeps the amount of melted material to a minimum.  Keeping a minimal 

amount of material melted decreases the force required to extrude the material.  The heatsink 

has a speed controlled fan to stop heat from creeping up and melting more material.   

 

Figure 2-6: (a) Bulldog XL extruder and E3D V5 hotend.  (b) Wired RAMPS1.4 shield with 
modified heater controller.   

The motors were controlled by an Arduino mega and driven by a RAMPS1.4 stepper motor 

control shield.  The RAMPS1.4 shield has the ability to drive 5 separate stepper motors so the 

XYZ axes and two extruders can be used.  The shield also controls the heaters, but was built 

incorrectly so a separate set up FET’s were used to control the heaters.  The heater board can be 
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seen in Figure 2-6 on the lighter colored vector board above the black RAMPS1.4 shield.  The 

Arduino is connected to a computer system that sends commands, and was loaded with 

firmware Repetier V0.92.2. 

 

2.3.2 Printer Calibration 

Fused filament fabrication printing accuracy relies on the printer to be accurately assembled so 

feedback loops are not required.  To achieve high accuracy the printer’s axes need to be 

orthogonal and move freely.  The volume of material extruded needs to consistent, which is 

related to filament diameter consistency.  The heated part of the printer need to be able to hold 

the set temperatures reliably.   

Tuning the printer involved using a trial and error method.  Simple 2x2x1cm boxes were printed 

and measured.  Once a box was measured an educated guess was made as to which setting 

should be adjusted to fix a tolerance issue.  The part was also visually inspected for obvious 

defects such as holes, bulging, or under extrusion.  Table 2-4 lists some of the printing problems 

that can occur and what solutions may apply to fix the printer.  There are many options for 

adjustment depending on the problem with the part.    
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Table 2-4: Printing issues and some of their causes. 

Printing problem or defect: Possible reasons or solutions: 

Under-filled layers  Filament slipping in drive wheels 

 Under extrusion: filament diameter set too low, extrusion 
multiplier set too low 

 Hotend temperature too low causing filament to jam at 
high print speed such as infill 

 Extruder or hotend is jammed 

 Overheating extruder motor driver causing missed steps 

Consistent gapping between 
print lines 

 Filament diameter set too small 

 Extrusion multiplier too low 

 Print line overlap set too low 

Stringing between parts  Hotend temperature is too high 

 Retraction length or speed is too low 

 Printing too large of overhangs 

Part is oversized or bulging  Filament diameter set too low 

 Extrusion multiplier is too high 

 Z-axis didn’t move up properly 

Gaps in surfaces  Not enough solid layers 

 Not enough perimeters 

 Infill percentage is too low 

Previous layer deformation 
(part overheating) 

 Total cross-section of the layer is too small 

 Increase slowdown threshold 

 Decrease minimum printing speed 

 Need a part cooling fan 

First layer not sticking to 
build plate 

 Nozzle to farm from build plate (z-axis not adjusted 
properly) 

 Printing too fast 

 Hotend temperature too low 

 Heated bed temperature too low 

 Bad or dirty build surface 

No material extruded on 
first layer 

 Nozzle is resting on the build plate 

 Hotend wasn’t primed before starting print 

 Not enough skirt perimeters to prime the hotend 

 Nozzle is clogged 

 Extruder or hotend is jammed 

 Filament slipped 

The most common printing failure point in a FFF printer is not having the nozzle distance from 

the bed set properly.  This distance is defined by the printer’s build area, which is set by 

endstops that are checked every time the printer homes.  The Z-endstop for the printer used in 

this research was on the high end of the Z-axis at the opposite end of the print bed.  The build 
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area that is set in the firmware defines the distance from the Z-endstop to the surface of the 

print bed.  The switch is checked multiple times with each home, but can still give incorrect 

results sometimes.  If the X-axis carriage isn’t level relative to the print bed the z height of the 

nozzle will be different on each side of the X-axis.  The Y-axis can also not be the same Z distance 

from the endstop.  This creates a 3d plane that is the build plate where only one point intersects 

the Z-height that is set in the firmware.  Fortunately Repetier can create this plane by measuring 

several points on the build plate with a separate endstop and creating a matrix representation 

of the build plate plane.  It will then build the parts orthogonal to this plane.  This is known as 

auto-leveling, and has to be recalibrated periodically to account for printer wear or anytime the 

printer is moved.   

 

2.3.3 Slicing and Printing 

To control the printer a PC loaded with Repetier-Host V1.0.6 was used.  This software was 

configured to the build volume and speed settings of the printer.  The software allows the 

placement of 3d modelled components in the build area, slicing of the models into g-code, 

adjusting and use of different slicer programs, control of the printer, and communication of g-

code commands for printing.  The main interface of Repetier-Host is shown in Figure 2-7.  The 

top ribbon style menu is used for connecting to the printer, open/closing g-code files, 

starting/stopping prints, changing view settings, and printer settings.  The tabbed section on the 

right side of the interface contains the tools to place, slice, and print parts.  The window to the 

left displays the relevant model depending on which tab is selected in the right section.   

The first step in printing a part is to place it in the build area.  This is done by selecting ‘Object 

Placement’ tab on the right and clicking the plus symbol to open a file navigation window.  

Select the part that is going to be printed, multiple components can be added simultaneously by 

selecting more than one.  The part(s) will be added and auto-arranged in the build area after 

selecting ‘Ok’.  The parts can be moved around by selecting the move tool to the left of the 

viewing window, or the default auto-arranged layout can be used.  Parts can be duplicated to 

print multiple copies, they will be auto-arranged again on the build platform after inputting the 

number of needed copies.  The parts can be rotated so the intended build direction is achieved.  

And to make sure the intended flat side is against the build plate the ‘layflat’ button will snap 
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the parts most parallel face to the build plate.  The placed components can also be mirrored 

about one of the XYZ axes orthogonal planes so only one part needs to be modelled instead of 

modelling a mirrored part before placing the part.  The size of the parts can be changed with the 

‘scale’ tool.  This isn’t typically used for mechanical components, but can be very useful for 

artistic prints. 

 

Figure 2-7: Placing an STL component in Repetier-Host. 

After the components are placed in the build area the g-code needs to be generated.  This is 

done by using a program that ‘slices’ the 3d models into layers that have a 2d printing path.  The 

programs that do this are typically called ‘slicing’ programs.  The one used in this research is 

Slic3r, and the interface in Repetier-Host is shown in Figure 2-8.  It is free and offers a higher 

degree of freedom of settings than many other slicing programs.  There are many settings, and 

some of those used are the appendices in Table A-7.  Different Slic3r profiles can be made to 

easily switch between different types of printing and they can easily be modified in the Slic3r 

configuration window.  After the settings have been selected clicking the ‘Slice with Slic3r’ 

button.  The window will change to having a loading bar that describes what part of analysis the 

slicer program is working on.  Slicing can take a few seconds to over an hour when slicing very 

complex geometry (or high accuracy STL files).  The ‘Kill Slicing’ button can stop the slicing 

program at any time.   
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Figure 2-8: (a) Slic3r configuration window and selecting Slic3r profile in Repetier-Host.  (b) 
Slic3r generating g-code. 

When the slicing is complete a depiction of the print layers will be shown in the display window 

in Figure 2-9.  The complete set of print layers and lines can be seen in the default viewing 

mode.  Each layer or a range of layers can be seen by changing the view type.  The preview 

should be checked to ensure the 3d model was interpreted properly by the slicing software.  It 

can make mistakes such as missing holes, not printing thin walls, or not adding support material 

where needed.  The g-code can also be seen in the second tab in right window.  It can be 

modified to fit printing requirements or to restart a failed print at the point of failure.  

 
Figure 2-9: Preview display after slicing.  (a) Layer range 1 through 50, and (b) only layer 50. 
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Once the slicing has been checked for major mistakes printing can begin.  To start the print 

select the start print button on the top ribbon.  The printer will start heating the bed and will 

wait for it to reach the set temperature.  The printer will then home its axes once the bed 

temperature is reached.  After homing, the hotend will heat to the set temperature.  The 

temperature plots can be seen in the second tab in the main window as show in Figure 2-10.   

 

Figure 2-10: Repetier temperature plots during heating. 

Once the hotend reaches temperature the printer will move to begin printing the skirt that 

outlines the entire print area.  This step primes the extruder and hotend so there is polymer at 

the end of the nozzle.  If no material extrudes before the first layer of the first part is started 

then the print has failed by not being primed at the start.  If a raft is being printed material not 

extruding immediately doesn’t mean printing failed because the part geometry has not begun 

printing yet.  The first layer should be watched closely for adhesion to the build plate.  If the 

corners are lifting pressing them down may help, or using a spray adhesive to prevent more 

lifting.  After the first layer is printed the printer shouldn’t need to be monitored unless very 

complex geometry is being printed with large unsupported overhangs.   

 

2.3.4 Part Design 

Parts designed to be printed well by a FFF printer avoid certain geometries.  First the parts must 

not have significant overhangs.  Meaning the part generally has a decreasing cross-sectional 

area with respect to the positive printing direction.  The parts also should avoid having tall thin 

features.  Each layer while printing needs adequate time to cool before printing the next layer.  
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If tall thin features are required, printing many of the same part or making the printer slow/stop 

between layers will sometimes allow the part to print correctly.  The part needs to be 

adequately large.  FFF printers have a feature size lower limit that is caused by the nozzle 

diameter and surface tension effects of the melted polymer.  Sharp corners and other features 

are difficult for these printers to achieve because polymer is pulled by the viscous forces from 

the nozzle pressing the polymer flat.   

Another limitation of FFF printing is the inability to print features that don’t have any material 

underneath the current layer.  With a small enough nozzle, fast move speed, and adequate 

material cooling large flat overhangs can be achieved by quickly freezing the material that is 

pulled tight behind the nozzle.  These faces will have low tolerance because they typically droop 

slightly before freezing.  It is common to design a part for printed that doesn’t have any 

overhangs, or if it does they are angled and not parallel to the layer.  This is so the extruded 

material has something to attach too.  Figure 2-11 shows an overhang test part that was printed 

with using a large nozzle, low move speeds, and no cooling fan.  These are the worst settings for 

printing overhangs.  On the right side where there are no walls to bridge between the part 

nearly collapsed.  The layers can be seen curling up, and almost not bonding to the previous 

layer.  With shallower overhang angles these defects are minimized.  To minimize defects 

typically the maximum overhang is 45°, or no overhangs at all if they can be avoided.   

 

Figure 2-11: Overhang test part printed with no support and no cooling fan to exaggerate 
defects in clear PLA.  Left side of the part is bridged between two walls.  The closest feature is 

a 15° overhang that is ¼” wide, with similar features behind it at 5° increments up to 45°.   

When too many layers in a row have too small an area the part will not cool enough to maintain 

the original printed geometry.  Figure 2-12 shows a part that with this problem.  The previous 

layers maintain a temperature well above their softening point, and are pulled by the viscous 
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forces of the melted polymer being laid by the nozzle.  This causes the random waviness in the 

orthogonal direction to each layer or what is usually called the print direction.   

 

Figure 2-12: Part overheating from printing over previous layers too quickly. 

Several parts with basic geometry were printed for testing.  These include an ASTM sub-size 

tensile test specimen, boxes of various dimensions, a small test coupon, and a Marvin keychain.  

The 3d model of some of these parts are shown in Figure 2-13.  The single step part was printed 

as the first test for every feedstock.  It is very simple and was printed slowly to avoid 

overheating the part but acted as an easy test that could be compared with all the previous 

tests.  The tensile test specimen and larger box sizes were printed at first because they only 

contain geometry that is easy to print.  The Marvin keychain was printed with some of the later 

tested feedstocks to see how well it printed features like overhangs and sharp corners.   

 
Figure 2-13: Test part 3d models, all dimension in millimeters.  (a) Single step, (b) test coupon, 

and (c) Marvin keychain. 
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The test coupon design was used for debinding and sintering tests.  Because the coupons is 

small it uses very little material, and could be printed in large batches.  They have simple 

geometry that is easy to measure for deformation in future tests.   

 

2.4 Post Processing 

After printing many test coupons of different feedstocks; solvent debinding, thermal debinding, 

and sintering testing was done.  These are the PIM steps of the process that remove the 

polymer and densify the metal part.   

 

2.4.1 Solvent Debinding 

Solvent debinding experiments were performed on many samples in lidded glassware using 

water as the solvent.  The heated bed of the 3d printer was used as a hotplate to heat the 

solvent to 65, 75, and 85°C.  The glassware was filled with water and placed on the heated bed.  

The heated bed was set to the appropriate temperature and the samples were placed in the 

water on top of short sections of filament to allow all sides of the printed parts to be exposed to 

the solvent.  After being immersed in solvent for a period of time the parts were removed.  

Solvent debinding was tested for up to several days.  The glassware was emptied of solvent and 

used as the drying chamber.  It was again placed on the printer’s heated bed and held at 85°C.  

The lid was left partially opened to allow enough airflow to dry the parts without drying too 

quickly and causing cracking.  The mass fraction of soluble binder removed (𝑥) can be calculated 

using equation 2-1, 

 𝑥 =
𝑚0−𝑚

𝑥0𝑚0
 2-1 

where 𝑥0 is the mass fraction of debindable polymer, 𝑚0 is the initial mass, and 𝑚 is the mass 

after debinding. 
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2.4.2 Thermal Debinding 

After the printed parts were solvent debound and dried they were thermally debound before 

sintering.  Thermal debinding was done in a CM Furnaces box furnace in a nitrogen or partial 

hydrogen atmosphere.  Thermal debinding temperatures were tested by using the same 

coupons used in solvent debinding, after an adequate amount of the solvent debindable 

polymers had been removed.  A TGA of each material was used to determine what hold 

temperatures could be appropriate to achieve complete thermal debinding but avoid damaging 

the part.  The coupons were fully supported on porous alumina blocks to prevent them from 

collapsing.  For each test the sample were brought to the desired hold temperature, held for the 

desired time, and cooled quickly to room temperature.  Ramp rates to reach thermal debinding 

temperatures were 1 °C/min to give adequate time for the polymer to leave the part without 

causing any defects.  The samples were then weighed to verify mass loss and measured their 

dimensions to check for deformation.  The mass loss was calculated using equation 2-1.  Several 

hold time and temperature combinations were tested to determine what would work best for 

each feedstock.   

 

2.4.3 Sintering 

Sintering was done in the same furnace used for thermal debinding and was also in a nitrogen or 

partial hydrogen atmosphere.  To understand the sintering characteristics of the bronze powder 

loose powder sintering was done first.  Powder was placed in an alumina pan and ramped at 5 

°C/min to a temperature below the solidus line for bronze and held for one hour.  Several 

temperatures were tested so an optimum hold temperature could be found that sintered the 

bronze powder to high density but had little deformation.  Printed parts were sintered after 

they were both solvent and thermally debound.  The sintering temperature was selected by 

observing the characteristics of the loose powder sintered bronze and the thermal debinding 

temperatures were selected from data collected from thermal debound test coupons.  The data 

and temperature profiles used are discussed in the Results and Discussion section. 
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2.5 Characterization 

2.5.1 Thermal Analysis 

Differential scanning calorimetry (DSC) and thermo-gravimetric analysis (TGA) were used to 

characterize the polymers and polymer systems used in this research.  For DSC the samples 

were first cooled to -50°C then heated at a rate of 5°C/min to 295°C.  The samples were tested 

in standard closed pans within the recommended masses.  DSC data was used to determine if 

the polymer was stable at room temperature, and gave a precise minimum temperature for 

printing.  TGA was started at or near room temperature and heated at 5°C/min to 595°C in an 

open aluminum pan.  The sample was shielded in nitrogen at a flow rate of 50mL/min.  TGA was 

used for determining the temperature profile for the furnace.  TGA also determined if there was 

any remaining mass from the polymer blend at sintering temperatures.   

 

2.5.2 SEM and EDS 

To view the effect each process had on the microstructure and surface chemistry a FEI Quanta 

600F scanning electron microscope (SEM) equipped with energy dispersive spectroscopy (EDS) 

was used.  The samples were placed on carbon tape on a steel sample stem.  They were then 

sputter coated with silver because most samples were not conductive enough to avoid surface 

charging.  A wide range of images were taken to view the effect of different processing factors 

had on the structure of the materials.  EDS analysis was used in many locations on the same part 

and for at least one minute in each location to verify results.    
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Chapter 3: Results and Discussion 

3.1 Material Properties 

3.1.1 Bronze Powder sintering 

Loose powder sintering of 10P bronze powder was done to determine an appropriate sintering 

hold temperature.  Four temperatures were tested for a hold time of 1 hour in a nitrogen 

atmosphere.  A high ramp rate of 5°C/min was used to reduce sintering run length.  The heating 

rate will have minimal effect on the sintered density.  The dimensions and mass of each sample 

was measured to calculate density.   

Figure 3-1 shows the results from the sintering tests for 10P bronze powder.  The three lower 

temperatures had an almost linear increase in sintered density.  The ends of these samples were 

highly deformed.  At the 750°C hold the density of the powder increased the least by 36.8% 

from the apparent density to 6.1 g/cm3.  The highest average increase was at the 900°C hold 

temperature by 57.1% to 7.6 g/cm3.  The highest density achieved is the bottom end of the 

range of densities for bronze in literature.  Unfortunately an accurate measurement of the 

powder’s density was not taken.   

 

Figure 3-1: Density of bronze 10P after loose powder sintering.  5°C/min ramp up to 1 hour 
hold at different temperatures.   

For the highest density and minimal amount of sharp feature loss, 850°C was selected as the 

optimum sintering hold temperature for 10P bronze. 
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3.1.2 Unfilled Polymer Properties 

3.1.2.1 Viscosity 

The viscosity of a commercially available PLA 3d printer filament was measured using a torque 

rheometer and a melt flow indexer.  Measurements were taken at several temperatures in the 

range that the filament is typically printed.  Objectively the best printing quality was achieved at 

205°C as measured by the 3d printer.  The printer’s temperature measurement may have been 

inaccurate, so a range of temperatures were tested.  Also the 205°C is not a measurement of the 

polymer temperature but of the heated block the polymer passes through.  Printing was 

successful at temperatures up to 210°C and down to 180°C.  From this a range of 180-210°C in 

increments of 10°C was selected for testing. 

Figure 3-2 shows the torque versus mixing time plot for the four temperatures tested.  The 

180°C test was not carried out as long as should have been to reach a more constant torque 

value, but shows the same trend as the others with a torque ~3 [N*m] higher than the other 

tested temperatures at the same mixing time.  At 190°C and 200°C similar mixing torque curves 

and similar values for final mixing torque were observed.  The 210°C mixing was included as part 

of the 200°C test.  This was done because of the excessive amount of time and material it 

requires to clean the mixer between each test.  The curve was fit to where its slope visually 

matched best with the other two curves.   

 

Figure 3-2: PLA filament torque rheometry at different temperatures. 
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Table 3-1 has values pulled from the data in Figure 3-2.  It shows the maximum mixing torques 

are similar, but slightly decreasing with increasing temperature.  The maximum value indicates 

the viscosity of the polymer while it is melting, and how fast the polymer melts.  As expected the 

data shows the higher temperature makes the polymer melt faster.  Final mixing torque follows 

what was expected with a higher mixing temperature corresponding to a lower mixing torque 

because of reduced polymer viscosity.  For future comparison with experimental feedstock 

mixtures the maximum mixing torque allowable to have an easily printable material will be 

relative to the 190°C mixing torque of ~3 N*m.  Torque values lower than this indicate the 

material will extrude from the 3d printer easily.  No lower limit on feedstock viscosity was 

established.   

Table 3-1: PLA filament torque rheometry properties at different mixing temperatures. 

Temperature 

Maximum 
Mixing torque 

[N*m] 
Ending Mixing 
Torque [N*m] 

180 34.4 8.2 

190 31.7 3.0 

200 30.0 2.2 

210 NA 1.0 

The melt flow rate of the 3d printer PLA filament was measured at the same temperatures the 

mixing torque was tested.  For comparison the measurements were converted to volumetric 

flow rate because the powder filled feedstocks will have significantly higher density than raw 

polymers.  The melt flow rate for Shaxon 3d printer filament is shown in Figure 3-3.  The melt 

flow rate increases almost linearly with increase in temperature.  Higher variance was seen at 

higher temperatures because the polymer was difficult to handle and cut between 

measurements.  Again 190°C was used as the lower limit to print the filament easily.  The melt 

flow rate at this temperature ~6.5[cm^3/10min] sets a lower limit for printable materials.  This 

lower limit was used to determine the optimum printing temperature of developed feedstocks.   
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Figure 3-3: PLA filament melt flow rate at different polymer melt temperatures. 

 

3.1.2.2 Thermal Properties 

The thermal properties of each polymer were measured using TGA and DSC.  Appendix A 

contains the plots for each of the tested polymer’s TGA and DSC starting with Figure A-16 on 

page 148.  The compiled thermal properties of each polymer are list below in Table 3-2.  Glass 

transition (Tg) and (Tm) were used to determine how each polymer would perform in the hotend 

of a FFF printer, as well as determine their minimum processing temperatures.  The maximum 

processing temperature of a material is the pyrolysis onset temperature.  The end of the 

pyrolysis is when the polymer stops breaking down, or is completely broken down.  Ash content 

is the remaining weight after reaching the maximum test temperature.   

Table 3-2: Polymer thermal properties. 

Polymer 
Tg [°C] Tm [°C] 

Pyrolysis 
Onset 

[°C] 

Pyrolysis 
End     
[°C] 

Ash 
Content 

Natureworks PLA 3001 72.61 178.70 310 415 0.000% 

PMMA 75k MW 107.9   305 430 0.000% 

Hytrel 5526   206.60 290 565 0.000% 

Vinnex 2505     230 565 9.310% 

Elvax 450 60.72 85.66 290 580 0.004% 

PEG 1000 MW   34.51 100(240) 350 0.000% 
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The backbone polymers used for experimentation were Natureworks PLA3001 and a 75K 

molecular weight poly-methyl methacrylate (PMMA).  The PLA was partially crystalline, and the 

PMMA was amorphous.  Because the PMMA was amorphous its minimum working temperature 

should be approximately 50% higher than its Tg.  This temperature is comparable to the melting 

temperature of the PLA so the processing temperatures used for PLA are appropriate for PMMA.  

The thermoplastic elastomer Hytrel 5526 was used as a backbone and plasticizing polymer.  It is 

above its Tg, which from the manufacturer is -14°C.  This Tg was not observed during DSC testing.  

The high Tm agrees with the manufacturer’s specifications, and its minimum recommended 

processing temperature is 220°C.   

Vinnex 2505 was one of the plasticizers used in early feedstock testing.  It is a copolymer of vinyl 

acetate (VA), vinyl versatate, and ethylene.  The DSC didn’t provide an obvious Tg or Tm.  The 

manufacturer states the Tg is -14°C and does not list a Tm.  Vinnex begins to depolymerize at 

230°C, the lowest of the plasticizers.  It can still be processed with all the tested polymers.  The 

high ash content of Vinnex likely causes sintering issues, which are discussed further in section 

3.2.3.  Elvax 450 is another plasticizer that will be tested that is ethylene vinyl acetate, with 

18wt% vinyl acetate.  It is similar to Vinnex, but has no ash content.  Elvax’s processing 

temperature range makes it useable with all the backbone polymers.   

Several different MW PEG’s were tested during feedstock experimentation, the most commonly 

used was 1000MW.  It is a soft wax at room temperature, and completely melts by 34.5°C.  A 

portion of the binder system needed to be solvent debindable and having it melt at a low 

temperature means the filament will become very weak just above room temperature.  The 

onset of mass loss was at 100°C, which is the water absorbed by the polymer evaporating 

because it was not dried before testing.  240°C is the beginning of the depolymerization and is 

more pronounced than the initial water removal mass loss.   

All the polymers used for feedstock testing had processing temperature ranges that allow them 

to be blended without risk of degradation.  The ash content in Vinnex 2505 makes it undesirable 

as a plasticizer because it may hinder sintering.  The low melting temperature of PEG will make 

the feedstocks weak at temperature slightly above room temperature. 
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3.2 Feedstock Development 

3.2.1 Making Usable Filament 

Producing a high powder loaded feedstock that could be made into a filament was the first step 

in testing the concept of sinterable filaments.  Powder filled filaments are available, but nothing 

has been tested above 40vol% filler.  Early testing was done with silicone carbide (SiC) as the 

filler component because the powder was readily available.  These feedstocks were fed through 

the bulldog XL FFF extruder and E3d V5 hotend that would be used on a printer if the proof of 

concept worked.  After it was shown that small sections of high powder loaded of filament could 

be produced and extruded in a FFF extruder the goal became producing large lengths of 

filament.  Larger lengths of filament could be used to print small parts, once the printer was 

functional.  Test parts were printed on the printer with filament variants that worked.  The 

results were analyzed to determine the next binder system variant.  This was repeated until a 

feedstock was developed that could be printed with relative ease, and produced accurate parts.   

Powder filled material testing began with simple mixtures to learn how the filler would affect 

the feedstock’s properties.  The feedstocks tested with SiC as the filler are listed in Table 3-3.  

The first mixture tested was only PLA and SiC.  GMS was added to help disperse the SiC powder 

more evenly to produce a homogenous mixture.  Different powder loadings were then tested to 

see the effect on material properties.  SiC content was increased up to 70wt% (46vol%) in the 7th 

sample, which still mixed completely because it was well below the critical solids loading.  All of 

these samples were too rigid to be made into a flexible filament.  To improve flexibility PEG was 

tested in different ratios.  A solid 8000MW PEG was tested first, but no improvement in 

flexibility was seen for any of the samples.  A lower 1000MW waxy PEG showed improved 

flexibility, but also reduced strength.  The PLA specific plasticizer Vinnex2505 was tested next 

and was the first successfully extruded filament.  Vinnex was tested before sintering was of 

concern which would be hindered by the polymer’s high ash content.  Testing was continued 

with Vinnex to focus on 3d printing high powder loaded feedstocks.  PEG 400MW was added 

along with Vinnex and the sample didn’t mix well.  This was the last test for using PEG as a 

plasticizer, and it didn’t improve the feedstock’s properties versus only using Vinnex2505.  

Sample #16 was the most successful, filament was easily produced and extruded in the 3d 
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printer extruder.  Sample #17 had the highest powder loading tested with SiC and didn’t mix, it 

was likely above its critical solids loading. 

Table 3-3: SiC feedstocks mixed and tested. 

Sample 
Number SiC PLA 

Vinnex 
2505 

PEG (multiple 
MW) GMS 

1 40.00% 60.00%       

2 20.00% 75.00%     5.00% 

3 40.00% 55.00%     5.00% 

4 50.00% 45.00%     5.00% 

5 60.00% 35.00%     5.00% 

6 70.00% 25.00%     5.00% 

7 30.00% 59.50%   (8000MW) 7.0% 3.50% 

8 30.00% 52.50%   (8000MW) 14.0% 3.50% 

9 30.00% 45.50%   (8000MW) 21.0% 3.50% 

10 30.00% 38.50%   (8000MW) 28.0% 3.50% 

11 30.00% 49.00%   (1000MW) 17.5% 3.50% 

12 50.00% 29.50% 20.00%   0.50% 

13 50.00% 19.00% 20.00% (400MW) 10.0% 1.00% 

14 60.00% 23.80% 16.00%   0.20% 

15 70.00% 17.85% 12.00%   0.15% 

16 75.00% 14.88% 10.00%   0.13% 

17 80.00% 11.90% 8.00%   0.10% 

Figure 3-4 shows the production of some SiC filament in the MFI using a custom die and some of 

the filament strands that were produced of sample #16 in the above table.  They could only be 

produced in short lengths and were too rigid to be spooled.  The maximum length was that of 

the distance between the die and the base of the MFI.  The waviness of these four SiC filament 

pieces made these unprintable.  The filament needs to be straight, or be able to flex enough to 

become straight without breaking.  Part of making filament out of these feedstocks was 

developing a process of making filament with the MFI that is straight and defect free. 
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Figure 3-4: (a) Making filament in the melt flow indexer.  (b) Defective silicon carbide filament. 

After tuning the filament making process, a SiC filled filament of sample #16 was able to be 

printed.  These first successful prints are in image (a) of Figure 3-5.  The parts were printed at 

100% density and one of them was started to close to the print bed causing elephant footing.  

They both have air gaps on the infill layers due to poor slic3r tuning because it was the first set 

of parts printed with high powder fills and the silc3r settings hadn’t been adjusted yet.  The 

filament in this photo shows the teeth marks left by the hobbed wheel in the extruder.  Some of 

the brass from the wheel can be seen in the cut grooves from the SiC wearing it away.  Very 

little printing was done with SiC as the filler, but it dulled the hobbed drive wheel and destroyed 

a brass hotend nozzle by widening the hole.  A premade alumina filled polyacetal feedstock was 

also tested for printability.  Vinnex and Hytrel were added to the feedstock to improve flexibility.  

The tested blends can be found in Table A-5 on page 139.  Hytrel didn’t improve the feedstock’s 

flexibility enough to be made into filament.  The 5wt% addition of Vinnex2505 improved the 

flexibility enough to be made into filament and printed.  The printed part is in image (b) of 

Figure 3-5 and had similar defects to the SiC parts in image (a).   
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Figure 3-5: (a) Silicon carbide filament after printing and the printed parts.  (b) Alumina filled 
printed part. 

After initial testing with SiC showed high powder loaded materials could be successfully printed 

bronze powder was used for continued testing.  The powder focused on was 10P, the others 

were to be investigated after developing a functional binder system.  The complete list of 10P 

feedstock mixtures tested is in Table A-2 on page 137.  All of the samples up to 10P-12 and 10P-

13-P were tested without a solvent debindable component in the binder.  Testing with bronze 

powder started with Hytrel5526 and Elvax450 to determine the polymer’s performance as 

binder systems.  These two polymers as a binder system produced an extremely flexible 

filament that had excessive shark-skinning.  It was unprintable because it would buckle in the 

hotend and the sharkskin caused binding.  PLA, Hytrel, and Elvax were tested next to determine 

if adding PLA would produce a more rigid filament that would be printable.  PHE1 through PHE3 

were difficult to produce filament with and it was too brittle to print without breaking.  The first 

six feedstocks made with 10P used varying powder loadings of 80, 85, and 90wt%.  There was 

very little difference in the strength of the feedstock, so 90wt% (~55vol%) was selected as the 

powder loading to use in all future feedstocks.  It is well below the theoretical critical solids 

loading for spherical powders, and high enough that it should be sinterable.  Vinnex was used in 

place of Elvax in the next samples because it had proved itself better as a plasticizer.  Many 

different variants of PLA, Hytrel, and Vinnex were tested to find one that printed well.  Some 

were successfully made into filament and printed.  The best feedstock produced before adding 

solvent debindable polymer was 10P-13-P.  This was the first test using a PMMA/PLA backbone 

polymer blend.  It was easily made into filament, and printed without failure.  Figure 3-6 shows 

the full density tensile bar that had been printed with the 10P-13-P feedstock.  The addition of 

PMMA removed all issues with shark skinning and reduced necking during filament production.  
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Figure 3-6: Bronze filled tensile bar first attempt with PLA and PMMA backbone polymer. 
Labelled 10P-13-P in the appendices. 

Testing with SiC, alumina, and bronze fillers showed FFF printing of high powder loaded 

materials is possible.  PLA, PMMA, Elvax 450, Vinnex 2505, Hytrel 5526 were functional binder 

components with respect to producing a flexible filament that is still strong enough to print.  

Bronze powder at 90wt% (~55vol%) was selected for continued testing.   

 

3.2.2 Adding Solvent Debindable Polymers 

After a successful polymer mixture was developed that could be printed a solvent debindable 

phase needed to be added to allow thermal debinding and sintering without causing defects.  

Because one of the goals of this project was to make a printable feedstock that was simple to 

use, a water soluble polymer was selected for use as the solvent debindable portion of the 

feedstock.  Polyethylene glycol (PEG) was chosen for this role because it easily dissolves in water 

and has been shown in previous research to mix well with the tested polymers.  As an 

alternative solvent debindable polymer carnauba, paraffin, and microcrystalline waxes were also 

tested.  These polymers are more difficult to solvent debind because they are dissolved in 

heptane.  After several tests it was determined the waxes would not mix into the feedstock.  

Their viscosities were too low, and wouldn’t mix with the higher viscosity backbone polymers 

used at any temperature in their processing ranges.   

Some of the printed parts during solvent debindable feedstock testing are shown in Figure 3-7.  

Of these six printed parts #17 was the best.  #19 was much worse than #17, it didn’t extrude 

smoothly and stuck to the printer’s nozzle.  Four of the printed parts could not be identified 

because their markings had worn off.  The first unlabeled part didn’t cool enough between 
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layers, and the force of the nozzle dragging out the next layer twisted the previous layers 

features.  It printed well besides this and could be improved by increasing the binder’s softening 

temperature or pausing between layers to allow the material to cool.  The second unlabeled 

part had the same defect as the first, but was too high viscosity and caused the layers to be 

inconsistent.  Raising the printing temperature would decrease the viscosity likely fixing each 

layers roughness, but would make the part overheating worse.  The third unlabeled part was too 

high viscosity and slipped/jammed in the extruder or hotend.  The fourth unlabeled part was 

also too high of a viscosity, and only slipped for part of the printing.  Causing missing geometry 

that made layers printed above droop before cooling. 

 

Figure 3-7: 10mm step test part printed with 10P feedstocks.  Labelled with the number of the 
feedstock if known. 

Increased viscosity was attributed to including higher amounts of Hytrel 5526 in the binder 

system.  Its minimum processing temperature is 220°C, which is almost too high for use with PLA 

or EVA.  Hytrel was also tested for its effect on the sinterability of bronze in later sections.  It 

was found to be detrimental to sintering, and because it made printing more difficult it was 

removed from testing.  After Hytrel was removed from testing only 3 high strength polymers 

remained: PLA, PMMA, and Elvax450 (EVA).  The effect of adding PEG with 1000MW on the 
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thermal properties of these polymers was tested.  Table 3-4 summarizes the DSC results of these 

polymers with 30wt% addition of PEG.  The raw polymer DSC data for these tests is available in 

Figure A-28 through Figure A-30 starting on page 154.  PLA was semi-crystalline before adding 

PEG.  With PEG it didn’t have an obvious glass transition.    PLA’s with PEG’s lowest melting point 

is similar to that of virgin PEG1000, which is given in Table 3-2.  The initial and final melting 

points of the PLA was decreased by the addition of PEG.  PMMA’s glass transition temperature 

decreased by over 45°C with PEG addition.  It had a separate melting peak for PEG at a slightly 

higher temperature than virgin PEG1000.  Mixing Elvax450 with PEG produced a material with 

two phases.  The two polymers maintained their original melting temperatures, but the glass 

transition of the Elvax450 was not discernable. PLA and PMMA showed signs of being miscible 

with PEG, which agrees with previous research.  The PMMA had a higher softening temperature 

than the PLA or Elvax.  It fulfilled its intended purpose which was to increase the minimum 

softening temperature to reduce thermal sensitivity that could cause the filament to become 

crushed during printing.   

Table 3-4: Effect on thermal properties of binder polymers from addition of 30wt% PEG1000. 

Polymer 
Without PEG With PEG 

Tg Tm2 Tm1 Tg Tm2 

Natureworks PLA 3001 72.6 178.7 38.2   149.3 

PMMA 75k MW 107.9   41.2 60.1   

Elvax 450 60.7 85.7 35.4   85.2 

Solvent debinding of each of the mixtures was done to determine if the backbone polymer had 

an effect on the amount PEG and GMS removal.  The samples were placed in distilled water on 

the 3d printer heated bed set to 85°C for 10 hours.  They were then dried at 85°C bed 

temperature for 5 hours.  Four samples from each mixture were used to reduce error.  Figure 

3-8 shows the mass percent of debindable polymer removed from each mixture.  PLA had the 

greatest average debindable polymer removal at 78%, and the lowest deviation.  Elvax removed 

almost the same amount of debindable at 77% removal, but with a higher variance.  The PMMA 

mixture had a lower debindable polymer removal at 60%, with the highest deviation of the 

three.  This shows PMMA debound at a slower rate, or has a lower maximum amount of 

debindable polymer removal.  More testing would need to determine if higher amount of 

polymer could be solvent debound from the PMMA sample with longer debinding time.   
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Figure 3-8: Solvent debinding test of single polymer feedstocks with 30wt% PEG1000 in the 
binder. Mass percent removed of debindable polymers at 85°C for 10 hours in water.   

Adding solvent debindable polymers to the binder system significantly weakens the feedstock.  

It makes printing more difficult because the filament is more likely to be crushed by the extruder 

or buckle in the hotend.  New feedstocks had to be produced that had much different mixtures 

than the earlier feedstocks that didn’t contain any solvent debindable polymers.  PMMA proved 

its usefulness for increasing the softening temperature of the feedstock, but is worsened at 

solvent debinding compared with the other polymers.   

 

3.2.3 Testing Polymers for Sintering 

The polymers used to produce a functional binder need to be able to be removed by heating 

during the thermal debinding before sintering.  There is no literature available on how using 

PLA, PMMA, Elvax 450, Hytrel 5526, or Vinnex 2505 as a binder affects the sinterability of 

bronze.  To test for sintering issues each polymer was mixed with 90 wt% bronze powder, 

9.95wt% polymer, and 0.05wt% GMS.  The density differences of the polymer that cause 

different volumes of polymer in each test mixture were ignored for this testing.  The mixed 

samples were cut into smaller pieces of about 10 grams each for sintering.  The sintering was 

done before TGA had been completed on these polymers so a conservative temperature profile 

was used with several holds for thermal debinding.  The temperature profile used is in Figure 

A-1 in the appendices.  The sintering was carried out in a nitrogen atmosphere.  Figure 3-9 

shows imagers of the five single polymer systems after the sintering in nitrogen.   
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Figure 3-9: Single backbone polymer binder systems after sintering. 

The lack of a solvent debindable phase can cause the sample to deform drastically.  For this test 

all the samples except for Vinnex deformed and collapsed during the sintering test.  The Vinnex 

sample had not sintered to any degree noticeable to the human eye and crumble shortly after 

removal from the furnace.  Similarly the Hytrel sample did not appear to have sintered well.  It 

was stronger than the Vinnex sample, but much weaker than the others.  The best sintered 

sample was the PLA, followed by the Elvax sample.  They both appeared to be one large metallic 

piece that could be bent without fracturing.  The PMMA sample was similar to the Hytrel sample 

in that it could not be bent without breaking, but it was much stronger than the Hytrel sample.   

This test shows some of the polymers are not good for use as a binder for bronze sintering.  

Vinnex 2505 showed itself to be the worse of the five polymers tested.  After this it was 

excluded from further testing.  It was phased out of feedstock testing in samples 10P-24 to 10P-

27.  Hytrel 5526 was also used less in future binder blends.  It was originally included as a 

possibility because it is used in the PIM industry and it is a flexible but strong polymer.  After 

many binder mixtures Hytrel 5526 had shown itself to be difficult to produce anything useable.  

As discussed in section 3.2.1, if too much was used the feedstock would have bad sharkskin 

when filament was produced.  The filament that was produced was often too soft to print, and 

would crush in the extruder.  Hytrel 5526 showed no positive attributes so it was removed from 

testing. 

After Hytrel and Vinnex had been removed from testing only PLA, PMMA, and Elvax remained.  

The sintering tests in Figure 3-9 with these polymers all collapsed, but the powder still sintered.  

A solvent debindable phase needed to be added to the feedstocks to help them thermal debind 

and sinter.  The effect each polymer had on solvent debinding and sintering of solvent debound 
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feedstocks needed to be tested.  For testing each of the three polymers was mixed to balance 

with 90wt% 10P bronze powder, 3wt% PEG 1000 MW, and 0.05wt% stearic acid.   

After solvent debinding and drying the samples, several thermal debinding and sintering runs 

were done.  This was to determine if there was complete polymer burnout, as well as determine 

qualitatively if sintering was occurring in each mixture.  Two temperature profiles and two 

concentrations of hydrogen were used for these four tests.  An aggressive temperature profile 

and a conservative temperature profile were used for these sintering runs, they are shown in 

the appendices in Figure A-2 and Figure A-3 respectively.  The atmospheres used were 20vol% 

hydrogen, and 5vol% hydrogen with a nitrogen balance.  A high and low hydrogen content was 

selected to see if there was an effect on the appearance or weight loss in the parts.   

Figure 3-10 shows the percentage of remaining polymer that was removed from each mixture 

by mass after sintering.  Elvax had the greatest mass loss of the three mixtures, so it had the 

cleanest burnout leaving the least amount of material behind.  PLA had the second highest mass 

loss, with PMMA much lower at 76% loss.  There was no significant difference in mass loss for 

the high and low hydrogen atmospheres tested.  A larger number of tests would be needed to 

compare mass loss differences between the two environments. 

 

Figure 3-10: Single polymer binder systems mass percent removal of remaining polymer after 
sintering. 

Figure 3-11 shows pictures of the samples tested in two different environments and two 

different temperature profiles to show each extreme case.  The photos in row B were taken 

using a flash, and it makes them appear more reflective than they are.  They are more reflective 
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than the other samples, but not as much as the photo shows.  The samples using the aggressive 

temperature profile and low hydrogen content have a surface covered in black dust.  This dust 

could be carbon, or it is copper oxide.  With a higher hydrogen content the oxygen and carbon 

are removed from the surface.  The PMMA samples (c) and (f) collapsed during sintering.  PLA 

and Elvax maintained their shape, and had minimal cracking and blistering. 

 

Figure 3-11: Sintered single polymer and 30wt% solvent debindable binder systems.  (a),(b),(c) 
were sintered in 5vol% high purity hydrogen using an aggressive temperature profile and 

(d),(e),(f) were sintered in a 20vol% high purity hydrogen using a conservative temperature 
profile.  (a),(d): PLA; (b),(e): Elvax 450; (c),(f): PMMA. 

Hytrel and Vinnex were removed from testing because they sintered poorly.  Hytrel also has 

negative effects on printing as mentioned before that added to its removal from testing.  Elvax 

had the greatest polymer removal in sintering tests, PLA was slightly worse, and PMMA had on 

average 25wt% polymer remaining.  PMMA proves itself to be poor for solvent debinding 

(shown in section 3.2.2) and being thermally removed.  In future feedstocks PMMA content 

should be minimized.  
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3.3 Feedstock Testing 

10P-34 was chosen after extensive preliminary testing that is discussed in section 3.2.  It was 

chosen because it can be made into a filament, it prints with relative ease, it has a solvent 

debindable component, and the polymers used were shown to be sinterable.  This feedstock will 

be referred to as ‘Control’ for consistency throughout the rest of this document.  The 

composition in weight and volume percent of the control feedstock is listed in Table 3-5.  PLA is 

the primary backbone polymer, and gives the feedstock its cold welding ability.  PMMA is also a 

backbone polymer but it reduces cold welding properties and raises the glass transition 

temperature.  Elvax is a plasticizer that also aids in sintering because it has a higher pyrolysis 

temperature than the other polymers in the feedstock.  PEG is the solvent debindable 

component and is also a plasticizer.  PEG lowers the strength and glass transition temperature of 

the feedstock which are both detrimental to printing, but it is needed to create open porosity 

for sintering.   

Table 3-5: Control feedstock composition. 

 
Bronze 

10P Elvax450 PLA PMMA PEG1000 
Stearic 

Acid 

Weight % 90.00% 1.50% 2.95% 2.50% 3.00% 0.05% 

Volume % 55.33% 8.23% 12.29% 10.94% 12.91% 0.30% 

 

3.3.1 Filament Production 

The control feedstock was mixed in the Brabender Plasti-Corder at 190°C at 100 RPM in 200 

gram batches.  Figure 3-12 shows the mixing torque versus time and Table A-6 in the appendices 

has data from torque rheometry for each of the three batches.  The peak mixing torques were 

similar for the three batches.  The final mixing torque was nearly constant in each batch 

indicating the components mixed homogeneously.  The average final mixing torque was 0.57 

N*m, which is lower than that of the tested 3d printer filament in Figure 3-2 and Table 3-1.  

Meaning the control mixture is less viscous than a standard printing material at 190°C so it 

would extrude from the printer at this temperature without requiring high force from the drive 

wheels.   
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Figure 3-12: Torque rheometry of the control feedstock. 

The critical solids loading of the Control feedstock binder was determined using torque 

rheometry to verify the solids loading is below critical.  The results are in Figure 3-13, with the 

time of powder additions listed in the table in this figure.  12mL of binder was added first, which 

is not enough to mix properly by itself.  A homogenous mixture was first seen at 51 minutes and 

58.0vol% powder after several powder additions.  The highest powder loading reached was 

76.4vol% which didn’t mix.  This was above the critical solids loading.  The next lowest was 

73.4vol% and is the critical solids loading.  This higher than the 64vol% that is typical for loose 

packed spheres and is similar to the tight packing of 74vol%.  The optimal solids loading for PIM 

with this material system would be below this at about 70vol%.  The high volume loading in this 

powder is likely due to it having a wide enough particle size range to have smaller particles filling 

the empty spaces between the larger particles [58].  The ~55vol% used in the control feedstock 

is well below the critical solids loading.  If the required material properties can be maintained 

for FFF printing the powder loading could be increased.   
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Figure 3-13: Torque rheometry for critical solids loading testing of control feedstock. 

Figure 3-14 shows the DSC results for the control feedstock first run only the heating cycle.  

There are two distinct features that consistently occurred in these DSC runs.  The first is a 

melting peak that occurs on average at 36.2°C.  This corresponds to the melting temperature of 

the PEG1000 used in this feedstock.  It is higher than raw PEG because it is miscible with PLA and 

PMMA which have higher temperature thermal characteristics.  The second feature is of the 

final melting that occurs on average at 140.6°C.  This melting peak is likely from the PLA.  In 

previous testing adding PEG1000 to PLA decreased it melting point to 149°C.  The addition of 

other polymers reduced the melting temperature even more.  There are features that are 

between the two mentioned, but they are hard to discern because they overlap.  Doing a second 

heating of the feedstock would allow more of these features to be identified but they were not 

important to this research.  Only the initial softening and final melting temperature were 

needed to determine the highest functional temperature and the minimum printing 

temperature.   
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Figure 3-14: DSC of green control feedstock.  Three runs with three samples. 

Melt flow rate of the control feedstock was measured to determine what printing temperature 

would be appropriate for printing.  The lowest temperature any material would extrude from 

the melt flow indexer was at 150°C.  The highest temperature successfully tested was 190°C.  

200°C was attempted but the material was too low of a viscosity and air pockets couldn’t be 

removed for a successful test.  The two highest volumetric flow rates were comparable to the 

reference PLA filament above 190°C.  Because the material is denser than typical printed 

polymers and may flow under its own weight, the lowest acceptable temperature of 180°C was 

selected for printing to reduce dripping from the print nozzle.   

 

Figure 3-15: Control feedstock melt flow rate at different temperatures. 
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Several meters of filament were produced for testing, unfortunately air pockets weakened the 

filament and it broke into several sections ranging from 0.25-0.5 meters in length.  Table 3-6 lists 

some of the properties of filament made from the control feedstock.  The average diameter is 

lower than the 2.85mm nominal diameter, but it is large enough to print without issue.  The 

diameter deviation is very small at 0.06mm maximum range variation for the measured sections 

of filament, which is comparable to commercially available filaments.  The temperature at which 

the best filament was produced is the filament production temperature.  It is much lower than 

the final melting temperature so it is high enough viscosity and freezes quickly to reduce 

necking.  Some of the polymer has not melted at this temperature and may introduce defects 

into the filament.   

Table 3-6: Control filament characteristics. 

Density [g/cm^3] 
Diameter Average 

[mm] 
Diameter Range 

[mm] 
Filament Production 

Temperature [°C] 

5.20±0.027 2.69±0.02 2.66-2.73 104 

The SEM images in Figure 3-16 are of the filament’s surface and interior.  Both images shows 

pores and gaps in the polymer that are large and concentrated enough that they could 

drastically reduce the material’s strength.  SEM images of the control feedstock in its mixed 

form were never taken so it is unclear if the pores were introduced during filament production 

or if they were already present from mixing.  The pores are small and are likely introduced by air 

being introduced into the feedstock during mixing, or water in the feedstock prior to making 

filament that evaporates to create gaps.  The direction of extrusion can be seen in the SEM 

image of the outer surface.  Some of the bronze particles aren’t encased well in the polymer 

matrix.  This is likely due to the MFI temperature being below the highest melting point and 

some of the polymer is not melted.  Being able to extrude filament at a higher temperature and 

more rapidly cooling to avoid necking would likely eliminate the loose particles on the surface. 
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Figure 3-16: SEM images of control feedstock filament.  (a): outer surface. (b): cross section.   

The control feedstock was successfully mixed and had a lower mixing torque that reference PLA 

filament material.  The MFI results had a low enough to melt flow rate that it should print with 

lower viscous forces than the reference filament.  Filament was produced with the control 

feedstock that has an acceptable diameter range and variance for printing.  The produced 

filament has air pockets throughout its structure and it is unclear when these pores form in the 

process of production.   

 

3.3.2 Printing 

The control feedstock printed without too much difficulty and produced parts with consistent 

geometry.  It can be printed if the filament is only being compressed while it is being extruded 

to avoid being crushed in the extruder.  If the filament is left under the pinching force for more 

than one minute in the extruder it creeps and fractures.  To allow time for each part to cool 

adequately between layers at least 5 test coupons were printed simultaneously.  Figure 3-17 

shows the printing of 21 test coupons.   
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Figure 3-17: Printing of control test coupons. 

Printing this material is more difficult than not filled materials because it has a very high density 

relative to its melt viscosity.  The material tends to fall out of the nozzle while not printing 

during movements.  Some of excess material would stick to the exterior of the nozzle and fall off 

onto the parts during printing.  The extruded material did not spread flat as easily as other 

polymers and caused gapping between print lines.  To combat these issues the amount of 

material extruded was set between 20-30% higher than should be needed to reach the needed 

layer thickness and print line width.  Image (a) in Figure 3-18 has some of this excess material on 

its surface oriented vertically.   

 

Figure 3-18: Control feedstock printed test coupon. 

The test coupons had low dimensional accuracy, but almost as high precision as the PLA printed 

calibration parts.  Some measured properties of these coupons is given in Table 3-7.  The volume 

of each coupon was estimated by assuming the coupons were a rectangular prism and 

measuring between each pair of parallel faces at three different locations to obtain its 

dimensions.  After weighing the printed parts the density was found to be about 15% lower than 
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when the material was measured as filament.  This reduction in density was likely from the air 

gaps that occur between each of the print lines, some of these gaps can be seen in image (a) in 

Figure 3-18.  The height of the coupons should be the most accurate dimension because the 

melted polymer is pressed flat as it is extruded from the nozzle.  The increased height is likely 

caused by a tuning error, or by the excess material that collected on the outside of the nozzle.  

The increased width is caused by the high density of the material causing the part to sag during 

printing, requiring extra material extrusion.  The height and width increase cause quite a large 

volume error.  This could be corrected by tuning the printing settings.  Tuning requires a lot of 

filament and with the current method it takes a prohibitive amount of time to produce enough.  

So tuning for the specific material wasn’t an option.   

Table 3-7: Control feedstock printed parts measured characteristics. 

Printed 
Density 

[g/cm^3] 
Density 

Accuracy 

Printed 
Height 
[mm] 

Printed 
Width [mm] 

Volume 
Accuracy 

4.43±0.07 85.2% 5.3±0.13 10.8±0.15 123.5% 

To the naked eye the print quality is fairly good with consistent bonding between layers and 

printing lines.  Figure 3-19 is SEM images of one of the green test coupons.  Image (a) shows one 

of the gaps on the top surface that occurred at the inner print lines. These gaps can also be seen 

in image (a) in Figure 3-18.  Before and after the gap the bonded well together.  The printer 

turns these corners too quickly and doesn’t extrude enough material to fill all the gaps.  With 

tuning this error could likely be removed.  Image (b) in Figure 3-19 shows the side of the part 

centered one of the layers.  Near the surface the bonding between layers looks poor.  There are 

several gaps and a small crack on the right side of the image.  The sides appear to have poor 

bonding because each layer creates a circular face and SEM images don’t show depth well.  The 

bronze particles were captured well by polymer.  There are no signs of incomplete melting that 

would cause printer malfunctions.   
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Figure 3-19:  Control test coupon SEM images.  (a): Top center between print lines at a corner.  
(b): Side centered on a print layer. 

The EDS data in Figure 3-20 shows only a small amount of bronze powder is exposed.  This 

agrees with the SEM images that shows few exposed particles.  Only the carbon, oxygen, and 

bronze contents were included and the percentages were normalized so they can be compared.  

Chloride, calcium, nitrogen, and magnesium were checked, but had high inaccuracy from 

background noise showing them to not be a significant portion of the elements present so they 

were not included.  The material is homogeneous causing a low variance in the data.  The 

carbon and oxygen contents will be used for comparison during later processing steps. 

 

Figure 3-20: Control green test coupon EDS data. 
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To test the control feedstock’s printability a small (~3cm tall) model was printed with more 

complex geometry than the test coupons.  The 3d model used is known as ‘Marvin’ and was 

produced by 3DHubs and is available on Thingiverse [123].  Two attempts were made at printing 

this model.  The first is the one shown in Figure 3-21, which was printed at 100% fill density and 

other settings in the appendices in Table A-7.  The second attempt was printed using a partial 

infill and was not successful after the filament slipped in the drive wheels.  The successful part 

printed better than expected.  Its worst features were overhangs at the eye sockets, brow line, 

key chain loop, and between the legs; and the bulge on the outer print line at eye level on the 

characters left side.  These defects are caused by the feedstocks poor ability to handle 

overhangs and can be attributed to the materials high density from the bronze, and low binder 

viscosity from the PEG.  The print line bulge at on the characters right side is from diameter 

inconsistency in the filament.  Image (c) in Figure 3-21 show some of the other parts printed in 

the control feedstock.   

 

Figure 3-21: Control feedstock printed Marvin keychain character and other printed parts. 

The control feedstock prints well, with some difficulty caused by its tendency to be crushed in 

the extruder due to creep.  The filament needs to be pinched between the drive wheel and idler 

with enough force so it doesn’t slip and can be forced through the extruder.  Figure 3-22 shows 

the crushed filament after being left under minimum compression needed to print for 5 

minutes.  During printing the material deforms slow enough that it doesn’t break or get jammed 

in the hotend from changing shape.  It has a very high creep rate at room temperature because 

it begins melting at 36.2°C as shown in the DSC of the green material in Figure 3-14.  The high 

PEG loading is the cause of this because it is waxy and almost liquid at room temperature.  Using 

a higher molecular weight PEG would increase this temperature, but would also make the 
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filament brittle because it would not act as a plasticizer.  A different material blend would be 

needed to improve the strength of this material enough to avoid being crushed in the extruder.   

 

Figure 3-22: Control feedstock filament damaged in extruder that caused printing to fail. 

The control feedstock printed without excessive difficulty.  The parts had fairly high precision, 

but low dimensional accuracy.  This is attributed to the need for over extrusion to avoid large 

gaps between printing lines and layers.  There were some gaps at the corners of the parts and 

some poor bonding between printing lines.  The observed printing defects could be minimized 

by tuning the slicing settings as well as fixing the Z-axis inaccuracy.  Unfortunately the easiest 

way to fix these defects is to slow the print, and reduce the layer height.  Both of these would 

increase the time which the filament is in compression in the extruder and would likely cause 

the filament to break or deform and jam in the extruder.  To improve printing quality and make 

printing easier a different extruder that lowers the stress on the filament would need to be 

used.   

 

3.3.3 Solvent Debinding 

Part of the control binder system is dissolvable in water allowing some of the polymer to be 

removed prior to thermal debinding.  The dissolvable part of the binder is 30wt% PEG and 

0.5wt% GMS.  Different debind time and temperature combinations were tested to determine 

the optimum debinding process.  Geometric variation from solvent debinding was also checked.   

Several time and temperature solvent debinding combinations were tested in an attempt to 

determine what would be appropriate for fast and effective debinding.  Nine time and 

temperature combinations were chosen.  85°C was the highest temperature tested because it is 
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the highest temperature that the printer’s heated bed can maintain without overheating its 

power supply.  The results of these tests are in Figure 3-23.  The data follows the expected 

trends with a high initial debind rate that slows with increasing debind time, and higher 

debinding temperatures had a faster debind rate.  The 75°C data overlaps with other 

temperature’s data at higher debind times, it is high at 200 minutes and low at 300 minutes.  

The error is from only using 2 samples for each data point, but it still follows the expected 

trends.  At 200 minutes, debind rate reduced for 65°C and 75°C, but for 85°C remained constant.  

The debind rate at 85°C was the highest and the parts did not deform so it was selected as the 

preferred debinding temperature. 

 

Figure 3-23: Control feedstock percentage of debindable polymer removed at different 
debinding time and temperatures in distilled water. 

Longer debind times at 85°C were tested to determine if more time would increase the 

debindable polymer removal.  The data from these tests is in Figure 3-24.  There was a ceiling at 

approximately 90% polymer removal, with an outlier of 92.3% removal.  The remaining polymer 

is likely not being removed because there isn’t enough open porosity created for the solvent to 

reach all of the debindable polymer on the inside of the part.  Or oxides are forming on the 

surface of the bronze particles, which would increase the mass enough to effect the results and 

lower the calculated mass removal percentage.  Oxide formation would explain the lower 

average mass loss at 20+ hours versus the peak that occurs at about 17 hours in Figure 3-24.  

Discoloration of the coupons occurred during longer debind times that could also be attributed 

to bronze surface corrosion.  The test coupons showed the best debind time at 85°C to between 
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10-20 hours.  Other part geometries would have a different preferred debind times from 

increased/decreased distance to center of solid features. 

 

Figure 3-24: Control feedstock percentage of debindable polymer removed versus debind time 
at 85°C bed temperature in distilled water. 

After solvent debinding the sharp melting peak from the PEG is removed from the DSC.  The PEG 

melting in the green feedstock occurs at 36.2°C in Figure 3-14.  The DSC of the solvent debound 

control feedstock is in Figure 3-25.  A glass transition occurs at 72.5°C and is the lowest 

temperature change in morphology of the feedstock.  This glass transition temperature is the 

same as that of the PLA, but it isn’t clear if it is only caused by the PLA.  Similar to the green 

feedstock there are more features between the glass transition and last melting peak, but they 

are overlapping.  The last melting peak is 3°C higher than the green feedstock.  PEG lowers the 

melting temperature of PLA, by dissolving a large portion of it out of the feedstock its melting 

temperature increases.  The melting temperature doesn’t increase to near PLA’s raw melting 

point of 179°C.  Suggesting enough PEG remains to modify the PLA.  PEG is miscible in PLA and 

could be captured so it could not be removed by solvent debinding.   
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Figure 3-25: DSC of solvent debound control feedstock.  Two runs with two samples. 

Table 3-8 has measured properties of the control feedstock test coupons after solvent debinding 

and drying.  The density decreased a small amount as expected because PEG and GMS both 

have low densities relative to bronze and are only a small part of the feedstock by weight.  The 

average mass loss of the total mass is was taken from sample debound for 10 hours or more 

because the debind rate drops significantly after this debinding time.  The average mass loss is 

equivalent to 81.6% removal of the solvent debindable components.  The dimensions of the test 

coupons remained nearly the same during debinding because the feedstock has a low 

debindable polymer percentage. 

Table 3-8: Solvent debound control feedstock test coupon measured properties. 

Density 
[g/cm^3] 

Average 
Density 
Change 

Average 
Mass Loss 

Percentage 
Height 
[mm] Width [mm] 

Average 
Volume 
Change 

4.37±0.09 -1.4% 2.49% 5.29±0.14 10.79±0.16 -0.21% 

The height change was on average to be almost negligible, but the data does show a trend of 

shrinking with increased debindable polymer removal.  The height change versus debindable 

polymer removal percentage is shown in Figure 3-26.  The R2 value is very low, only taking into 

account 3.6% of the variance in the data.  The data is very scattered because a 0.2% height 

change is equal to the resolution of the measuring device used, assuming of the measured 

object is exactly 5mm.  Ignoring this and taking into account the number of data points collected 
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the trend can be loosely trusted.  The linear regression shows the height decreases a very small 

amount as the debindable polymer is removed.   

 

Figure 3-26: Control feedstock height change after removal of different amounts of debindable 
polymer in distilled water. 

Late in solvent debind testing it was discovered that purified water causes faster surface 

oxidation in bronze.  Hard tap water forms thinner protective layers on bronze in the form of 

calcium that are easily removed in a reducing atmosphere [124].  Solvent debinding was tested 

in tap water to determine if there was any obvious mass difference versus debind time.  The tap 

water in Corvallis, Oregon in 2015 was rated as slightly to moderately hard by the EPA scale.  

The highest concentration of dissolved solids being alkaline, sulfate, calcium, and chloride and 

are listed in Figure A-4 [125].  Sulfate, calcium, and chloride all build thin protective layers that 

are easier to remove, and don’t hinder sintering as much as an oxide layer.  Figure 3-27 shows 

the results from solvent debinding in tap water.  There is a lot of variance in the data in the 20-

40 hour time range, but the trend is the same as with distilled water. 
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Figure 3-27: Control feedstock percent debindable polymer loss versus debinding time in tap 
water at 85°C bed temperature. 

EDS data was taken of many location on parts that were solvent debound in distilled and tap 

water for the same amount of time.  Figure 3-28 shows the results of this testing for samples in 

debound in distilled and tap water.  Only the carbon, oxygen, and bronze contents were 

included and the percentages were normalized so they could be compared.  Chloride, calcium, 

nitrogen, and magnesium were checked, but had high inaccuracy from background noise 

showing them to not be a significant portion of the elements present so they were not included.  

There is no difference between solvent debinding in tap water versus distilled water for wide 

exposure or single particle exposure.  There is slightly more oxygen on average on the single 

particles in the tap water debound parts, but there is higher deviation.  Wide exposure for the 

samples solvent debound in distilled and tap water had less surface carbon, but had similar 

levels of oxygen.   
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Figure 3-28: Solvent debound EDS data for distilled and tap water of for wide exposure and 
narrow single exposed particles. 

Figure 3-29 is SEM images of samples solvent debound in tap water.  Image (a) shows some of 

the cracks and pores that appear while the water soluble polymer is being removed.  Some of 

the cracking that occurs exposes bronze particles on the surface of the part.  Image (b) shows 

one of the exposed particles.  The lighter color that covers the right side of the particle is a layer 

that is built up during solvent debinding, and the darker left side of the particle is polymer.  

Some particles don’t have this scale, but it is more prevalent after solvent debinding when 

compared with green part SEM images in Figure 3-19.  More SEM images of this test coupon 

debound in tap water as well as another debound in distilled water are in Figure B- and Figure 

B-2 starting on page 171.  Both solvents gave similar surface morphology on the bronze particles 

and cracks in the polymer matrix.   
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Figure 3-29: SEM images of control test coupon solvent debound in tap water. 

The highest tested hotplate temperature of 85°C has the highest solvent debind rate as 

expected.  At debind times greater than 20 hours some increase in mass and slight discoloration 

of the parts surface was observed and may be a small amount of surface corrosion.  There is no 

difference in surface corrosion between debinding in distilled or tap water.  Some shrinkage 

occurred, and it increased with greater debindable polymer removal.  Some surface cracking 

occurred and caused particles to be exposed or break away from the surface. 

 

3.3.4 Thermal Debinding 

Thermal debinding tests were done to find appropriate hold time and temperatures to ensure 

most of the polymer is removed before moving on to sintering.  Three hold temperatures to test 

were selected based on the TGA of the feedstock in Figure 3-30.  The lowest hold temperature 

selected was 300°C, this is at the initial drop off and should provide a small amount of polymer 

removal.  The highest hold temperature of 400°C was selected because at this temperature 

almost all of the polymer is removed.  At 400°C there is still some polymer remaining, this is the 

Elvax because it has a very high burnout temperature as shown in Figure A-19.  The small 

remaining polymer percentage will be removed during the ramp up to sintering.  The ramp up to 

the hold temperature was set conservatively at 1°C/minute, so the polymer could be removed 

slowly and deformation would be minimized.  Two and four hour hold times were tested to 
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determine if a longer hold time would be beneficial at each selected hold temperature.  The 

samples were then cooled quickly at 5°C/minute back to room temperature.   

 

Figure 3-30: Control solvent debound feedstock TGA normalized 100% to green feedstock.   

The results from thermal debind testing of the Control feedstock are in Figure 3-31.  The two 

plotted curves are for the two tested hold times.  The results were as expected, with increasing 

burnout percentage as hold time and temperature increased.  At the low 300°C hold 

temperature the maximum burnout was about 50%.  The highest mass loss at 400°C and 4 hour 

hold time was 95.9wt% of the remaining polymer after solvent debinding.  This should be 

adequate for the high hold temperature before sintering.   

 

Figure 3-31: Control feedstock printed parts remaining polymer percent removal after thermal 
debinding at different times and temperatures. 
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The height and width change of the Control test coupons is given in Figure 3-32.  The height 

deformation at both hold times improves with increasing hold temperature.  The 4 hour hold 

time increases the height much less and has the lowest increase for the 400°C hold 

temperature.  The width increase doesn’t have the same trend as the height increase.  The 

maximum width increase was for the 2 hour hold at 400°C hold temperature.  The lowest width 

change for both hold times was seen at the 350°C hold temperature.  The lowest average 

geometric deformation was at 400°C for a 4 hour hold time.  This thermal debind time and 

temperature had the lowest height increase and one of the lower width decreases.   

 

Figure 3-32: Control feedstock test coupon height and width percent increase after thermal 
debinding at different time and temperature combinations. 

The deviation and range for dimension change was not included in the above graph.  In the 

appendices all the raw geometry change data is included in Table A-11 on page 166.  The control 

data for height and width increase versus mass percent of remaining binder polymer removed 

are in Figure A-49 and Figure A-50 respectively.  These plots show the 2 hour hold time has 

significantly higher range that corresponds to much greater maximum deformation.  The 4 hour 

hold time has a much lower range that decreases with increasing amount of binder removal.  

The width increase shows a similar trend, but has increasing width range with increasing binder 

removal for the 2 hour hold time.   

The lowest thermal debind time and temperature test coupon is in Figure 3-33 image (a) and (b).  

It had some bloating on the top surface that caused a small crack to form.  The width visibly 

remained almost the same and there was little blistering and cracking of the part.  There is a 
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small blister between two layers on the side nearest the camera, it is the lighter colored 

horizontal line.  There was enough remaining polymer the test coupon was still strong enough to 

be handled without being damaged.  One of the test coupons subjected to the longest thermal 

debind time and highest temperature is in image (c) and (d) of Figure 3-33.  It showed no 

obvious signs of bloating, blistering, or cracking.  Almost all of the polymer has been removed 

from this part so it is very fragile.  Its measurements were taken before the damage on the 

edges occurred.  Compared with the low debind time and temperature sample in row A this 

sample is much less damaged from debinding.  The most significant difference between the two 

samples is the lack of bulging on the higher debind time and temperature sample.   

 

Figure 3-33: Control feedstock test coupon after thermal debinding.  (a), (b): 300°C hold 
temperature with a 2 hour hold time.  (c), (d): row B at 400°C hold temperature with a 4 hour 

hold time. 

SEM images in Figure 3-34 are of the same two thermally debound test coupons in Figure 3-33.  

The images are taken of the outer surfaces of the test coupons.  The lower hold time and 

temperature test in image (a) and (b) had a lot of remaining polymer holding the bronze powder 

together.  Which is consistent with the remaining mass data in Figure 3-31 that shows this part 

to have a high remaining mass.  The higher hold time and temperature test for images (c) and 

(d) had less polymer remaining between the bronze particles.  This again is consistent with the 

mass loss results, with almost all of the polymer mass removed.  Some polymer still remains on 

the particles for each test, and they have the same protective layer that was observed after 
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solvent debinding.  The layer appears thinner on the samples for the longer debind time and 

temperatures. 

 

Figure 3-34: Control feedstock thermally debound SEM images.  (a), (b): 300°C hold for 2 
hours.  (c), (d): 400°C hold for 4 hours. 

The EDS data in Figure 3-35 somewhat agrees with the SEM images and the mass loss of the two 

extreme hold time and temperature test.  Only carbon, oxygen, and bronze elements were 

included because other were statistically insignificant and had a high signal to noise ratio.  The 

low hold time and temperature had higher percentages of carbon and oxygen relative to copper 

and tin.  The test coupon that was thermally debound with a high hold time and temperature 

had significantly lower oxygen concentration and higher concentration of bronze elements.  The 
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ratio of carbon to bronze was slightly lower in this sample because of the higher concentration 

of bronze elements.  Excess carbon can hinder sintering, so longer hold times and temperatures 

will be required to reduce the carbon to bronze ratio.   

 

Figure 3-35: Thermal debound EDS data.  Low is 2 hour hold at 300°C, and high is 4 hour hold 
at 400°C. 

The hold temperatures for aggressive and conservative furnace temperature profiles were 

selected so a small amount of polymer would still be remaining.  These profiles are in Figure A-2 

and Figure A-3.  The mass loss and SEM images supported the results from TGA that a small 

portion of the polymer remained as high as 400°C.  Deformation was observed on parts that 

were only held for 2 hours at elevated temperature and higher hold temperatures began to 

shrink slightly.  The highest polymer mass removal was observed at the highest hold time and 

temperature at ~96%.  The surface carbon and oxygen measurements were lower in higher hold 

time and temperature tests.   

 

3.3.5 Sintering 

Sintering of the control feedstock was tested in a nitrogen atmosphere with several 

temperature profiles with limited success.  A partial hydrogen atmosphere was then tested in 

attempt to reduce carbon and oxygen to improve sintering.  Aggressive and conservative 

temperature profiles were used with both atmospheres.  These temperature profiles are in the 

appendices in Figure A-2 and Figure A-3.  The sintering hold temperature was selected after 

loose powder sintering the bronze powder in trays and determining its density at different hold 
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temperatures.  The density versus hold temperature plot for 10P bronze powder is in Figure 3-1.  

Section 3.1.1 discusses the selection of the sintering temperature of 850°C.  Sintering was 

partially successful in the highest hydrogen content atmosphere of 20vol% hydrogen and 

showed that a reducing atmosphere helped the exterior of the parts to sinter well.   

Early sintering tests were done before TGA was run on the control feedstock.  A temperature 

profile with several holds was used based on TGA from each material and it closely matched the 

conservative profile in the appendices.  Figure 3-36 shows some of these early sintering tests 

done in nitrogen.  Image (a) in this figure is the bottom side of the end of a tensile bar.  Some of 

the material broke off between printing layers while the part was being handled.  It was very 

fragile and bronze powder comes off every time it is touched.  Images (b) and (c) are one part 

that collapsed and broke in half in the furnace.  The green part is shown in Figure 3-21.  The light 

part of image (c) is material that sintered well and had no black dust on it.  It was not cleaned 

after sintering before this photo was taken.  The well sintered side was nearer the outer wall of 

the furnace.  The temperature of this side may have been higher on average, which could be 

responsible for its improved sintering.   

 

Figure 3-36: Early sintering tests of the control feedstock in nitrogen. 

Sintering test coupons in nitrogen also was not successful using the conservative temperature 

profile.  Figure 3-37 shows one of the coupons after sintering, and being moved gently.  The part 

crumbled easily and didn’t show any signs of sintering to the naked eye.  Compared to the 

sintered part in Figure 3-36 this test coupon sintered much less.  The test coupons were solvent 

debound much longer than the previous test parts.  This was done because the solvent 

debinding study showed an optimal time that was much greater than what had been used 

previously.  Increasing the solvent debinding time could have caused oxide formation that would 
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have stopped sintering.  All of the test coupons sintered in nitrogen had results similar to those 

in Figure 3-37.   

 

Figure 3-37: Sintered control test coupon in nitrogen atmosphere using a conservative thermal 
debinding profile with 1 hour sintering hold. 

Thermal debinding and sintering in a partial hydrogen atmosphere was much more successful.  

Figure 3-38 has the results from sintering in two different atmospheres with two furnace 

temperature profiles.  There were four tests run but for the aggressive temperature profile and 

low hydrogen atmosphere the sample didn’t sinter well enough to be measured.  The mass loss 

of all of the samples was greater than the amount of polymer that could be burnt out because 

some of the powder didn’t sinter and fell off during handling.  So the mass loss data is not 

included, but the outer dimension could still be measured because some of the original 

geometry was intact.  The conservative temperature profile was successful for both samples.  It 

had higher shrinkage in a higher hydrogen atmosphere likely due to decreased surface oxide and 

carbon on the powder.  The part successfully sintered in 5vol% hydrogen was much weaker than 

the other two sintered in 20% hydrogen.  The coupon sintered in 20% hydrogen with an 

aggressive temperature profile sintered similar to the conservative temperature profile part in 

appearance, but had similar volumetric shrinkage to the low hydrogen conservative 

temperature profile part.   



80 

 

 

Figure 3-38: Sintering shrinkage in partial hydrogen atmospheres and different furnace 
temperature profiles. 

The control test coupon sintered using an aggressive temperature profile and 5vol% hydrogen 

atmosphere is in Figure 3-31.  Photos of the other test coupon sintered in a 5vol% hydrogen 

using a conservative profile are in the appendices in Figure B-18.  Both of the test coupons 

sintered in 5vol% hydrogen looked similar with a blackened outer layer and very poor 

mechanical properties.  The aggressive temperature profile coupon was the weakest of those 

tested, and lost enough geometry from being lightly touched to not be measureable.  The 

conservative profile with low hydrogen atmosphere in the appendices has a partially sintered 

outer shell.  The increased amount of time in a hydrogen atmosphere probably reduced its oxide 

layer and/or removed enough carbon to allow better sintering.   

 

Figure 3-39: Sintered control test coupon in 5% hydrogen atmosphere using an aggressive 
thermal debinding temperature profile. 

The objectively the best sintered control test coupon was sintered using the conservative 

temperature profile and 20vol% hydrogen is shown in Figure 3-40.  The other control test 
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coupon sintered in a high hydrogen atmosphere with an aggressive temperature profile is in the 

appendices in Figure B-17 on page 178.  The conservative temperature profile coupon shown 

below had signs of sintering on the outside of the part.  Image (c) is the bottom of the part that 

was resting against an alumina brick in the furnace, the center of the bottom face and the part is 

poorly sintered and crumbles easily.  The surfaces that sintered well were exposed to the 

reducing atmosphere.  The control test coupon sintered using an aggressive temperature profile 

and 20vol% hydrogen atmosphere had a similar outer shell on the exposed surfaces of the part 

that sintered well.  It also had a blister on one side that covers about one third of the face 

caused by the thermal debind rate being too high.   

 

Figure 3-40: Sintered control test coupon in 20% hydrogen atmosphere using a conservative 
thermal debinding temperature profile.   

Figure 3-41 has SEM images of the surface of test coupons in Figure 3-39 and Figure 3-40.  The 

coupon sintered in 5vol% hydrogen using an aggressive temperature profile in image (a) and (b) 

shows some necking between particles, and others that appear to be barely attached.  The 

coupon sintered in 20vol% hydrogen using a conservative temperature profile in images (c) and 

(d) shows a better sintered surface, with more of the particles being sintered into dense 

structures.  Images (b) and (d) both the conservative and aggressive temperature profiles have a 

similar layer on the bronze particles that could have caused the poor sintering seen on the 

inside of the part where the reducing atmosphere couldn’t easily reach.   



82 

 

 

Figure 3-41: SEM images of sintered control test coupons. (a), (b): 5vol% hydrogen and 
aggressive temperature profile.  (c), (d): 20vol% hydrogen and conservative temperature 

profile. 

The surface chemistry of the sintered test coupons that survived being mounted for SEM are in 

Figure 3-42.  The remaining mass percent in this data is of copper and tin, other elements were 

negligible compared with the background noise.  The coupons sintered in only nitrogen had 

higher levels of carbon and oxygen than all of those sintered in high partial hydrogen 

atmospheres.  The lowest remaining carbon content was for coupon (c).  This was subjectively 

the best sintered of the test coupon, and had the highest shrinkage of those sintered in partial 

hydrogen shown in Figure 3-38.  Subjectively the worst surviving test coupon sintered in partial 

hydrogen is (d).  It had high remaining carbon, but low oxygen.  The low remaining oxygen but 
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poor sintering of this part suggests carbon has a greater effect on slowing mass diffusion.  This 

agrees with [69]’s findings that greater amounts of residual carbon hinder sintering of bronze 

powders.   

 

Figure 3-42: Sintered control test coupons EDS data, remaining mass percent is copper and tin.  
(a): sintered in nitrogen with conservative temperature profile.  (b): 20vol% hydrogen with 

aggressive temperature profile.  (c): 20vol% hydrogen with conservative temperature profile.  
(d): 5vol% hydrogen with conservative temperature profile.   

No well sintered parts were produced with this feedstock.  A Partial hydrogen sintering 

atmosphere was needed to reach any significant densification.  The center of these parts was 

not well sintered and crumbled when the coupons were cut for mounting in the SEM.  Some 

sintering tests were done in pure nitrogen but did not give consistent results and had high levels 

of remaining surface carbon.  High remaining surface carbon correlated to poorly sintered parts.  

Partial hydrogen atmospheres removed more of this carbon and promoted better sintering.   
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3.4 Feedstock Variation 

The control feedstock was varied to determine if a better formulation could be made that would 

improve the ease with which it was printed or the printed part’s quality that could still be 

debound and sintered.  The PEG content was selected as one variable because high PEG content 

reduces the feedstock’s strength significantly making printing difficult.  The bronze content was 

varied because it changes the viscosity and strength of the filament.  Lowering the amount of 

either of these components makes sintering more difficult.  Lower PEG content gives lower open 

porosity after solvent debinding for gases to escape during thermal debinding, and lower bronze 

content means less sinterable material that causes greater part shrinkage or not being able to 

sinter.  The feedstock variations are in weight percent in Table 3-9 and volume percent in Table 

3-10.  The control feedstock was included in these tables for comparison.  PEG 2.5 and PEG 2.0 

have lower levels of PEG of 2.5wt% and 2.0wt% respectively.  Bronze content and the ratios 

between the polymers was kept constant for PEG variants.  Bronze 85 and Bronze 80 have lower 

amounts of bronze powder of 85wt% and 80wt% respectively.  The ratios of the polymer 

components were kept the same for bronze variants. 

Table 3-9: Feedstock variations in weight percent. 

Sample 
Name Bronze Elvax450 PLA PMMA PEG1000 GMS 

Control 90.0% 1.50% 2.95% 2.50% 3.00% 0.05% 

PEG 2.5 90.0% 1.61% 3.16% 2.68% 2.50% 0.05% 

PEG 2.0 90.0% 1.71% 3.37% 2.86% 2.00% 0.06% 

Bronze 85 85.0% 2.25% 4.43% 3.75% 4.50% 0.08% 

Bronze 80 80.0% 3.00% 5.90% 5.00% 6.00% 0.10% 

 

Table 3-10: Feedstock variations in volume percent. 

Sample 
Name Bronze Elvax450 PLA PMMA PEG1000 GMS 

Control 55.33% 8.23% 12.29% 10.94% 12.91% 0.30% 

PEG 2.5 55.26% 8.81% 13.15% 11.71% 10.75% 0.33% 

PEG 2.0 55.20% 9.39% 14.01% 12.47% 8.59% 0.35% 

Bronze 85 43.81% 10.35% 15.45% 13.76% 16.24% 0.38% 

Bronze 80 35.50% 11.88% 17.74% 15.80% 18.64% 0.44% 
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3.4.1 Filament Production 

The four feedstocks were mixed using a torque rheometer.  The torque versus time plots are in 

Figure 3-43.  The lower content of PEG in the PEG 2.5 and PEG 2.0 feedstocks give it higher 

mixing torque values.  PEG 2.0 has the highest torque because it has the lowest PEG content.  

PEG is the least viscous polymer in the blend and acts as a lubricant in the polymer system.  

Bronze 85 and Bronze 80 have the lowest mixing torque values at their peak and after becoming 

constant.  The small increase in torque in the lower bronze feedstocks between 10 and 15 

minutes is caused by an increase in mixing RPM.  This was done to ensure the feedstocks 

became homogenous because some components were visibly separate in the mixing chamber.  

Compared with the Control feedstock the PEG variants both had higher mixing torques, and the 

bronze variants both had lower mixing torques.  All the feedstock variants had mixing torques 

under the reference PLA filament, so they should be printable at their mixing temperature.   

 

Figure 3-43: Feedstock variations mixing torques. 

Filament was successfully produced of each feedstock variant; .   

Table 3-11 has some measured properties of the produced filament.  The same die with a 

diameter of 2.67mm was used in the MFI to produce each filament.  The diameter of the 

produced filaments were similar, and were near to the nominal 2.85mm diameter.  The 

diameter of the PEG 2.0 shows it has no die swell and on average was smaller in diameter than 

the used die.  Because of the production technique used, this indicates the temperature could 

have been set lower than the used 114°C.  The ambient temperature also could have been too 

high and the filament couldn’t freeze quickly enough causing slight necking in portions and 
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lowering the average.  PEG 2.5, Bronze 85, and Bronze 80 all had average diameters greater than 

that of the die used caused by slight die swell.   

The temperature for producing each variation was different because of their different 

compositions.  The increase in production temperature of PEG 2.5 and 2.0 were because the 

lower PEG content increases the melting temperature.  This increases the temperature at which 

a balance of viscosity was found where the filament would extrude but not fall apart under its 

own weight.  The bronze filaments both have the same low temperature compared to the 

control mixture.  The temperature is lower because the viscosity was much less from the having 

much lower powder loading than the control.  The temperatures were the same likely because 

their powder loading by volume was much lower than the control as shown in Table 3-10.  At 

these lower powder loadings the viscosity dependence on powder loading is much lower.  A 

lower temperature was not needed to maintain the correct viscosity for producing filament with 

Bronze 80.   

Table 3-11: Feedstock variants filament characteristics. 

Feedstock 
Density 

[g/cm^3] 
Diameter 

Average [mm] 
Diameter Range 

[mm] 

Filament 
Production 

Temperature 
[°C] 

PEG 2.5 5.11±0.055 2.73±0.029 2.67-2.78 109 

PEG 2.0 5.02±0.049 2.66±0.048 2.6-2.74 114 

Bronze 85 4.47±0.055 2.72±0.046 2.6-2.8 100 

Bronze 80 3.81±0.041 2.76±0.055 2.67-2.89 100 

MFI testing for each of the feedstocks is shown in Figure 3-44.  MFI testing with high powder 

loading feedstocks is difficult because the plunger can become jammed by powder wedging into 

the gap with the cylinder wall.  This jamming causes inaccuracy that is obvious in the large error 

bars in these plots.  PEG 2.5 and PEG 2.0 had similar melt flow rates at the same temperatures.  

PEG 2.5 should have higher melt flow rates at all temperatures but due to jamming at higher 

temperatures the melt flow rates were lower for 190°C and 200°C.  The greater amount of PEG 

in PEG 2.5 lowers the viscosity enough the powder isn’t held in suspension and jams the MFI’s 

plunger.  For similar melt flow rates to that of PLA in Figure 3-3, PEG 2.5 and PEG 2.0 should be 

printed at 180°C to 190°C.  This is similar to the Control feedstock, but because of reduced PEG 

and higher viscosity the PEG variants need to be printed at a higher temperature.  Bronze 85 and 
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Bronze 80 feedstock MFI results in Figure 3-44 are more consistent with the expected results; 

Bronze 80 had a higher flow rate than Bronze 85 due to the lower powder loading giving a lower 

viscosity.  The melt flow rate of bronze variants was much higher than the Control feedstock.  To 

match the flow rates of the PLA filament a very low printing temperature of 130°C to 140°C was 

appropriate.  Both feedstocks were tested at 120°C and no polymer was extruded from the MFI 

without excessive force.  The feedstocks freeze close to their appropriate printing temperatures 

so a slightly higher printing temperature may be needed to avoid freezing, but will cause sagging 

issues from having too low of a viscosity when extruded.   

   

Figure 3-44: Feedstock variants MFI data converted to volumetric flow rate for comparison. 

Thermal properties measured with DSC and TGA are summarized in Table 3-12.  The DSC and 

TGA plots of the green feedstock variants are available in the appendices starting on 156.  All the 

feedstock variants had two melting peaks (Tm), a glass transition (Tg), and a crystallization 

temperature (Txtal).  The initial melting temperature (Tm1) increased with lower PEG amounts, 

and was similar to the control feedstock initial melting point.  The temperature is close to the 

melting point of the PEG used, and likely is caused by a separate PEG phase.  Lower PEG 

amounts have higher initial melting temperatures, and they are not as prominent of a feature 

on the DSC.  The four feedstock variants have a similar Tg that occurs above the initial melting 

temperature.  The temperature it occurs at is similar to raw Elvax450.  Txtal is effected by PEG, 

with increasing PEG Txtal decreases.  The crystallization occurring is likely the PLA, with other 
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polymers modifying the temperature.  The highest melting temperature observed PEG variants 

decreased and Bronze variants showed little change.   

Table 3-12: Feedstock variants thermal properties. 

Feedstock 
Tg  

[°C] 
Txtal 
[°C] 

Tm1 
[°C] 

Tm2 
[°C] 

PEG1 61.7 97.3 41.1 137.4 

PEG2 63.2 100.2 42.5 135.8 

Bronze1 61.3 94.6 39.0 138.1 

Bronze2 62.4 95.6 38.2 140.8 

All four feedstocks mixed well and the lower bronze content feedstocks required increased 

mixing speed to become homogenous.  PEG2 was the easiest feedstock to make filament with 

because it had the lowest melt viscosity and wasn’t sensitive to necking.  It is also the strongest 

filament from having the lowest PEG content, so it was easy to handle after being produced.  

The four filaments had similar diameters that all fell within the acceptable range for printing.  

The feedstocks have printing temperatures the printer is capable of, but Bronze1 and Bronze2 

may sag due to low viscosities near their melting temperatures.   

 

3.4.2 Printing 

The produced filaments were printed using mostly the same printer and slic3r settings that were 

used to print the Control feedstock in Table A-7.  The filament diameter was adjusted to ensure 

the printer could extrude the correct amount of material during each movement.  During 

printing the amount of extruded material was adjusted to ensure each print line was bonding to 

the layer below it and next to it.  The quality of the printed parts can be effected by the hotend 

temperature as well as the printing speed.  The initially tested hotend temperature was decided 

from MFI results, but was adjusted during printing for the best results.   

Qualitatively the PEG 2.0 printed the best of the four variants.  It was the most square and the 

corners were the sharpest.  This is likely because the melt viscosity was higher of the PEG 2.0 so 

it didn’t sag while the outer print line was being extruded.  Bronze 80 printed worst which was 

attributed to a viscosity problem that couldn’t be fixed by adjusting the print temperature.  The 
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parts were not square and the walls bowed outwards.  The surface finish was very rough on the 

walls and the top of the part with gaps at the corners between print lines.  The rough finish 

could again be attributed to the viscosity being too low.  The material readily fell out of the 

hotend nozzle, so the layers had globs of extra material along them.   

The PEG 2.5 test coupon shown in Figure 3-45 images (a), (b), and (c) is one of the many printed.  

It was not the best one, but one of the few that was photographed.  The top of the part has 

large gaps between the two inner print lines caused by the printer under extruding.  It under 

extrudes in the middle because it begins printing each layer at the center.  Some of the polymer 

in the hotend falls out during moves between parts and layers, so the intended amount of 

material isn’t extruded initially.  This could be fixed with tuning by adding more extrusion 

distance before beginning each part layer.  The sides have a large amount of over extrusion in 

the first three layers as can be seen in the right photo.  This was operator error, the extrusion 

multiplier was set too high at the start of printing.  The photo on the right also shows the print 

layers turned up slightly at the corners of the part on intermediate layers, but the slow top layer 

fixed most of the problem.  On larger parts this can be a dimensional issue because the layer 

curling is additive and will decrease the z-dimension print accuracy.   

Images (d), (e), and (f) in Figure 3-45 show a PEG 2.0 feedstock test coupon.  The part 

photographed is well printed, as was almost every part printed with this feedstock.  This 

feedstock is much stronger than the others because of its lower PEG content.  Higher strength 

causes it to slip less in the extruder because it can be pinched harder between the drive wheel 

and idler bearing in the extruder.  The top layer shows some very small air gaps, these are visible 

as the small dark dots on the surface.  The side of the test coupon has some bulging that caused 

layer overlap on the outside but did not affect the dimensional consistency of the width.  Like 

PEG 2.5 the corners curled up slightly, but not is not as pronounced in the PEG 2.0 feedstock. 
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Figure 3-45: PEG1 and PEG2 green printed parts. (a), (b), (c): PEG1 and (d), (e), (f): PEG2. 

The test coupon in images (a), (b), and (c) in Figure 3-46 are a test coupon printed using the 

Bronze 85 feedstock.  The printer was not calibrated correctly while printing this part, and 

caused the lowest layers to be smaller than intended.  The layers printed consistently, but 

suffered from rounding of the corners and slight drooping due to the decreased viscosity from 

lower powder loading.  Some extra material was deposited on the top surface.  This is from the 

nozzle oozing during moves, and the material that tends to stick to the edges of the nozzle.  The 

Bronze 80 test coupon in Figure 3-46 images (d), (e), and (f) has a better surface finish than the 

Bronze 85 coupons.  The material drooped much more during printing than the other 

feedstocks, this can be seen in the far right picture.  This is because Bronze 80 has the lowest 

powder loading and the lowest viscosity.  The same extra deposited material on the top surface 

is visible.  The corners are rounded similar to the Bronze 85 feedstock.   
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Figure 3-46: Bronze1 and Bronze2 green printed parts.  (a), (b), (c): Bronze1 and                      
(d), (e), (f): Bronze2. 

Table 3-13 shows some of the printed part’s measured properties, with the Control feedstock 

included for reference.  PEG 2.5 was the least accurately printed feedstock.  It was larger than 

the others, and had one of the lowest densities.  PEG 2.0 had the best average dimensions 

relative to the intended part geometry.  It only printed a part 15% bigger in volume than 

intended and the density was only 8% less than the filament.  Both Bronze variations printed 

with similar results to the Control feedstock, with reduced density and increased volume.  The 

volume being greater than in intended was caused by over-extrusion to close the gaps between 

printing lines.  The material flow rate was increased until there was no gap, and this caused the 

parts the outer print lines to wider.  With more filament the printer and a Slic3r profile could be 

tuned to fixed the dimensions and correct the amount of material in the part. 
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Table 3-13: Feedstock variants printed part characteristics. 

Feedstock 
Printed 
Density 

[g/cm^3] 

Density 
Accuracy 

Printed 
Height 
[mm] 

Printed 
Width 
[mm] 

Volume 
Accuracy 

Control 4.43±0.07 85.2% 5.30±0.13 10.79±0.15 123.5% 

PEG 2.5 4.37±0.09 85.5% 5.48±0.09 10.88±0.08 129.7% 

PEG 2.0 4.62±0.06 92.1% 5.31±0.05 10.40±0.05 115.1% 

Bronze 85 3.86±0.08 86.3% 5.43±0.09 10.62±0.05 122.4% 

Bronze 80 3.39±0.09 88.9% 5.13±0.09 10.86±0.11 121.1% 

The surface chemistry of these parts is shown in Figure 3-47, with 100% being the sum of the 

elements given.  Other elements are not included because they have low concentrations 

compared to background noise.  Table A-9 contains the raw surface chemistry data for the green 

test coupons.  PEG1 and PEG2 as expected had similar surface chemistries, which are also 

almost the same as the control surface chemistry.  This is because they contain the same 

amount of bronze by mass and should have similar amounts of bronze particles exposed on the 

exterior surface.  The lower bronze powder contents in Bronze 85 and Bronze 80 gave lower 

concentration of bronze elements.  They have similar surface chemistries even though Bronze 

85 has significantly less filler by volume.   

 

Figure 3-47: Average surface chemistry of feedstock variants. 

SEM images of PEG 2.5 and PEG 2.0 in Figure 3-48 show two sides of the part.  Both of these 

parts were printed with the same hotend temperature of 180°C.  The higher PEG content in PEG 
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well between layers, with minimal deep gaps.  Image (b) is centered on the gap between print 

lines on the top of the part that runs from the top left corner to the bottom right of the image.  

The bonding between printing lines on the top surface is good, the features are not discernable.  

The top surface is not as flat as expected, and is probably due to some of the polymer building 

up around the nozzle creating an uneven surface.  The bronze powder particles of the PEG 2.5 

test coupons are captured well in the binder, and very few broken off particles were found.  

Image (c) shows PEG 2.0 had similar good bonding, and less space between the outer round 

faces.  This reduced gap is probably from the higher viscosity making the outer face hold up 

better and not sag downward.  Image (d) of the top of the PEG 2.0 coupon has a distinct print 

line gap that runs from the top left to the bottom right of the image.  There are noticeable air 

gaps in the PEG 2.0 test coupon, and some particles that are almost free of the binder matrix in 

both images.  The increased viscosity pulls on the polymer melt as the nozzle moves which 

stretches and may be causing these small air gaps to appear. Some of the air gaps were likely 

present in the filament already, or were caused by water that had been absorbed by the 

filament that created gas pockets while printing.  No SEM of these feedstock variation’s filament 

was taken, but an SEM of the control feedstock filament in Figure 3-16 showed air gaps were 

present in the filament.  The compositions of these feedstocks is similar so it is likely all the 

filament produced contained these small air gaps.  These defects could be reduced by increasing 

the printing temperature to allow the polymer to bond better to previous layers, and not snag 

on the nozzle.  Drying the filament prior to printing would also help reduce gaps, but is difficult 

because the filament cannot be heated above its initial melting with significantly reducing its 

strength and allowing it to creep rapidly.   
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Figure 3-48: SEM images of PEG1 and PEG2 green test coupons.  (a) PEG 2.5 side, (b) PEG 2.5 
top, (c) PEG 2.0 side, and (d) PEG 2.0 top.   

SEM images in Figure 3-49 show the Bronze 85 and Bronze 80 feedstock test coupons side and 

top images.  These lowered bronze content feedstocks have significantly lower viscosities than 

the Control feedstock or lowered PEG variants.  This is obvious in the SEM images because both 

of them lack features that the printing process should introduce such as layer gaps, and print 

line gaps.  The Bronze 85 layer gap can be seen in image (a), but it is not straight as it should be.  

There is excellent bonding between layers, and no gaps can be seen.  There are large 

inconsistencies in the layers outer edge in the bottom portion of the side image.  The layer 

appears to have collapsed and had some material fall of the nozzle building thinner and thicker 

areas in the outer surface.  The top surface of the Bronze 85 part in image (b) is almost 
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featureless.  This image is centered on a print line gap that runs from the bottom left to the top 

right, but it is almost invisible in the image.  The side surface inconsistency and lack of a gap 

between the top print lines of the Bronze 85 test coupons is also seen in the pictures in Figure 

3-46.  The Bronze2 SEM image (c) of the side doesn’t show enough of the layer to see the same 

inconsistencies that are in the SEM images of the Bronze 85 coupon.  Image (d) of the top layer 

of the Bronze2 test coupon shows similar features to that of the Bronze1 test coupon.  It has an 

inconsistent surface, but the gap between the print lines isn’t visible.  Both feedstocks had few 

bronze particles exposed to the surface because they have lower powder loadings.   

 

Figure 3-49: SEM images of Bronze variant green test coupons.  (a) Bronze 85 side, (b) Bronze 
85 top, (c) Bronze 80 side, and (d) Bronze 80 top.  
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All four feedstock variations printed without much difficulty.  All of the test coupons printed 

larger than the intended geometry just like the control feedstock.  PEG 2.0 printed the best of 

the 4 feedstock variants and Bronze 80 printed the worst.  The SEM images showed poor 

interlayer bonding in PEG 2.0 despite the dimensional consistency and the visually superiority of 

the parts.  Air pockets were seen in the PEG 2.5 and PEG 2.0 coupons that may be from air 

introduced during mixing or from water that had been absorbed into the filament.  The 

problems encountered during printed were due to only varying one component in a material 

system developed to have a certain PEG and powder loading.  Lowering PEG had a positive 

effect on printing because the melt viscosity was higher, but introduced bonding issues.  

Lowering the bronze content had the opposite effect, it lowered printing quality because the 

melt viscosity was too low but improved the bonding between printing lines/layers.   

 

3.4.3 Solvent Debinding 

Effective solvent debinding of these materials is very important because excessive polymer 

during the thermal debinding stage will cause the part to bloat and fall apart.  This failure is 

amplified by 3d printing due to the possibility of poor interlayer adhesion.  Three hotplate 

temperatures and three times are used for testing.  Two samples of each feedstock are used for 

each time and temperature to help remove some experimental error.  The results are compared 

with the control feedstock to determine if the change in feedstock composition is detrimental.   

Figure 3-50 shows the feedstock variants PEG 2.5 and PEG 2.0 for different debind time and 

temperatures.  The control feedstock mass loss at 85°C was included for comparison.  The PEG 

2.5 feedstock had similar mass loss of debindable polymer to the Control feedstock.  It had 

much greater mass loss at 85°C that the lower debind temperatures tested.  The PEG 2.0 

feedstock debound less than the Control or PEG 2.5 feedstocks and showed lower dependence 

on the debinding temperature.  This feedstock didn’t contain enough debindable polymer to 

allow the solvent to reach the inner portions of the part.  The PEG 2.5 and PEG 2.0 feedstock 

were still debinding quickly at 300 minutes so longer debind tests were done at 85°C.   



97 

 

 

Figure 3-50: Solvent debound mass loss of debindable polymers of PEG feedstock variants test 
coupons weight loss for different time and temperatures.   

Additional solvent debind testing done at 85°C bed temperature for longer debind time is shown 

in Figure 3-51.  The Control feedstock data is included as a reference.  PEG 2.5 continues to have 

similar polymer debound percentages as the Control feedstock at longer debind times.  The PEG 

2.5 feedstock has a similar maximum debindable polymer mass removal to that of the Control 

feedstock at ~93wt%.  The optimum debind time for the test coupons for PEG 2.5 was the same 

as the Control feedstock, between 10-20 hours.  The PEG 2.0 feedstock continued to have lower 

debound percentages than both the Control and PEG 2.5 feedstock.  The highest debindable 

polymer removal for PEG2 is ~67wt%, and on average is ~60% for debind times greater than 10 

hours.  This means on average ~40% of the part could not be reached by solvent because the 

part didn’t have enough open porosity.  PEG 2.0 does not have enough debindable polymer to 

effectively solvent debind.   
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Figure 3-51: Solvent debound PEG feedstock variants and control at 85°C hotplate 
temperature and different debind times.   

During debinding the average test coupon height changes from polymer expansion or 

contraction from volume loss.  The PEG 2.5 part’s height on average is reduced when solvent 

debindable portions of the binder are removed, this is shown in Figure 3-52.  Some test coupons 

gain height, but most of them showed a small decrease in height.  The more polymer removed 

during debinding the greater the height shrinkage.  The linear trend line is added to show the 

height loss increase with increased polymer removal.  The linear trend line also almost passes 

through zero, this shows the data is mostly linear and the shrinkage is linear with respect to the 

amount of polymer removed.  The PEG 2.5 had almost equal amounts of shrinkage versus 

polymer removal.  PEG 2.0 had similar results to the PEG 2.5 feedstock with a height decrease at 

higher amounts of debound polymer.  Below 40% the majority of test coupons gained height 

with the PEG 2.0 feedstock.  This feedstock shrank less than the Control feedstock and the 

amount of shrinkage was minimal with all parts shrinking less than one percent.   
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Figure 3-52: Solvent debound PEG feedstock variants height change after removal of different 
amounts of debindable polymer. 

The surface chemistry data after solvent debinding of a PEG 2.5 and PEG 2.0 test coupon is in 

Figure 3-53.  Both feedstocks had similar average and single particle mass percent of each 

element included.  Other elements were not included because they had low concentrations 

compared to background noise.  After debinding the average carbon and oxygen percentages on 

the outer surfaces decreased.  This is likely caused by some of the polymer breaking away from 

the particles on the test coupons outer surface and exposing more bronze.  A concern during 

debinding is the formation of oxides on the bronze particle’s surface that would hinder sintering.  

The measurements of single exposed particle’s surfaces show a small amount of oxygen on the 

surface that could be copper oxides.   

 

Figure 3-53: PEG feedstock variants EDS results after solvent debind time of 24 hours. 
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SEM images of PEG 2.5 and PEG 2.0 feedstock variations are in Figure 3-54.  Image (a) of PEG1 

shows little change from that of the green SEM image.  There were cracks on the surface of the 

polymer and some bronze particles were exposed from solvent debinding.  Image (b) of PEG 2.5 

shows the surface of a bronze particle where the surface had broken away during solvent 

debinding.  The entire surface is covered with something that doesn’t appear to be polymer or 

that of the original bronze particles.  The structures are crystalline that are on the bronze 

particle’s surface.  Figure B-3 in the appendices on page 172 shows the same structure at a 

higher magnification.  Images (c) and (d) in Figure 3-54 of solvent debound PEG 2.0 feedstock 

show the same cracking that appeared in the PEG 2.5 test coupon.  The microstructure on the 

surface of exposed bronze particles is also present with this feedstock.  Another structure found 

on the surface of the PEG2 part is in Figure B-4 on page 173.  It is likely the debindable polymers 

that dried on the surface of the part after it was removed from the water bath.  The other image 

in this figure is a wider view that shows some that more particles are exposed after debinding 

on this feedstock that the control or PEG1 feedstock.   
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Figure 3-54: SEM images of PEG feedstock variants.  (a), (b) are PEG 2.5; and (c), (d) are PEG 
2.0.   

The initial debind testing for Bronze 85 and Bronze 80 feedstocks is in Figure 3-55.  Different 

time and hotplate temperatures were tested.  The Control feedstock results for 85°C hotplate 

temperature were included for comparison.  Both feedstock variations performed similarly and 

debound slower than the control feedstock.  The slower solvent debinding can be attributed to 

the increased volume of solvent debindable polymer in the Bronze variant feedstocks.  It takes 

more time at the same debind temperatures to remove the polymer when the number of open 

pores are the same as the control feedstock.  The open porosity should be the same as the 

Control feedstock because the binder composition is the same, only the powder volume is 
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reduced.  With increased debind time the Bronze 85 and Bronze 80 feedstock should reach 

similar debound percentages to the Control feedstock. 

 

Figure 3-55: Solvent debound mass loss of debindable polymers of Bronze feedstock variants 
test coupons weight loss for different time and temperatures. 

Additional solvent debind testing was done at a bed temperature of 85°C for longer debind time 

and the results are in Figure 3-56.  The control feedstock data was included for reference.  Again 

the Bronze 85 and Bronze 80 have similar results for all debind times.  Maximum debindable 

polymer removal was reached at over 50 hours of debinding time.  The maximum could have 

occurred between 25 and 50 hours, but not enough data was taken to show if this is true.  An 

optimum debind time was not discovered for these feedstocks for the test coupons because of 

this data gap.  A good estimate would be debinding for greater than 25 hours because it reaches 

~75wt% percent of debindable polymer removed for both feedstocks.   
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Figure 3-56: Solvent debound Bronze feedstock variants and control at 85°C hotplate 
temperature and different debind times.   

The height change of Bronze 85 and Bronze 80 feedstock variants after solvent debinding is in 

Figure 3-57.  Linear regression was added for each data set to more easily see the height 

reduction trend with increasing debindable polymer removal.  The R2 value for Bronze 85 is 

quite low because of the high variance in the data.  The Bronze 80 R2 value is much higher and 

shows good agreement with the data.  Both Bronze feedstock variants shrank more than the 

control or PEG variant feedstocks because they contain much more polymer that is solvent 

debindable relative to the parts volume.  The maximum shrinkage seen in Bronze 85 test 

coupons was ~2.5% and ~3.7% in Bronze 80 coupons.  Bronze 80 shrank more than Bronze 85 

because it has more debindable polymer by volume.   

 

Figure 3-57: Solvent debound Bronze feedstock variants height change after removal of 
different amounts of debindable polymer. 
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Surface chemistry data after solvent debinding of Bronze 85 and Bronze 80 test coupons is in 

Figure 3-58.  Only carbon, oxygen, and bronze elements were included, other elements were not 

included because they had low concentrations compared to background noise.  Bronze 85 had 

less carbon and oxygen present on the test coupon’s surface because the volume of bronze 

powder was lower and more polymer was present.  After debinding the average carbon and 

oxygen percentages on the outer surfaces decreased.  This is likely caused by some of the 

polymer breaking away from the particles on the test coupons outer surface and exposing more 

bronze.  A concern during debinding is the formation of oxides on the bronze particle’s surface 

that would hinder sintering.  The measurements of single exposed particle’s surfaces show a 

small amount of oxygen on the surface that could be oxide formation.   

 

Figure 3-58: Bronze feedstock variants EDS results after solvent debind time of 24 hours. 

SEM images of Bronze 85 and Bronze 80 feedstock variations are in Figure 3-59.  The cracking 

seen in the Control and PEG feedstock variants is not as prevalent in the Bronze feedstock 

variants.  The reduced powder loading makes the feedstock more flexible and allows it to 

contract without being stressed enough to crack.  Image (b) of the Bronze1 feedstock shows a 

single particle with most of the polymer broken away from its surface.  Few exposed particles 

were found on the surface of these parts due to the lower powder loading.  The surface is 

covered with a jagged crystalline structure that appeared during solvent debinding.  Bronze 80 

feedstock looks similar to the Bronze 85 feedstock, and has even fewer exposed particles.  

Image (d) of the Bronze2 feedstock shows the surface where a bronze particle was, but has 

broken off.  Some of the scale that was on the bronze particle’s surface is left on the polymer.   
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Figure 3-59: SEM images of bronze feedstock variants.  Row A is Bronze1 and row B is Bronze2. 

The compiled thermal properties of the solvent debound feedstock PEG and Bronze variants 

from DSC and TGA are in Table 3-14.  The DSC and TGA plots are included in the appendices 

starting with Figure A-41 on page 161.  No crystallization was observed in any of the feedstocks 

after solvent debinding and drying, because both stages annealed the printed parts so they were 

already completely crystallized.  The observed Tg increased 5-8°C after solvent debinding.  This 

matches with the Tg of PLA3001 and is different than the green feedstock which matched closely 

with Elvax450’s Tg.  The change in Tg could be a result of overlapping Tg’s of the PMMA, PLA, and 

Elvax.  PLA and PMMA had their Tg’s reduced by the addition of PEG.  If their Tg’s overlapped it 

would be difficult to distinguish each and the Tg’s and creating an average Tg that increased with 
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the removal of PEG.  The debound feedstocks had multiple melting temperatures similar to the 

green feedstocks.  Like the Control feedstock, the low melting point attributed to PEG in green 

feedstocks was not observed after debinding.  PEG 2.5 and PEG 2.0 had two melting 

temperatures, and Bronze1 and Bronze2 had three.  Tm1 can be attributed to the melting of 

Elvax450 matching its melting point shown in Table 3-2.  Tm2’s for solvent debound PEG variants 

were the same as for the green feedstock.  For Bronze feedstock variants Tm2 was lower than the 

Tm2 of the green feedstocks by ~10°C.  Tm3 of the solvent debound Bronze variants was higher 

than the green feedstocks by ~5°C.  The cause of these two distinct high temperature melting 

peaks is unclear.  Only the PLA component had a high enough melting point for either Tm2 or Tm3 

of the Bronze feedstock variants.  It could be caused by two phases of PLA remaining, one with 

PEG and one without PEG.  The Bronze feedstock variants didn’t debind as completely as the 

control or PEG variants.  So enough PEG may have remained to lower the melting temperature 

of part of the PLA.   

Table 3-14: Solvent debound feedstock variant thermal properties. 

Feedstock Tg 
[°C] 

Tm1 
[°C] 

Tm2 
[°C] 

Tm3 
[°C] 

PEG 2.5 68.8 89.0 141.3 - 

PEG 2.0 67.5 87.0 135.9 - 

Bronze 85 71.9 88.6 131.7 145.9 

Bronze 80 71.1 85.3 129.8 145.3 

PEG 2.5 feedstock variation has similar debinding performance to that of the Control feedstock.  

PEG 2.0 feedstock debound slower and couldn’t debind as much polymer as the Control 

feedstock because it didn’t have enough PEG to have enough open porosity for solvent to reach 

the inside of the part.  Bronze 85 and Bronze 80 feedstocks debound slower than the Control, 

but reached similar percentages of debound polymer.  All four feedstock variations shrank 

during solvent debinding.  PEG 2.0 shrank the least and Bronze 80 shrank the most.  The 

shrinkage was greater with more PEG by volume in the feedstock, and for larger percentage of 

the debindable polymer removed.  The four feedstocks debound well enough at 85°C bed 

temperature and long enough debind times to move onto thermal debinding testing.   
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3.4.4 Thermal Debinding 

Thermal debinding of the four feedstock variations was done to determine appropriate hold 

temperatures before continuing to sintering.  TGA analysis done for each solvent debound 

feedstock showed what hold temperatures to test, and several of these temperatures were 

tested for different hold times.  For these tests two solvent debound and dried test coupons 

were used of each feedstock.  The thermal debound parts were then measured and 

characterized to verify which of the time and temperature combinations would be appropriate 

for each of these feedstocks.  Each feedstock variation is analyzed separately for thermal 

debinding performance. 

The solvent debound PEG 2.5 feedstock TGA is in Figure 3-60.  The two TGA runs were 

normalized to the theoretical powder loading of 90wt%.  One of the runs had a lower amount of 

debindable polymer removed.  The mixture was likely not homogenous as the sample that was 

debound was small and the solvent should have easily reached the inside of the part.  The onset 

of pyrolysis at 300°C was selected as one of the hold temperatures to determine if the part 

would collapse or deform.  The highest hold temperature selected was 400°C.  About 25wt% of 

the binder is remaining at this temperature, but the testing was done at 20°C/min so there is 

some lag in mass loss due to thermal capacitance in the sample.  So when holding for several 

hours at this temperature more of the polymer would be removed.  A third hold temperature of 

350°C was selected as an intermediate test in case the higher temperature removed too much 

polymer.  To determine how long the hold times may need to be, two were selected at 2 and 4 

hours.   
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Figure 3-60: TGA of solvent debound PEG 2.5 normalized to remaining bronze content.        
Two runs. 

The mass loss observed after thermal debinding of the solvent debound PEG 2.5 feedstock test 

coupons are in Figure 3-61.  The Control feedstock data for a 4 hour hold included for reference.  

The mass percent removed is that of all the remaining polymer, including the remaining solvent 

debindable polymers that were not completely removed during solvent debinding.  At all 

temperatures tested a four hour hold time removed more of the binder than the two hour hold.  

For the 400°C hold temperature almost the same amount of binder was removed.  Both PEG 2.5 

curves were similar to the Control curve.  Error bars were not included on this plot to simplify it, 

Table A-11 in the appendices on page 166 has the complete data set.  From this table the 

standard deviation increases at higher hold temperatures.  This may be caused by the test 

coupons leaving some material behind on the alumina blocks in the furnace.  The higher debind 

temperatures remove more polymer and weaken the part so more material is broken off easily 

for parts debound at higher temperatures.   
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Figure 3-61: PEG 2.5 feedstock printed parts remaining polymer percent removal after thermal 
debinding at different times and temperatures. 

The height change of the PEG 2.5 test coupons after thermal debinding is given in Figure 3-62.  

These coupons deformed similarly to the Control feedstock, but showed a greater increase in 

width.  The decreased porosity from lower debindable polymer present in the binder increases 

the pressure in the part during thermal debinding, and the increased pressure caused the part 

to deform.  The height increase decreased with increasing debind temperature.  The width 

increase was the lowest on average for the 4 hour hold time, and showed the lowest width 

increase at the 300°C hold temperature.  The 2 hour hold time showed a large increase in width 

at higher debind temperatures, but had almost no height increase.  The lack of height increase 

was due to the part sagging which can be seen in Figure B-10.  The best performing hold time 

and temperature combination is 4 hours at 400°C.  The increase in height and width are almost 

equal, and are only about 3%.  This would give the smallest average deformation in each 

dimension.   
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Figure 3-62: PEG 2.5 feedstock test coupon height and width percent increase after thermal 
debinding at different time and temperature combinations. 

The deviation and range for dimension change was not included in the above plot.  In the 

appendices all the raw geometry change data is included in Table A-11 on page 166.  The PEG 

2.5 data for height and width increase versus mass percent of remaining binder polymer 

removed are in Figure A-51 and Figure A-52 respectively.  The height increase plot shows at low 

percentage of binder polymer removed there is a high maximum height that is likely bloating 

that occurred in the center of the coupon.  At higher binder percent removal both hold times 

have similar average height change, and similar ranges.  The height change is not affected by the 

hold time like it was in the Control feedstock tests.  The width increase was greater for the 2 

hour hold time and had a greater average increase at higher binder removal percent.  The width 

increase range was higher for the 2 hour hold time.  4 hour hold time had a smaller increase in 

width that increased with greater percent of binder polymer removed.   

Images (a) and (b) in Figure 3-63 shows one of the test coupons thermal debound at a 300°C 

hold temperature and a 2 hour hold time.  The sides of the part are the most bloated, and the 

top remained mostly flat.  These test coupons had some of the larger geometric deformations, 

which can be seen in the measured deformations Figure 3-62.  ~42wt% of the remaining binder 

polymer was removed from this part, the lowest mass percent removal of all the test coupons.  

The test coupon in images (c) and (d) was thermally debound for a hold time of 4 hours and a 

temperature of 400°C.  This is the coupon with the highest mass loss of about 96% after thermal 

debinding.  The coupon was fragile and may have had the highest mass loss from material 

breaking off while being moved to a scale, but it agrees well with the second coupon tested 
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under the same conditions.  The corner that is broken off in these photos occurred after 

measuring the mass.  The top of the coupon has a peak near the center of the part, but doesn’t 

show the same side bloating as the lower debind time and temperature coupon.  More images 

of the thermal debound PEG 2.5 test coupons are in Figure B-9 through Figure B-12 starting on 

page 175.   

 

Figure 3-63: PEG 2.5 feedstock printed coupons after thermal debinding.  (a) and (b) were held 
at 300°C for 2 hours.  (c) and (d) were held at 400°C for 4 hours. 

Figure 3-64 has SEM images of the two test coupons in the photos in Figure 3-63.  Images (a) 

and (b) are of the coupon debound at 300°C for a hold time of 2 hours.  Image (a) is a cross 

section and shows the air pockets that were introduced during thermal debinding.  These were 

not present in the green and the solvent debound test coupon SEM images that are found in 

Figure 3-48 and Figure 3-54 respectively.  Image (b) shows the same scale is present on the 

thermally debound part that was present after solvent debinding on exposed particles.  The 

remaining binder can also be seen in this image holding the bronze particles together.  Images 

(c) and (d) were debound for 4 hours at 400°C.  Image (c) is a cross section and shows the same 

air pockets as in (a).  They were smaller and harder to discern because most of the binder 

polymer has been removed.  Image (d) shows that most of the scale present in the row A 

coupon as well as on the solvent debound exposed particles has been removed during thermal 

debinding.   
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Figure 3-64: SEM images of the PEG 2.5 feedstock after thermal debinding.  (a) and (b) were 
held at 300°C for 2 hours.  (c) and (d) were held at 400°C for 4 hours. 

The average surface chemistry of the same two test coupons is given in Figure B-17.  Sample (a) 

and (a) correspond to the test coupons in the photographs and SEM images above.  The carbon 

mass percent was reduced in the longer debind and higher debind temperature.  This agrees 

with other researchers who added additional high temperature thermal debind holds to reduce 

carbon on the surface of bronze powders to improve sinterability.  The oxygen mass percent 

was also reduced significantly with higher debind time and temperature.  The reduction of 

oxygen correlates to the reduction of the scale that was seen on the surface of the bronze 

particles after solvent debinding in SEM images.  The mass percent of carbon and oxygen in the 

PEG 2.5 coupons for both thermal debind tests was higher than that of the control feedstock in 
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Figure 3-35.  This suggests the PEG 2.5 coupons didn’t thermally debind as well as the Control 

and had more polymer remaining.   

 

Figure 3-65: PEG 2.5 surface chemistry data of two test coupons.  (a) is a 300°C hold with a 2 
hour hold time and (b) is a 400°C hold with a 4 hour hold time. 

The second feedstock variant PEG 2.0 with only having a lower PEG content has a similar TGA 

shown in Figure 3-66.  The two TGA runs in this figure were normalized to the theoretical 

powder loading of 90wt%.  Both samples had similar amounts of debindable polymer removed 

suggesting the mixture was homogenous.  As expected polymer burnout was the same as the 

PEG 2.5 and the Control feedstock.  So the same hold temperatures and times were used to test 

the PEG 2.0 feedstock for thermal debinding performance.   

 

Figure 3-66: TGA of solvent debound PEG 2.0 normalized to remaining bronze content.        
Two runs. 
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Mass loss for each time and temperature thermal debind tests of PEG 2.0 coupons are given in 

Figure 3-67.  The Control feedstock data for a 4 hour hold is included for reference.  The mass 

percent removed is that of all the remaining polymer, including the remaining solvent 

debindable polymers that were not completely removed during solvent debinding.  The results 

are not as expected with the 2 hour hold time having higher mass loss than the 4 hour hold for 2 

of the 3 temperatures tested.  This was likely caused by the parts sticking to the alumina bricks 

in the furnace, they had to be forced off and some material was left behind.  Besides the 300°C 

hold temperature, the data matched well with the results from the Control feedstock, but had 

lower amounts of material debound at each tested temperature.  The reduced open porosity 

from lower PEG content and removal likely reduced the rate at which the binder could be 

removed during thermal debinding.  Which results in a greater binder mass remaining for the 

same debind time and temperature tested with the higher open porosity of the Control 

feedstock.   

 

Figure 3-67: PEG 2.0 remaining polymer percent removal after thermal debinding at different 
times and temperatures. 

Height and width change of PEG 2.0 coupons after thermal debinding are given in Figure 3-68.  

These coupons deformed more than the PEG 2.5 and Control feedstock coupons.  The increased 

pressure inside the part from lack of open porosity caused a much greater increase in the size of 

the PEG 2.0 feedstock coupons.  The height of the coupons decreased except for the 2 hour hold 

400°C test.  The 2 hour hold time performed worse than the 4 hour hold by causing more 

deformation at all the tested temperatures.  The lowest height change of ~0% was seen with the 

300°C temperature and 4 hour hold.  The width increased more than the height for PEG 2.0 test 

30%

40%

50%

60%

70%

80%

90%

100%

280 300 320 340 360 380 400 420

M
as

s 
P

er
ce

n
t 

R
em

o
ve

d

Hold Temperature [°C]

Control 4hr

PEG2 2hr

PEG2 4hr



115 

 

coupons at all times and temperatures tested.  The 2 hour hold time performed worse, with and 

increasing deformation with increasing hold temperature.  The 4 hour hold time had similar 

deformation to the 2 hour hold at low temperatures.  At higher hold temperatures the width 

increase was much smaller, and similar to the change in height.  For minimal geometric 

deformation of PEG 2.0 feedstock test coupons from thermal debinding the best hold 

temperature is 400°C with a 4 hour hold time. 

 

Figure 3-68: PEG 2.0 feedstock test coupon height and width percent increase after thermal 
debinding at different time and temperature combinations. 

The deviation and range for dimension change was not included in the above graph.  In the 

appendices all the raw geometry change data is included in Table A-11 on page 166.  The PEG 

2.0 data for height and width increase versus mass percent of remaining binder polymer 

removed are in Figure A-53 and Figure A-54 respectively.  The average height change decreases 

except for high binder removal percent and 4 hour hold time.  The height range didn’t vary 

between the hold times or percent of polymer removed.  The width increase grew with 

increasing binder removal for the 2 hour hold, and increased for the 4 hour hold.  The width 

increase range increased with greater binder removal for the 2 hour hold time.  The 4 hour hold 

had a lower width increase range at low and high binder removal percentages.   

The geometry change in the PEG 2.0 coupons is obvious in the two coupons in Figure 3-69.  The 

coupon in images (a) and (b) was thermally debound for 2 hours at a hold temperature of 300°C.  

The mass loss of this coupon was 44.5wt%, and had a volume increase of ~47%.  This coupon 

had the highest height loss of the PEG 2.0 coupons at over ~12% decrease, and a large increase 
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in width at ~30%.  The coupon deformed significantly during thermal debinding.  The coupon in 

images (c) and (d) was thermally debound for at 400°C for a 4 hour hold time.  This coupon had 

~85% mass loss, the lowest volume increase of 30%, a small increase in height, and an increase 

in width of 11.5%.  It didn’t sag like the first pictured coupon did, and it didn’t bloat as much.  

Small air pockets and signification cracking can be seen on the surface.  More photographs of 

PEG2 test coupons for the different thermal debind time and temperatures can be found in 

Figure B-13 through Figure B-16 starting on page 176. 

 

Figure 3-69: PEG 2.0 feedstock coupons after thermal debinding.  (a) and (b) were held at 
300°C for 2 hours.  (c) and (d) were held at 400°C for 4 hours. 

SEM images of the two test coupons in Figure 3-69 are in Figure 3-70.  Images (a) and (b) are of 

the coupon thermally debound at 300°C for a hold time of 2 hours.  Image (a) is a cross section 

and shows the air pockets that were introduced during thermal debinding.  These were not 

present in the green and solvent debound test coupon SEM images in Figure 3-48 and Figure 

3-54 respectively.  The air pockets are similar in size to those in the thermally debound PEG 2.5 

test coupon SEM images.  Image (b) shows the same scale is present on the thermally debound 

part that was present after solvent debinding on exposed particles.  A small amount of the 

remaining binder can be seen between the bronze particles in this image.  Images (c) and (d) 

was debound for 4 hours at 400°C.  Image (c) is another cross section and shows the same air 

pockets that are slightly larger in image (a).  Image (d) shows that minimal scale on the bronze 
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particles compared to the lower debind time and temperature.  The higher hold time and 

temperature resulted in larger air pockets and less scale on the bronze particle surface.   

 

Figure 3-70: SEM images of the PEG 2.0 feedstock after thermal debinding.  Row A is a 300°C 
hold temperature with a 2 hour hold time and row B is a 400°C hold temperature with a 4 

hour hold time. 

The average surface chemistry of the same two PEG 2.0 test coupons from above is given in 

Figure 3-71.  The total mass percent of the elements included in this plot were normalized to 

100%.  The results contradict those for the Control and PEG1 thermally debound coupons.  The 

average carbon mass percent is the same for both coupons.  For the other feedstocks the 

carbon reduced for longer debind times and higher temperatures.  The average oxygen mass 

percent disagrees with other feedstock results also.  The average oxygen mass percent 
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increases, when other feedstocks had a significant decrease.  The remaining polymer could 

explain the high oxygen level, but coupon A should have equivalent or higher oxygen mass 

percent.  There is high standard deviation in in carbon in (b), and oxygen in (a).  The removal of 

polymer may have caused an uneven distribution of remaining polymer and gave unexpected 

EDS results.   

 

Figure 3-71: PEG 2.0 surface chemistry data of two test coupons.  (a) is a 300°C hold with a 2 
hour hold time and (b) is a 400°C hold with a 4 hour hold time. 

Bronze feedstock variants did not thermally debind without collapsing at any of the tested time 

and temperature combinations.  Figure 3-72 shows the results from the 350°C hold temperature 

and 2 hour hold time test.  The Bronze 80 feedstock coupons flattened more than the Bronze 85 

feedstock coupons.  The lower the powder loading the more the parts deformed during thermal 

debinding and neither bronze variant had enough bronze powder to maintain their original 

shape.  The coupons were so deformed and stuck to the alumina tray they were placed on that 

no measurements could be taken after thermal debinding.  It was concluded the coupons 

couldn’t be thermally debound, so they were not included in the sintering tests.   

 

Figure 3-72: Bronze 1 and Bronze 2 failure after thermal debinding. 
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The sintering profiles developed for the Control feedstock coupons should be adequate for 

thermal debinding of the PEG 2.5 and PEG 2.0 feedstocks.  The aggressive profile in Figure A-2 

on page 139 has one thermal debind hold at 400°C for 2 hours.  This was shown to create 

excessive bloating, but had similar mass loss to the 4 hour hold at the same temperature for the 

two feedstocks.  The aggressive profile may damage the coupon, but it was still tested.  The 

conservative profile in Figure A-3 has two holds for thermal debinding.  The first is 300°C for 2 

hours which was shown to cause bloating, but will likely be reduced by the second hold, which is 

at 400°C for 4 hours.  The high hold temperature and time was the best for both PEG 2.5 and 

PEG 2.0 to reduce geometrical deformation.  So the conservative temperature profile should 

have the best results.   

In conclusion the PEG 2.5 and PEG 2.0 feedstock coupons thermally debound with limited 

success compared to the Control feedstock coupons.  The reduction of solvent debindable 

materials increased the binder percentage that had to be removed by thermal debinding and 

caused damage to the parts.  The bronze feedstock variants did not thermally debind 

successfully and will be removed from further testing.  PEG 2.5 coupons had greater mass loss 

than PEG 2.0, but still less than the Control coupons.  PEG 2.0 coupons deformed significantly 

more than the PEG 2.5 coupons from thermal debinding and both increased in size compared 

with the Control coupons.  The scaling on the bronze particles in both feedstocks was visually 

reduced by increased hold times and temperatures.  Surface chemistry data from PEG 2.5 

supported this, but PEG 2.0 data was inconsistent.   

 

3.4.5 Sintering 

Sintering tests were done with the PEG 2.5 and PEG 2.0 alongside the control test coupons.  

Bronze feedstock variants were not tested for sintering because they could not be successfully 

thermally debound.  Nitrogen and partial hydrogen atmospheres were tested using conservative 

and aggressive furnace temperature profiles.  Sintering was not successful with either of the 

PEG feedstock variants.  Weight and height change measurements of the coupons could not be 

completed.  Only photos of the surviving samples were taken.   

Three PEG 2.5 feedstock test coupons after sintering are shown in Figure 3-73.  Both 

conservative and aggressive furnace temperature profiles were used, but in both tests the 
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coupons sintered poorly and crumbled easily.  The blistering seen during thermal debind testing 

can be seen in these coupons.  The bubbles created from escaping gases can be seen in the test 

coupon in the left image, and some smaller blisters can be seen in the test coupon in the right 

image.   

 

Figure 3-73: Three PEG 2.5 feedstock variant test coupons after sintering in a nitrogen 
atmosphere.   

Sintering in a partial hydrogen atmosphere had similar results to sintering in nitrogen.  Image (a) 

and (b) in Figure 3-74 shows a test coupon after sintering in 20vol% hydrogen using the 

conservative temperature profile.  The coupon crumbled easily and the bottom portion broke 

off before pictures could be taken.  The outer shell that remains of the test coupon sintered 

enough to become ductile.  The coupon in images (c) and (d) were sintered in 5vol% hydrogen 

using the aggressive temperature profile.  The coupon almost disappeared before photos were 

taken of it.  Very little sintering occurred in this coupon similar to the results from sintering in 

nitrogen.  Photos of the other two partial hydrogen sintering tests can be found in Figure B-19 

and Figure B-20 starting on page 179.  Both samples sintered in 20vol% hydrogen had a ductile 

outer shell and the samples sintering 5vol% hydrogen were similar to those sintered in only 

nitrogen. 
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Figure 3-74: PEG 2.5 feedstock variant test coupons after sintering in a partial hydrogen 
atmosphere.  (a) and (b) used a conservative temperature profile in 20vol% hydrogen.  (c) and 

(d) used an aggressive profile in 5vol% hydrogen. 

Three PEG 2.0 feedstock variant test coupons after sintering in nitrogen are shown in Figure 

3-75.  Just like the PEG 2.5 coupons an aggressive and a conservative temperature profile was 

used for sintering.  Again no difference was seen between the two temperature profiles and the 

coupons crumbled easily.  They were stronger than the PEG1 coupons and could be handled 

without breaking immediately.  The increased strength is probably remaining polymer because 

there was more to debind.  Previous tests showed the PEG 2.0 coupons having a greater amount 

of remaining polymer after thermal debinding.  A large amount of blistering occurred, which was 

also seen in thermal debind testing.  The blistering caused the parts to bloat and flatten slightly.   

 

Figure 3-75: Three PEG 2.0 feedstock variant test coupons after sintering in a nitrogen 
atmosphere.   
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PEG 2.0 also had similar sintering results in partial hydrogen atmosphere to sintering in nitrogen.  

The coupon in images (a) and (b) was sintered in 20vol% hydrogen using a conservative 

temperature profile.  Similar to the PEG 2.5 results, a ductile shell was produced, but the 

material on the inside of the coupon sintered poorly and broke away.  The coupon in images (c) 

and (d) was very poorly sintered, and didn’t have the ductile shell of the first sintered coupon.  

As expected from thermal debind testing, both coupons blistered and deformed excessively.  

Photos of the other samples sintered in partial hydrogen are in Figure B-21 and Figure B-22 

starting on page 179.  Both samples sintered in 20vol% hydrogen had a ductile outer shell and 

the samples sintering 5vol% hydrogen were similar to those sintered in only nitrogen. 

 

Figure 3-76: PEG2 feedstock variant test coupons after sintering in a partial hydrogen 
atmosphere.  (a) and (b) used a conservative temperature profile in 20vol% hydrogen.  (c) and 

(d) used an aggressive profile in 5vol% hydrogen. 

Sintering tests of PEG 2.5 and PEG 2.0 feedstock variations was unsuccessful.  In pure nitrogen 

very little sintering occurred and the samples crumbled upon removal from the furnace.  In 

partial hydrogen some sintering did occur, but only enough to produce a ductile outer shell on 

the test coupon.  The higher 20vol% hydrogen atmosphere allowed more sintering to occur than 

the low 5vol% hydrogen.  SEM and EDS were not done on these coupons, but had similar 

sintering results to the control feedstock.  The same reduction of carbon and oxygen seen in the 

control sintering tests is probably occurring with these coupons.  Longer hold times at high 
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temperature below the sintering temperature would allow a more complete sintering of the 

inner portions of the test coupons.   
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Chapter 4: Conclusions and Future Work 

4.1 Conclusions 

In this research binder systems were developed for FFF printing of high powder loaded 

materials.  Initial testing showed SiC, alumina, and bronze >50vol% powder loaded feedstocks 

could be made into filament, extruded, and printed.  The highest successfully tested powder 

loading was 54.9vol% using bronze powder.  The solvent debindable polymer PEG was added to 

the binder system to improve polymer removal and sintering performance.  The binder system 

was then tuned to make filament production and printing easier.  A tuned feedstock with 

54.9vol% powder and 30wt% of the binder solvent debindable was printed, solvent debound, 

thermally debound, and sintered with partial success in a reducing atmosphere.  High residual 

carbon from incomplete polymer removal caused poor sintering. 

The developed feedstock was difficult to print because it was weak and was damaged in the 

extruder easily.  It was varied with a focus on improving printing by separately reducing the PEG 

content and bronze powder loading.  Reduction in binder PEG content increased the feedstock’s 

strength, viscosity, and softening temperature.  Making printing easier while improving printing 

quality and accuracy.  The PEG reduction slowed polymer removal solvent debinding and at 

<25wt% some PEG could not be removed by solvent debinding.  Thermal debinding was 

negatively affected and deformation increased with decreased PEG content.  Sintering of 

reduced PEG variants was unsuccessful due to excessive deformation and the high amount of 

residual carbon.  Reduction of solids loading in the feedstock reduced viscosity, and increased 

strength and flexibility.  This improved printing accuracy and decreased quality because layers 

would sag before cooling.  Solvent debinding was slowed and a high amount of debindable 

polymer could be removed.  Lower powder content feedstocks could not be thermally debound.  

Their reduced powder content didn’t have enough structure to support itself and collapsed 

during heating.  
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4.2 Future Work 

Several aspects of the researched process to need be improved before it could be viable for 3d 

printing of fully dense metal components.  The developed feedstocks had issues at several steps 

during processing that need to be investigated further, 

1. Traditional FFF extruders damaged the tested feedstocks and could be fixed in two 

ways.  A stronger feedstock could need to be developed to meet the crush strength 

requirements of extrusion, but it is unclear if this is possible due to the reduced strength 

of high powder loaded materials.  Or the extrusion process could be modified to reduce 

stress on the material and avoid crushing 

2. Deformation was observed during thermal debinding of all the tested feedstocks.  

Increasing solvent debindable polymers in the binder could system reduce pressures 

during pyrolysis by introducing more open porosity prior to thermal debinding. 

3. Preliminary sintering tests showed limited densification.  A complete sintering study 

needs to be completed on the developed feedstock to reach high density components 

and develop proper sintering parameters. 

4. Compare the mechanical properties of components produced with this process to those 

produced using current metal 3d printing technologies and wrought properties. 
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Appendix A: Data 

Table A-1: 3D printer bill of materials. 

Part Name Price/ unit # Subtotal Source 

Bulldog XL Extruder  $149.00  1 $149.00  reprapdiscount.com 

E3D-v5 Hotend - 3mm Direct  $68.20 1 $68.20 e3d-online.com 

3mm x 0.4mm nozzle  $6.98 1 $6.98 e3d-online.com 

3mm x 0.6mm nozzle  $6.98 4 $27.90 e3d-online.com 

MendelMax 2.0 printed parts kit $25.00 1 $25.00 makerstoolworks.com 

MendelMax 2.0 aluminum parts kit $99.00 1 $99.00 ebay.com 

Extrusion, T-Slot, 20S, 4M L, 20 mm W $41.05 1 $41.05 grainger.com 

Extrusion, 20-2040 series, 1220mm long $15.37 1 $15.37 amazon.com 

Boroscilate glass (250x320x3.3mm) $26.95 1 $26.95 makerstoolworks.com 

Helical Shaft Couplers, set of 2 $10.95 1 $10.95 makerstoolworks.com 

10mm bushings, set of 4 $8.95 1 $8.95 makerstoolworks.com 

Z-axis lead screw and Nut $18.95 2 $37.90 makerstoolworks.com 

Precision Shaft (370x10mm), set of 2 $19.95 1 $19.95 makerstoolworks.com 

8mm linear bearings (4 per package) $8.00 1 $8.00 amazon.com 

8mm x 30 inches precision ground shaft $24.82 1 $24.82 amazon.com 

605ZZ Deep groove ball bearings (10 pack) $6.37 1 $6.37 amazon.com 

GT2 belt and 20tooth pulley set $28.95 1 $28.95 makerstoolworks.com 

Kapton Heated bed (240x310mm) + Heat spreader $34.95 1 $34.95 makerstoolworks.com 

24V Power Supply - 10A Single Output $34.95 1 $34.95 circuitspecialists.com 

Kyson Nema-17 stepper motor $16.95 4 $67.80 ultibots.com 

Mechanical endstop Switch $1.28 5 $6.40 digikey.com 

M5-0.8 x 8mm SHCS (50 per package) $5.02 2 $10.05 fastenal.com 

M5-0.8 x 10mm SHCS $0.08 20 $1.68 fastenal.com 

M5-0.8 x 12mm SHCS $0.07 10 $0.74 fastenal.com 

M5-0.8 x 16mm Low Head SHCS $0.30 5 $1.48 fastenal.com 

M5 x 14mm Low Head SHCS $0.11 5 $0.53 fastenal.com 

M5-0.8 x 10mm Low Head SHCS  $0.12 10 $1.20 fastenal.com 

M5-0.8 x 8mm low head SHCS $0.13 10 $1.31 fastenal.com 

M5-0.8 x 20mm SHCS $0.09 10 $0.87 fastenal.com 

M5-0.8 x 25mm SHCS  $0.12 10 $1.15 fastenal.com 

M5 Flat Washer (100 per package) $1.16 1 $1.16 fastenal.com 

M5 Hex Nut  $0.02 30 $0.72 fastenal.com 

M5 Jam Nut $0.02 10 $0.25 fastenal.com 

M4 x 8mm Low head SHCS  $0.07 30 $2.09 fastenal.com 

M4 Zinc Plated Flat washer (100 per package) $1.47 1 $1.47 fastenal.com 

M4-0.7 x 12mm Low Head SHCS  $0.25 10 $2.50 fastenal.com 
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M4-0.7 x 15mm Low Head SHCS  $0.35 10 $3.45 fastenal.com 

M3 Zinc Flat Washer (100 per package) $1.02 1 $1.02 fastenal.com 

M3-0.5 T-slot extrusion nut (25 per package) $3.48 1 $3.48 makerstoolworks.com 

M3-0.5 Nut  $0.02 50 $1.01 fastenal.com 

M3-0.5x8mm SHCS Stainless Steel $0.05 40 $1.98 fastenal.com 

M3-0.5 x 10mm SHCS stainless steel  $0.04 30 $1.28 fastenal.com 

M3-0.5 x 25mm SHCS  $0.09 20 $1.86 fastenal.com 

M3-0.5 x 30mm SHCS Stainless Steel $0.11 10 $1.06 fastenal.com 

M2-0.4 x 10mm SHCS Stainless Steel  $0.05 10 $0.51 fastenal.com 

 Total =  $792.26  

 

Table A-2: Bronze 10P tested filament mixtures by weight percent. 

Sample 
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10P-PV1 80%     11.9% 8.0%     0.10%         

10P-PV2 85%     8.9% 6.0%     0.08%         

10P-PV3 90%     6.0% 4.0%     0.05%         

PHE1 80% 9.95%   6.0% 4.0%     0.10%         

PHE2 85% 7.46%   4.5% 3.0%     0.08%         

PHE3 90% 4.98%   3.0% 2.0%     0.05%         

10P-1 90% 3.00%   3.5% 3.5%    0.05%         

10P-2 90% 1.00%   4.5% 4.5%    0.05%         

10P-3 90% 4.00%   3.0%  3.0%   0.05%         

10P-4 90% 2.00%   4.0%  4.0%   0.05%         

10P-5 90% 3.95%   2.0%  4.0%   0.05%         

10P-6 90% 4.45%   1.0%  4.5%   0.05%         

10P-7 90% 6.45%   0.5%   3.0% 0.05%           

10P-8 90% 5.45%   0.5%   4.0% 0.05%           

10P-9 90% 4.95%   1.7%   3.3% 0.05%           

10P-10 90% 2.45%      2.5% 0.05%     5.00%     

10P-11 90% 4.95%      0.0% 0.05%     5.00%     

10P-12 90% 4.45%   1.8%   3.7% 0.05%           

10P-13 90% 3.41%   1.2%   2.4% 0.05%   3.00%       

10P-13-P 90% 3.42% 3.00% 1.2%   2.4% 0.05%    +1g 0.05%     

10P-14 90% 2.95% 2.00% 0.0%   2.0% 0.05%   3.00%       

10P-15 90% 2.95% 1.00% 1.0%   2.0% 0.05%   3.00%       
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10P-16 90% 0.95% 1.00% 2.0%   3.0% 0.05%   3.00%       

10P-17 90% 2.45% 2.00% 0.8%   1.7% 0.05%   3.00%       

10P-18 90% 2.95% 3.00% 0.3%   0.7% 0.05%   3.00%       

10P-19 90% 1.95% 3.00% 0.7%   1.3% 0.05%   3.00%       

10P-20 90% 0.95% 3.50% 0.5%   2.0% 0.05%   2.70%     0.30% 

10P-21 90% 6.95%     0.05%   3.00%       

10P-22 90% 3.93% 1.99% 0.0%   1.0% 0.05%   3.41%       

10P-23 90% 3.45% 2.00% 0.5%   1.0%   0.05% 3.00%       

10P-24 90% 3.75% 2.00% 0.4%   0.8%   0.05% 3.00%       

10P-25 90% 3.75% 2.00% 0.4%   0.0%   0.05% 3.00%   0.80%   

10P-26 90% 4.02% 2.14% 0.4%   0.9%   0.05% 2.50%       

10P-27 90% 4.05% 2.00% 0.3%   0.6%   0.05% 3.00%       

10P-28 90% 4.05% 2.00% 0.3% 0.6%     0.05% 3.00%       

10P-29 90% 4.35% 2.00% 0.0% 0.6%     0.05% 3.00%       

10P-30 90% 5.95%   1.0%     0.05%   3.00%       

10P-31 90% 5.45%   0.5% 1.0%   0.05%   3.00%       

10P-32 90% 2.95% 2.50% 0.5% 1.0%     0.05% 3.00%       

10P-33 90% 2.45% 3.00% 0.5% 1.0%     0.05% 3.00%       

10P-34 90% 2.95% 2.50%   1.5%     0.05% 3.00%       

10P-35 90% 2.95% 2.75%   1.3%     0.05% 3.00%       

 

Table A-3: Bronze 10P other wax mixes. 

Sample 
Name 

Bronze 
10P PLA 

Stearic 
Acid 

Paraffin 
Wax 

Caranauba 
wax 

Micro-
crystalline 

Wax 

10PWax-1 90% 5.0% 0.05% 2.5% 1.3% 1.3% 

10PWax-2 90% 5.0% 0.05%   5.0%   

10PWax-3 90% 5.0% 0.05%     5.0% 

 

Table A-4: Bronze 5807C tested feedstocks by weight percent. 

Sample 
Name Bronze PLA 

Vinnex 
2505 GMS 

PV1 0.7 0.1785 0.12 0.0015 

PV2 0.8 0.119 0.08 0.001 

PV3 0.85 0.08925 0.06 0.00075 

PV4 0.9 0.0595 0.04 0.0005 

 

 



139 

 

Table A-5: Alumina feedstocks tested. 

Sample 
Name 

Alumina 
Feedstock 

Hytrel 
5526 

Vinnex 
2505 

Al-1 98% 2%   

Al-2 95% 5%   

Al-3 98%   2% 

Al-4 95%   5% 

 

 

Figure A-1: Furnace temperature profile used before TGA. 

 

 

Figure A-2: Aggressive furnace temperature profile. 
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Figure A-3: Conservative furnace temperature profile. 

 

Table A-6: Control feedstock torque rheometry data. 

 

Maximum 
Mixing Torque 

[N*m] 
Final Mixing 

Torque [N*m] 
Mixing Time 

[minutes] 

run 1 4.06 0.625 14.2 

run 2 4.15 0.50 22.1 

run 3 4.60 0.595 14.2 

Average 4.27 0.57 16.8 
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Table A-7: Some of the parameters used for slicing using Slic3r version 1.2.9. 

Slicing Parameter Value 

Nozzle Diameter 0.8 mm 

Bed Temperature 65°C 

First Layer Hotend Temperature 185°C 

Hotend Temperature 185°C 

Raft No 

Support Material No 

Number of Bottom Solid Layers 1 

Number of Perimeters 3 

Extrusion Multiplier 1 

Extrusion Width Multiplier 0 

Filament Diameter 2.68 mm 

First Layer Height 0.4 mm 

Layer Height 0.4 mm 

Retraction 1 mm 

Retraction Nozzle Lift 0.5 mm 

Layer Seam Position Random 

Travel Speed 100 mm/s 

Maximum Print Speed  80 mm/s 

Minimum Print Speed 5 mm/s 

Top Solid Infill Speed 25 mm/s 

Perimeter Speed 15 mm/s 

Small Perimeter Speed 10 mm/s 

External Perimeter Speed 70% 

First Layer Speed 50% 

Infill Speed 30 mm/s 

Infill Pattern Concentric 

Infill Density 100% 

Infill Overlap 15% 
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Appendix A.1 Previous Research 

 

 

Figure A-4: Corvallis, Oregon 2015 water quality report dissolved solids data [125]. 

 

 

Figure A-5: PLA/PMMA blending effect on glass transition temperature [93], [95]–[98]. 
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Figure A-6: PLA/PMMA blending effect on tensile strength [93], [94], [97]. 

 

 

Figure A-7: PLA/PMMA blending effect on elastic modulus [93], [97]. 
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Figure A-8: PLA/PMMA blending effect on elongation at break [94], [97]. 

 

 

Figure A-9: PLA/EVA blending effect on tensile strength for different VA contents [99]–[108]. 
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Figure A-10: PLA/EVA blending effect on elastic modulus for different VA contents [100]–
[105], [108]. 

 

 

Figure A-11: PLA/EVA blending effect on elongation at break for different VA contents [99], 
[100], [102]–[109]. 
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Figure A-12: PLA/PEG blending effect on glass transition temperature for different MW ranges 
of PEG [110]–[116]. 

 

 

Figure A-13: PLA/PEG blending effect on tensile strength for different MW ranges of PEG 
[110], [111], [113]–[116]. 
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Figure A-14: PLA/PEG blending effect on elastic modulus for different MW ranges of PEG 
[113]–[116]. 

 

 

Figure A-15: PLA/PEG blending effect on elongation at break for different MW ranges of PEG 
[110], [111], [113]–[116]. 

 

  

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

0.0% 5.0% 10.0% 15.0% 20.0% 25.0%

M
o

d
u

lu
s 

o
f 

El
as

ti
ci

ty
 [

M
P

a]

Weight Percent PEG

Liquid

Waxy

Solid

1%

10%

100%

1000%

0.0% 20.0% 40.0% 60.0% 80.0%

El
o

n
ga

ti
o

n
 a

t 
B

re
ak

Weight Percent PEG

Liquid

Wax

Solid



148 

 

Appendix A.2 Polymers 

 

Figure A-16: Natureworks PLA 3001 DSC with significant features marked.  Three runs with 
three samples. 

 

 

Figure A-17: Natureworks PLA 3001 TGA.  Three runs. 
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Figure A-18: Elvax 450 DSC with significant features marked.  Three runs with three samples. 

 

 

Figure A-19: Elvax 450 TGA. Two runs. 
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Figure A-20: Hytrel 5526 DSC with significant features marked.  Three runs with three samples. 

 

 

Figure A-21: Hytrel 5526 TGA.  Three runs. 
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Figure A-22: PMMA 75k MW DSC with significant features marked.  Three runs with three 
samples. 

 

 

Figure A-23: PMMA 75k MW TGA. Two runs. 
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Figure A-24: PEG 1000 MW DSC with significant features marked.  Three runs with three 
samples. 

 

 

Figure A-25: PEG 1000 MW TGA.  Two runs. 
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Figure A-26: Vinnex 2505 DSC.  Three runs with three samples. 

 

 

Figure A-27: Vinnex 2505 TGA. Three runs. 
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Appendix A.3 Green Data 

 

Figure A-28: PLA and 30wt% PEG of the binder DSC with significant features marked.  Three 
runs with three samples.   

 

 

Figure A-29: Elvax450 and 30wt% PEG of the binder DSC with significant features marked.  
Three runs with three samples.   
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Figure A-30: PMMA and 30wt% PEG of the binder DSC with significant features marked.  Three 
runs with three samples.   

 

 

Figure A-31: Control green feedstock TGA, three runs. 
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Figure A-32: PEG1 feedstock green DSC with significant features marked.  Two runs with two 
samples.   

 

 

Figure A-33: PEG1 green feedstock TGA, two runs. 
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Figure A-34: PEG2 green feedstock DSC with significant features marked.  Three runs with 
three samples.   

 

 

 

Figure A-35: PEG2 green feedstock TGA, two runs. 

 

63.2 135.8100.242.5

-0.3

-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

-50 0 50 100 150 200 250 300

H
ea

t 
Fl

o
w

 [
m

W
]

Temperature [°C]

90%

91%

92%

93%

94%

95%

96%

97%

98%

99%

100%

0 100 200 300 400 500 600

P
er

ce
n

t 
W

ei
gh

t 
C

h
an

ge

Temperature [°C]



158 

 

 

Figure A-36: Bronze1 green feedstock DSC with significant features marked.  Three runs with 
three samples.   

 

 

Figure A-37: Bronze1 green feedstock TGA, two runs. 
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Figure A-38: Bronze2 green feedstock DSC with significant features marked.  Three runs with 
three samples.   

 

 

Figure A-39: Bronze2 green feedstock TGA, one runs. 
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Table A-8: MFI raw data [mL/10minutes] 

 Temperature [°C] 

 130 140 150 160 170 180 190 200 

Control     2.94±1.0 5.30±1.1 6.15±2.0 9.95±1.1 11.22±0.8   

PEG 1     1.85±0.4 3.05±1.7 5.59±1.1 7.04±3.0 6.46±3.0 7.06±2.4 

PEG 2     2.16±0.6 2.90±0.5 4.94±0.5 6.16±0.8 8.44±2.1 9.48±0.7 

Bronze 1 4.99±0.5 19.78±2.5 40.92±4.5 55.10±2.3 74.84±2.7       

Bronze 2 8.84±1.8 31.84±15 58.90±8.4 88.53±13         

 

Table A-9: Green printed test coupon surface chemistry data. 

Feedstock Carbon Oxygen Copper+Tin 

Control 53.1±0.53% 16.5±1.22% 30.4±0.93% 

PEG1 56.2±1.01% 18.6±0.26% 25.2±0.67% 

PEG2 54.9±0.52% 19.5±1.32% 25.6±0.86% 

Bronze1 60.8±0.85% 22.9±4.51% 16.3±3.29% 

Bronze2 62.0±0.47% 28.9±2.09% 9.12±1.26% 
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Appendix A.4 Solvent Debound Data 

 

Figure A-40: Control solvent debound feedstock DSC with significant features marked.  Two 
runs with two samples.   

 

 

Figure A-41: PEG1 solvent debound feedstock DSC with significant features marked.  Three 
runs with three samples.   
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Figure A-42: PEG1 solvent debound feedstock TGA, two runs. 

 

 

Figure A-43: PEG2 solvent debound feedstock DSC with significant features marked.  Two runs 
with two samples.   
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Figure A-44: PEG2 solvent debound feedstock TGA, two runs. 

 

 

Figure A-45: Bronze1 solvent debound feedstock DSC with significant features marked.  Three 
runs with three samples.   
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Figure A-46: Bronze1 solvent debound feedstocks TGA, two runs. 

 

 

Figure A-47: Bronze2 solvent debound feedstock DSC with significant features marked.  One 
run with one sample.   
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Figure A-48 Bronze2 solvent debound feedstocks TGA, two runs. 

 

Table A-10: Solvent debound test coupon surface chemistry data. 

Feedstock Carbon Oxygen Copper+Tin 

Control 47.7±0.78% 16.3±0.66% 36.0±0.75% 

PEG1 48.4±1.51% 15.7±0.79% 35.9±1.16% 

PEG2 49.9±0.79% 17.1±0.47% 33.0±0.60% 

Bronze1 52.5±0.84% 19.5±0.74% 28.0±0.88% 

Bronze2 55.6±0.65% 22.2±1.12% 86.4±5.32% 
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Appendix A.5 Thermally Debound Data 

Table A-11: Thermally debound feedstock characteristics. 

Feedstock 
Hold 

Temp. 
[°C] 

Hold 
Time 
[hrs] 

Mass 
Percent 

Removed 

Height 
Percent 
Increase 

Height Percent 
Increase 
Range 

Width 
Percent 
Increase 

Width 
Percent 
Increase 
Range 

Control 

300 2 43.0±1.5% 7.5±1.9% 0.6-28.3% 1.4±0.1% 0.2-3.2% 

350 2 76.8±1.8% 6.0±0.6% 0.0-22.4% 0.3±0.1%  -1.3-1.4% 

400 2 91.2±2.3% 6.0±2.2%  -1.3-25.7% 3.1±0.5%  -0.4-1.4% 

300 4 52.0±3.7% 5.8±1.7% 2.4-15.5%  -1.0±0.8%  -2.1-0.6% 

350 4 84.3±4.9% 3.3±0.1% 0.8-7.8% 0.5±0.1%  -1.3-3.2% 

400 4 95.9±6.7% 1.2±0.1%  -1.1-6.2%  -0.9±0.6%  -1.5-0.2% 

PEG1 

300 2 42.5±1.1% 5.8±2.8% 0.2-2.73% 5.9±0.1% 0.8-13.7% 

350 2 76.8±0.7% 8.4±0.3%  -2.6-36.8% 3.9±3.4% 1.0-10.3% 

400 2 92.7±3.1%  -0.7±2.5%   -5.8-15% 11.7±3.2% 4.5-22.2% 

300 4 50.7±0.2% 8.9±1.3% 1.6-29.4% 0.9±2.0%  -0.9-3.4% 

350 4 81.0±1.0% 4.0±2.8%  -1.1-12.9% 5.5±0.7% 3.1-7.4% 

400 4 92.1±4.2% 3.0±0.6%  -1.1-12.6% 2.9±3.6%  -0.6-10.7% 

PEG2 

300 2 43.8±1.1% -11.2±2.8%  -26.0-5.6% 30.0±0.1% 18.0-49.8% 

350 2 77.1±4.7%  -8.0±2.7%  -14.2-8.7% 33.8±0.3% 21.8-52.5% 

400 2 92.1±6.5% -19.3±2.0%  -25.8-(-6.53)% 41.8±3.5% 22.0-62.7% 

300 4 45.2±2.5%  -0.4±0.2%  -10.2-18.7% 25.8±0.9% 19.0-34.3% 

350 4 75.3±5.0%  -4.1±0.6%  -16.0-13.0% 23..5±3.3% 6.5-42.6% 

400 4 88.9±5.5% 6.3±2.5%  -1.3-11.7% 11.7±0.2% 6.1-22.0% 
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Figure A-49: Control feedstock thermally debound test coupons height increase versus the 
mass percent of binder removed.  Error bars are the range. 

 

 

Figure A-50: Control feedstock thermally debound test coupons width increase versus the 
mass percent of binder removed.  Error bars are the range. 
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Figure A-51: PEG1 feedstock thermally debound height increase versus the mass percent of 
binder removed.  Error bars are the range. 

 

 

Figure A-52: PEG1 thermally debound test coupon width increase as a function of the mass 
percent of binder removed.  Error bars are the range. 

 

-10%

-5%

0%

5%

10%

15%

20%

25%

30%

35%

40%

40% 50% 60% 70% 80% 90% 100%

P
er

ce
n

t 
H

ei
gh

t 
In

cr
ea

se

Mass Percent Removed

2 Hours

4 Hours

-5%

0%

5%

10%

15%

20%

25%

40% 50% 60% 70% 80% 90% 100%

P
er

ce
n

t 
W

id
th

 In
cr

ea
se

Percent Polymer Removed

2 Hours

4 Hours



169 

 

 

Figure A-53: PEG2 thermally debound test coupon height increase as a function of the mass 
percent of binder removed.  Error bars are the range. 

 

 

Figure A-54: PEG2 thermally debound width increase as a function of the mass percent of 
binder removed.  Error bars are the range. 
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Appendix A.6 Sintered Data 

Table A-12: Sintered control feedstock test coupons properties for different temperature 
profiles and shielding atmosphere hydrogen contents.   

Test 
Coupon 

Temperature 
Profile 

Hydrogen 
Vol% 

Mass 
Loss 

Height 
change 

Width 
change 

volume 
change 

1 Aggressive 20% 12.50% -5.75% -3.72% -12.63% 

2 Conservative 20% 18.18% -5.89% -5.50% -15.95% 

3 Conservative 5% 13.51% -4.19% -4.34% -12.33% 

4 Aggressive 5% NA NA NA NA 
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Appendix B: Appendix B: Images 

Appendix B.1 Solvent Debound Parts 

 

Figure B-1: SEM images of control feedstock test coupon solvent debound for 10 hours in tap 
water. 
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Figure B-2: Control feedstock test coupon solvent debound for 10 hours in distilled water.  (a) 
The top of the part, and (b) is the surface of an exposed bronze particle. 

 

 

Figure B-3: PEG1 feedstock solvent debound test coupon.  (a) The side of the part, and (b) is 
the surface of an exposed bronze particle. 
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Figure B-4: PEG2 feedstock solvent debound test coupon.  (a) The side of part, and (b) is 
another polymer structure. 
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Appendix B.2 Thermally Debound Parts 

 

Figure B-5: Control feedstock test coupons thermal debound at 350°C for 2 hours in nitrogen.  
(a) Test coupon #3, (b) test coupon #4. 

 

 

Figure B-6: Control feedstock test coupons thermal debound at 400°C for 2 hours in nitrogen.  
(a) Test coupon #5, (b) test coupon #6. 

 

 

Figure B-7: Control feedstock test coupons thermal debound at 300°C for 2 hours in nitrogen.  
(a) Test coupon #7, (b) test coupon #8. 
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Figure B-8: Control feedstock test coupons thermal debound at 350°C for 4 hours in nitrogen.  
(a) Test coupon #9, (b) test coupon #10. 

 

 

Figure B-9: PEG1 feedstock test coupons thermal debound at 350°C for 2 hours in nitrogen.  (a) 
Test coupon #3, (b) test coupon #4. 

 

 

Figure B-10: PEG1 feedstock test coupons thermal debound at 400°C for 2 hours in nitrogen.  
(a) Test coupon #5, (b) test coupon #6. 
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Figure B-11: PEG1 feedstock test coupons thermal debound at 300°C for 4 hours in nitrogen.  
(a) Test coupon #7, (b) test coupon #8. 

 

 

Figure B-12: PEG1 feedstock test coupons thermal debound at 350°C for 4 hours in nitrogen.  
(a) Test coupon #9, (b) test coupon #10. 

 

 

Figure B-13: PEG2 feedstock test coupons thermal debound at 350°C for 2 hours in nitrogen.  
(a) Test coupon #3, (b) test coupon #4. 
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Figure B-14: PEG2 feedstock test coupons thermal debound at 400°C for 2 hours in nitrogen.  
(a) Test coupon #5, (b) test coupon #6.  

 

 

Figure B-15: PEG2 feedstock test coupons thermal debound at 300°C for 4 hours in nitrogen.  
(a) Test coupon #7, (b) test coupon #8. 

 

 

Figure B-16: PEG2 feedstock test coupons thermal debound at 350°C for 4 hours in nitrogen.  
(a) Test coupon #9, (b) test coupon #10.  
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Appendix B.3 Sintered parts 

   

Figure B-17: Control feedstock test coupon sintered using an aggressive temperature profile 
and 20vol% hydrogen/80vol% nitrogen atmosphere. 

 

   

Figure B-18: Control feedstock test coupon sintered using a conservative temperature profile 
and 5vol% hydrogen/95vol% nitrogen atmosphere. 

 

   

Figure B-19: PEG1 feedstock test coupon sintered using an aggressive temperature profile and 
20vol% hydrogen/80vol% nitrogen atmosphere. 
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Figure B-20: PEG1 feedstock test coupon sintered using a conservative temperature profile 
and 5vol% hydrogen/95vol% nitrogen atmosphere. 

 

   

Figure B-21: PEG2 feedstock test coupon sintered using an aggressive temperature profile and 
20vol% hydrogen/80vol% nitrogen atmosphere. 

 

   

Figure B-22: PEG2 feedstock test coupon sintered using a conservative temperature profile 
and 5vol% hydrogen/95vol% nitrogen atmosphere.
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