
 

 

Process and Material Modifications to Enable New Material for Material Extrusion 

Additive Manufacturing 

Callie Elizabeth Zawaski 

 

 

Dissertation submitted to the faculty of the Virginia Polytechnic Institute and State 

University in partial fulfillment of the requirements for the degree of 

 

Doctor of Philosophy 

In 

Mechanical Engineering 

 

 

 

 

 

Christopher B Williams 

Timothy E Long 

Zhiting Tian 

Abby R Whittington 

 

 

May 5, 2020 

Blacksburg, VA 

 

Keywords: Additive Manufacturing; 3D Printing; Fused Filament Fabrication; 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright 



 

Process and Material Modifications to Enable New Material for Material Extrusion Additive 

Manufacturing 
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ABSTRACT 

 

The overall goal of this work is to expand the materials library for the fused filament fabrication 

(FFF) material extrusion additive manufacturing (AM) process through innovations in the FFF 

process, post-process, and polymer composition. This research was conducted at two opposing 

ends of the FFF-processing temperature: low processing temperature (<100 °C) for pharmaceutical 

applications and high processing temperatures (>300 °C) for high-performance structural polymer 

applications. Both applications lie outside the typical range for FFF (190-260 °C). To achieve these 

goals, both the material and process were modified. 

Due to the low processing temperature requirements for pharmaceutical active ingredients, a 

water-soluble, low melting temperature material (sulfonated poly(ethylene glycol)) series was 

used to explore how different counterions affect FFF processing. The strong ionic interaction 

within poly(PEG8k-co-CaSIP) resulted in the best print quality due to the higher viscosity (105 

Pa∙s) allowing the material to hold shape in the melt and the high-nucleation producing small 

spherulites mitigating the layer warping. Fillers were then explored to observe if an ionic filler 

would produce a similar effect. The ionic filler (calcium chloride) in poly(PEG8k-co-NaSIP) 

altered the crystallization kinetics, by increasing the nucleation density and viscosity, resulting in 

improved printability of the semi-crystalline polymer. 

A methodology for embedding liquids and powders into thin-walled capsules was developed 

for the incorporation of low-temperature active ingredients into water-soluble materials that uses 

a higher processing temperature than the actives are compatible with. By tuning the thickness of 

the printed walls, the time of internal liquid release was controlled during dissolution. This 

technique was used to enable the release of multiple liquids and powders at different times during 

dissolution.  

To enable the printing of high-temperature, high-performance polymers, an inverted desktop-

scale heated chamber with the capability of reaching over 300 °C was developed for FFF. The 

design was integrated onto a FFF machine and was used to successfully print polyphenylsulfone 

which resulted in a 48% increase in tensile strength (at 200 °C) when compared to printing at room 

temperature.  

Finally, the effects of thermal processing conditions for printing ULTEM® 1010 were studied 

by independently varying the i) nozzle temperature, ii) environment temperature, and iii) post-

processing conditions. The nozzle temperature primarily enables flow through the nozzle and 

needs to be set to at least 360 °C to prevent under extrusion. The environment temperature limits 

the part warping, as it approaches Tg (217 °C), and improves the layer bonding by decreasing the 

rate of cooling that allows more time for polymer chain entanglement. Post-processing for a longer 

time above Tg (18 hrs at 260 °C) promotes further entanglement, which increases the part strength 

(50% increase in yield strength); however, the part is susceptible to deformation. A post-processing 

technique was developed to preserve the parts’ shape by packing solid parts into powdered salt. 
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GENERAL AUDIENCE ABSTRACT 

 

Fused filament fabrication (FFF) is the most widely used additive manufacturing (also referred 

to as 3D printing) process in industry, education, and for hobbyists. However, there is a limited 

number of materials available for FFF, which limits the potential of using FFF to solve engineering 

problems. This work focuses on material and machine modifications to enable FFF for use in both 

pharmaceutical and structural applications. Specifically, many pharmaceutical active ingredients 

require processing temperatures lower than what FFF typically uses. A low-temperature water-

soluble material was altered by incorporating salt ions and ionic fillers separately. The differences 

in the printability were directly correlated to the measured variations in the viscosity and 

crystallization material properties. Alternatively, a technique is presented to embed liquids and 

powders into thin-walled, water-soluble printed parts that are processed using typical FFF 

temperatures, where the embedded material remains cool. The release time of the embedded 

material during dissolution is controlled by the thickness of the capsule structure. For structural 

applications, a machine was developed to allow for the processing of high-performance, high-

temperature polymers on a desktop-scale system. This system uses an inverted heated chamber 

that uses natural convection to be able to heat the air around the part and not the electric 

components of the machine. The heated environment allows the part to remain at a higher 

temperature for a longer time, which enables a better bond between printed layers to achieve high-

strength printed parts using high-performance materials. This machine was used to characterize 

the thermal processing effect for printing the high-performance polymer ULTEM® 1010. The 

nozzle temperature, environment temperature, and post-processing were tested where i) a higher 

nozzle temperature (360 °C) increases strength and prevents under extrusion, ii) a higher 

environment temperature (≥200 °C) increases the strength by slowing cooling and decreases 

warping by limiting the amount of shrinkage the occurs during printing, and iii) post-processing 

in powdered salt (18 hrs at 260 °C) increases part strength (50%) by allowing the printed roads to 

fuse. 

 

 



iv 

 

Acknowledgments 

I consider myself fortunate to have had the opportunity to be a Ph.D. student at Virginia Tech 

Mechanical Engineering DREAMS Lab. My parents have been a huge support in my childhood 

not limiting my interests or creativity which have allowed me to gain the confidence to enter the 

world of engineering. I want to thank my grandparents Dr. James P Rodman and Margaret 

(Maggie) Rodmen for the love and inspiration given to me. My fiancé Joseph Kubalak has also 

provided support, both scientifically and emotionally, as we have gone through this long process 

together. 

I would like to recognize and thank my committee chair, Dr. Christopher B. Williams. Dr. 

Williams is appreciated for establishing the DreamVendor project which introduced me to 3D 

printing and began my interest and inspired my research for additive manufacturing (AM). He has 

served as a knowledgeable mentor in AM technology, presentation skills, and scientific editing. I 

would also like to thank him for allowing me to try my crazy ideas that sometimes work and 

sometimes fail, but always gaining knowledge I could not have gotten any other way. 

I would like to acknowledge my committee for the collaboration and support in this work. Dr. 

Timothy Long is acknowledged for collaboration in chemical synthesis of materials and materials 

expertise. Dr. Zhiting Tian is acknowledged for collaboration and knowledge in thermal 

conductivity. Finally, Dr. Abby Whittington is acknowledged for collaboration in the 

incorporation of active ingredients and expertise in dissolution.  

A special acknowledgment goes to the Center for Enhancement of Engineering Diversity 

(CEED) at Virginia Tech, specifically to Dr. Bevlee Watford and Susan Arnold-Christian. CEED 

has provided support to me as a student in my undergraduate career as well as financial support 

and leadership experience in my graduate career.  

Finally, I would like also like to thank and acknowledge the many people who helped with this 

work: Camden Chatham for teaching me about polymer characterization, his collaboration in 

printing new polymers and for helping with I-Corps, Viswanath Meenakshisundaram for 

participating in the I-Corps program with me, Emily Wilts for material supply and analysis of the 

SPEGs and fillers, Yifeng Lin for discussions on extrusion and help with SEM, Benjamin Tyler 

White for collaborative work on PEU, Xi Chen for collaborative work on PEG4K-diCyA, Hadi 

Miyanaji for help and advice using high-temperature processing, Jaideep Pandit for helping access 

and assist with ANSYS, Dr. Andre Stevenson for collaborative work incorporating active 

ingredients to SPEG, Jack Bryant for discussions on material characterizations and powder 

packing, John Will for help with SEM, Chen Li for thermal conductivity measurements, the team 

of Jake Fallon, Eric Gilmer, Arit Das, and Cailean Pritchard for work with high performance 

polymers, Dr. Allison Pekkanen for collaborative work developing the SPEG series, Evan 

Margaretta for preliminary work in initial work with printing new materials, Zane Haley for 

materials characterization, Dr. Robert Moore for teaching crystallization kinetics, Dr. Michael 

Bortner for teaching about rheology, Dr. Thomas Staley for training materials characterization, the 

Materials Science and Engineering Lab for access to use their machines, equipment, and training, 

the Macromolecule’s Innovation Institute (MII) at Virginia Tech for creating the interdisciplinary 

team that made this work possible, and the DREAMS Lab for the collaborations and discussions 

of scientifically (and not scientifically) related topics. 

 

  



v 

 

Table of Contents 

Abstract ..................................................................................................................................... ii 

General Audience Abstract ........................................................................................................ iii 

Acknowledgments ..................................................................................................................... iv 

List of Figures ........................................................................................................................... ix 

List of Tables ...........................................................................................................................xiv 

1. Introduction ...........................................................................................................................1 

1.1 Material extrusion additive manufacturing ........................................................................1 

1.2 Research gap .....................................................................................................................1 

1.2.1 Printing personalized medicine ..............................................................................2 

1.2.2 Printing a high-performance polymer .....................................................................2 

1.3 Overall research goal.........................................................................................................2 

1.4 Research Question 1 and Hypothesis .................................................................................3 

1.4.1 Impact ....................................................................................................................4 

1.5 Research Question 2 and Hypothesis .................................................................................4 

1.5.1 Impact ....................................................................................................................5 

2. Tuning the material properties of a water-soluble ionic polymer using different counterions 

for material extrusion additive manufacturing .............................................................................6 

2.1 Introduction ......................................................................................................................6 

2.2 Methods ............................................................................................................................7 

2.2.1 Materials Material Preparation and Synthesis .........................................................7 

2.2.2 Material Characterization .......................................................................................8 

2.2.3 Print Quality ..........................................................................................................9 

2.3 Results and Discussion .................................................................................................... 11 

2.3.1 Material Properties ............................................................................................... 11 

2.3.2 Effects of counter ions on printed tensile properties ............................................. 17 

2.3.3 Effects of counter ions on printability................................................................... 19 

2.4 Conclusions and Future Work ......................................................................................... 21 

3. Using different fillers to tune material properties of an ion containing semi-crystalline 

poly(ethylene glycol) for fused filament fabrication additive manufacturing processing ............ 22 

3.1 Introduction .................................................................................................................... 22 

3.2 Methods .......................................................................................................................... 23 

3.2.1 Materials .............................................................................................................. 23 

3.2.2 Thermal Analysis ................................................................................................. 24 



vi 

 

3.2.3 Oscillatory Rheology ........................................................................................... 24 

3.2.4 Crossed-Polarized Light Microscopy ................................................................... 24 

3.2.5 Processing ............................................................................................................ 24 

3.2.6 Print Quality ........................................................................................................ 25 

3.3 Results and Discussion .................................................................................................... 26 

3.3.1 Thermal Characterization ..................................................................................... 26 

3.3.2 Rheological Properties ......................................................................................... 27 

3.3.3 Crystallization ...................................................................................................... 28 

3.3.4 Tensile ................................................................................................................. 32 

3.3.5 Printing Quality ................................................................................................... 33 

3.4 Conclusion ...................................................................................................................... 35 

4. Embedding of liquids into water soluble materials via additive manufacturing for timed 

release ....................................................................................................................................... 37 

4.1 Introduction .................................................................................................................... 37 

4.2 Embedding into Fused Filament Fabricated Parts ............................................................ 38 

4.2.1 Design Considerations for Embedding Liquids into Fused Filament Fabricated 

Parts 39 

4.3 Methods .......................................................................................................................... 40 

4.3.1 Materials .............................................................................................................. 41 

4.3.2 Filament Processing ............................................................................................. 42 

4.3.3 Fused Filament Fabrication Printing ..................................................................... 42 

4.3.4 Liquid Embedding ............................................................................................... 42 

4.3.5 Powder Embedding .............................................................................................. 43 

4.3.6 Test Specimen Geometry Design ......................................................................... 43 

4.3.7 Dissolution measurement ..................................................................................... 44 

4.4 Results/Discussion .......................................................................................................... 45 

4.4.1 Dissolution vs wall thickness ............................................................................... 45 

4.4.2 Controlling release ............................................................................................... 47 

4.5 Summary & Future Work ................................................................................................ 51 

5. Design of a low-cost, high-temperature build environment for a fused filament fabrication . 52 

5.1 High Temperature Fused Filament Fabrication ................................................................ 52 

5.1.1 Introduction ......................................................................................................... 52 

5.1.2 Review of existing high temperature environment machines ................................ 52 

5.1.3 Objective ............................................................................................................. 54 



vii 

 

5.2 Design Problem of a Heated Environment System .......................................................... 54 

5.2.1 Design Considerations/Customer Needs ............................................................... 54 

5.2.2 Discussion of Design Tradeoffs............................................................................ 55 

5.3 Inverted Printer Design for a High-Temperature Build Environment ............................... 56 

5.3.1 Design ................................................................................................................. 56 

5.3.2 Verification via Computational Fluid Dynamics Model ........................................ 57 

5.4 Experimental Validation ................................................................................................. 59 

5.4.1 Method ................................................................................................................ 60 

5.4.2 Results ................................................................................................................. 61 

5.5 Summary ........................................................................................................................ 66 

6. The effect of Fused Filament Fabrication Thermal Processing Conditions on the mechanical 

strength and dimensional accuracy on Ultem 1010 .................................................................... 68 

6.1 Introduction .................................................................................................................... 68 

6.1.1 Thermal Processing Effects of FFF parts .............................................................. 68 

6.1.2 Thermal Post-Processing Effects on FFF Parts ..................................................... 69 

6.2 Methods .......................................................................................................................... 69 

6.2.1 Materials and Thermal Characterization ............................................................... 70 

6.2.2 Processing ............................................................................................................ 70 

6.2.3 Characterization ................................................................................................... 74 

6.3 Results and Discussion .................................................................................................... 77 

6.3.1 Thermal Characterization ..................................................................................... 77 

6.3.2 Effects of Nozzle Temperature on Processability and Strength ............................. 78 

6.3.3 Effects of Environment Temperature on Strength and Curling .............................. 81 

6.3.4 Effects of Post-Processing Conditions on Strength and Dimensional Accuracy .... 84 

6.3.5 Light Absorption as an Indicator of Part Strength ................................................. 89 

6.4 Summary and Future Work ............................................................................................. 91 

7. Summary ............................................................................................................................. 92 

7.1 Summary of Research ..................................................................................................... 92 

7.1.1 Research Question 1 ............................................................................................ 92 

7.1.2 Research Question 2 ............................................................................................ 93 

7.2 Publications .................................................................................................................... 95 

7.3 Contributions .................................................................................................................. 97 

7.3.1 Intellectual merits ................................................................................................ 97 

7.3.2 Broader impacts ................................................................................................... 97 



viii 

 

7.4 Future Work .................................................................................................................... 98 

7.4.1 Pharmaceutical ..................................................................................................... 98 

7.4.2 Tailored Dissolution ............................................................................................. 98 

7.4.3 Structure-process-property relationship ................................................................ 99 

7.4.4 Development ........................................................................................................ 99 

7.4.5 Modeling high-temperature FFF........................................................................... 99 

7.4.6 Designing and Building the Inverted FFF system ................................................. 99 

7.4.7 Further investigation ............................................................................................ 99 

References .............................................................................................................................. 101 

 

  



ix 

 

List of Figures 

Figure 1. Melt transesterification of poly(ethylene glycol) and sulfonated isophthalate (SIP) to 

yield ion-containing poly(ether ester)s and the ion exchange of poly(PEG8k-co-NaSIP) to a range 

of counterions through dialysis [24]. ...........................................................................................8 

Figure 2: Schematic of printed single-road prisms for evaluating layer bond strength. Lighter 

lines illustrate layered structure. Dashed lines show outline of tensile bar specimen punch for (a) 

XY tensile specimens and (b) Z tensile specimens. .................................................................... 10 

Figure 3: The features used to test the various elements of printability of the different counterion 

SPEGs. ...................................................................................................................................... 11 

Figure 4: DSC traces depicting the cooling after the first heat and the second heat heating at 10 

°C/min with 100 °C/min cooling of the SPEG materials containing four different counterions. 

Exothermal up. .......................................................................................................................... 12 

Figure 5: Oscillatory rheology of the SPEG materials containing four different counterions using 

parallel plates at constant temperature 70 °C and 1% strain. ...................................................... 14 

Figure 6: Oscillatory rheology of the SPEG materials containing four different counterions using 

parallel plates at 1% strain and 1 rad/s (near zero shear) temperature step down from 70 °C to 50 

°C. ............................................................................................................................................ 14 

Figure 7: Thermal diffusivity of the SPEG materials containing four different counterions using 

laser-induced transient thermal grating (TTG) technique. .......................................................... 15 

Figure 8: Images of SPEGs containing the four different counterions taken using polarized light 

microscopy. The timestamps shown are referenced to the first observed spherulite. The total time 

from observed spherulitic formation until impingement was evenly divided into four parts; 

images are shown at each time increment. The scale bar shows 150 μm. ................................... 16 

Figure 9: The spherulitic growth rate of three of the SPEG polymers containing different 

counterions. Poly(PEG8k-co-CaSIP) is not shown because the spherulites are too small for 

quantitative image analysis. ....................................................................................................... 16 

Figure 10. Crystallization halftime as a function of isothermal temperature for SPEG containing 

four different counterions. ......................................................................................................... 17 

Figure 11: Evaluation of the tensile strength for poly(PEG8k-co-NaSIP), poly(PEG8k-co-CaSIP), 

poly(PEG8k-co-ZnSIP), poly(PEG8k-co-MgSIP) for melt pressed, and printed in a horizontal (xy) 

and vertical (z) orientation by a)the elastic modulus, b) the ultimate tensile strength, and c) the 

elongation at break. ................................................................................................................... 18 

Figure 12: Part printed out of SPEG containing four different counterions using filament material 

extrusion. All parts were printed at 70 °C at 5 mm/s. (Note: *were printed at 2 mm/s rather than 

5 mm/s) ..................................................................................................................................... 19 

Figure 13: The one step chemical synthesis of poly(PEG8k-co-NaSIP) and two step chemical 

synthesis of poly(PEG8k-co-CaSIP) [24]. ................................................................................. 22 

Figure 14: DSC for the base polymer, poly(PEG8k-co-NaSIP), and target polymer property, 

poly(PEG8k-co-CaSIP), and the poly(PEG8k-co-NaSIP) containing different fillers. Exotherm up.

 ................................................................................................................................................. 27 



x 

 

Figure 15: Oscillatory rheology of the SPEG materials (a) compared to the poly(PEG8k-co-

NaSIP) with 5 wt% filler material at 1% strain and (b) the poly(PEG8k-co-NaSIP) with different 

wt% of the CaCl2 at 1% strain and near zero shear ~0.1 rad/sec (n=1). ...................................... 28 

Figure 16: Crystallization of the polymers cooling from 70 °C to 25 °C shown at 4 different time 

stamps using cross polarized light microscopy on an Olympus BX51 microscope with a linkam 

hot stage. The scale bar shows 100 µm. ..................................................................................... 30 

Figure 17: The spherulite growth measured from microscope images at different instances in 

time (n=1). ................................................................................................................................ 31 

Figure 18. Crystallization halftimes versus isothermal temperature for four filled materials and 

unfilled control (n=1). ............................................................................................................... 32 

Figure 19: Tensile properties of the sPEG materials in comparison to the poly(PEG8k-co-NaSIP) 

with fillers looking at both pressed films and printed tensile properties (n=5). ........................... 33 

Figure 20: Printed features to compare the difference between the different materials printability. 

(*Printed slower at 2 mm/sec) ................................................................................................... 35 

Figure 21: The general process for embedding where a) a part is designed with an internal void, 

b) the part is partially printed, c) the liquid is inserted during printing, and d) the embedded 

component is enclosed inside of the printed part. (Based on Meisel’s steps for embedding [98])

 ................................................................................................................................................. 39 

Figure 22: A process diagram for 1-2) creating filament, 3) printing the filament into a hollow 

capsule geometry 4) in-situ embedding a liquid into the capsule and 5-6) timed dissolution of the 

printed capsule. ......................................................................................................................... 41 

Figure 23: The thermal characterization of Mowiflex using A) TA Instruments TGA Q500 at 10 

°C/min from 23 °C to 550 °C and B) TA Instruments Q2000 DSC from -80 °C to 200 °C second 

heat cycle at a heating rate of 10 °C/min.................................................................................... 42 

Figure 24: The assumed cross-section shape of stacked printed roads, where the top gray box 

represents the assumed shape, for A) one road thick and B) two roads thick printed walls ......... 44 

Figure 25: The outline of the continuous toolpath for each layer of the parts with walls that are 

A) one road thick, B) two roads thick, and C) three roads thick. D) Shows a multi-chamber part 

containing two chambers that are one and two roads thick. (the top and bottom layers are 

infilled). .................................................................................................................................... 44 

Figure 26: An example of a dissolution image with the color swatch and blank swatch RBG 

values used to detect the release time. ....................................................................................... 45 

Figure 27: The time of release for the capsules with wall thicknesses of A) one road, B) two 

roads, and C) three roads, where all of the cubes are 10x10x10 mm in size. The vertical line 

indicates where the predetermined release threshold was crossed for the release time 

measurement. ............................................................................................................................ 47 

Figure 28: Box and whisker plot of the release time of specimens with a wall thickness of one, 

two, and three roads. The trend line is plotted using the averages of the respective measurements.

 ................................................................................................................................................. 47 

Figure 29: Varying shapes used to test the release profiles with A) an over extruded road wall to 

be 1.5 times the nozzle diameter on the cube (10 mm3) and B) a capsule design using a 30 ° 

angle with varying wall thicknesses, where the volume is constant, but the surface area changes 

[15]. .......................................................................................................................................... 49 



xi 

 

Figure 30: A capsule containing two chambers (using the toolpath described in Figure 25). The 

top images are of the cube (10x10x10 mm) with liquid embedded inside each chamber where 

yellow has a one road thick wall and blue has a two-road thick wall. The graph shows an 

example of the tracking of the delay in release for the two chambers. The liquid/powder filled 

part is a larger double chamber (10x16x10 mm) that contains the blue liquid and a powder 

material (NaCl). ........................................................................................................................ 50 

Figure 31: The release time for the varying shapes in comparison to the trend line created from 

the cube specimens. The over-extruded part had n=1 and the angled parts had a minimum of n=3. 

The multi-release from the two chamber capsules are marked with a line between the first and 

second release. (*Data from previous experiments, with slight variation in dissolution method 

[15]) .......................................................................................................................................... 51 

Figure 32: The advertised maximum temperature for and cost for FFF systems featuring bed 

and/or environment heating [121]–[130]. .................................................................................. 53 

Figure 33: Three design concepts for handling the components compatibility to enable printing in 

high temperature environments. ................................................................................................ 55 

Figure 34: High environment temperature system design, where the printer is inverted to allow 

for an open bottom to the heated print area for the print head to be able to access without 

inhibiting movement. ................................................................................................................ 57 

Figure 35: The simulation output for the a) the experimental set up, b) temperature profile, and c) 

the velocity profile for the inverted heat chamber. ..................................................................... 59 

Figure 36: The temperature profile of different sized heat chamber using a 2D Fluent model. ... 59 

Figure 37: Functional prototype of a custom delta printer modified with the inverted heated build 

chamber. ................................................................................................................................... 60 

Figure 38: Experimental and modeled temperatures from the center of the bed outward where the 

chamber bed and walls were set to 50-350 °C, in the inverted heat chamber. The markers 

represent the measured temperatures, while the line represents the temperature values from the 

simulation. ................................................................................................................................ 62 

Figure 39: The measured temperatures at different displacements from the bed at temperature 

controller set temperatures are between 50-350°C, with a non-inverted heat chamber. The 

markers represent the experimental data, while the line represents the simulated data. ............... 62 

Figure 40: Printed tensile bars using the inverted printer printed at 25 °C and 200 °C. The tensile 

bars are 63.5 mm in length, 9.53 mm in width, and 3.17 mm in height. ..................................... 64 

Figure 41: Tensile properties of tensile bars printed on inverted FFF system at environment 

temperatures of 25 °C (n=4) and 200 °C at 15 mm/s with a 200 μm layer height and 95% 

rectilinear +45/-45 infill (n=5). The horizontal line indicates reported Stratasys strength [135]. . 65 

Figure 42: A standard part (3D Benchy) was printed to demonstrate the ability to print more 

complex parts in the inverted high temperature system. ............................................................. 66 

Figure 43: A schematic of the delta-style inverted printer with a heated build chamber used for 

printing (adapted from [150]). ................................................................................................... 71 

Figure 44: A scaled visualization of the parts packed into the cylindrical container. Set 3 also 

contained a temperature sensor placed below the complex part and toward the center of the 

cylinder. .................................................................................................................................... 73 



xii 

 

Figure 45: The temperature ramp and cooling cycle of the post-processing technique as measured 

by an embedded thermocouple. The post-processing time was set to 6, 12, 18, and 24 hrs. ........ 73 

Figure 46: Visualization of the printed tensile bars and how they were printed on the printer bed 

where a) represents the horizontal XY tensile specimens and b) represents the vertical YZ plane 

specimens. ................................................................................................................................ 74 

Figure 47: The length dimensions measured before and after post-processing to evaluate 

dimensional accuracy. ............................................................................................................... 75 

Figure 48: A visualization of light absorbance for a) a printed road, b) a printed part, and c) a 

well-bonded printed part. D) Example of the collected data for a printed cylinder, using a color 

map to show absorbance. Data for the analysis was taken from the center of the well plate in a 

12x12 array. .............................................................................................................................. 77 

Figure 49:  Thermal characterization of ULTEM® 1010 via A) TGA using a 10 °C/min ramp 

rate to 800 °C, B) DSC first heat and cooling cycle at 10 °C/min (Exo Down), and C) oscillatory 

rheology at 1% strain at various temperatures. ........................................................................... 78 

Figure 50: SEM images of freeze fractured printed squares that were printed with nozzle 

temperatures varying from 330-370 °C with the environment temperature set to 180 °C. .......... 79 

Figure 51: The mechanical properties of ULTEM® 1010 printed using nozzle temperatures 

between 330-370 °C, where the environment was set to 180 °C. The letters above each column 

indicate that there is no significant difference between columns with the same letter (p>0.05), 

where XY specimens are only compared to XY specimens and Z specimens are only compared 

to Z specimens. ......................................................................................................................... 80 

Figure 52: The mass of the printed square specimens used for SEM in relation to the nozzle 

temperature (n=3). ..................................................................................................................... 80 

Figure 53: SEM images of freeze fractured printed squares that were printed with environment 

temperatures varying from 50-225 °C with the nozzle temperature set to 360 °C. ...................... 81 

Figure 54: The mechanical properties of ULTEM® 1010 printed using different environment 

temperatures. The letters above each column indicate that there is no significant difference 

between columns with the same letter (p>0.05), where XY are only compared to XY and Z are 

only compared to Z. .................................................................................................................. 82 

Figure 55: Images of tensile bar curling when printed in a heated environment at various 

temperatures. (Nozzles temperature was 360 °C) ....................................................................... 83 

Figure 56: The sum of the curling on both ends of the XY tensile bars printed using a nozzle 

temperature of 360 °C in various environment temperatures. ..................................................... 83 

Figure 57: Image of the printed parts after post-processing at 260 °C for A) 6 hrs., B) 12 hrs., C) 

18 hrs., and D) 24 hrs. ............................................................................................................... 84 

Figure 58: SEM images of freeze fractured printed squares that were post-processed at 260 °C 

for times ranging from 0 to 24hrs. ............................................................................................. 86 

Figure 59: SEM images of the exterior of a printed part that a) used no post-processing and b) 

was post-processed at 260 °C for 24 hrs. ................................................................................... 87 

Figure 60: The mechanical properties of ULTEM® 1010 post-processed at 260 °C for different 

periods of time. The letters above each column indicate that there is no significant difference 

between columns with the same letter (p>0.05), where XY are only compared to XY and Z are 

only compared to Z. .................................................................................................................. 88 



xiii 

 

Figure 61: The neck of XY and Z tensile bars post-processed for 24 hrs. The cross-section of 

each neck is ~3.175 mm. ........................................................................................................... 88 

Figure 62: The percent change for the dimensional measurements (length and mass) taken before 

and after post-processing parts shown A) by post-processing time and by B) the layer in which 

the parts were packed in salt (where set 1 was on the bottom and set 5 was on top, Figure 44). . 89 

Figure 63: Absorbance measurements of light for the varying a) nozzle temperatures, b) 

environment temperatures, and c) post-processing time. The letters above each column indicate 

that there is no significant difference between columns with the same letter (p>0.05). ............... 91 

 

  



xiv 

 

List of Tables 

Table 1: Materials developed and commercially available for FFF. .............................................1 

Table 2: The material properties taken from DSC and thermal conductivity testing. .................. 12 

Table 3. SEM images of ionic and non-ionic fillers before mixing............................................. 23 

Table 4: The thermal properties extracted from the DSC curve, including the melting 

temperature, crystallization temperature, and the percent crystallinity (n=1). ............................. 27 

Table 5: The experimental processing conditions were varied to test the effects of thermal 

processing on part properties. .................................................................................................... 70 

Table 6: Controlled printing process parameters used to test the effects of thermal processing 

conditions. ................................................................................................................................ 71 

 

 



1 

 

1. Introduction 

1.1 Material extrusion additive manufacturing 
Material extrusion (ME) additive manufacturing (AM) is the process in which a material is 

selectively extruded through a nozzle [1]. ME machines predominantly use amorphous 

thermoplastic material wherein the material is heated to a malleable state, deposited, and cooled 

to a solid-state [2]. This can be accomplished by using a pressure-driven melt reservoir, a screw-

driven pellet or powder feed, or gear driven filament feed.  

The most prevalent machine type in industry and education uses filament feedstock, and the 

process is called fused filament fabrication (FFF) [3]. FFF is available on both desktop (~500 x 

600 x 800 mm3 in size) and industrial-scale (~1.3 x 0.9 x 2.0 m3 in size) systems, where the 

machine and the material are generally less expensive when compared to the other AM processes. 

This has provided opportunities to democratize manufacturing, where parts and tools can be made 

locally rather than in a larger plant with distributed shipping. Examples where this is useful include 

developing countries' manufacturing tools [4], hospitals manufacturing custom replacements [5], 

and pharmacists manufacturing tailored drug delivery solutions for each patient [6]. 

There is a growing number of materials that are available for FFF. Table 1 lists some materials 

that are available as filament for FFF and an example manufacturer. These materials provide a 

variety of characteristics and material properties that can be applied to different applications, 

though some materials require specific types of FFF machines for processing (e.g. high-

temperature, direct-drive extrusion, etc.).  

Table 1: Materials developed and commercially available for FFF. 

Material 

Extrusion 

Temperature 

Example 

Manufacturer 

Acrylonitrile butadiene styrene 

(ABS) 
230 ± 10 °C MatterHackers 

Poly(lactic acid) (PLA) 205 ± 15 °C MatterHackers 

Polyethylene terephthalate (PETG) 245 ± 10 °C MatterHackers 

Nylon 240 – 260 °C MatterHackers 

Polycaprolactone (PCL) 70 – 100 °C VOGTEL 

Thermoplastic polyurethane (TPU) 210 – 225 °C Ninjatek 

Polyether ether ketone (PEEK) 375 – 410 °C 3DX TECH 

bioPolyphenylsulfone (PPSF or 

PPSU) 
Not listed Stratasys 

ULTEM (1010 and 9085) Not listed Stratasys 

Polycarbonates (PC) Not listed Stratasys 

 

1.2 Research gap 
Although the available materials for ME are growing they are generally limited to 

thermoplastic materials with limited molecular weight, melt rheology, and process between 190 

°C - 250 °C. In order to take full advantage of AM’s design freedom, a wider variety of materials 

available for the technology is required. This allows for the optimization of both the physical 

design and the material for a specific application.  
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To enable further development of new materials, a better understanding is needed of the FFF 

process-structure-property relationships. To address this, new materials that push the boundaries 

of FFF processing would provide incite that would result in a better understanding of the 

relationship. Therefore, the overall goal of this research is to expand materials through process and 

materials innovation. This was done for materials at two opposing extremes of processing 

temperatures: low-temperatures (<100 °C) for pharmaceutical applications and high-temperatures 

(>300 °C) for processing high-performance polymers. The full literature review related to each 

subject is located in the introduction of their relating chapter (Chapters 2-6). A brief summary of 

the research gap is described below. 

1.2.1 Printing personalized medicine 
AM’s ability to offer complex part geometry and customizes manufacturing affords the 

opportunity to create personalized medicine. The dissolution rate, time of release, dosage, and drug 

combinations can be tailored for a patient’s biological needs. The AM fabrication of oral-dose 

pharmaceuticals has been researched for the binder jetting, material jetting, and material extrusion 

AM technologies [7]–[10]. FFF offers distinct advantages in creating stronger parts that have low 

or no friability compared to the other AM processes [11]. However, FFF processing of the active 

ingredients is challenging because many actives are incompatible with the high processing 

temperatures (>100 °C) needed for most FFF thermoplastics [12]. The process and/or materials of 

FFF need to be adapted in-order to incorporate the low-temperature actives. By focusing on the 

incorporation of the low-temperature actives the lower thermal limits of the FFF process can be 

tested to better understand the FFF process-structure-property relationships. 

1.2.2 Printing a high-performance polymer 
ULTEM® is a high-performance polyetherimide (PEI) polymer class with high-strength and 

chemically resistant qualities that are dimensionally stable in high-temperature environments. The 

FFF processing of ULTEM® 9085 has been approved of use in aerospace applications [13]. 

ULTEM® 1010 has properties are advantageous for automotive (under the hood), outdoor 

construction, electrical devices, and energy storage applications [14]. When choosing to FFF print 

with these high-strength polymers, it is important that the final part exhibits the desired high-

strength. Using higher processing temperatures causes increased molecular mobility which 

produces stronger bonds between discretely printed roads and layers. However, the processing 

temperatures are limited by thermal degradation of the material and the ability of the part to 

maintain its shape when above the glass transition temperature (Tg). There exists a tradeoff in the 

FFF thermal processing between the mechanical strength and dimensional accuracy. A better 

understanding of this tradeoff for materials that are processed on the upper-limits of FFF will 

enable a better understanding of the overall FFF process-structure-property relationships. 

1.3 Overall research goal 
The overall research goal of this work is to expand the library of materials that can be 

printed using material extrusion additive manufacturing. The research gap is approached for 

two different general material needs: a water-soluble material for incorporating actives for 

programmable release applications and a high-temperature (>300 °C) high-performance polymer 

for structural applications.  

The first material need for a dissolvable material for incorporating actives is approached by 

both i) modifying the material and ii) modifying the process. Modifying the material is done partly 

in collaboration with the Long Group in the Virginia Tech Department of Chemistry. This 

interdisciplinary research is focused on designing a new material for printing oral drug delivery 
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systems. The collaboration consists of the Long Group developing and synthesizing materials and 

the author analyzing the materials and their ability to be printed using FFF. The contributions of 

this portion of the research include the development of a low processing temperature, water-

soluble material for tailored drug delivery, and insight to the broader understanding of the process-

structure-property relationship to guide future design of ionic semi-crystalline materials (Chapter 

2). This is then used to evaluate the incorporation of different filler materials to enable and improve 

processing via FFF while removing the need for a chemical processing step (Chapter 3). Modifying 

the process demonstrates how liquids and powders can be incorporated into a FFF part by 

embedding the substance inside of the printed part. This allows for the incorporation of active 

ingredients that could not otherwise be manufactured via FFF (Chapter 4). This solution focuses 

on the application for drug delivery; however, the process could be applied to other applications 

that require the incorporation of a material that cannot be FFF printed.  

The second material need, processing high-temperature (>300 °C) high-performance 

polymers, is approached by first modifying the machine to enable the processing of polymers that 

require a high processing temperature (Chapter 5) and then using the machine to characterize and 

optimize the high-performance polymer Ultem 1010 (Chapter 6). The broad goal of this portion of 

the research is to create a tool that enables different processing conditions that allow for new 

materials to be printed via FFF and gain a better understanding of the effects of the build 

environment on the process-structure-property relationship. A specialized temperature-controlled 

chamber is designed, modeled, and fabricated to enable the printing of specialized materials in 

different temperature environments (Chapter 5). The design developed in this work enables the 

printing of high-processing temperature materials for FFF on a desktop-scale system, at an 

inexpensive cost. This broadens the market and increases the accessibility of this technology and 

material to new researchers to further optimize for and develop new materials and new users to 

have access to print these materials using improved operating conditions. The machine 

modification is used to improve printing by optimizing the thermal processing conditions for 

Ultem 1010. The part strength is additionally improved by the development of a post-processing 

technique in a heated oven above Tg by supporting printed parts with packed powder. This allows 

the bonding between the parts roads and layers to improve beyond what printing alone can achieve 

without sacrificing the shape of the part. 

1.4 Research Question 1 and Hypothesis 
The first research question is focused on enabling the incorporation of active ingredients into 

printed parts. Sub-Question 1.1 is motivated by enabling a low processing temperature water-

soluble material for FFF 3D printing that could later include active ingredients within the material. 

The unique feature of the developed SPEG series is the ionic interaction with the counterions. 

Changing the counterion changes the ionic strength, thus altering the material properties. 

Hypothesis 1.1.1 is that this can be used to tune the material properties for FFF processing. A 

separate approach to Sub-Question 1.1 (Hypothesis 1.1.2) is to modify the material by 

incorporating an additive. Additives can be processed with the sulfonated PEG and can interact 

with the ionic salt and alter the material properties. The ionic salt added to the PEG polymer 

backbone provides opportunities to alter the material properties for processability.  

Sub-Question 1.2 is motivated by the idea of incorporating active ingredients into a printed 

part, without direct incorporation into filament. Previous work has shown active ingredients have 

been incorporated in-situ [15], [16] and in post-processing [17]. The proposed hypothesis here is 

to incorporate multiple actives during the print and use the geometry of the part to tailor the time 

the release of multiple actives during dissolution. 
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Research Question 1 

How can active ingredients, that cannot be processed at high temperatures (<100 °C), 

be incorporated into a water-soluble 3D part processed by FFF for tailored release? 

Sub-Question 1.1 

How can a low processing temperature dissolvable material be modified to be process-

able via FFF? 

Hypothesis 1.1.1 Hypothesis 1.1.2 

An ionic salt can be added to an existing 

polymer chain of a low processing 

temperature dissolvable material (PEG) to 

create discrete points of polar charges. 

Different counterions in the salt have 

different ionic interaction strength. Changing 

the ionic interaction strength changes the 

material properties to allow the ability to 

tune a material’s properties to enable 

material extrusion FFF.  

An ionic filler added to a low processing 

temperature dissolvable ionic polymer can 

influence the ionic interactions within the 

material. Using an ionic filler with a stronger 

ionic charge can influence the material 

properties in a similar way as changing 

counterions within a sulfonated ionic 

polymer. This allows for the ability to tune 

material properties using a filler material, in 

place of material synthesis. 

Sub-Question 1.2 

How can active ingredients be incorporated into a printed part, without adding the actives 

directly into the material for tailored release? 

Hypothesis  1.2 

Active ingredients in a liquid or powder form can be embedded into a printed soluble 

material, where the wall thickness of the printed part will create a time delay for the release 

of multiple active ingredients. 

 

1.4.1 Impact 
The work generated from answering Sub-Question 1.1 aims to identify how counterions affect 

printability, quantitatively and qualitatively, and use these observations to determine how changes 

in the material properties affect FFF printing. The importance of this work is to show how 

modifying the material on the molecular level, or by incorporating a filler, can affect the 

macroscale properties and process-ability of a material for AM. Insight is also gained on how to 

print semi-crystalline polymers and how crystallization kinetics affect printability. 

The work from Hypothesis 1.2 demonstrates the ability to modify the process to enable the 

incorporation of new materials and improve part quality. The incorporation of liquids and powders 

that cannot be printing via FFF in printed parts allows for controlled release, it also establishes 

design guidelines for creating thin-walled liquid-tight parts via FFF. 

1.5 Research Question 2 and Hypothesis 
The second research question is focused on the FFF printing of the high-temperature, high-

performance amorphous polymer ULTEM® 1010. Sub-Question 2.1 was created in order to 

develop a system to enable the printing of polymers that have high processing temperatures. This 

was used for Hypothesis 2.2 to study the effects of thermal processing and post-processing 

conditions on ULTEM ® 1010 printed parts.  
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Research Question 2 

How does (post-) processing temperature affect the mechanical strength and 

dimensional accuracy for FFF printing a high-temperature, high-performance amorphous 

polymer (ULTEM® 1010)? 

 Sub-Question 2.1  

How can a desktop material extrusion machine be modified to enable high-

performance materials? 

Hypothesis 2.1 

A heated environment is essential for printing high-performance polymers. 

An inverted heat chamber with an open bottom will trap heat within only the 

printing area, while an open bottom allows for free movement of the print 

head.  

Hypothesis 2.2 

The strength and dimensional accuracy of a printed part can be improved by tuning the 

nozzle and environment temperatures. Incorporating post-processing above Tg can improve 

the part strength further. 

 

1.5.1 Impact 
The impact of the low-cost, high-temperature machine in this work provides an open-

architecture tool for materials development, optimization, and accessibility. Development of new 

materials that require specific environment temperatures can be created using this machine design. 

The simple, inexpensive design allows for the accessibility of this tool and the materials it can 

print to more users, democratizing manufacturing. The value of this machine is shown by 

answering the research posed in Sub-Question 2.2. Increasing of the quality of a high-performance 

polymer part by optimizing the processing and post-processing yields properties that are more 

similar to desired bulk material properties for applications that require the use of the high-

performance polymer. 
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2. Tuning the material properties of a water-soluble ionic polymer using 

different counterions for material extrusion additive manufacturing 

2.1 Introduction 
Additive manufacturing (AM) of pharmaceuticals provides a distinct advantage compared to 

traditional oral medication manufacturing processes because it enables the fabrication of 

personalized dosages for each patient’s individual needs. Customizing tablet geometry and 

chemistry enables the opportunity to tailor dissolution time, rate, quantity of drugs, and drug 

combinations for a patient’s biological needs, which can vary based on gender, height, weight, 

diet, activity level, and other medications he/she is taking. 

In 2015, the oral tablets SPRITAM (levetiracetam) became the first FDA approved drug that 

is manufactured using AM [18]. Research in the use of AM for fabricating customized oral dose 

medicine spans binder jetting, material jetting, and material extrusion technologies [7]–[10]. Each 

of these technologies have tradeoffs for printing pills. Binder jetting allows for very precise 

placement of multiple jetted drugs and the powder bed provides structural support for printing 

complex geometries [19]–[21]; however, the parts can be fragile and have high friability. Hot melt 

material jetting allows for precise placement of multiple materials without powder [22]; however, 

material jetting is limited to processing materials with sufficiently low viscosity for jetting. 

Material extrusion, can fabricate stronger parts that have low or no friability [11], and fused 

filament fabrication (FFF) (a subset of material extrusion) has been used to produce oral dose pills 

[23]. FFF machines are widely available as both inexpensive desktop-scale machines, for home or 

portable use, and larger industrial-scale machines [3]. However, fabricating tailored soluble 

pharmaceuticals can be challenging because the high processing temperatures (>100 °C) needed 

for melting most thermoplastics may degrade the active ingredient or cause loss of its potency 

[12].  

To address this limitation, the authors previously developed a sulfonated poly(ethylene glycol) 

(SPEG) polymer series that melt processes at 70 °C and dissolves in less than 3.0 mg/min in water 

[24]. The melting temperature of this series is low enough that active ingredients can be added 

during thermal processing of pressed films, molds, and extrusion while retaining activity [25].  

Using FFF to print semi-crystalline materials, such as SPEG, is challenging mainly due to 

crystallization resulting in discrete volume change and severe warping as the polymer cools from 

the melt state to the solid state. FFF traditionally uses amorphous materials that have a gradual 

change between a rubbery state and glassy state. Extruded material property changes as a function 

of temperature and occur gradually as the material cools, which deems the added stresses from 

volume change are also gradual. Conversely, semi-crystalline materials have a sharper transition 

between the malleable and solid state, where there is a discontinuity in the material properties as a 

function of temperature. Thus curling the part more severely as the material density increases 

during crystallization [26].  

Another challenge specific to printing SPEGs is that their low melting temperature result in a 

small processing window between the extrusion and environment temperatures. This phenomenon 

causes the material to initially cool at a slower rate compared to traditional FFF materials that 

feature a processing temperature window of more than 100 °C. The slower rate consequently 

creates a longer time to solidify, resulting in the requirement for the material to be able to hold its 

extrudate shape for longer in the malleable state during the printing process. The extruded material 

must be able to bond with the previous roads without coalescing and losing form, remaining in the 

desired deposited shape. 
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The ability to vary a counterion that ionically modifies a polymer to alter the material 

properties [24], [27], [28], provides a unique advantage in developing a polymer for 3D printing 

and further customization and tailored design opportunities for adapting the material for specific 

printing applications. This paper aims to 3D print the SPEG series with varying counterions that 

result in variations in material properties. This allows for the ability to determine the ideal material 

properties for printing a low-temperature, semi-crystalline polymer and for identifying 

relationships between the print quality and the polymer properties. Specifically, the authors assess 

the structure-property-process relationships of four SPEG variants: poly(PEG8k-co-NaSIP), 

poly(PEG8k-co-CaSIP), poly(PEG8k-co-ZnSIP), and poly(PEG8k-co-MgSIP). A key contribution 

of this paper is to demonstrate how small changes in modifying a material on the molecular level 

can affect the macroscale properties and process-ability of a material for FFF. This is accomplished 

by measuring the SPEG series’ material properties (e.g., thermal transitions, rheology, thermal 

diffusivity, and crystallization kinetics) and relate them to their ‘printability’ (e.g., layer bonding 

and quality of a variety of printed features).  

2.2 Methods 
Material characterization was conducted to provide insight as to how the different counterions 

affect the polymer behavior during processing. The thermal transitions inform (i) the state of the 

material at different temperatures and (ii) appropriate temperatures for processing the material. 

Rheological properties inform constraints on processing, including extrusion rate. Zero shear 

viscosity provides insight on a material’s ability to hold its shape in the melt state after the 

deposition of each layer. Thermal diffusivity is directly related to thermal conductivity, which is 

an important material property for understanding how quickly a material melts and cools when it 

is at different temperatures. Finally, crystallization kinetics for a polymer reveal how the crystals 

nucleate and spherulites grow, which affects solidification behavior (e.g., rate, shrinkage, and 

residual stress) following extrusion. 

The material properties of the polymers are then related to their printability by measuring the 

layer bonding of the resultant printed parts as well as evaluating the quality of different printed 

features (Section 2.3). 

2.2.1 Materials Material Preparation and Synthesis 
Poly(ethylene glycol) (PEG8k) (Sigma-Aldrich, Mn = 8,000 g/mol), dimethyl 5-

sulfoisophthalate sodium salt (SIP, Sigma-Aldrich, 98 %), and sodium acetate (NaOAc) (Sigma-

Aldrich, ≥99.0 %) were dried in a vacuum oven at 50 oC overnight before use. Titanium 

tetra(isopropoxide) (Sigma-Aldrich) was dissolved in anhydrous 1-butanol and used as a stock 

solution at 0.01 g/mL or 0.013 g/mL. All solvents were received from Spectrum and used without 

further purification. 

The synthesis of sulfonated PEG (SPEG) was adopted from a previously reported procedure 

[24]. Briefly, 8k poly(ethylene glycol) (PEG8k) (1 eq.) and dimethyl 5-sulfoisophthalate sodium 

salt (1 eq.) (SIP) were placed into a round-bottomed flask equipped with a mechanical stirrer. The 

reaction mixture was heated to 180 oC and stirred for 3 hours under N2 and 30 min at 0.1 mbar to 

yield poly(PEG8k-co-NaSIP). The sodium counterion was then exchanged with calcium, zinc, and 

magnesium salts in separate batches through dialysis to form three distinct polymers. The 

dissolved polymer was then frozen and lyophilized into a white, fluffy polymer, which was melted 

via extrusion processing into filament (Section 2.2.3.1). Figure 1 shows a scheme of the chemical 

synthesis, including an ion exchange, used to make the family of SPEGs utilized in this work. They 

contain the counterions: Na1+, Ca2+, Zn2+, and Mg2+. 



Zawaski-8 

 

 

Figure 1. Melt transesterification of poly(ethylene glycol) and sulfonated isophthalate (SIP) to 

yield ion-containing poly(ether ester)s and the ion exchange of poly(PEG8k-co-NaSIP) to a range 

of counterions through dialysis [24]. 

2.2.2 Material Characterization 
For the material analysis in the following methods, 70 °C was used as a reference temperature 

for all experiments as 70 °C was sufficient for complete melting during extrusion printing. 

2.2.2.1 Thermal Analysis 
Differential scanning calorimetry (DSC) was performed with a nitrogen flow of 50 mL/min at 

a heating rate of 10 °C/min and quench cooling on a TA instruments Q1000 DSC from -80 °C to 

100 °C. Melting temperatures were measured as the maximum of the melting endotherm and the 

crystallization temperatures at the max of the exothermal peak. 

2.2.2.2 Oscillatory Rheology 
Rheological analysis was performed on a TA Instruments Discovery HR-1 with 25 mm parallel 

plates under air. The experiments were in a controlled temperature environment with liquid 

nitrogen cooling for the temperature ramp. Frequency sweep experiments were performed at 70 

°C with angular frequencies ranging from 0.1 – 100 rad/s with a constant strain of 1 %. Rheological 

cooling was run at an angular frequency of 1 rad/s oscillation with constant strain of 1 % using a 

temperature ramp from 70 °C down to 45 °C taking data every 5 °C. 

2.2.2.3 Thermal Diffusivity 
The laser-induced transient thermal grating (TTG) technique [29]–[35] was used to measure 

the thermal diffusivity. In this method, two pump pulse beams (pulse duration 4-8 ps, frequency 1 

kHz, wavelength 532 nm, pulse energy 75 μJ) with the same phase and frequency interfere in the 

sample and create a spatially periodic temperature distribution profile called thermal grating. The 

decay of the thermal grating is monitored via the diffraction of a chopped continuous-wave (CW) 

probe beam (chopped pulse duration 200 μs, chopping frequency 1 kHz, wavelength 514 nm, CW 

power 500 mW), which can give the thermal diffusivity with high accuracy. In the measurements, 

the transmission geometry in the TTG setup was used, and the signals were enhanced by 

heterodyne detection. Since the solutions are transparent and colorless, <1 wt% blue dye was added 

into the solutions to absorb part of the pump pulse beams in order to generate thermal grating in 

the sample. The effect of the dye on thermal diffusivity was confirmed to be minimal and the 
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concentration of dye was kept the same for different solutions. The sample solution was placed in 

a 1 mm-thick cuvette. A water bath was used to control the sample temperature. The concentrations 

of all the four SPEG samples are 0.37 g/ml. The sample temperatures were estimated based on the 

temperature gradient in the cuvette and the laser heating effect. 

2.2.2.4 Polarized Light Microscopy 
Spherulitic growth of all SPEG counterion samples were observed via an Olympus BX51 

microscope with crossed-polarizers and Linkam hot stage. Each SPEG was melted at 70 °C and 

naturally cooled to room temperature on the Linkam hot stage to provide the same thermal history 

for each sample that is similar to printing conditions. A video was collected during dynamic 

cooling of each sample at 80 °C/min to room temperature following a 1 min isotherm at 70 °C. 

Representative images from the video capture were selected to show spherulitic growth at different 

stages. Radius measurements were made for each sample at each time step to create a spherulitic 

growth rate plot. These experimental conditions were selected to mimic printing conditions.  

2.2.3 Print Quality 

2.2.3.1 Processing Filament 
The lyophilized SPEGs were processed using a desktop single-screw extruder (Filabot Wee) 

into filament strands with a 1.75 mm target diameter. The materials were ground to roughly pellet 

size pieces. The temperature was set to approximately 70 °C for each SPEG and the feed screw is 

a single speed of 35 rpm. The filament was extruded out of a 2 mm diameter nozzle and cooled on 

a Teflon conveyor belt pulling the material to reduce the diameter.  Along the belt, forced 

convention was used as needed to cool the extruded filament. Filament was processed to 1.75±0.15 

mm, where shorter sections of filament could be used for printing with an accuracy of ±0.05 mm. 

2.2.3.2 Print Parameters 
The specimen .stl files were converted to a gcode file using Slic3r (Slic3r v1.1.7), an open-

source slicing engine for FFF systems. The extruder temperature was set to 70 °C based on DSC 

and rheology. A constant print speed was chosen to extrude the material at 5 mm/s. Blue painters 

tape was placed onto the print bed to provide additional adhesion for the extruded polymers. Before 

each print, the filament diameter being fed into the machine was measured and input into Slic3r to 

calculate the correct federate for each filament strand. 

2.2.3.3 Measuring Layer Bonding 
Interlayer adhesion has been measured by a variety of techniques [36]–[38]. The method used 

for this work resembles Yan’s method [36]. A prism was printed with a single-road wall thickness 

and no infill; dogbone tensile bars were punched from each of the printed prism’s thin walls. Each 

wall of the structure produced a single tensile bar, creating five or six tensile specimens per print. 

Figure 2 shows the design of the part, and an example of where a tensile bar is punched from one 

wall for both for XY and Z tensile bar specimens. This method was chosen for the following 

reasons: 

 Minimal material consumption: This technique requires less than 1 cm3 of material to 

complete the entire build while also fabricating multiple specimens with different layering 

direction for evaluation. Minimizing material consumption is critical when designing novel 

materials as synthesized batches are only available in small quantities. 

 Minimize road variation: Creating a thin wall eliminates the variation in road path and 

therefore the time between each layer, creating more uniform layer bonding. In addition, 

each layer consists of only a single, continuous-printed road, which standardizes the amount 
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of time the polymer resides in the hot extruder, thus and improves uniformity of the bonding 

between layers. 

 Minimize curling effect: Curling is minimized by depositing a single printed road, which 

minimizes the likelihood of curling often found when printing a number of long continuous 

roads. This approach enables the evaluation of bond strength for materials that have limited 

process-ability. 

 
 

(a) (b) 

Figure 2: Schematic of printed single-road prisms for evaluating layer bond strength. Lighter 

lines illustrate layered structure. Dashed lines show outline of tensile bar specimen punch for (a) 

XY tensile specimens and (b) Z tensile specimens. 

The tensile bars measured approximately 22.75 mm by 7.75 mm. The neck region was 7.0 mm 

in length and 2.5 mm in width. The cross section was measured for each tensile bar to calculate 

the engineering stress. The thickness was measured using a micrometer.  Specimens were broken 

using an Instron 5500R machine at 5 mm/s. Due to the small size of the specimens, the strain was 

calculated by using the change in the distance between the grips added to the length of the neck 

region (7 mm). Ultimate tensile strength, elongation, and modulus of elasticity were evaluated 

using Bluehill and MATLAB.  

2.2.3.4 Evaluation Quality of Printed Features 
The print quality was qualitatively measured by attempting to print different features with the 

four materials. These features were designed to evaluate a polymer’s ability to print independent 

of process parameters or printer configuration. The same print settings were used for the different 

parts and all parts were printed on the same printer. The print speed was set to 5 mm/s, and the 

extruder temperature was set to 70 °C. As SPEG has a low melting temperature relative to the 

environmental temperature, no additional heating (e.g., through a heated bed or a heated print 

environment) was used. Forced convection was used (via small fans mounted on the side of the 

printer) during most prints, which accelerated extrudate solidification and thus improved retention 

of shape. Further discussion on the importance of cooling is in Section 2.3.1.1. 

Five different features were printed using each material: (1) large thin walled and (2) solid 

structures, (3) small thin walled and (4) solid structures, and a (5) bridge across a gap (Figure 3). 

For these tests, “large” is defined as features between 20-61.5 mm; this is large enough for a 

material to demonstrate curling, while using a minimal amount of material. Small features are 

defined as < 10 mm. The thin-walled structures were designed as solid parts and printed with 0% 

infill with one perimeter wall in the Slic3r settings. The solid parts were printed at 90% density 

infill; this was chosen because i) some of the materials thermally expanded while printing and ii) 
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the filaments had slight variation in diameter, which can cause issues when printing 100% dense 

parts.  

Large thin-wall 

part 

Large solid  

part 

Small thin-wall 

part 

Small solid  

part 

Bridge  

part 

     
Single Road 

perimeter 

90% infill Single road 

perimeter 

90% infill 10 mm gap 

Figure 3: The features used to test the various elements of printability of the different counterion 

SPEGs. 

(1) The large, thin-walled part is used for creating tensile specimens as described in Section 

2.2.3.3.  

(2) The large, solid part is 20 x 20 x 5 mm. This geometry allows for analysis of part curling 

for dense parts (e.g., at the corners where part curling is most likely to occur). 

(3) The small, thin-walled (i.e., one road thickness) part tapers at a 30° angle to evaluate 

printing of small feature sizes (e.g., as the features become smaller there is less time 

between layers to cool).  

(4) A cube was used for the small, solid part, where the edges and corners serve as defined 

small features to see if the material can hold those features when there is less time between 

layers and the solid infill will not cool as fast as a thin wall. The flat top will show the road 

definition and surface finish of the material printing a small feature. 

A bridge geometry, which requires the extruded material to span a 10 mm gap without support 

material, is printed to observe the materials’ potential for fabricating complex shapes without 

support material. 

2.3 Results and Discussion 

2.3.1 Material Properties 
Material properties were measured to quantify the variations in the SPEGs caused by the 

different counterion ionic interactions.  

2.3.1.1 Thermal Analysis 
DSC measured the peak melting temperature, peak crystallization temperature, crystallinity, 

and specific heat capacity (Cp) of poly(PEG8k-co-NaSIP), poly(PEG8k-co-CaSIP), poly(PEG8k-co-

ZnSIP), and poly(PEG8k-co-MgSIP) (Table 2). Figure 4 depicts the DSC traces for each polymer 

system. Both the first cooling and second heat are shown. Among the different counterions, the 

variance in the melting temperature (Tm) was 6 °C and the variance in the crystallization 

temperature (Tc) was 12 °C. These transition temperatures can be approximated to be the same 

because the polymer backbones are the same. However, for each sample there is a gap of 31.5 ± 

5.8 °C between the Tm and the Tc, which impacts how much the material must cool before 

solidifying. 
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Figure 4: DSC traces depicting the cooling after the first heat and the second heat heating at 10 

°C/min with 100 °C/min cooling of the SPEG materials containing four different counterions. 

Exothermal up. 

Table 2: The material properties taken from DSC and thermal conductivity testing. 

Sample 
Tc 

 (°C) 

Tm  

(°C) 

Crystallinity 

(%) 

Cp @ 25 

°C 

(J/g °C) 

Cp @ 70 

°C 

(J/g °C) 

Poly(PEG8k-co-

NaSIP) 
33 62 58.9 

1.88 2.51 

Poly(PEG8k-co-

CaSIP) 
30 60 53.4 

1.36 2.32 

Poly(PEG8k-co-

ZnSIP) 
29 56 69.5 

0.910 1.40 

Poly(PEG8k-co-

MgSIP) 
21 61 53.7 

0.959 1.28 

 

The Tm and Tc are important in the printing process because the polymer must be melted in 

order to flow when extruding out of the print nozzle and crystalize, post-deposition, in order to 

hold shape. Setting the processing temperature at ~10 °C degrees above the polymer Tm ensures 

the heat conducts completely through the thickness of the filament faster than the material is 

extruded. Although the crystallization temperature measured is dependent on the cooling rate of 

the DSC, it can be approximated from the data in Table 1 that the SPEG series must cool ~40 °C 

below the extrusion temperature to crystalize and solidify. Because the crystallization temperatures 

are near room temperature, the time it takes for the material to solidify is significantly longer than 

traditional FFF materials that are printed at higher temperatures (e.g., ABS is typically extruded 

above 230 °C). This behavior can be seen when observing the general heat transfer equation for 

transient thermal cooling. 
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 𝑇 = 𝑇∞ + (𝑇𝑖 − 𝑇∞)𝑒
− 

ℎ𝐴𝑠𝑡

𝜌𝑉𝑐  [1] 

where T is the temperature of the material, T∞ is the environment (room) temperature, Ti is the 

initial (extrusion) temperature, h is the convection coefficient, As is the surface area, t is time, ρ is 

the density, V is the volume, and c is the thermal heat capacitance. Note that this is a simplified 

model to examine the impact of the temperature difference in Tm and the Tc. 

When comparing the different materials, it can be assumed that the convection coefficient, 

surface area, and volume are equivalent as they are not intrinsic material properties. The rate of 

cooling is only dependent on the density and the specific heat capacity. The ability for the material 

to hold shape is dependent on the temperature of the material as it controls the molecular mobility 

of the polymer.  

When considering a traditional 3D printing material, Acrylonitrile butadiene styrene (ABS), 

the print temperature is somewhere around 220-270 °C and the ambient temperature is as high as 

100 °C. The print temperature is set well above the glass transition point (~105 °C), to enable a 

low enough viscosity for the material to flow out of the nozzle. This means that the material is 

viscous enough to not flow out of the nozzle, and presumably viscous enough to hold its shape 

around 200 °C. This temperature is reached fairly quickly (<5 s) as the material extrudes from the 

nozzle and the temperature exponentially decays from 220 °C to 100 °C.  

The cooling rate is slower for the SPEG series. The difference between the melting temperature 

and the environment temperature is much smaller than ABS, therefore the cooling rate is expected 

to be slower when the material first leaves the nozzle. The crystallization temperature is ~4 °C 

from room temperature, in the asymptotic region of the exponential decay rather than the early 

region, where the rate of temperature change is much faster. This indicates that the material must 

maintain its shape in the malleable state for longer than traditionally FFF materials, because it will 

take longer for the material to cool to a solid state. 

2.3.1.2 Rheology 
The viscosity profile measured for poly(PEG8k-co-NaSIP) is a magnitude lower than any of 

the others in the series. The zero shear viscosity, shown in Figure 5, is similar to ABS, a known 

standard printable material, at a print temperature of 250 °C and approximate printing shear rates 

(10-100 1/s) [39]. The divalent counterions caused an increase in the viscosity, which is consistent 

with observations seen in previous work [24]. The hypothesis is that the higher charge in the 

divalent cations create stronger ionic complexes resulting from the coordination of PEG oxygens 

and the divalent cations [40].  

Shear thinning behavior can be seen in the Ca2+, Zn2+, and Mg2+ counterions after a Newtonian 

plateau (Figure 5). Shear thinning is desirable for material extrusion because the material has a 

lower viscosity as it exists the nozzle and a higher zero shear viscosity to hold the extrudate’s 

shape while it cools and solidifies [41]. With traditional higher temperature (>200 °C) amorphous 

materials, it is desirable to have a low viscosity (~2000 Pa·s) at the processing temperature and 

shear rate; however, too low of a viscosity can cause extrusion backflow and nozzle clogging [42]. 

In order for SPEGs to sufficiently hold their shape after deposition and before crystalizing, higher 

zero-shear viscosities may be necessary.  

Figure 6 depicts a rheological study, which monitors the viscosity of the material from 70 °C 

to 40 °C. The temperature range was chosen to study the viscosity profile as the material 

approaches its crystallization temperature, which gives insight into the material behavior 

immediately after deposition. From 70 °C to 50 °C, the zero shear viscosity increases exponentially 

158 ± 39 % for the SPEG series before crystallization occurs. Although the material is increasing 
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in viscosity, the zero shear viscosity of poly(PEG8k-co-NaSIP) at the processing temperature is a 

magnitude lower than the traditional FFF material ABS, which has a zero shear viscosity of around 

104 Pa·s [39]. This may indicate that the viscosity of the Na+ counterion may be too low to be able 

to hold its shape after deposition. 

 

Figure 5: Oscillatory rheology of the SPEG materials containing four different counterions using 

parallel plates at constant temperature 70 °C and 1% strain. 

 

Figure 6: Oscillatory rheology of the SPEG materials containing four different counterions using 

parallel plates at 1% strain and 1 rad/s (near zero shear) temperature step down from 70 °C to 50 

°C. 

2.3.1.3 Thermal Diffusivity 
The thermal diffusivity increased slightly with increasing temperature for all of the different 

counterions, as seen in Figure 7. The Na1+, Ca2+, and Mg2+ counterions all showed a similar thermal 

diffusivity. However, the Zn2+
 counterion has a ~0.01 mm2/s lower thermal diffusivity. Thermal 

diffusivity has a direct relationship to thermal conductivity, which has a direct influence on the 
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temperature of the material during processing [43].  A higher thermal diffusivity will conduct heat 

faster, enabling the material to melt quickly and cool quickly. However, when considering layer 

bonding, having a lower thermal diffusivity could also be desirable, keeping the previous layers at 

a higher temperature helps interlayer adhesion [36]. Higher temperatures result in a higher weld 

strength, which require more energy to tear the layers [44]. With these materials, a higher thermal 

diffusivity is desirable because the printing temperature is already very close to the environment 

temperature, as previously described in Section 2.3.1.1. 

 

Figure 7: Thermal diffusivity of the SPEG materials containing four different counterions using 

laser-induced transient thermal grating (TTG) technique.  

 

2.3.1.4 Cross Polarized Microscopy 
Changing counterions on the SPEG polymer alters the observed nucleation and spherulitic 

growth behavior, as seen in other polymer systems [28]. Figure 8 contains images depicting 

spherulites for the four counterion samples with a timestamp to indicate the elapsed time for 

observed spherulite formation. All counterions demonstrate heterogeneous nucleation behavior; 

however, the choice of counterion influences the final spherulite size. This ranges from the Ca2+ 

sample resulting in spherulites too small to measure (radii < 10 µm) to the Zn2+ sample resulting 

in spherulites with radii above 200 µm. The Na1+ and Mg2+ counterions result in average final radii 

of 66 ± 20 µm and 93 ± 31 µm respectively. The Mg2+ counterion also results in spherulites with 

coarser texture than those of the other three counterions. 

Because the percent crystallinity is similar among the SPEG series, but the spherulite growth 

rate and final size differ, the crystallization kinetics and spherulite size, and not the total percent 

crystallinity, appear to have the greatest effect on the printability of semi-crystalline polymers. 

Unsurprisingly, due to the large size of its spherulites, brittle behavior was observed in the Zn2+ 

counterion SPEG. This corresponds with the low nucleation density observed and large spherulite 

interfaces. Conversely, the Ca2+ counterion resulted in a high nucleation density and small final 

spherulite size. The small spherulitic morphology is expected to be stronger where the spherulites 

and interfaces are tightly interlocked [45]. The small spherulites also may reduce macroscopic part 

curling. The similarity between the crystalline morphology produced by Na1+ and Mg2+ 

counterions also show similarities on the macro scale (Section 2.3.3, Figure 12). 
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Figure 8: Images of SPEGs containing the four different counterions taken using polarized light 

microscopy. The timestamps shown are referenced to the first observed spherulite. The total time 

from observed spherulitic formation until impingement was evenly divided into four parts; 

images are shown at each time increment. The scale bar shows 150 μm. 

 

Figure 9: The spherulitic growth rate of three of the SPEG polymers containing different 

counterions. Poly(PEG8k-co-CaSIP) is not shown because the spherulites are too small for 

quantitative image analysis. 
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A typical isothermal plot of spherulitic growth rate results in a linear relationship between 

radius and time. The non-linearity observed in Figure 9 is due to the non-isothermal nature of the 

experiment, which mimics the non-isothermal cooling conditions during printing. A slower growth 

rate was observed at earlier times, increasing as the experiment continues. Given that these data 

represent dynamic cooling, this is equivalent to a faster growth rate at lower temperatures, thereby 

indicating the temperature range relevant to printing (70 °C – 25 °C) is in the nucleation-controlled 

regime. This is corroborated by the isothermal crystallization half-time plot, shown in Figure 10.  

 

Figure 10. Crystallization halftime as a function of isothermal temperature for SPEG containing 

four different counterions. 

2.3.2 Effects of counter ions on printed tensile properties  
As expected, the printed specimens oriented in the vertical direction were weaker than the 

specimens printed in the horizontal direction and the melt pressed material [46], as shown in Figure 

11. The poly(PEG8k-co-ZnSIP) tensile bars oriented along the Z plane were too brittle to punch 

and handle and were therefore omitted from the data. The large spherulites that formed during 

solidification (Figure 8) cause the brittleness. This is also reflected in the weak pressed films and 

the large scatter in the XY print specimens. The XY printed parts had both a higher elastic modulus 

and ultimate tensile strength, because the layers prevented any initial cracking or tearing from 

propagating across the tensile bar.  

Poly(PEG8k-co-CaSIP) material was the strongest material in the film state. Although Ca2+, 

Zn2+, and Mg2+ are all divalent counterions, the ultimate tensile strength from the film is 20.5 % 

and >2000 %  higher than Mg2+ and Zn2+ respectively. Consistently, Zn2+ was the weakest, 

followed by Mg2+ and Na1+, then Ca2+. This trend is the same as the spherulite sizes shown in 

Figure 8. Typically, the raw material is stronger than printed parts because of the gaps the roads 

introduce into the part, which is observed in the ultimate tensile strength [47]. However, the Ca2+ 

part had larger elongation at break for the XY printed material rather than the pressed film. This 

was caused by the weak layer weld bonding in the Z direction from laying a hot layer on a cold 

layer [44], and the part was only composed of a single road. As the material was pulled it plastically 

deformed after yielding and dramatically reduced the cross-section. When the cross-section 

deformed, the bonds between the layers broke first, and the material continued to stretch along 

each road, until each road broke. This was repeatable across all of the printed samples at these 
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print parameters. This was consistent with the ultimate tensile data, where the Z specimen is 45 % 

weaker than the XY specimen, and therefore was likely to fail under the horizontal strain caused 

by the plastic deformation. This result may not hold true if multiple roads are printed side by side 

in multi-walled structures. 

a)

 

b) 

 
 c) 

 

 

 

Figure 11: Evaluation of the tensile strength for poly(PEG8k-co-NaSIP), poly(PEG8k-co-CaSIP), 

poly(PEG8k-co-ZnSIP), poly(PEG8k-co-MgSIP) for melt pressed, and printed in a horizontal (xy) 

and vertical (z) orientation by a)the elastic modulus, b) the ultimate tensile strength, and c) the 

elongation at break. 
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2.3.3 Effects of counter ions on printability  
The printability of each counterion material was tested by printing different small feature parts. 

The brittle Zn2+ counterion material caused the filament strands to break into short pieces unable 

of printing complete specimen. Figure 12 shows images of the different feature tests. 

 

Figure 12: Part printed out of SPEG containing four different counterions using filament material 

extrusion. All parts were printed at 70 °C at 5 mm/s. (Note: *were printed at 2 mm/s rather than 

5 mm/s) 

2.3.3.1 Large parts analysis  
The large thin wall and solid parts produced a larger curling effect than the smaller parts. This 

correlates with the crystallization of the material, as previously discussed in section 2.3.1.4, where 

the larger spherulites produced more curling. The small spherulites in the Ca2+ counterion reduced 

the internal stresses in the part during the shrinking process. The high nucleation density allowed 

the crystals to form in place. The Na1+ and Mg2+ counterion materials, with larger spherulites than 

the Ca2+ counterion material, both curled on the corners of the large printed parts. The effect was 

most noticeable on the solid part because the larger part size amplifies the internal stresses while 

cooling, causing the part to curl in order to relax the stress. The Zn2+ counterion material had the 

largest spherulites (Figure 8); however, the large thin walled structure did not curl during printing. 

This may be caused by strong bed adhesion, degradation, the elastic modulus may be too low for 

the part to curl, or the potential creation of micro fractures in the part that relieve the stress, also 

contributing to the parts brittleness.  

2.3.3.2 Small parts analysis  
The low viscosity and thermal diffusivity of the material caused the small thin walled and solid 

parts to lose definition. The small thin-walled part had a decreasing cross-section and time between 

layers. As the part was printed, all of the materials lost part accuracy and definition as the perimeter 

of the pentagon decreased. The material was unable to cool and solidify before the next layers 
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were deposited and the viscosity was insufficient to hold the extruded road position and shape 

while the print head continuously deposited new layers.  

The small solid part exhibited a similar issue with the Na1+ and Mg2+ counterion parts. The 

outside surface roads maintained the most definition due to convection on the larger surface area 

on the outside. The center of the part lost nearly all definition for the Na1+ and Mg2+ counterions 

due to the material expanding and the solid part design retaining heat causing the low viscosity 

roads to coalesce in the part center. As the melted material was deposited, the perimeter of the 

layer cooled first while the infill remained molten. The internal molten material expanded in the 

vertical direction due to the solidified perimeter. This propagated layer-by-layer, without sufficient 

time to cool and shrink between layers, causing a cascading effect where the Na1+ counterion 

material expanded past the nozzle tip and the print failed, due to the nozzle tip dragging through 

previous layers. The Mg2+ counterion also experienced this issue; however, to a lesser degree, as 

the small solid part was able to be completed. 

The improvement in the small solid cube from the Na1+ to the Mg2+ counterion could be the 

stronger ionic attraction to the divalent counterion to prevent the Mg2+ material from thermally 

expanding as much as the Na1+ material, which is represented by the increased viscosity of the 

Mg2+ material. The Ca2+ counterion shows the most improvement in printing the small solid part. 

The divalent Ca2+ counterion material showed minimal volumetric expansion and the increased 

viscosity helped the material hold shape printing the solid parts. This may suggest a stronger ionic 

interaction with the Ca2+ divalent counterion compared to Mg2+. There were clear road definitions 

every layer of the solid Ca2+ parts, where the Na1+ and Mg2+ parts lost definition internally, where 

roads coalesced together. This could also indicate a difference in surface tension between the Mg2+ 

and Ca2+ counterions, where the Mg2+ coalesced more than the Ca2+ counterion, despite similar 

melt viscosities. This experiment is an example of how both the melt properties and the cooling 

and crystallization properties contribute to the part quality. 

2.3.3.3 Bridge part analysis 
The Na1+, Ca2+, and Mg2+ counterions were all able to span across a 10 mm open gap. The first 

layer was the most critical layer in the bridge structure and showed the most variance between the 

different counterions. The subsequent layers were more accurate after the foundation from the first 

layer was established. The melt strands broke on several of the initial bridge roads printed using 

the Na1+ and Mg2+ materials and attached to the wall structure the nozzle reached. Once a few 

bridged roads were successfully established, the bridge was stable enough to hold shape over the 

unsupported gap for the following layers. The material shrinkage was an advantage for printing 

the bridge. Molten material would droop slightly across the open gap before the material cooled. 

Then the material would shrink and tighten the printed road creating a flat surface across the 

bottom of the bridge. Qualitatively, the bridge that printed the best was the material containing the 

Ca2+ counterion. The high viscosity, and the stronger divalent counterion interaction created a 

stronger melt strand as it stretched across the gap. This is indicative that the melt strength of the 

Ca2+ is higher than that of the other printed counterion materials. 

To compare the “printability” of each SPEG material independent of the printing conditions, 

the same print parameters were used across all materials and printed part geometries. This was 

possible because the melting temperatures between the materials were very similar. However, 

finding the optimal print parameters for each material may yield different results in the printability. 

Regardless, the results presented in this work are expected to be generalizable due to the overall 

trends of Zn2+ counterion brittleness, the Na1+ counterion coalescing and shrinking, and the Mg2+ 

counterion coalescing. Brittleness and shrinking are difficult for the print parameters to influence. 
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Printing at a lower temperature may reduce coalescing; however, the temperature needs to be 

sufficiently high enough to ensure complete melting of the filament during extrusion. 

2.4 Conclusions and Future Work 
Four new semi-crystalline polymers were printed using FFF. Step-growth polymerization 

yielded SPEG with a Na1+
 counterion, which was subsequently dialyzed to produce materials with 

varying cationic counterions (Ca2+, Zn2+, Mg2+). The different ionic interaction strength between 

the different counterions altered the material properties and thus the print quality of each material. 

The Ca2+ performed the best in printing due to a stronger ionic interaction strength compared to 

the other counterions. Using a divalent counterion over a monovalent counterion increased the 

melt viscosity by a magnitude, which was beneficial for the material’s ability to hold shape while 

slowly cooling due to the small difference between the processing temperature and melting 

temperature. The increased nucleation density and small spherulites (radii < 10 µm) in the Ca2+ 

counterion created stronger parts with less part curling, while the large spherulites (radii > 200 

µm) from the Zn2+ created material that was too brittle for practical use. Future work includes 

optimizing the printing parameters for each counterion species, which could yield better printed 

part accuracy and shape.  

This work demonstrated how making small changes on the molecular level of an ionic polymer 

affect the melt and crystallization properties of the material, which influences the printability and 

final part properties of the material. These results contribute to what it means for a material to be 

FFF printable, where semi-crystalline materials are less common. The results enable development 

of new materials for the process of filament extrusion additive manufacturing. 
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3. Using different fillers to tune material properties of an ion containing 

semi-crystalline poly(ethylene glycol) for fused filament fabrication 

additive manufacturing processing 

3.1 Introduction 
Additive manufacturing (AM) has become an increasingly common technology for creating 

prototypes, complex parts, and customized products. The applications for AM are expanding 

across a wide variety of markets including aerospace, automotive, and medical industry. 

Amorphous polymers, such as acrylonitrile butadiene styrene (ABS), have traditionally been 

proven chosen for processing via fused filament fabrication (FFF) [48] because its ability to flow 

and solidify with minimal expansion and shrinkage. However, to enhance the FFF materials 

library, researchers have strived to find techniques for modifying semi-crystalline polymers so 

they are able to be successfully processed [26]. For example recycled PET and PET blended with 

PP have been shown to be printable via FFF [49]–[51]. Such modifications are required because 

the discrete change in volume when the material crystalizes is less desirable for FFF as it causes 

residual stresses in the extrudate and ultimately, layer warping [51]. 

Pekkanen and coauthors developed a semi-crystalline sulfonated PEG polymer series that can 

be printed at 70 °C using FFF [24]. The semi-crystalline, low-melting temperature sulfonated PEG 

series was previously shown to be able to be printed into complex geometries [52]. Its low 

processing temperature and water solubility could find applications in direct printing of tailored 

pharmaceuticals [53] or in sacrificial support material for FFF [54]. In their evaluation of four 

sulfonated PEGs with varying counterions the authors identified that the ionic interaction of the 

Ca2+ counter-ion, poly(PEG8k-co-CaSIP), minimized shrinkage (due to smaller crystal sizes from 

a higher nucleation rate) and increased the melt viscosity  such that the shape of the extrudate was 

maintained [52]. Although poly(PEG8k-co-CaSIP) produced the best results while printing, 

dialysis was required to ion-exchange the Na1+ counterion to a Ca2+ counterion (reaction shown in 

Figure 13) [24]. Unfortunately, reactions like this are difficult to scale-up in mass production in 

this polymer or a similar polymer that could be developed using this technique.  

 

Figure 13: The one step chemical synthesis of poly(PEG8k-co-NaSIP) and two step chemical 

synthesis of poly(PEG8k-co-CaSIP) [24].  

In this work, the authors test the hypothesis that adding fillers to the precursor material 

poly(PEG8k-co-NaSIP) can create similar material properties and crystalline structure to 

poly(PEG8k-co-CaSIP), and thus improve printability, without the need for an ion exchange, while 

maintaining the crystallinity of the material.  

The use of additives to improve material properties for processing and application is common 

practice in sheet molding compounds for traditional injection molding applications [55], [56]. 
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Additives can be used to modify melt flow [57], increase strength [58], and/or decrease warpage 

[59]. Fillers have also recently been incorporated in FFF filaments to alter material properties, such 

as shrinkage/warpage [60], rheology [61], or to add functionality, such as magnetic properties [62]. 

The size and shape of the filler additive contribute to the affected properties [63].  

Within the context of manipulating properties of high molecular weight PEG, previous work 

has shown that adding an inorganic filler can alter crystallization kinetics without affecting the 

melting temperatures [64]. As a stronger ionic interaction between the Ca2+ counterions improved 

poly(PEG8k-co-CaSIP) printing [52], an ionic particle that physically reacts with the Na1+ 

counterion is predicted to be favorable in creating the higher melt viscosity and smaller spherulite 

size. 

This study tests the effect of adding different ionic and non-ionic fillers to poly(PEG8k-co-

NaSIP) to determine its effect on material properties and processing performance. The fillers were 

first mixed and screened by comparing the thermal and rheological properties in comparison to 

both poly(PEG8k-co-NaSIP), the control, and poly(PEG8k-co-CaSIP), the target. Two different 

fillers were selected to test printability to observe if the predicted improvements were seen in 

printing different features.  

3.2 Methods 
Poly(PEG8k-co-NaSIP) was compounded with two ionic and two non-ionic additives to 

observe their impact on the resulting composite thermal properties, viscosity, and crystallization 

kinetics. From these results, one ionic and one non-ionic filler were printed to compare the 

performance of the filled material in relation to the control and the target materials. 

3.2.1 Materials 
The materials and synthesis steps for creating poly(PEG8k-co-NaSIP) and poly(PEG8k-co-

CaSIP) are described in detail in Pekkanen’s work using the same materials suppliers [24]. 

Additional materials used as fillers, SilicaFlash P60 (VWR), Starch1500 (Colorcon), CaCl2 

(Sigma-Aldrich), and CaCO3 (Sigma-Aldrich) dried at 40 °C before use, in this study are listed in 

Table 3 along with their average diameter, and density. The particle sizes were measured using 

scanning electron microscopy (SEM) on a Joel NeoScope JCM-5000 Benchtop SEM, under high 

vacuum at a 10 kV accelerating voltage.  An area of 3x3 mm was examined. Using Jeol 

measurement software, measurements from end to end of 10 different representative particles 

determined average particle sizes. 

Table 3. SEM images of ionic and non-ionic fillers before mixing. 

    
Silica (non-ionic) 

SiliaFlash P60 

81±18 μm 

0.6-0.7 g/cc 

Starch (non-ionic) 

Colorcon: Starch 

1500 

124±104 μm 

0.61 g/cc 

CaCl2 (ionic) 

Sigma Aldrich 

85±36 μm 

2.15 g/cc 

CaCO3 (ionic) 

Sigma Aldrich 

32±22 μm 

2.93 g/cc 
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3.2.2 Thermal Analysis 
Differential scanning calorimetry (DSC) was completed by using a 50 mL/min nitrogen flow 

at 10 °C/min heating and 100 °C/min cooling rate using a TA instruments Q1000 DSC from -80 

°C to 100 °C. Melting and crystallization temperatures were measured at the peak of the endotherm 

and exotherm respectively using the curve produced from the second heat.  The second heat is 

chosen for discussion in order to directly compare the influence of filler on semi-crystalline 

morphology development. Differences between Tm measured in the first and second heats were 

found to be less than 5 °C. As the Tm is more than 10 °C below the nozzle temperature used, this 

difference does not affect printing. The percent crystallinity was calculated using 188.3 J/g as the 

theoretical enthalpy of fusion from PEG for a crystal of infinite size (Hf°) [65] normalizing for 

percent polymer content in the sample. 

Isothermal crystallization experiments were also conducted using a TA Instruments Q1000 

DSC. Samples were heated at 10 °C/min from room temperature to 100 °C, held isothermally for 

5 min, and immediately cooled to a specified undercooling using the “jump” command in the TA 

thermal analysis software. Specimens were held at this temperature for 20 minutes to complete 

data collection. The limits of integration were determined by using the peak maximum during 

initial baseline establishment at the specified undercooling temperature and 15 s past the 

intersection of the lines tangent to the baseline and tangent to the second half of the crystallization 

peak. The time to reach 50% crystallized was determined through a running integral.  

3.2.3 Oscillatory Rheology 
A TA Instruments Discovery HR-1 parallel plates were used to measure rheological properties. 

The experiments were in a controlled temperature, air environment at 70 °C. Frequency sweep 

measurements were executed with angular frequencies ranging from 0.1 – 100 rad/s with a constant 

strain of 1%. 

3.2.4 Crossed-Polarized Light Microscopy 
Spherulitic growth of the material samples were observed via an Olympus BX51 microscope 

with crossed-polarizers and Linkam hot stage. Each material was melted at 70 °C and cooled 

naturally to room temperature on the Linkam hot stage to provide a similar thermal history for 

each sample. The material was then reheated and a video was collected during dynamic cooling of 

each sample at 80 °C/min to room temperature following a 1 min isotherm at 70 °C (i.e. nozzle 

temperature). These experimental conditions were selected to mimic printing conditions. 

Representative images from the video capture were taken at different time steps to explore 

spherulite size (the spherical semi-crystalline regions [66]) at different stages of crystallization. 

The crystallization is depicted by clipping the video capture to start from the time the first crystal 

was observed to grow, until there were no additional spherulite growth observed. The resultant 

video was then split into four time-equivalent sections to enable measurement of the rate of 

spherulite growth during crystallization crystalized.  Using MatLab, the video frames were 

analyzed at different time steps to measure the diameter, where the radii was calculated from, of 

spherulites during crystal growth where the first spherulite was plotted in Figure 9 to provide 

understanding of growth rate.  

3.2.5 Processing 
The poly(PEG8k-co-NaSIP) was mixed with the different fillers on a desktop twin-screw 

extruder (Haake MiniLab II Rheomex CTW5). A low percentage of filler was desired in order to 

minimize the alterations to the original polymer and exploit any ionic interactions between the 

polymer and the filler. According to Allison et al, the molecular weights of each polymer is similar 
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and also polydisperse [24]. Because of the broad PDIs, the fillers were added by weight rather than 

by moles and keep the amount similar throughout the study. Polymer (4g) and powder (0.2g) were 

alternatively added to the extruder at 70 °C and the material cycled in the extruder for 10 min to 

produce even mixing. The 10 min mixing was verified to create evenly mixed material, by 

measuring rheology of several sections of multiple batches of the poly(PEG8k-co-NaSIP) with 5 

wt% CaCl2 filled material (which has a noticeable change in rheology, Section 3.3.2) and verifying 

the consistency in the viscosity profile. The material was then extruded and collected for testing. 

Following initial material screening analysis (Section 3.3.1-3.3.4) CaCl2 and Silica fillers were 

selected for the printing analysis. Filament (~1.75 mm) was mixed and fabricated by an external 

resource using an industrial scale twin-screw extruder that has 5 heat zones. The inlet temperature 

is 65 °C and the outlet temperature is ~100 °C where the filament was air cooled on a conveyor 
belt.  

The filament was printed on a custom desktop scale FFF delta style printer based off of the 

Kossel design using marlin firmware, nema 17 stepper motors, and an E3D hot end processed at 

70 °C at 5 mm/s on a room-temperature print bed (as in  [24], [52]). The gcode used for printing 

was created using Slic3r (version 1.3.0). The slight variation of the diameter of the filament was 

adjusted in the slicer settings for creating the gcode using caliper measurements. Several parts 

were printed to demonstrate different printable features while using the least amount of material. 

3.2.6 Print Quality 

3.2.6.1 Tensile strength 
Interlayer adhesion can be measured in various ways [36]–[38]. In this work, as in previous 

[52], a single road wall thickness (i.e. with no infill) prism with a wall length of 30.75 mm and 

13.30 mm tall was printed. Each wall was cut apart and dogbone tensile bars were punched from 

each wall (n=5). The dogbones labeled XY indicated the dogbones were punch where the printed 

roads aligned with the direction of the tensile force. Dogbones labeled Z indicated the printed roads 

align perpendicular to the tensile force. The cross section was approximately 2.5 mm in width with 

thicknesses of ~0.39 μm (dictated by the road width) and the full tensile bar measured 

approximately 22.75 mm x 7.75 mm.  

Pressed films were created to compare the printed material strength to the bulk material. Films 

were thermally pressed 70 °C and cooled naturally to room temperature. The films were pressed 

to 0.4 mm to match the printed specimen’s wall thickness, by matching the nozzle diameter. 

Dogbones were punched from the pressed films in the same procedure as the printed specimens. 

Ultimate tensile strength, elongation, and modulus of elasticity were evaluated using an Instron 

5500R machine pulling at 5 mm/min. The cross-section was measured using a micrometer for each 

tensile bar to calculate the engineering stress. The thickness was measured by the road width and 

not the layer bonding thickness.  The ultimate tensile strength was taken at the peak of the stress 

strain curve, the elastic modulus was evaluated where the linear region had a R2 value of 0.99. The 

elongation was evaluated at the location where the slope dropped below -2 because several of the 

parts did not break clean where the material and/or layers ripped during breaking. The slope used 

was determined by inspection. 

 

3.2.6.2 Printed features 
Five different features were printed from each material variant as in previous work [52]. The 

features tested consisted of a large and small, thin walled and solid structures, and a bridge across 

a gap. These were chosen to exhibit features that can be combined to create larger, more complex 
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parts, while using the least amount of material to test the printability. Both the small and large thin 

walled structures are solid models and were printed with parameters set to 0% infill with one 

perimeter wall. The small thin walled part has a progressively smaller circumradius to see how the 

material behaves when printing small continuous features. The printed hexagonal prisms, shown 

in Figure 13, used for tensile specimens served as the large thin walled part. Both solid parts were 

printed using 90% infill setting. A 100% solid infill was not used because the filament had slight 

variation in diameter, which can cause the issue of overfilling at 100% density infill. A bridge was 

printed to span a 10 mm gap on top of two solid pillars. The bridge was printed using three 0.2 

mm layers. Dimensions of the CAD features are shown in previous work[52].  

3.3 Results and Discussion 

3.3.1 Thermal Characterization 
DSC results shown in Figure 14 elucidate how the fillers affect the melting or crystallization 

temperatures of the poly(PEG8k-co-NaSIP). The broad melting peaks are characteristic of 

polydisperse polymers. Polymers synthesized through step-growth polymerization usually 

experience a PDI of 2, which could manifest varying lamellar sizes and thus broadening the 

melting peak [24]. The average of different material melting temperatures was 55.8 ± 1.2 °C and 

the crystallization temperatures were 30.9 ± 1.8 °C. The Tg was previously measured for PEG and 

the SPEG series to be signification lower than room temperature (~ -44°C), and was therefore not 

a focus for this research as all FFF processing occurred at and above room temperature [24]. In the 

context of FFF, the fillers did not significantly change the transition temperatures. There is a 24.8 

± 2.5 °C gap between the melting temperature and the crystallization temperature. Although this 

is an artifact of the processing conditions used to run DSC, it is important to note that the material 

does not crystalize precisely at the same temperature that the material melts. Another important 

note that the melting temperature varies slightly for poly(PEG8k-co-NaSIP) and poly(PEG8k-co-

CaSIP) from previous work [24], [52], this is thought to be a slight variation due from different 

synthesis batches. Section 3.3 provides a further analysis of this phenomenon by showing the 

crystallization half times. The non-ionic fillers both produced taller and narrower melting and 

crystallization peaks, the cause of this is currently unexplored; however, the variation in the 

nominal temperatures are small (< 2 °C) compared to poly(PEG8k-co-NaSIP). The ionic fillers did 

show a slight decrease in the percent crystallinity, produced a percent crystallinity more similar to 

the target material poly(PEG8k-co-CaSIP) (Table 4).  



Zawaski-27 

 

 

Figure 14: DSC for the base polymer, poly(PEG8k-co-NaSIP), and target polymer property, 

poly(PEG8k-co-CaSIP), and the poly(PEG8k-co-NaSIP) containing different fillers. Exotherm up. 

Table 4: The thermal properties extracted from the DSC curve, including the melting 

temperature, crystallization temperature, and the percent crystallinity (n=1). 

Material Tm (°C) Tc (°C) Crystallinity (%) 

Poly(PEG8k-co-NaSIP) 55.8 33.0 58.9 

Poly(PEG8k-co-CaSIP) 55.5 30.2 53.4 

Poly(PEG8k-co-NaSIP) + 5 wt% SiO2 54.4 33.1 56.7 

Poly(PEG8k-co-NaSIP) + 5 wt% Starch 54.6 30.0 59.6 

Poly(PEG8k-co-NaSIP) + 5 wt% CaCl2 56.8 28.8 52.6 

Poly(PEG8k-co-NaSIP) + 5 wt% CaCO3 57.4 30.4 52.5 

 

3.3.2 Rheological Properties 
All of the filler materials increase the viscosity of the base polymer poly(PEG8k-co-NaSIP), 

following Poslinski’s theory, where increased filler volume fraction increases the viscosity [57]. 

The SiO2, starch, and CaCO3 filler increase the viscosity up to 69% from poly(PEG8k-co-NaSIP). 

CaCl2 filler increases the viscosity to match the poly(PEG8k-co-CaSIP) with a 95% confidence 

level. This magnitude increase in viscosity, using the same wt. % filler, is likely the result of an 

ionic interaction between the Na1+ counterion in poly(PEG8k-co-NaSIP) and the CaCl2. Ionic fillers 

can be used as a plasticizer for non-polar polymer chains with multiplets, where the separation of 

ionic domains allows for increased molecular mobility and increases the crystallization rate [67]. 

Here, the opposite effect is observed. The ionic filler is creating a stronger ionic interaction and 

limiting the molecular mobility of the polymer. The CaCl2 filler may be forming crown ethers 

similar to the Ca2+ counterion in poly(PEG8k-co-CaSIP) [24]. 
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Once it was determined that the CaCl2 had increased poly(PEG8k-co-NaSIP)’s viscosity, a 

second test was conducted to quantify the effect CaCl2 concentration in poly(PEG8k-co-NaSIP). 

Figure 15b shows the relationship between CaCl2 concentration to the viscosity. There is an 

exponential relation (R2=0.97) between the CaCl2 concentration and the viscosity. Batches 

containing 15% and 20% CaCl2 were also made; however, the oscillatory rheometer was unable 

to complete the test because the viscosity exceeded the upper limit of the instrument. For this work, 

5 wt% CaCl2 will be used, as the rheological properties match that of poly(PEG8k-co-CaSIP) 

(~10,000 Pa·s zero-shear viscosity).  

a. b.  

Figure 15: Oscillatory rheology of the SPEG materials (a) compared to the poly(PEG8k-co-

NaSIP) with 5 wt% filler material at 1% strain and (b) the poly(PEG8k-co-NaSIP) with different 

wt% of the CaCl2 at 1% strain and near zero shear ~0.1 rad/sec (n=1). 

3.3.3 Crystallization 
Cross polarized microscopy of the polymer cooling from printing temperature (70 °C) to room 

temperature (25 °C) was video recorded and quantified to investigate the crystallization process, 

as depicted in Figure 16. Figure 17 depicts the spherulitic growth rate based on image analysis of 

the micrographs in Figure 16. Generally, fillers will be in the amorphous regions of the material 

[68]. The poly(PEG8k-co-NaSIP) grows spherulites to the size of 132 ± 41 µm at an average growth 

rate of 6.5 ± 1.8 µm/s under these conditions. Poly(PEG8k-co-CaSIP) grows to a spherulite size of 

< 10 μm and grew faster than the poly(PEG8k-co-NaSIP), but the rate was unable to be precisely 

measured due to the small size and rapid growth of the crystals. The authors hypothesize that the 

high nucleation rate and small spherulite size prevent printed parts from warping during 

solidification and shrinkage of the poly(PEG8k-co-CaSIP). This hypothesis of the importance of 

small spherulites is also supported by the observed spherulite size of commercial poly (lactic acid) 

filament (PLA), the most common printable semi-crystalline for FFF, which has been measured to 

be between 27-42 nm [69]. As the material crystalizes the ordering of the polymer chains cause 

the material to condense and shrink inward. The spherulites are comprised of crystalline and non-

crystalline regions that are interconnected. Larger crystals cause a larger region of material to 

condense inward, as the crystals grow radially from the nucleation cite [66]. By increasing the 

nucleation sites and allowing smaller spherulites to form, the condensing and shrinking of the 
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material is discretized allowing the polymer chains to condense locally and effectively “pinning” 

the road dimensions in place. This effect can also be seen in injection molding, where adding a 

nucleating agent reduces the warping and deformation [70]. This reduces the internal stresses 

within the material as the melted regions do not have to travel as the spherulite grows. 

All of the fillers decreased the spherulitic growth rate except starch, and all except CaCl2 

increased the average spherulite size when compared to the unfilled poly(PEG8k-co-NaSIP). 

Spherulite radii in the silica and CaCO3 filled materials were measured to be 144 ± 35 μm and 195 

± 52 μm respectively. The starch filler spherulites were too large to be precisely measured in the 

field of view of the microscope, but were observed to be >190 μm. The largest change in spherulite 

size and growth rate was CaCl2 whose spherulites radii were smaller, measuring 51 ± 13 μm, where 

the rate of spherulite growth was slower than all the other materials at about 1.0 ± 0.5 µm/s.  

The reduction in spherulite size, growth rate, and total crystallization time are favorable for 

FFF for this material. The smaller spherulites reduce the effect of curling because there will be 

less internal residual stress from the larger continuous spherulites growing and shrinking on top of 

the previous layer. Slower spherulite growth rates allow for more time to nucleate new spherulites 

as the material is cooling and nucleating faster, helping to decrease spherulite size through earlier 

impingement. A reduced total crystallization time creates a slower transition between the melt and 

solid state of the material. This allows the material to remain molten longer to improve the bonding 

potential[36] to the next layer, and a slower crystallization process allows the polymer to create a 

more gradual transition between the melt and solid properties, rather than a fast transition which 

may cause greater internal stress during the layer-by-layer printing process. This may not be the 

case for materials with lower viscosity; however, the high viscosity of the CaCl2 filler allows the 

material to hold shape in the melt, which allows for the decreased crystallization rate without 

effecting the shape. 
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Figure 16: Crystallization of the polymers cooling from 70 °C to 25 °C shown at 4 different time 

stamps using cross polarized light microscopy on an Olympus BX51 microscope with a linkam 

hot stage. The scale bar shows 100 µm. 
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Figure 17: The spherulite growth measured from microscope images at different instances in 

time (n=1).  

The nonlinearity of the spherulitic growth rates plotted in Figure 17 is due to the non-

isothermal temperature conditions imposed on the samples during measurement. These non-

isothermal conditions better mimic the FFF printing process than idealized isothermal conditions. 

The concave up shape of the curve are expected as the spherulitic growth rate will increase as time 

continues and the temperature decreases. 

The isothermal crystallization halftimes presented in Figure 18 further characterize and 

differentiate the influence of the investigated filler materials on crystallization kinetics. The 

crystallization halftimes measured from DSC are a bulk characteristic of the material while the 

growth rate measured via microscopy is based on a small, representative population of spherulites. 

As a result, the DSC-based halftimes contain coupled information about nucleation and growth 

rates, whereas the image analysis only contains information about the growth rate following 

nucleation of a stable spherulite. The difference between all the sample’s crystallization halftimes 

diminishes as the isotherm approaches lower temperatures. This is consistent with published 

literature, which states that the polymer backbone has a larger influence on chain mobility as 

temperature decreases compared to the filler particles or the pendant ionic groups [28]. The small 

difference between print temperature and ambient temperature creates a slow cooling rate [52]. 

Figure 18 shows the most difference in crystallization kinetics among the sample set above 45 °C, 

which is the most process relevant portion of the figure, due to the slow cooling rate. 

The purpose of this experiment is to compare the filler materials to the non-filled poly(PEG8k-

co-NaSIP) and the poly(PEG8k-co-CaSIP) which showed improved printing. The fast 

crystallization that is seen in poly(PEG8k-co-CaSIP) is due to the high nucleation rate and density, 

as depicted in Figure 16. The total crystallization rate for the ionic fillers is increased across the 

measured temperatures when compared to the control, despite the slower spherulite growth that 

was observed during the cooling of the material. Therefore, the ionic fillers cause an increase in 

nucleation rate which outpaces the reduction in molecular mobility caused by ionic interactions 

between the ionic groups and between these groups and the filler particles. The non-ionic fillers 

caused a decrease in the crystallization rate. This could be caused by the non-ionic fillers 
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interrupting the spherulite growth as the material crystalizes, causing a slight reduction in the 

crystallization halftime. 

Due to instrument limitations, Figure 18 only represents the nucleation-controlled regime of 

the total crystallization rate as a function of isothermal crystallization temperature trend. The 

difference in crystallization halftimes increases as the isothermal crystallization temperature 

increases. This implies that the fillers have more influence over nucleation kinetics than over 

growth kinetics. CaCO3 has the shortest crystallization halftime of the filled materials in the high 

temperature range (44-49 °C in Figure 18), meaning it is the most effective filler material at 

nucleating crystalline regions flowed by CaCO3. The SiO2 filled material is like the unfilled 

control, while the starch filled material is observed to prevent nucleation with respect to the 

unfilled control. These crystallization kinetics are further supported by Figure 16 and the low 

number of observed spherulites for the starch filled material, and the increase in number of 

spherulites in the CaCO3 and CaCl2 sample.  

 

Figure 18. Crystallization halftimes versus isothermal temperature for four filled materials and 

unfilled control (n=1). 

3.3.4 Tensile 
Two fillers were selected for printing, one ionic and one nonionic. This was done in order to 

best address the hypothesis that adding an ionic filler, would alter poly(PEG8k-co-NaSIP) material 

properties, and thus the printing, to mimic poly(PEG8k-co-CaSIP) in order to produce a printable 

material with a reduction in the synthesis steps. CaCl2 was chosen because it matches the viscosity 

and crystallization behavior of poly(PEG8k-co-CaSIP) better than the CaCO3. SiO2 and Starch 

measured more similar to poly(PEG8k-co-NaSIP) than poly(PEG8k-co-CaSIP) in material 

properties. SiO2 was chosen as the control to investigate whether changes in the printability are 

due to the ionic interaction from CaCl2 and not physical interactions from any added particle. 

The elastic modulus and ultimate tensile strength of CaCl2 improved as predicted from the 

material properties (Figure 19). The poly(PEG8k-co-CaSIP) has a larger elastic modulus and tensile 

strength compared to the poly(PEG8k-co-NaSIP). The same trend is seen between the SiO2 and the 

CaCl2 filler material. The printed Z specimen for the SiO2 filler elastic modulus was greater than 

the film or printed XY specimen. The authors believe this is attributed to the z layers initiating a 

tear and the layer being peeled apart creating an artificial higher elastic modulus. This was 
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consistent with all of the SiO2 Z specimens. The printed XY tensile specimens for the CaCl2 filler 

elongate longer than the film specimens for the same reason as poly(PEG8k-co-CaSIP), where bond 

between the roads break during plastic deformation before the roads break [52]. This is because 

the material is above glass transition temperature at room temperature and the ionic interaction of 

the formed crown ethers exist in the amorphous region of the polymer where they contribute to the 

strength. 

 

 

 

Figure 19: Tensile properties of the sPEG materials in comparison to the poly(PEG8k-co-NaSIP) 

with fillers looking at both pressed films and printed tensile properties (n=5). 

3.3.5 Printing Quality 
Figure 20 shows printed features from SiO2 and CaCl2 filled poly(PEG8k-co-NaSIP) and 

compares the quality to poly(PEG8k-co-NaSIP) and poly(PEG8k-co-CaSIP). Both fillers reduce the 

part curling when printing the large solid part. This is consistent with previous literature that 

suggests that fillers in filament can reduce part warpage [60]. The authors hypothesize that the 
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slower spherulite growth rate allows more time for the molten polymer to fill voids created within 

the road from the crystallization shrinkage.  

For the small thin walled part, the CaCl2 filled material printed the most accurate part with 

clearly defined corner features. The other three materials lost definition because the material lost 

shape when the small previous layer had insufficient cooling time. However, the CaCl2 filled 

material was able to hold its shape better in the melt state to create a clearly defined feature. The 

increased viscosity contributed to the material’s ability to hold shape during solidification; 

however, the authors hypothesize that melt surface tension contributed to this result due to CaCl2 

filled material having the same viscosity as the poly(PEG8k-co-CaSIP).  

Comparing the small solid cube, both fillers improved the printability. The poly(PEG8k-co-

NaSIP) expanded and coalesced between neighboring roads while printing, losing resolution to the 

internal geometry of the part and ultimately failing when the material expanded into the print head 

[52]. The SiO2 material does not have as defined roads as the poly(PEG8k-co-CaSIP) or the CaCl2 

filler; however, the material did not expand into the part and fail. This may indicate that the SiO2 

filled material does not thermally expand as much as the poly(PEG8k-co-NaSIP), similar to perlite-

filled polypropylene [60], or has less die swell.  

The first layer of the printed bridge had the most variation because of the material crossing the 

open gap. All of the materials were successful by the second and third layer after there was material 

to support the subsequent layers. The CaCl2 filled material performed the best, where the material 

was able to cross the open gap without the melt strand breaking or significantly drooping. The 

difference between the CaCl2 filled material and the poly(PEG8k-co-CaSIP) was the shape of the 

pillars used to hold up the bridge. The CaCl2 filled material printed the small feature with better 

definition, without tilting inward as the print head moved from one pillar to the other. This was 

expected based on the small thin walled part losing definition at the top with the small cross 

sectional area for poly(PEG8k-co-CaSIP). Poly(PEG8k-co-NaSIP) and the SiO2 filled material both 

had lower zero-shear viscosity resulting in the first layer of the bridge drooping slightly and some 

road strands breaking. As the material cooled and shrank, the connected drooping roads did tighten, 

resulting in a more level first layer. The slow crystallization rate, as seen in the crystallization half 

times (Figure 18), of poly(PEG8k-co-NaSIP) and SiO2 filled material may also contribute to 

unsuccessful bridging roads. 
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Figure 20: Printed features to compare the difference between the different materials printability. 

(*Printed slower at 2 mm/sec) 

3.4 Conclusion 
This research demonstrates the use of fillers in FFF, where ionic interactions between a 

polymer and a filler can be used to influence the material properties and crystallization to enable 

and improve FFF printing of a polymer. A CaCl2 filler was used in the ionic semi-crystalline 

polymer poly(PEG8k-co-NaSIP) to improve the mechanical properties and printability. 

Poly(PEG8k-co-CaSIP) had improved printed part quality over poly(PEG8k-co-NaSIP) because of 

the stronger ionic interaction within the polymer. CaCl2 additives interact ionically with the 

pendant sulfonate groups resulting in the same increase in zero-shear viscosity and similar reduced 

spherulite size as the poly(PEG8k-co-CaSIP) material, which is known to be printable. These 

changes allowed for the poly(PEG8k-co-NaSIP) the ability to hold shape in the melt at low 

temperatures and reduce part curling. The CaCl2 slowed the rate of crystallization, in contrast to 

poly(PEG8k-co-CaSIP), this is favorable because it makes the transition more gradual between 

melt and solid states in a similar manor to amorphous materials.  

Using additives to alter material properties for processing is a common practice in material 

extrusion and injection molding of plastics. This technique can be used to enable FFF printing of 

additional semi-crystalline polymers by tuning mechanical and rheological properties along with 

crystallization kinetics. While the experiments in the work focused on using an ionic filler with an 

ionic polymer to improve printability, relations between a material’s crystallization and printability 

lay the groundwork for studying crystallization kinetics and the molecular-scale polymer 

morphology formation in developing and modifying semi-crystalline polymers for FFF. There is 

potential for future work in how different filler types and geometries affect the material properties 

and how small changes in the material properties affect the overall printability. 
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4. Embedding of liquids into water soluble materials via additive 

manufacturing for timed release 

4.1 Introduction 
Additive manufacturing’s (AM) layer-wise fabrication process has been shown to provide a 

cost-effective way to customize product geometry based on the specific needs of an individual. 

AM’s ability to customize parts has given the medical industry the ability to customize treatment 

to the patient such as in prosthetics [71], replacements [72], and tissue scaffolds [73]. The ability 

for AM to provide custom, on-demand products has also been explored as a means of providing 

personalized medicine. AM possesses the ability to selectively control the deposition of multiple 

materials on a voxel-by-voxel basis, allowing for more complex customization of both geometry 

and composition of oral dose medicine.  

To enable personalized medicine via AM, there have been many studies investigating different 

matrix materials that successfully incorporate active agents [74]–[77]. Recent studies have 

demonstrated the use of AM to control the amount of a drug inside an oral dose by either tailoring 

the concentration of the drug or size of the pill [78]–[81]. AM has also allowed for the fabrication 

of a single dosage tablet that incorporates multiple active ingredients [11], [21], [80]–[83]. 

Another advantage AM can bring to the pharmaceutical industry is rapid dissolution and 

instantaneous release of dosage tablets. For example, Spiritam uses binder jetting AM to create 

fast-dissolving pills for treating epilepsy and myoclonic seizures. The fast dissolution is achieved 

due to the water-soluble binding agent and the porosity of the powder part that allows for water 

penetration. The Food & Drug Administration (FDA) approved Spritam in August 2015 and is the 

first 3D printed pill approved for oral consumption [84].  

AM of pharmaceuticals has the potential to realize tablets with a programmable tailored release 

of active ingredients. For example, Gupta et al. extruded poly(lactic-co-glycolic) acid (PLGA) 

solution and then directly injected emulsion ink into the aqueous core. The PLGA solutions 

contained different lengths of plasmonic gold nano-rods (AuNRs). The printed part released the 

emulsion ink by using a laser to excite the nano-rods and ruptures the part [85].  

In this study, achieving a programmed release of active ingredients is accomplished via the 

solubility of the printed polymer matrix material in water. Controlling both the amount of material 

deposited and the overall shape of the printed part provides opportunity to tailor the drug release 

profile. Karasulu et al. have shown how different solid 3D shapes, including a cube, pyramid, and 

sphere, alters the release profile and how the shape changes, becoming more spherical, as the parts 

dissolve [86]. Goyanez did similar work using AM to fabricate and dissolve different solid 

geometries [87] and infill percentages [88]. Studies have shown how the release profile can be 

affected by complex part geometries such as a torus [89], convex and concave surfaces [90], lattice 

geometries[91], [92], and alternating two materials inside the part’s internal geometry [93]. By 

enabling embedding of liquid/powder active ingredients into printed voids/chambers, more 

complex release profiles (e.g. multi-stage, multi-material) can be achieved. 

In general, while fused filament fabrication (FFF) AM provides strong, robust parts, its use of 

high temperatures (~190-260 °C) prevents the inclusion of many active ingredients as they 

typically become inactive at temperatures above 100 °C. This requires the use of actives that are 

thermally stable for FFF processing [12]. To circumvent this limitation, the active ingredients can 

be incorporated inside of the printed part through an embedding procedure, rather than mixed 

within the filament material. The embedding of liquids into parts has been demonstrated in-situ 

FFF [15], [16], [94] and in post-processing [17] by depositing the active ingredients into printed 
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void spaces within the part. Schmitz et al. used liquid embedding with FFF to create a sensor for 

detecting tilt motion using a standard PLA material [94]. Okwuosa and coauthors performed work 

in creating an automated system for embedding active ingredients inside of a soluble part [16]. 

Okwuosa’s automated embedding showed the release of theophylline; however, the shells created 

were 1.6 mm thick, as thinner walls would leak the embedded liquid. The resulting release profile 

shows that the theophylline might be leaking, where the rate of release was altered through wall 

thickness, but there was no delay in release. Okwuosa’s previous work in creating a capsule with 

a solid polymer infill (instead of a liquid) does create a delay in the release profile; however, the 

delay is the same for the various thicknesses above 0.5 mm that were tested [95]. Maroni was able 

to change the release time using different thicknesses; however, the internal material was added as 

a post-processing step and was only demonstrated using powder [96]. While progress has been 

made in this research area, the lack of integrated, liquid-embedding design guidelines and FFF 

toolpath control have prevented demonstration of (i) a delayed release of a printed part with 

embedded liquids, and (ii) a part with embedded liquids that feature wall thicknesses comparable 

to soft gelatin capsules (0.56-1.14 mm) [97]. 

The focus of this paper is to present and demonstrate a method for FFF of thin-walled liquid-

tight printed parts, allowing for a larger variety of tailored delayed release profiles. The overall 

goal of this work is to explore how the time of the release of an embedded liquid can be controlled 

by varying the wall thickness of a printed capsule. The first research objective is to present a 

method for embedding a liquid into a thin-walled encapsulated void processed by material 

extrusion using a water-soluble polymer (Section 4.2). The second objective is to study the 

relationship of wall thickness to the time the internal liquid is released. Finally, the third objective 

is to demonstrate the controlled release of parts with a different wall thickness and shape, and a 

multi-release capsule, containing two liquids or a liquid and a powder that allows for the two 

distinct delayed releases. 

4.2 Embedding into Fused Filament Fabricated Parts 
Embedding of foreign non-printed materials in AM is the process of printing a part around 

embedded preexisting components. Embedding takes advantage of cheap, reliable, previously 

manufactured components and AM-enabled complex 3D geometries. Meisel et al. discuss the 

embedding of parts during an AM build process in four general steps [98]. 

 The part is designed with a void corresponding to the embedded component.  

 The print is paused at the top layer of the void during the printing process.  

 The embedded component is inserted into the designed void.  

 The print is resumed on top of the embedded component. 

This general process has been used to embed solid objects such as electronics [99], batteries 

[100], and RF components [101]. In this work, the general AM embedding process is extended to 

the concept of embedding liquids into printed thin-walled parts. This process follows the general 

process described by Meisel, with the exception that the print is not paused; instead, the liquid is 

embedded in-situ as the material is being printed, as described in Section 4.3.4 (Figure 21).  
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Figure 21: The general process for embedding where a) a part is designed with an internal void, 

b) the part is partially printed, c) the liquid is inserted during printing, and d) the embedded 

component is enclosed inside of the printed part. (Based on Meisel’s steps for embedding [98]) 

4.2.1 Design Considerations for Embedding Liquids into Fused Filament Fabricated Parts 
There are several design considerations unique to embedding a liquid into FFF parts including 

the need for self-supporting structures, continuous printing, and accounting for shrinkage and 

thermal stresses of the printed material.  

 Self-supporting structures: In AM, part orientation and sacrificial support structures are 

used to enable the fabrication of overhanging and bridging features. Structures with 

enclosed voids often need support material to support the deposition of material that spans 

the top of the enclosure. Typically, a soluble material is used as a sacrificial material for 

support structures in FFF; however, when the build material itself is soluble, dissolving the 

support would also dissolve the part. Insoluble support structures can also be used, but 

require manual removal of these “breakaway” structures, adding an extra post-processing 

step, and the removal process may cause enough damage to the part to break the liquid seal. 

Therefore, designing part geometries to feature self-supporting structures are important in 

creating parts capable of retaining an embedded liquid. This can be achieved by either 

using materials that can successfully bridge large gaps due to their high melt viscosity or 

by designing the geometry to angle inward to enclose a void. For material to bridge a gap, 

the material musts hold an intended shape across the gap without a support structure and 

properly bond between the roads creating the bridge structure [41]. A single layer bridging 

an enclosure will not be liquid-tight without special adjustments to the process parameters 

(such as overlapping roads); therefore, to create a liquid-tight seal, the bridge must be at 

least two layers thick. Self-supporting structures designed by angling the structure inward 
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so that the roads of each layer connect with the roads from the previous layer (this occurs 

for angles greater than ~20-30° from horizontal). 

 

 Liquid-tight seal: Standard FFF slicing software outputs an extrusion toolpath that must 

discontinue and then resume extrusion numerous times throughout the printing of a 

complex part. At these start/stop points, the extruded material does not bond well with the 

start part of the extruded line. The weak bond can introduce small gaps that create porosity 

in the part, preventing the part from being liquid-tight [102]. The tool path can be modified 

to create a continuous printing loop where the end of one layer continues into the next 

layer. This prevents leaks that can occur from start/stop defects. Another modification 

could be an extra extrusion of material at the seam (where the start and stop points of the 

material extruded around the perimeter meet), or overlapping material across the seam, but 

this can result in a loss of dimensional accuracy and tolerance stack-up if not done 

precisely. 

 

 Preventing delamination: As the extruded thermoplastic material cools, it solidifies and 

shrinks. If a pause is used during the print, like in previous AM embedding research, there 

is a weaker bond due to the reduced molecular diffusion between layers [103]. As the layers 

shrink, internal stress is put on the part, which causes parts to curl, or layers to delaminate. 

Delaminated layers cause leaking between the layers when exposed to liquid. One way to 

prevent this issue is to print small parts where the thermal expansion of the material and 

the resulting residual stresses are less significant. Another way to prevent this issue is to 

not pause extruding for embedding and instead embed during the print (to prevent the 

delamination defects caused by cooling of extruded material) to ensure a strong bond 

between layers. 

 

4.3 Methods 
The general process for creating water-soluble printed capsules to control the release of the 

embedded liquid into water is shown in Figure 22. First, the material was processed from Mowiflex 

pellets (1) into filament (2). The filament was then printed via AM material extrusion FFF to create 

capsules (3). A liquid that simulates an active ingredient was embedded into the designed void 

space of the printed capsule during the printing process (4). The final printed part was subsequently 

dissolved in water (5), at which point the release of the embedded liquid was measured (6). The 

release of the embedded liquid is controlled by tuning the wall thickness of the printed part capsule.  
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Figure 22: A process diagram for 1-2) creating filament, 3) printing the filament into a hollow 

capsule geometry 4) in-situ embedding a liquid into the capsule and 5-6) timed dissolution of the 

printed capsule. 

4.3.1 Materials 
A PVOH-based polymer, Mowiflex 3D 2000 (previously referred to as Mowiflex TC 253), 

made by Kuraray, was chosen for this study as it can be processed via traditional material extrusion 

and injection molding and is water-soluble. Mowiflex is adequate for achieving the goals of this 

study: (i) demonstrating embedding a liquid with active ingredients inside a printed, water-soluble 

container and (ii) demonstrating tailored dissolution through both toolpath and geometry. This 

material provides the opportunity to embed active ingredients into a material with a high melting 

temperature. Liquid from a Tide POD® (containing actives) was used for the embedding process 

because of its color (allows for machine-vision tracking of the release of the actives it contains 

Section 4.3.7), and because it doesn’t dissolve a water-soluble material since it is used in a similar 

context (i.e., the original Tide POD® packaging is a water-soluble polymer). 

To determine print parameters, the material was characterized using Thermogravimetric 

Analysis (TGA) and Differential Scanning Calorimetry (DSC). TGA was performed on a TA 

Instruments TGA Q500 at 10 °C/min from 23 °C to 550 °C (Figure 23A). TA Instruments Q2000 

DSC was run using a heat/cool/heat cycle from -80 °C to 200 °C at a heating rate of 10 °C/min 

and quench cooled at 100 °C/min (Figure 23B). Data was used from the second heating cycle, 

where the melting temperature was determined to be 177 °C. 
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A) 

 

B) 

 
 

Figure 23: The thermal characterization of Mowiflex using A) TA Instruments TGA Q500 at 10 

°C/min from 23 °C to 550 °C and B) TA Instruments Q2000 DSC from -80 °C to 200 °C second 

heat cycle at a heating rate of 10 °C/min. 

The acceptable print temperature range is above the glass transition temperature but below 

degradation temperature. A 1% degradation occurred at 244 °C (Figure 23A), which is used as an 

upper limit for the nozzle temperature. The melting temperature (177 °C) is the minimum 

temperature that must be used in order to allow the material to flow. Typical FFF materials process 

using a nozzle temperature of at least 10-20 °C above the melting temperature to decrease the 

viscosity [69]. While the material remains above the glass transition temperature (~50 °C), polymer 

chain entanglement can occur between the printed layers, bonding the roads together [44].  

4.3.2 Filament Processing 
The filament was made using a single screw desktop-scale extruder (Filabot Wee, Filabot, 

Barre VT). The processing temperature for creating the filament was 198 °C, and the extruder ran 

at a constant speed of 35 rpm. A 2 mm die was used, along with a drawing system to draw the 

extruded filament to a target diameter of 1.8 mm. The diameter of the filament typically varied 

less than 0.1 mm; however, the slicing parameters for printing were adjusted to the actual filament 

diameter for each part. 

4.3.3  Fused Filament Fabrication Printing 
The material was printed on a custom delta-bot style FFF printer, driven by Marlin firmware. 

The printer uses an off the shelf hot end (E3D-v6, E3D), with the drive motor located close to the 

head for processing softer filaments. As informed by the DSC results (Figure 2), the material was 

printed at 215°C, with no bed heating. The part was printed on blue painter’s tape to ensure 

adhesion to the bed and to allow for easy removal from the bed.  

4.3.4 Liquid Embedding 
The liquid was injected during the printing process via a disposable plastic 10 mL syringe. 

Small amounts of liquid were injected every few layers, without pausing the print. The injections 

started once the print reached 20 layers (out of 50). The liquid was injected in small quantities so 

that the liquid would not touch the most recent 3-5 layers. 

This technique was developed through experimentation. Pausing during the print to inject the 

liquid tended to cause delamination in the subsequent layer. This occurs as the embedding layer 

cools; when the print is resumed, the bonding potential lowers for the subsequent layer [103]. The 
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difference in bonding between layers caused the part to create a very small crack that was not 

always visible. These cracks appeared between an hour to overnight to form, causing the liquid to 

leak. This indicated that the crack in the layer was caused by residual stresses from the part 

shrinking and cooling. Injecting the embedded liquid all at once also led to cracking. This injection 

effectively caused the printed layers to cool too quickly and prevented sufficient bonding with 

subsequent layers. This is less of an issue for powder embedding because the powder does not 

conduct heat as efficiently to cool the printed material. 

4.3.5 Powder Embedding 
The powder embedding was also done in-situ (without pausing the print), similar to the liquid 

embedding. However, powder embedding has advantages over embedding liquid as it could i) 

begin after the bottom layers were printed (before 20 layers, which was needed for liquid 

embedding), ii) be added in larger quantities (because the powder is less thermally conductive), 

and iii) be filled to the top of the void (because there was no curvature caused by surface tension 

and it could act as a support for the top enclosure). The powder embedding process was performed 

by-hand using a scoopula with table salt (NaCl) and was used as a preliminary means to test the 

viability of embedding a powder. This was done to demonstrate the ability to embed using a 

powder or combination of powder and liquid where the liquid remains separated from the powder. 

4.3.6 Test Specimen Geometry Design 
A cube-shaped test specimen was designed to allow the exploration of how different wall 

thicknesses of thin-walled structures affect dissolution time. The part design was guided by the 

design considerations from Section 4.2.1 for material extrusion of a water-tight part. Specifically, 

top and bottom walls were designed to be one printed layer (0.2 mm) thicker than its walls because 

the thickness of the first bottom layer is highly dependent on very precise nozzle calibration and 

the first layer on the top is not liquid-tight. A cube was chosen in order to ensure accurate 

measurements of the wall thickness. The walls were measured on parts printed with identical print 

settings to verify that they met the design specifications. 

Programmable release was demonstrated by varying the number of roads used for the printed 

part. The external dimensions of the printed cubes were kept constant across all specimens, while 

the wall thickness was varied to be one, two, and three roads thick. The wall thickness for 

dissolution was calculated assuming the printed roads formed an obround shape (Figure 24) [104]. 

 𝑤𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = 𝑤𝑑𝑒𝑠𝑖𝑔𝑛 − 𝜋 ∗
ℎ

4
 [1] 

where 𝑤𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠  is the width of the layer interface (the thinnest point of the part), 𝑤𝑑𝑒𝑠𝑖𝑔𝑛  is the 

multiple of the road width used, and h is the layer thickness (set to 0.2 mm for all of these tests). 
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Figure 24: The assumed cross-section shape of stacked printed roads, where the top gray box 

represents the assumed shape, for A) one road thick and B) two roads thick printed walls 

The size of the cubes was 10x10x10 mm. The amount the printer extrudes for each road was 

calculated using the nozzle diameter as the road width (0.4 mm), the layer height (0.2 mm), the 

length of the road, and the filament diameter. The filament diameter was measured and adjusted 

for every print. The print speed was set to 180 mm/min.  

The gcode was generated using a custom Matlab script (R2017a) to create toolpaths for the 

parts because it allowed for more precise control of the toolpath. The custom toolpath was used to 

create continuous extrusions, without any start/stops of the extrusion within, and between, layers. 

Figure 25 shows the toolpaths used to create the parts where the start/stop locations are adjacent 

to each other or directly across a printed layer (for walls that are more than a single road). This 

technique could also be extended to more complex 3D shapes (rather than shapes that are 2D 

extrusions) by angling the walls inward or outward each layer.  

For these experiments, the starting and stopping of extrusion only occur between the perimeter 

and the infill for the top and bottom of the structure. At these times, a small amount of material is 

extruded (0.2 mm) to intentionally “ooze” slightly, which helped in creating a more consistent seal 

by not stopping the extrusion completely.  

 

Figure 25: The outline of the continuous toolpath for each layer of the parts with walls that are 

A) one road thick, B) two roads thick, and C) three roads thick. D) Shows a multi-chamber part 

containing two chambers that are one and two roads thick. (the top and bottom layers are 

infilled). 

4.3.7 Dissolution measurement 
As the goal of this work is to assess how AM can tailor the release of a liquid encapsulated in 

a water-soluble part, dissolution measurements were focused on the time of release and not on the 

release profile. The printed part with embedded liquid was placed in a sinker suspended in the 

center of the water-filled 250 mL beaker and the stir bar was offset (for imaging purposes) and set 

to 400 rpm. As the part dissolved, the embedded liquid released into the water, changing the color. 

Images of the surrounding water against a white background were taken by a digital camera (GoPro 

Hero3) every 5 seconds to record the water color. The images were then processed via Matlab’s 
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image processing functions to assess the changes in its color (i.e., when the liquid from the printed 

part is released). For each image series, a consistent square section inside the beaker (color swatch) 

and outside the beaker (blank swatch) were first selected (Figure 26). The squares were then 

separated into mean RBG values. To eliminate noise in the data, the color swatch RBG values 

were subtracted from the blank swatch and the absolute value was taken. As the blue liquid is 

released from the interior of the printed part, the blue RBG value increases (or the red and green 

values increase, because of the change in blue and using absolute values). The release is tracked 

by measuring the change in the RBG values of the image sequence over time. The release time is 

defined by when the change in one of the RBG values exceed a threshold (set to 2). The threshold 

was chosen to be the lowest number that sufficiently did not trigger early from noise in the data 

for all of the printed specimens.  

The release of the multi-chamber parts was calculated by identifying the first release, then 

finding a new baseline RBG value 2000 s after the first release and subtracting the new baseline 

from all of the following data and looking for values that cross the threshold again to document 

the second release. 

 

Figure 26: An example of a dissolution image with the color swatch and blank swatch RBG 

values used to detect the release time. 

4.4 Results/Discussion 

4.4.1 Dissolution vs wall thickness 
Using the procedure defined above, five test specimens of each wall thickness variant (one, 

two, and three roads thick) were successfully fabricated without liquid leaking. Dissolution testing 

demonstrates delayed liquid release with increasing wall thickness, as shown in Figure 27. Figure 

28 shows the average release for each wall thickness. During testing, a few cubes exhibited 

excessive agitation (i.e., collided with the walls of the sinker) caused by movement in the 

suspended sinker, which resulted in an early release and were omitted from the data. It was 

assumed that the diffusion of the color pigment through the part was insignificant and that the 

color would be released immediately.  

Previous research shows that the dissolution profile of a solid cube could be approximated as 

a linear trend (for the first ~60% of the dissolution) followed by an asymptotic trend [87]. The 

dissolution of the cube capsules is expected to follow this release profile until a wall is broken and 

the internal liquid is released. The volume of the cube capsules is equivalent to 22%, 41%, and 

56% of a solid cube for walls that are one, two, and three roads thick respectively because of the 

designed internal void. Therefore, the time of release is modeled as a linear fit using the averages, 

intersecting with the origin, resulting in an r2 value of 0.97.  
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The individual data points had a maximum error of 16%, 29%, and 41% from the trend-line 

for the parts’ walls that were one, two, and three roads thick respectively. The variation in the data 

of the thicker cubes could be the result of i) less liquid, ii) thicker walls, or iii) variation in the 

filament. i) The single road wall structure had the largest internal void, containing the highest 

volume of liquid, which results in a faster more district change in the water color compared to the 

thicker walls with less liquid, that is more easily tracked programmatically. ii) The thicker walls 

also experience a thicker layer of diffusion of water, before the material dissolves, which 

softens/weakens the walls resulting in a more unpredictable release. Also, the shape of the part 

with thicker walls has a higher volume of material and may be experiencing the change in shape 

(such as the smoothing of corners) that occurs when dissolving solid shapes [86], [105]. iii) Finally, 

the filament diameter may also cause slight variations, where the small variability in the filament 

will result in a small variability in the deposition. Parts using more filament are susceptible to more 

variation. 
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Figure 27: The time of release for the capsules with wall thicknesses of A) one road, B) two 

roads, and C) three roads, where all of the cubes are 10x10x10 mm in size. The vertical line 

indicates where the predetermined release threshold was crossed for the release time 

measurement. 

 

Figure 28: Box and whisker plot of the release time of specimens with a wall thickness of one, 

two, and three roads. The trend line is plotted using the averages of the respective measurements. 

4.4.2 Controlling release 
Using the linear trend identified in Figure 28 as a release model, a desired release rate can be 

predicted and controlled by tailoring the wall thickness. Several shapes were designed with 

different wall thicknesses, including an over-extruded road resulting in a road width that is 1.5 

times the nozzle diameter, a shape change using an angle, and a multi-chamber release. The parts 

were then dissolved, and the release time was measured.  

4.4.2.1 Thick walls 
Figure 30A shows a printed cube with the over-extruded road, where the calculated wall 

interface width is 0.6 mm (equation 1). The result from the printed part’s liquid release time is 

12% above the trend-line (Figure 31,) which is within the variation measured in the single road 

cubes (maximum 16% from the trend-line).  

4.4.2.2 Angled Geometry 
Three parts, which were used for the preliminary study, were designed with angled walls (30°) 

and varying wall thickness (Figure 30B) [15]. The release times were plotted in Figure 31 using 

the wall interface calculation (Equation 1) and accounting for the wall angle. The release time was 
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calculated using the method described in Section 4.3.7. The results do follow the trend line where 

the average of the angled thicknesses of 0.13 mm, 0.53 mm, and 0.93 mm are off by 7%, 25%, and 

5%, respectively. The variation in the angled part with two roads thick (0.53 mm) had the largest 

variance. This is likely the result of an early release caused by increased viscous forces from the 

water because most of the parts with two roads settled closer to the stir bar (where the velocity of 

the moving water is higher) during dissolution as a result of their movement not being constrained 

to a suspended sinker. 

It is worth noting that the surface area of these structures are different from the cubes, and the 

method used slightly less water (200 mL) and did not use a suspended sinker [15]. When dissolving 

a solid part, the surface area to volume ratio alters the rate of dissolution [87]. However, for 

dissolution of thin-walled capsules, the dissolution of the thinnest part of the wall is the critical 

dimension since release is identified by the embedded liquid seeping through the dissolved wall. 

This is important because it allows for the comparison of these parts with different volumes and 

surface areas, even though they have different volumes and surface areas, and provides 

opportunities to alter these aspects independent of release. This element of the experimental design 

holds because the walls are not too thick (in which case the deformation of the shape could alter 

the release time [86]) and the concentration of the water will not become too saturated (which 

could decrease the rate of dissolution [90]). 
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Figure 29: Varying shapes used to test the release profiles with A) an over extruded road wall to 

be 1.5 times the nozzle diameter on the cube (10 mm3) and B) a capsule design using a 30 ° 

angle with varying wall thicknesses, where the volume is constant, but the surface area changes 

[15]. 

4.4.2.3 Multi-chamber release 
Using the toolpath described in Figure 25, double chamber cubes were produced to create 

multi-substance, multi-release parts. Figure 30 shows a printed part featuring two chambers 

embedded with yellow liquid (for the liquid filled) or salt (for the powder/liquid filled) in the 

chamber that is one road thick and blue liquid in the chamber with two roads thick.  

The resulting release profile from using two liquids is depicted in Figure 30, showing two 

distinct release profiles. Figure 31 shows the release times for these specimens as a function of 
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wall thickness. The first release was, on average, 18% longer than the previously identified 

dissolution rate. The authors believe this is caused by the structure with two roads created more 

stability in the part as the single road wall dissolved, which resulted in a slightly delayed release. 

The average of the second release has only a 6% delay from the previously determined trend line 

(Figure 28). This was slightly unexpected because, using the assumptions in Figure 24, two single 

walls would result in a slightly smaller thickness (0.5 mm) than a wall containing two adjacent 

roads (0.64) due to the road shape. The later release could be the result of the fact that once the 

liquid from the first chamber is released, the chamber does not immediately collapse. Instead, it 

holds some shape for a period of time, while the remaining wall dissolves. This would cause the 

inner wall to experience less viscous forces from the water stirring for a short time (due to the 

remaining walls from the single road chamber protecting the inner wall, reducing the velocity of 

the water), decreasing the dissolution rate. Lastly, Figure 30 also shows a demonstration of how 

this technique can be used for embedding powdered materials. The liquid/powder capsule did not 

exhibit any leaking from the liquid into the powder creating a multi-release structure where actives 

can be incorporated in different forms within the same part. 

 

Figure 30: A capsule containing two chambers (using the toolpath described in Figure 25). The 

top images are of the cube (10x10x10 mm) with liquid embedded inside each chamber where 

yellow has a one road thick wall and blue has a two-road thick wall. The graph shows an 

example of the tracking of the delay in release for the two chambers. The liquid/powder filled 

part is a larger double chamber (10x16x10 mm) that contains the blue liquid and a powder 

material (NaCl). 



Zawaski-51 

 

 

Figure 31: The release time for the varying shapes in comparison to the trend line created from 

the cube specimens. The over-extruded part had n=1 and the angled parts had a minimum of n=3. 

The multi-release from the two chamber capsules are marked with a line between the first and 

second release. (*Data from previous experiments, with slight variation in dissolution method 

[15]) 

4.5 Summary & Future Work 
This work demonstrates a process for in-situ embedding liquids and powders into a water-

soluble, liquid-tight printed part via FFF. Design considerations were established for creating 

liquid-tight structures using self-supporting structures, creating a liquid-tight seal, and preventing 

delamination.  

The ability to tailor the delayed release of an embedded liquid by tuning the printed wall 

thickness was also demonstrated. The time of the release of the embedded liquid is a function of 

the wall thickness of the enclosed void. Control of precise time was also demonstrated by changing 

the processing parameters (via over-extrusion) and the shape (incorporating angles). This allows 

for further tuning of the release time of the encapsulated liquid. Finally, a methodology for printing 

a continuous-extrusion multi-chamber part was developed and used to demonstrate a multi-release 

profile for two embedded liquids and the demonstration of a part containing both liquid and 

powder. 

Future work includes developing more complex geometries using FFF and investigating how 

the shape affects the release profile. This would allow for the ability to further customize parts for 

personalized medicine and/or tailored release applications.  
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5. Design of a low-cost, high-temperature build environment for a fused 

filament fabrication 

5.1 High Temperature Fused Filament Fabrication 

5.1.1 Introduction 
Fused Filament Fabrication (FFF), a type of material extrusion additive manufacturing (AM) 

technology, has the largest market install base of all AM systems [3]. FFF has been used for the 

fabrication of functional prototypes, tooling, and end-use parts in industrial (e.g., automotive, 

aerospace, medical), educational, and hobbyist markets. The small size, and inexpensive desktop 

FFF machines effectively democratize manufacturing by providing users access to AM with low 

barrier to entry. Furthermore, the commodity thermoplastic materials used in FFF create accurate 

parts with robust mechanical properties, which enables broad application. 

Recently, the materials available for desktop FFF have been expanding from ABS and PLA to 

include other materials such as Polyethylene Terephthalate Glycol (PETG) [106], thermoplastic 

polyurethane (TPU) [107], polyvinyl alcohol (PVA) [88], polycaprolactone (PCL) [108], and a 

variety of filled variants [109]–[111]. High performance materials, including ULTEM, polyether 

ether ketone (PEEK), and polyphenylsulfone (PPSF or PPSU) are also available; however, they 

are currently only printable on expensive, industrial-scale FFF systems. Such high–performance 

polymers have higher processing temperatures (e.g. > 300 °C) and require higher FFF nozzle 

temperatures due to the materials’ relatively high glass transition temperature (Tg). They also 

require a high temperature heated environment to reduce part curling [112], [113], and to increase 

overall part strength [36], [114]. Part curling occurs when printing a thermoplastic when a hot 

layer is deposited on and bonded to a cold layer, where it then cools and shrinks. The shrinking of 

the bonded layer creates internal stresses within the part that can cause the previous layers to either 

curl or delaminate [41], [115]. A heated environmental chamber reduces this effect by limiting the 

difference in the environment and extrusion temperature, and therefore the amount of shrinkage 

that occurs [116].  

Additionally, a heated chamber also has been shown to improve the part strength. 

Manufacturing the part in a heated environment decreases the rate of cooling of an extruded 

substrate, which increases the weld time promoting chain diffusion and increased entanglement 

between layers to generate a stronger weld [44], [117]. For example, printing PEEK in a high 

temperature environment results in a stronger part, with a higher percent crystallinity [114]. PEEK 

printed in an ambient temperature of 200 °C demonstrated an improved of about 40 % in the tensile 

strength and elastic modulus compared to PEEK parts printed in room temperature. There are other 

techniques that also address the part strength by pre-heating the deposited strand using a laser 

[118], microwave [119], or heating element [120]. However, for materials that have a high thermal 

expansion, pre-heat treating the previous layer still creates a large thermal gradient in the part, 

which will result in curling. A heated environment improves both the layer bonding and reduces 

part curling.  

5.1.2 Review of existing high temperature environment machines 
High temperature FFF is enabled via specialized machines that print parts within a high-

temperature environment. In addition to Stratasys’ Fortus line of printers, new systems have 

arrived recently in the market with the ability to print PEEK, Polyetherimide (PEI), Polyvinylidene 

fluoride (PVDF), Acetal Copolymer (POM-C), and Nylon (PA6,6, and PA6,12). These systems 

have increasing cost with capable printing temperatures (Figure 32). 



Zawaski-53 

 

The maximum temperature of the machine is effectively limited by the system’s component 

with the lowest operating temperature range. These parts and components with extended operating 

temperature ranges increase the total cost of the printer, which effectively limits access to these 

high-performance polymers.  Figure 32 lists existing commercially available high-temperature 3D 

printers and their advertised maximum steady state temperatures. From this synthesis, it is 

observed that the maximum temperature of the machine has a roughly logarithmic relationship 

with the cost of the printer.  

 

Figure 32: The advertised maximum temperature for and cost for FFF systems featuring bed 

and/or environment heating [121]–[130]. 

To avoid intellectual property conflicts [116], most of the high temperature machines rely on 

conduction of the heat through the bottom of the print bed to minimize curling. The bed is limited 

to maintaining temperatures below the Tg of the polymer to prevent deformation of a part’s bottom 

layers. In their patent regarding the use of heated build chamber in FFF, Stratasys reports the ideal 

temperature being between the material’s solidification temperature and its creep relaxation 

temperature [116]. This means printing tall parts on a heated bed (no heated environment), the top 

of the part is too far removed from the heat source and cannot gain all of the layer bonding benefits 

of the additional heating. Furthermore, complex-shaped parts may experience uneven 

heating/cooling throughout the part.  

A heated chamber is a more stable design solution as it maintains the printing environment to 

a uniform, elevated temperature. The steady uniform temperature brings the entire part closer to 

Tg, which creates stronger bonds between part layers due to the higher bonding potential [36], as 

well as decreasing the residual internal stresses.  
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Yang’s prior research on printing PEEK suggests that an ambient temperature of at least 200 

°C is sufficient for printing parts with high mechanical properties [114]. Most of the available 

printers shown in Figure 32 are incapable of such high temperatures and the printers that can are 

very expensive.  

5.1.3 Objective 
Given this observed gap in FFF performance and cost, the authors aim to realize a FFF system 

that can print high-performance polymers at a low cost. The authors introduce a novel FFF system 

design that (1) exceeds current high-temperature systems to enable the capability of printing new 

high-performance materials and (2) can be applied to desktop-scale FFF machines. Specifically, 

the authors explore an inverted heated build chamber which uses natural convection to maintain a 

high temperature environment without exposing standard electronics to these temperatures. 

Design considerations are first evaluated in Section 5.2.1, and their design tradeoffs are shown 

in Section 5.2.2. The core design tradeoff is maintaining a high temperature environment while 

keeping low cost electronics and used to inform the basis of the design solution (Section 5.3.1). 

The design concept was modeled using CFD to evaluate the heat transfer (Section 5.3.2) and 

validated (Section 5.4.2.1) by a prototype system. PPSF tensile specimens were printed to quantify 

the improvement in material strength; a complex part was also printed to demonstrate the ability 

to print different design features (Section 5.4.2.2). 

5.2 Design Problem of a Heated Environment System 
The design discussion begins with first highlighting the customer needs and the key design 

considerations for the system. The design considerations are then evaluated against each other and 

the design tradeoffs for different existing solutions are discussed.  

5.2.1 Design Considerations/Customer Needs 

5.2.1.1 Environment temperature 
The primary design requirement is to maintain steady environmental temperature of at least 

200 °C. Yang et. al.’s work informs that printing PEEK requires a minimum environment 

temperature of 200 °C to improve the part mechanical properties [114]. However the continuous 

development of new materials may require environment temperatures exceeding 200 °C. In order 

to not limit the solution to current existing materials, the environment temperature should be 

maximized. 

5.2.1.2 Component temperature 
When using high-temperature environments, whether it is environmentally controlled or 

controlled by a heated bed in an enclosure, special consideration needs to be taken for all of the 

exposed machine components (e.g., motors, wires (wire coating), belts, polymer mounts and 

brackets, etc.) that may be affected by the elevated temperatures. Parts can be affected by different 

failure modes when subjected to prolonged exposure to high operating temperatures. For example, 

typical low-cost stepper motors used in desktop-scale FFF systems (e.g., a NAME17) to drive the 

XYZ gantry are limited to operating in temperatures below ~100 °C for any sustained period of 

time, as stepper motors magnets lose their magnetism at elevated temperatures.  

When designing the heated environment, the exposure of all components within it needs to be 

considered. The placement of each component must allow for the component to operate within its 

designed stable operating temperature range without sacrificing printing functionality and 

performance.  
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5.2.1.3 Cost 
For the solution to be suitable for the authors’ goal of enabling democratization of 3D printing 

high-performance polymers, the total cost of the machine with high temperature environment 

capabilities needs to be minimized. The cost of each printed part is the combination of the cost of 

the material, machine, labor, and its operation and maintenance divided by the number of parts 

printed during the machine’s lifetime [2]. Thus it is advantageous to design the high temperature 

build environment so that both the initial price of the machine is low, as well as the cost associated 

with operation and maintenance.  

5.2.2 Discussion of Design Tradeoffs 
The key design tradeoff is maintaining low-cost components despite the need for them to 

operate in and/or near high-temperatures. Figure 33 contains three potential design solutions for 

the components’ interaction with the heated environment. The components must be compatible 

with (Figure 33a), protected from (Figure 33b), or removed from (Figure 33c) the high-temperature 

environment for the machine to function. All of the high temperature printers from Section 5.1.2 

embody one or more of these solutions across different components used. Here the authors isolate 

these solutions and evaluate the tradeoffs. 

 

   

Pro 
 Easy to implement 

 Enclosed heated 
environment 

 Easy to implement 

 Allows for increased 
environment temperature 

 Environment temperature 
not limited by components 

Con 

 Environment temperature is 
limited by electronic 
components  

 Environment temperature is 
limited by components that 
cannot be protected 

 New failure risk 

 More complex system 
required to insulate, while 
allowing movement, which 
results in heat loss 

Figure 33: Three design concepts for handling the components compatibility to enable printing in 

high temperature environments. 

5.2.2.1 Compatible Components with the High Temperature Environment 
In this solution using “compatible components”, only parts and electronics that are able to 

operate in the high-temperature environment for sustained periods of time are used. For example, 

a printer can be enclosed inside of an insulated chamber, such as the Afinia H800 (Afinia 3D). The 

Afinia uses heat from the print bed in order to heat the part and the environment. This solution is 

sufficient for commodity plastics such as ABS. The Afinia is not marketed for high-temperature 

polymers due to the low-cost plastics and electronics used in the machine that are not rated for 

temperatures greater than about 100 °C. Incorporating higher temperature rated electronics would 

allow for increased build environment temperatures; however, these components are typically 
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more expensive and pose new limits that may or may not be sufficient for high-temperature 

polymers.  

5.2.2.2 Protected Components from High Temperature Environment 
“Protected components” are defined by adding insulation and/or cooling to protect components 

and electronics from the high-temperature environment. This has the advantage of expanding the 

operating range of components to be able to operate at a higher environment temperatures without 

replacing them. A patent exists on a design for actively cooling the printer electronics [131]. AON-

M2 is one commercial machine that uses liquid-cooled hot end and motion components to allow 

an increased environment chamber temperature [122].  A non-commercial design that uses 

protected components is documented by NASA, for modifying an existing 3D Printer (Lulzbot 

Taz 4) for printing high-temperature polymers. This modification includes adding an enclosure 

around the printer, active cooling for the motors, added heat lamps at the print bed, and replacing 

plastic parts [132]. Using heat lamps is a different way of protecting the electronics by focusing 

heat to the printing parts, creating inconsistent heating in the environment, thus the air around the 

part is hotter, where it is needed, than the air around the motors, where it is not needed. 

Protecting components allows for the increase in the environment temperature past the 

limitation of the motors and larger electronics. However, the build environment temperature is still 

limited by any belts, plastic parts, wire insulation, etc. that are more difficult to protect and must 

be replaced with compatible components.  

5.2.2.3 Removed Components 
“Removed components” refers to removing all of the parts and electronics from being inside, 

or in contact with the high temperature needed for the environment. A patent that uses this design 

concept is owned and used by Stratasys for their FFF systems [113]. The motors are positioned 

externally to the heated chamber, using linear screw and belts to move the bed and print head. This 

design concept has the advantage of isolating the machine components, and allowing the heated 

environment to exceed any component temperature limits.  

The challenge with this design is thoroughly insulating the build chamber, excluding the 

extruder motor, while still allowing full movement of the print head inside the build chamber. For 

example, the Fortus 400mc machine chamber top is insulated using a plastic accordion baffle to 

allow movement of the print head in the build space. The accordion insulation is insufficient to 

prevent heat from escaping into the top of the machine, which contains the print head components. 

The current designs that remove components have heat loss outside the chamber, resulting in some 

components being exposed to elevated temperatures.  

5.3 Inverted Printer Design for a High-Temperature Build Environment 

5.3.1 Design 
Removing the components from the heated environment is the only design solution that does 

not limit the temperature of the environment to the operating temperature of the components. This 

could allow for all printer components used for the motion and control of the printer to be 

inexpensive components that operate at room temperature. Such a solution would enable both 

minimizing the cost and maximizing the environment temperature. Removing the components still 

poses the design challenge of properly insulating the build environment for temperatures > 200 °C 

to minimize the energy loss, while allowing full movement of the print head within the chamber. 

High-temperature insulation typically uses glass and ceramic fibers to create a brittle cloth-like 

texture, which breaks and crumbles with excessive movement. The print head requires full 
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movement within the build chamber and moves constantly while printing (at speeds more than 60 

mm/s) for extended periods of time. The contradictory requirements between the print heads 

constant motion and the insulation breaking with movement poses a difficult design challenge. 

At high temperatures, the most important wall of the build environment to insulate is the top 

of the build environment due to the natural, vertical flow of air as its temperature increases (and 

density decreases, as per Charles Law). Correspondingly, the bottom of the environment is less 

important to fully insulate, as it will experience less heat loss. Therefore, the authors argue that it 

would be advantageous to invert the printer, where insulation can easily be applied to the top and 

walls of the build chamber, and the bottom of the build chamber can remain open to allow of free 

movement of the print head.  

A schematic of the proposed inverted high temperature system is shown in Figure 34. In the 

inverted configuration, the heated environment will act similar to a closed environment due to the 

difference in density of the cold and hot air, which will create a density barrier where the hot, less 

dense air will rise above the cool air. The inverted system effectively removes all printer 

components from the heated build environment, effectively solving the tradeoff between the cost 

of the component and the operating temperature discussed in Section 5.2.2. The feasibility of 

printing in an inverted configuration have been documented in previous research to verify the use 

of FFF for zero-G environments [133].  

 

Figure 34: High environment temperature system design, where the printer is inverted to allow 

for an open bottom to the heated print area for the print head to be able to access without 

inhibiting movement.  

While this inverted design enables a high-temperature heated environment; however, it does 

impose some limitations to the process. For example, the inverted configuration may not be 

compatible with a hybrid AM system [134] or in-situ embedding of non-printed parts [15], [98]. 

The technique or tool used in a hybrid design must also be compatible with the inverted 

configuration. For example, material jetting relies on gravity to dispense the material, and is 

therefore not compatible with the inverted design. An embedding system also has challenges with 

gravity with the addition that the embedded components must be compatible with the high-

temperature environment for the duration of the print. 

5.3.2 Verification via Computational Fluid Dynamics Model 
To verify that a high-temperature environment could be reached and sustained with the 

inverted FFF concept, and that a temperature barrier would be created, the system was modeled 

using computational fluid dynamics (CFD). The model is used to evaluate the feasibility of the 

design and does not include the additional thermal mass of the part and the moving print head. A 
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2D steady state, pressure-based model was used, with a coupled pseudo-transient solution method 

in Ansys 17.0 Fluent. The chamber was modeled at 50.8 mm x 152.4 mm to match the dimensions 

of the physical prototype (Section 5.4). The walls were modeled as a 6.35 mm thick aluminum 

plate at a constant temperature of 200 °C. An open atmosphere around the opening of the chamber 

(304.8 mm x 304.8 mm) was defined to simulate the temperature where the system electronic 

components reside. Figure 35a shows the simulation setup. Fluent does not have an open boundary 

condition, therefore an intake-fan was used to model the open boundary, with turbulence intensity 

of 5% and a turbulence viscosity ratio of 10. The sensitivity of the turbulence and other fluent 

boundary conditions were modeled to verify the assumed boundary condition did not significantly 

affect the temperature gradient or velocity profile within the chamber. The density, specific heat 

capacity, thermal conductivity, and viscosity of air were manually input as a piece-wise linear 

function of temperature. Sensitivity analysis was performed on the mesh and boundary conditions 

to ensure the accuracy of the model.  

The resulting thermal map and velocity profile are shown in Figure 35b and 4c. As 

hypothesized, trapped hot air rises to the top of the chamber which forms a temperature gradient 

at the boundary of the chamber and the open atmosphere. Heat generating from both the walls and 

the print bed create a vertical temperature profile with a horizontal temperature boundary and even 

heating throughout the environment. Air heated by the walls causes the air to flow upward along 

the wall, through natural convection. The vertical flow on the walls of the chamber then pushes 

the air on the top of the chamber to then flow inward and down creating a circular flow. Warm air 

recirculates as it nears the temperature boundary due to the lower density warm air remaining 

above the cool air to effectively enclose the warm air in the chamber.  The temperature was 

maintained with 1% error for 4.4 mm z-height (>198 °C), 5% error for 19.2 mm z-height (>190 

°C), and 10% error for 29.8 mm z-height (>180 °C), without including the heat provided by the 

print head or conduction through the part. This model shows how a consistent print chamber 

temperature of 200 °C can be created using an inverted chamber with heated walls and print bed. 
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Figure 35: The simulation output for the a) the experimental set up, b) temperature profile, and c) 

the velocity profile for the inverted heat chamber.  

To verify that the overall system design is generalizable for larger dimensions, the simulation 

was run with differently sized chambers (Figure 36). This allows for a comparison of the 50.8 mm 

x 152.4 mm chamber (Figure 36a) to a (2) taller (304.8 mm x 152.4 mm) (Figure 36b), (3) wider 

(50.8 mm x 304.8 mm) (Figure 36c), and (4) taller and wider (304.8 mm x 304.8 mm) (Figure 36d) 

chamber. The results of these simulations are synthesized in Figure 36 and demonstrates that 

increasing the chamber depth results in the temperature gradient remaining at the boundary of the 

heated chamber. The chamber width does not significantly affect the temperature gradient 

boundary. Increasing the size of the chamber becomes physically challenging to build and produce 

an isothermal wall boundary condition; however, building a smaller isothermal wall for desktop 

scale systems is trivial. The thermal gradient remains consistently approximately 40 mm into the 

print chamber and 30 mm outside the print chamber boundary. The deeper chambers were able to 

maintain temperature for a larger volume, where the 304.8 mm x 152.4 mm chamber maintained 

1% error for 240 mm z-height (>198 °C), and 5% error for 270 mm z-height (>190 °C). The 304.8 

mm x 304.8 mm chamber maintained 1% error for 207 mm z-height, and 5% error for 255 mm z-

height. 

 

Figure 36: The temperature profile of different sized heat chamber using a 2D Fluent model. 

5.4 Experimental Validation 
To validate the design concept, the authors created a physical prototype of the inverted printer. 

This section describes experimental validation of the thermal model and evaluation of printed 

polyphenylsulfone (PPSF) parts. It was designed to match the temperature profiles of the 

simulation. The temperature of the chamber walls is controlled by two PID controllers (one 

mounted on the inverted bed and one the cylindrical wall) to control and maintain an isothermal 

boundary of 200 °C. After the temperatures stabilized, temperature measurements were taken with 

a K-type thermocouple at different distances from the bed. Measurements were taken at 25.4 mm 
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increments from the print bed. All measurements were recorded as the average temperature over 

one minute. Following this validation, PPSF parts were then printed in the inverted build chamber 

to demonstrate the potential advantage of the system. 

5.4.1 Method 

5.4.1.1 Materials 
The prototype for the 50.8 mm x 152.4 mm heat chamber consisted of an aluminum shell 

surrounded by heating elements and insulation. The total cost of the materials for the high 

temperature upgrade for an existing delta-style printer was less than $300. 

Off the shelf PPSF-PPSU (1.75 mm diameter) filament from Stratasys was used for printing 

trials. This material has a reported glass transition temperature of 230 °C and heat deflection 

temperature of 189 °C [135]. Stratasys operating manual states a maximum extrusion temperature 

of 415 °C and a maximum oven temperature of 225 °C for printing PPSF in the Fortus system 

[136]. 

5.4.1.2 Printer Design 
The printer design was prototyped and tested using a custom delta robot 3D printer that features 

inverted control arms, as seen in Figure 37. The system is controlled with an Arduino ATmega2560 

running a custom version of Marlin firmware. The heated build chamber is located on the top of 

the printer, and features thick insulation (~25.4 mm alumina silica fiber insulation sheet and 

fiberglass fabric strips with plain backing from McMaster) and heaters on both the bed (Strip 

Heater without Temperature Control, 120V AC, 120W from McMaster) and walls of the chamber 

(Extreme-Temperature Heat Cable, 120V AC, 468W). An E3D V-6 print head was used with the 

PT100 thermocouple and a custom direct-drive extruder. 

 

Figure 37: Functional prototype of a custom delta printer modified with the inverted heated build 

chamber. 
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5.4.1.3 Tensile test 
To compare the effect of printing PPSF in the inverted heated chamber, tensile specimens were 

printed at both an elevated temperature (200 °C) and room temperature (25-50 °C). The control 

“room temperature” printing trials had some temperature variation due to the print head heating 

the insulated print area. All other process parameters were kept constant between the builds to 

determine the effectiveness of the heated chamber independent of inversion and printing 

parameters. The infill was set to 95% density with one perimeter and a rectilinear infill at +45°/-

45° at 15 mm/s and a 0.2 mm layer height. Extrusion was done using a 0.4 mm nozzle at 350 °C. 

The print parameters were chosen for functionality; there remains the opportunity to further 

optimize parameters for part quality in future work. Parts were printed onto a PEI sheet that was 

secured to the inverted printer bed using Kapton tape. Printed parts were immediately removed 
from the printer following completion and set aside until the part cooled, when they were 
removed from the PEI sheet. 

ASTM D638 Type V dogbones were printed in the XY plane and pulled on an Instron 5984 

with a 10 kN load cell at 5 mm/min as per ASTM D638 [137]. A minimum of 4 dogbones were 
tested for each condition. The strain was calculated based on the distance of the grips. The elastic 

modulus was taken in the linear region where the linear fit had an R2 value of 0.99. 

5.4.2 Results 

5.4.2.1 Experimental Validation of Thermal Model 
Figure 38 shows the inverted system’s temperature profile from both the thermal model (lines) 

and the experimentation (markers) using the inverted system. There is a large drop in temperature 

around 50.8 mm from the print bed, corresponding to the height of the chamber wall. The average 

temperature was used for the experiment and was within 8 °C to the pseudo transient model for all 

points except the points at the boundary of the chamber (50.8 mm), where there was an average of 

19 °C discrepancy. The large variation at the boundary is expected due to the high temperature 

gradient at the boundary, which greatly affects any inaccuracy in the experimental distance 

measurement, and the assumptions used to model the atmosphere. 
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Figure 38: Experimental and modeled temperatures from the center of the bed outward where the 

chamber bed and walls were set to 50-350 °C, in the inverted heat chamber. The markers 

represent the measured temperatures, while the line represents the temperature values from the 

simulation. 

The inverted build chamber was successfully heated to 400 °C measured at the heated bed. The 

authors expect that the temperature could be increased further even in this prototype build; 

however, 400 °C is greater than the melting temperature of most polymers and is likely sufficient 

for the build environment. 

To validate the design decision to invert the print chamber, the results are compared to a 

traditional (non-inverted) chamber. An identical CFD simulation (Section 5.3) was performed with 

gravity inverted. The experimental data was collected with the chamber opening facing upwards. 

Figure 39 presents a plot of the temperature profile for the non-inverted system. Heat is lost quickly 

using an open top heat chamber. The environmental temperature of the traditional system 

experiences an exponential decay at increasing distances from the print bed. Although the 

thermocouple used for the controller reached the set temperature, the temperature on the top of the 

bed (where the part is printed) did not reach that temperature due to the loss in heat. The inverted 

heat chamber shows an asymptotic curve up to the set temperature, while the traditional design 

shows exponential decay to the room temperature. The dramatic loss in heat would be minimized 

if heated walls were not used, allowing heat to travel up through the center of the bed. However, 

at high temperatures, a printer with a heated bed and no heated walls still results in high energy 

loss and inconsistent heating. 

 
Figure 39: The measured temperatures at different displacements from the bed at temperature 

controller set temperatures are between 50-350°C, with a non-inverted heat chamber. The markers 

represent the experimental data, while the line represents the simulated data. 

 

5.4.2.2 Design Validation via PPSF Printing 
PPSF Parts were printed on the inverted heated system to demonstrate the capability of high-

temperature printing and to explore its impact on the resultant mechanical properties due to the 

heated environment. To explore the impact of the inverted heated build chamber, similar PPSF 

prints were completed on the same printer but without the heated chamber (i.e., parts were 
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completed near room temperature). A sample of a printed tensile bars with and without the 
inverted heated build chamber can be seen in Figure 40.  

The tensile bars printed in the 200 °C chamber did not curl during printing. The room 
temperature environment tensile specimens curled as much as 2.34 mm the Z-direction, affecting 
the quality of the print, as well as the strength. The curling was so significant that a tensile bar 
(not used for tensile testing) fell off of the bed during the print, and the z-offset had to be 
adjusted to push the print head into the PEI sheet on the bed rather than being correctly 
calibrated.  

The 200 °C environment temperature of the heated build environment prevents the material 
from shrinking during the print. The chamber temperature is below the glass transition 
temperature (230 °C) [135], so that the material is able to retain its shape. The authors believe 
the slight curvature in the ZY plane of the 200 °C specimen was caused during the part removal 
process from the PEI sheet or from a not optimized environment temperature.  

Using PPSF’s coefficient of thermal expansion provided by Stratasys [135], the room 
temperature tensile bars are calculated to shrink up to 0.6 mm more each layer in length (total 
1.1 mm) than the high temperature tensile bars (0.5 mm) while cooling from the extrusion 
temperature to the environment temperature during printing. The discrete shrinkage of the 
bonded layers causes the residual stresses in the part to accumulate and cause the part to 
delaminate or curl. The material shrinks less while printing in the high-temperature environment, 
allowing the majority of the shrinking to occur after the part is printed and removed from the 
bed, where the part shrinks uniformly rather than discretely by layer. 

Increasing the weld time between layers is critical to fabricating stronger bonds between 
roads and layer. Increasing the weld time increases the polymer chain diffusion across the 
interface and creates a stronger polymer weld [138]. Increasing the environment temperature 
decreases the rate of cooling, which increases the weld time. In addition, using a heated 
environment can allow for annealing of the part further increasing the part strength [116]. Heat 
treating a part after printing can increase the part strength, but requires additional processing 
time [114]. Using a high temperature heated environment allows for slower cooling during the 
print resulting in additional chain entanglement between the road and layer interfaces  which 
increases the layer boning and the part strength, without a post processing step. 
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Figure 40: Printed tensile bars using the inverted printer printed at 25 °C and 200 °C. The tensile 

bars are 63.5 mm in length, 9.53 mm in width, and 3.17 mm in height. 

Figure 41 shows the compiled tensile data, where the elastic modulus between the two printing 

temperatures is within error and the ultimate tensile strength is 48% higher for the higher 

environment temperature parts. The ultimate tensile strength for the PPSF specimens printed in 

the inverted high temperature environment was measured to be 62.62 ± 5.89 MPa, which is 

comparable to the reported strength (55 MPa) specified on the Stratasys PPSF data sheet for 

printing on a Fortus system [135]. The elastic modulus is not comparable to the Stratasys reported 

data, as the experimental procedure in this work measured effective strain (i.e., distance between 

the grips) and not true strain.  
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Figure 41: Tensile properties of tensile bars printed on inverted FFF system at environment 

temperatures of 25 °C (n=4) and 200 °C at 15 mm/s with a 200 μm layer height and 95% 

rectilinear +45/-45 infill (n=5). The horizontal line indicates reported Stratasys strength [135]. 

 

In order to qualitatively asses print quality, and to demonstrate the ability to print complex, 

solid geometries, the authors printed a PPSF 3D Benchy part in the high temperature environment 

(Figure 42). 3D Benchy has been selected by the crowdsource community as a standard part for 

evaluating FFF printers' ability to print features including vertical and horizontal cylindrical holes, 

curved and flat overhangs, and high resolution details [139]. The part was printed at 15 mm/s using 

solid infill. All of the features were successfully printed with the inverted high temperature system, 

with the exception of the tiny surface detail (the 100 μm extrusion “#3DBenchy” nameplate), 

which is a detail that is difficult for most FFF systems. The authors attempted to print the same 

design in the room temperature environment, but it proved to be impossible as it failed early in the 

build by curling and falling off of the inverted bed during the first few layers. This part 

demonstrates that the high temperature design enables the printing of a complex structure. 
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Figure 42: A standard part (3D Benchy) was printed to demonstrate the ability to print more 

complex parts in the inverted high temperature system. 

5.5 Summary 
Printing high-performance thermoplastics via FFF has proven challenging as the required high-

temperature environments require expensive electronic components that have high operating 

temperatures. As such, currently commercially available high-temperature FFF systems cost > 

$30,000 and offer operating environments of less than 200 °C. In order to democratize the ability 

to 3D print high performance polymers by minimizing the cost of the FFF system, it is therefore 

critical to separate the electrical components from the high environment temperature. In this work, 

the authors have presented a novel approach for addressing this design trade-off by inverting the 

printer and printing inside of a heated chamber. The inverted heated chamber traps heat due to the 

difference in density between hot and cold air, while also allowing for full free movement of the 

print head. This design solution effectively separates the printer components from the high-

temperature environment. 

 Both a computational fluid dynamics simulation and experimental measurements on a 

prototype systems demonstrated that an inverted chamber, with heated bed and walls, could be 

maintained at 200 °C for a 29.8 mm height (with 5% error) from the build plate in a 50.8 mm tall 

chamber. Tensile testing of PPSF specimens printed at 200 °C demonstrated a 48 % increase in 

the ultimate tensile strength compared to specimens printed at room temperature. The specimens 

printed in the ~$1,000 inverted build chamber also demonstrated equivalent tensile properties to 

specimens printed on commercially available high-temperature FFF systems that retail for 

>$200,000. Complex structures with fine features and overhangs were also successfully printed 

with the inverted setup. This system can reach higher environment temperatures compared to 

machines in the current market and can be used to democratize manufacturing of high-performance 

polymers.  

There is future work in creating a larger chamber to print larger parts and limit the thermal 

gradient. Preliminary simulations indicate that the thermal gradient will remain at the boundary 

and a more stable environment temperature can be reached within a larger chamber. In addition, 

the thermal process simulation could be expanded to a three-dimensional model (instead of the 

presented 2D model) and include the effects of a moving heated print head to observe the impacts 
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of air circulation distributed heat input (instead of the presented model’s static extruder). While 

experimental results validated the current simulation, and the overall advantages of an inverted 

process chamber, such an updated model would improve the model’s overall accuracy. Finally, 

the authors aim to explore the effects of gravity on the printed large parts in the inverted 

configuration.  
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6. The effect of Fused Filament Fabrication Thermal Processing 

Conditions on the mechanical strength and dimensional accuracy on 

Ultem 1010 

6.1 Introduction 
Polyetherimide (PEI) is an amorphous polymer that provides high-strength and chemical 

resistance in high-temperature environments. Fused filament fabrication (FFF), a material 

extrusion additive manufacturing (AM) process in which heated thermoplastic materials are 

selectively deposited and cooled to form three-dimensional shapes, has proven suitable for 

processing PEI resins, with several commercially available solutions available on the market in 

the ULTEM® series [140]. ULTEM® 9085 has been rigorously characterized for the approval of 

qualified use in aerospace applications, specifically using the Stratasys Fortus machine [13]. 

ULTEM® 1010 is transparent and is used in automotive (under the hood), outdoor construction, 

electrical devices, and energy storage applications due to its relatively high glass-transition 

temperature, chemical resistance, and high tensile strength [14]. ULTEM® 1010 has been printed 

with carbon nanotube yarn for embedded functionality [141] as well as incorporated with various 

fillers [142].  However, the FFF of ULTEM® 1010 has been less researched overall [143]. The 

processing of polymers that have high transition temperatures, such as ULTEM® 1010, are more 

difficult to process using FFF because they require i) a higher processing temperature to enable 

material flow [117] and ii) a high build environment temperature to ensure inter/intralayer bonding 

of the extruded roads and to reduce part warping from solidification-induced residual stresses [36], 

[144].  

6.1.1 Thermal Processing Effects of FFF parts 
The temperature of the extrusion nozzle must be sufficiently high to allow for consistent 

extrusion of the material, without causing polymer degradation. In a study of FFF of 

polypropylene, Watanabe et al. discovered that nozzle temperature does not significantly affect a 

part’s tensile stress, nominal strain, and modulus of elasticity [145] or part warping [146]. Montero 

et. al. similarly found that nozzle temperature for ABS did not affect tensile strength [147]; 

however, Aliheidari et. al. showed it affects the fracture behavior [148]. However, due to the 

temperature-dependence of polymer viscosity, a sufficiently heated nozzle is required for the 

polymer to flow [41]. If the nozzle isn’t heated sufficiently, and the motor cannot produce the 

required force to extrude the material, the material will under-extrude which causes porosity in the 

printed part. For high-temperature polymers, the temperature of the nozzle is higher than typical 

FFF materials in order to sufficiently decrease the viscosity for extrusion [149].  

In order to improve layer bonding and to prevent curling deformation, FFF systems capable of 

maintaining high-temperature build chambers are required to successfully process PEI [150]. 

Decreasing the difference in temperature between the nozzle and the build environment results in 

a slower cooling rate, which allows for the part to remain above the material’s glass transition 

temperature (Tg) for longer (though not indefinite). The heat introduced by the adjacent road also 

reheats the previous road and contributes to this [151].  The time that two adjacent printed road 

remain above Tg is critical as it increases the reptation and chain entanglement between 

individually printed roads, producing a stronger bond and improving the overall part strength.  The 

“bonding potential” is a variable that was developed based on the time the material remains above 

a critical temperature (such as Tg) as an indicator for strength [36]. For amorphous polymers such 

as PEI, the build environment temperature cannot remain above the material’s Tg temperature or 
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heat deflection temperature for an extended period, to increase the bonding potential, as it can 

cause part slumping and deformation [116]. Therefore, keeping the build environment below Tg is 

necessary to prevent deformation; however, this limits the extrudate bonding potential due to rapid 

cooling (especially for high-temperature differentials found when printing PEI), which can result 

in weak parts and exaggerated anisotropy [36], [44] 

Pre-deposition heating using a laser is another method shown to greatly improve ULTEM® 

1010’s tensile strength [118]; however, selective laser heating of larger parts is not expected to 

decrease shrinkage and part curling. Decreasing the difference between the extrusion and the 

environment temperatures effectively limits the amount of material shrinkage that occurs during 

printing. The discrete shrinking of the layers that occurs during printing, caused by the thermal 

gradients between layers, creates residual stresses within the part that causes delamination and/or 

part curling [41]. By limiting the amount of shrinking that occurs during the print, and allowing 

the majority of the part to shrink simultaneously, the part is less likely to deform. As such, the first 

goal of this work is to explore the effects of the FFF thermal process parameters (extrusion nozzle 

and build environment temperatures) on the mechanical properties and dimensional accuracy of 

ULTEM® 1010. 

6.1.2 Thermal Post-Processing Effects on FFF Parts 
While tuning the processing conditions can improve the mechanical strength, thermal post-

processing the parts can be done to further strengthen the printed part. In order to increase the 

bonding between layers, thus increasing the overall part strength, the printed parts must be post-

processed above the glass transition temperature. This is done to provide sufficient energy to 

enhance molecular movement and increase polymer chain entanglement between layers. Post-

processing of more common, lower temperature FFF materials (ABS, PET, and PLA) has resulted 

in increased mechanical properties, including tensile strength [152], fracture toughness [153], and 

flexural strength [154]. Hart et. al.’s study of fracture toughness tested post-process annealing ABS 

samples above their Tg for a prolonged period of time (2-168 hrs.). Due to the parts' inability to 

maintain their shape while being held above Tg, an aluminum fixture to support the shape of the 

printed rectangular prisms was created for post-processing [153]. Post-process annealing above Tg 

increased the fracture toughness up to 2720% (held at 135 °C for 72 hrs.) when compared with no 

annealing. The stable crack propagation can be achieved by either increasing the temperature or 

increasing the time the part remains at temperature, due to the time-temperature superposition 

principle. The second goal of this paper is to explore techniques for holding ULTEM® 1010 above 

Tg for prolonged periods of time and to study the effects of post-processing on both strength and 

dimensional accuracy. 

The authors also hypothesize that a part with fewer pores and better interfaces will result in a 

clearer part when using a transparent material such as ULTEM® 1010. The third goal of this paper 

is to determine if the absorbance of light through a printed ULTEM®
 1010 part correlates to its 

mechanical strength.  

6.2 Methods 
The thermal properties and rheology of the as-received ULTEM® 1010 filament are first 

characterized to gain an understanding of the melting behavior of the material and to guide the 

selection of process parameters. The nozzle temperature, environment temperature, and post-

processing conditions are tested independently to determine the effects of each processing 

parameter on the tensile properties and dimensional accuracy of the printed parts. Table 5 shows 

the temperatures used for each experiment. Finally, the part’s absorbance to light is characterized 
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to test the hypothesis that there is a relationship between a printed part’s strength and its optical 

clarity. 

Table 5: The experimental processing conditions were varied to test the effects of thermal 

processing on part properties. 

                      Experimental Temperature Studies 

 Nozzle  Environment  Post-

Processing 

Nozzle 

Temperature 

330, 340, 

350, 360, 

370 °C 

360 °C 360 °C 

Environment 

Temperature 
180 °C 

50, 100, 

150, 175, 200, 

215, 225 °C 

200 °C 

Post-

Processing 
none none 

260 °C 

for 0, 6, 12,  

and 24 hrs. 

 

6.2.1 Materials and Thermal Characterization 
ULTEM® 1010 filament was purchased from Argyle Materials. The material was dried at 80 

°C overnight and stored in a dry box with desiccant. Short sections of approximately 1 m were cut 

and were used for printing to prevent the material from hydrating during testing.  

The material’s thermal-mechanical properties were evaluated using thermogravimetric 

analysis (TGA), differential scanning calorimetry (DSC), and oscillatory rheology. TA 

instruments TGA 500 was used to evaluate thermal degradation by running a test from 30 °C to 

800 °C at a rate of 10 °C/min. DSC was run on a TA Instruments DSC Q2000 from 30 °C to 230 

°C on a heat-cool cycle at 10 °C/min. In order to better mimic the thermal processing conditions 

of the filament in the print nozzle, the first heat was used to determine the glass transition 

temperature. Oscillatory rheology was performed using a TA Instruments Discovery HR-1 with 

an 8 mm parallel plate. Complex viscosity was measured from 0.1 to 100 rad/sec at 1% strain at 

temperatures ranging from 330 °C to 370 °C. 

6.2.2 Processing 

6.2.2.1 Fused Filament Fabrication 
The printing was performed using an inverted delta-style custom FFF printer (Figure 43). This 

printer offers a high-temperature build environment and open architecture process parameters (via 

open-source printer firmware (Marlin 2011) and toolpath generation (Slic3r version 1.3.0) to 

enable high-temperature FFF research. Additional information on the printer design and its 

validation can be found in previously published work [150]. The printer uses an E3D print head 

(E3D V6) with a thermocouple (E3D PT100) to maintain an extrusion nozzle temperature of < 400 

°C and an environment temperature of up to ~400 °C. The parts are printed onto a PEI sheet that 

was adhered (via Kapton tape) to a removable aluminum plate at the top of the inverted heat 

chamber. Finished parts were immediately removed from the heated chamber and pulled off of the 

PEI sheet while still hot/warm, which allowed for easier removal. Aside from the nozzle and build 
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environment temperatures, printing conditions were kept constant across all experiments (Table 

6).  

 

 

Figure 43: A schematic of the delta-style inverted printer with a heated build chamber used for 

printing (adapted from [150]). 

Table 6: Controlled printing process parameters used to test the effects of thermal processing 

conditions. 

Controlled FFF Process 

Parameters 

Nozzle 

Diameter 
0.4 mm 

Layer 

Height 
0.2 mm 

Infill 

percent 
100% 

Infill pattern 
Rectilinear 

(45°/45°) 

Print speed 15 mm/sec 
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6.2.2.2 Nozzle Temperature 
To explore the effect of nozzle temperature, four geometries were printed in a 180 °C build 

environment at nozzle temperatures ranging from 330-370 °C in 10 °C increments. The nozzle 

temperature range was chosen because 330 °C was the lowest temperature that created a constant 

extrudate flow (without the motor audibly skipping) and the filament was found to heat and deform 

before entering the heater block when the nozzle was set to 380 °C.  

6.2.2.3 Environment Temperature 
The build environment temperatures studied ranged from just above room temperature to just 

above the Tg of ULTEM® 1010 (217 °C). Specifically, temperatures of 50 °C, 100 °C, 150 °C, 

175 °C, 200 °C, 215 °C, and 225 °C were used with a constant nozzle temperature of 360 °C. 

Higher environment temperatures were not used because using an environment above Tg can cause 

the filament to deform before the heater block of the print head, “clogging” the print head 

(similarly to when the nozzle temperatures exceeded 370 °C, Section 6.2.2.2), and the inverted 

part to stretch due to gravity during printing.  

6.2.2.4 Post-Processing 
For the polymer chains to have sufficient energy to increase entanglement between the printed 

roads and layers the post-processing temperature is required to be above Tg. However, this also 

permits the material to deform and lose its desired shape. A technique was developed to embed 

the parts in powder, where the printed parts can be heated above Tg while the powder supports the 

shape of the printed parts. This technique can only be applied to solid or near solid parts, as parts 

with a sparse infill may cave in. Table salt (Kroger) was selected for the material based on i) the 

ability to be obtained in powdered form, ii) its melting temperature is higher than the Tg of the 

polymer, and iii) the water solubility of the powder enables its facile removal from the part 

following post-processing.  

The printed parts used for SEM and characterizing the tensile strength, dimensional accuracy, 

and clarity (described in Section 6.2.3) and a complex part, to evaluate the effectiveness of this 

technique on printed complex parts, were packed carefully into a stainless steel cylinder (10 cm 

diameter x 10 cm tall) with salt used to contain and separate the parts. The temperature was 

recorded using a sensor (FluxTeq PHFS 0.5” square) that was protected by two small aluminum 

sheets (to protect the sensor from bending) and was placed below the complex part toward the 

center of the layer. The procedure for salt powder packing is as follows. 

1) Pulverize salt: Salt was pulverized into smaller particles using a blender (NutriBullet) 

for ~30 s to enable better packing.  

2) Layer Salt: Salt is loosely layered into the container (the top and bottom had ~10-20 

mm and between parts had ~5-10 mm loose powder). 

3) Tap: Container is lightly tapped by hand on a solid surface repeatedly for approx. 15 

sec for the powder to pack and settle to a flat layer.  

4) Layer Parts: A layer of parts was added on the top surface of the flat powder. Figure 44 

shows a visual representation of the layering of the printed parts in sets. 

5) Repeat: Steps 2-4 were repeated, adding 4 sets of parts. 

6) Cover: The parts were then covered with a final thicker layer of powder and tapped on 

a solid surface. 

7) Compress: Lastly, the salt and parts were compressed by hand by pushing a smaller flat 

cylinder into the container until the salt ceased compressing.  
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Figure 44: A scaled visualization of the parts packed into the cylindrical container. Set 3 also 

contained a temperature sensor placed below the complex part and toward the center of the 

cylinder. 

Parts for post-processing were printed using a nozzle temperature of 360 °C and an 

environment temperature of 200 °C. The post-processing oven temperature of 260 °C was chosen 

to be a similar ratio between the Tg (217 °C) and the printing nozzle temperature used in Hart’s 

study using ABS (135 °C) [153]. Using a lower temperature for a longer time, opposed to a higher 

temperature for a short time [155], allows for the entire packed system to reach the desired 

temperature, before parts closer to the surface start degrading (due to reaching the desired 

temperature first, and remaining hot for longer while the internal parts heat). The thermal cycle 

used for post-processing is depicted in Figure 45 with a two-hour ramp up, a hold, and cooling. 

The hold time was set to 6, 12, 18, and 24 hrs. The Tg (217 °C) was reached approximately one 

hour into heating and the temperature was >95% of the set temperature (260 °C) at 2 hrs. Once 

removed from the oven, the container cooled from 260 °C to Tg in less than 15 minutes. 

 

Figure 45: The temperature ramp and cooling cycle of the post-processing technique as measured 

by an embedded thermocouple. The post-processing time was set to 6, 12, 18, and 24 hrs. 
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6.2.3 Characterization 

6.2.3.1 Scanning Electron Microscopy (SEM) 
Printed squares (25.4 mm side length) that had 10 layers of 0.2 mm thickness were printed in 

sets of three for each thermal condition. The parts were freeze fractured by dipping the parts into 

liquid nitrogen for a minimum of 20 seconds and snapping them in half along the top layers’ 

printed road direction (diagonally across the square). The pieces were then sputter-coated in Au/Pd 

using a Cressington 208Hr for 15 seconds and SEM images were taken of the fracture surface on 

a LEO (Zeiss) 1550. 

6.2.3.2 Tensile Strength 
The tensile strength was tested for tensile bars printed horizontally on the build plate (oriented 

in the XY plane) and printed vertically (along the ZY plane). The horizontal tensile specimens are 

standard ASTM D638 Type V tensile bars and were printed in pairs (Figure 46A), with a sample 

size of four. Due to the height restriction of the heated environment for the printer [150], the 

vertical tensile bars are the same standard ASTM D638 Type V tensile bars with 12.7 mm removed 

from each end of the gripping region. These specimens were printed in groups of six in order to 

allow for cooling time between each layer with the smaller cross-sections. A rectangular base was 

added to the six specimens for stability during printing and they were cut away for testing (Figure 

46B).  

The specimens were broken on a universal testing machine (Instron 5984) using a 10 kN load 

cell and pulled at 5 mm/min. The specimens were evaluated for the elastic modulus and yield. The 

stress was calculated using a constant cross-sectional area. The modulus was calculated by 

calculating a linear fit between 10% and 80% of the ultimate tensile strength, decreasing the region 

by 2% until the R2 value was greater than 0.99. The yield point was evaluated to be at the end of 

the linear fit used to calculate the modulus. 

  
 

Figure 46: Visualization of the printed tensile bars and how they were printed on the printer bed 

where a) represents the horizontal XY tensile specimens and b) represents the vertical YZ plane 

specimens. 

6.2.3.3 Dimensional Accuracy 
There is a difference in how the part accuracy was measured for the experiments pertaining to 

the nozzle temperature, environment temperature, and post-processing time based on the expected 

mode of failure related to the part accuracy. The nozzle temperature affects the flow rate of the 

material extruded during printing, thus failure occurs when there is restricted material flow due to 

polymer viscosity being too large at low processing temperatures, and/or clogging of the nozzle. 
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As such, part accuracy for the varying nozzle temperatures is quantified by measuring the mass of 

the printed part and comparing it to the theoretical as-designed mass. The mass was measured 

using a U.S Solid Laboratory Equipment Digital Analytical Balance (Model USS-DBS8).  

When altering environment temperature, the dominant failure modes are part deformation and 

curling due to thermally-induced shrinkage and residual stresses during cooling. As such, part 

accuracy for these experiments was measured by assessing part curling for the different build 

environment temperatures. This was done by placing the printed XY tensile specimens on a flat 

surface and taking measurements from digital photos of the vertical distance between the part ends 

and the surface images.  

As the proposed post-process subjects parts to a temperature above the Tg for a sustained period 

of time, it has the most potential to cause dimensional variation. The dimensional accuracy of parts 

subjected to this post-process is measured by comparing the dimensions of the part before and 

after post-processing using digital calipers (PITTSBURGH 47257 6” digital calipers). These 

dimensions (shown in Figure 47) are taken for the XY tensile bars, the Z tensile bars, the squares 

used for SEM, and printed cylinders used for clarity. The square and cylinder parts were marked 

with black permanent marker on one edge to ensure that before and after post-processing 

measurements are taken at the same location. The comparison evaluated is the percent change from 

the initial dimensions measured to the dimensions after post-processing for the length and mass 

measurements were also taken before and after post-processing using a digital analytical balance 

(Model USS-DBS8).  

 

Figure 47: The length dimensions measured before and after post-processing to evaluate 

dimensional accuracy. 

6.2.3.4 Clarity 
Prior research has been done to improve the clarity of printed parts. Ahn et. al have shown that 

the clarity of a FFF printed part using a transparent material is improved using infiltration of 

cyanoacrylate resin and acrylic resin. The infiltration of another material fills the voids between 

layers, reducing the number of surfaces and interfaces light can encounter and reflect [156]. 

Another study that improved part transparency was conducted by Nguyen et. al., whose dried 

silica-filled ink parts were opaque because of the porous bound powder parts became clear after 

post-processing where the parts densified completely and become clear [157].   

ULTEM® 1010 is a transparent material in the filament form; however, the parts printed out 

of ULTEM® 1010 can appear opaque. As light hits the part the light is both transmitted and 
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reflected (Figure 48A) as well as with every interface and hole within the print. Each interface 

reduces the amount of light that can be transmitted through the part and is absorbed. More 

interfaces result in opaque parts (Figure 48B), while fewer increase the clarity (Figure 48C). If the 

printed roads and layers are well bonded, then the number of optical interfaces is reduced. The 

authors hypothesize that a measurement of the absorbance of the printed parts will correlate to part 

strength for ULTEM® 1010, and could therefore be used as a Non-Destructive Evaluation (NDE) 

technique. 

To measure absorbance, a set of three cylindrical parts (20 mm diameter, 6 mm tall) were 

printed. Absorbance was measured using a Synergy H1 Hybrid Reader at 600 nm wavelength and 

samples were placed into a 12-well flat-bottom plate (typically used for cell cultures). A 31x31 

array of measurements was taken for each sample. Because the well diameter was 22 mm and the 

printed cylinders were 20 mm, a subset of the collected data was used for analysis to ensure that 

the measurements included the part, regardless of the part placement. The subset was a 12x12 array 

of measurements centered in the well to use to calculate the average absorbance. Figure 48D shows 

an example color map of the data for one of the parts, where yellow represents clear and green 

represents more opaque. This was done for the three printed samples at each temperature setting 

(total of 432 data points). MATLAB 1-way ANOVA was used for the analysis to determine 

statistical significance. 
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Figure 48: A visualization of light absorbance for a) a printed road, b) a printed part, and c) a 

well-bonded printed part. D) Example of the collected data for a printed cylinder, using a color 

map to show absorbance. Data for the analysis was taken from the center of the well plate in a 

12x12 array. 

6.3 Results and Discussion 

6.3.1 Thermal Characterization  
The ULTEM® 1010 filament’s thermal degradation, which provides an upper limit for the 

nozzle temperature, was measured to be 520 °C at 5 wt. % and 495°C for 1 wt. % (Figure 49A). 

There was up to a 0.05 % weight loss at 360 °C, which is the nozzle temperature used for printing 

specimens to test the effect of the build environment temperature and post-processing conditions. 

Therefore, during the printing process, the nozzle was not heated for extended periods without 

material flowing, or the material would begin to discolor.  

The glass transition temperature (Tg) was measured to be 217 °C using DSC (Figure 49B). The 

same transition temperature was observed during cooling. This is expected for an amorphous 

polymer and verifies that the material will hold its shape once cooled below Tg. The Tg is the 

maximum build environment explored as it should allow the layers to solidify and hold their shape 

while subsequent layers are printed.  

Figure 49C shows the viscosity of ULTEM® 1010 as a function of angular frequency. The 

viscosity of the material decreases with increasing temperature and shear rates, where slight shear 

thinning is observed. The printing parameters used in Table 6 produces a maximum shear rate of 

~190 s-1 in the nozzle. The viscosity of materials that can be printed via FFF range from around 

103 Pa∙s [52] to 104 Pa∙s [158]. 
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A) 

 

B)  

 
  

C) 

 
 

Figure 49:  Thermal characterization of ULTEM® 1010 via A) TGA using a 10 °C/min ramp 

rate to 800 °C, B) DSC first heat and cooling cycle at 10 °C/min (Exo Down), and C) oscillatory 

rheology at 1% strain at various temperatures. 

6.3.2 Effects of Nozzle Temperature on Processability and Strength 
Specimens were printed at nozzle temperatures ranging between 330-370 °C (Section 6.2.2.2). 

SEM images of freeze-fractured printed specimens (Figure 50) confirmed that the nozzle 

temperature affected the interlayer bonding, of the printed parts. The lower nozzle temperature 

(330 °C) resulted in large voids between printed roads (Figure 50a) and the higher temperature 

range (360-370 °C) resulted in much smaller voids (Figure 50d-e). With increasing temperature, 

the interface between the layers becomes less observable with the decreasing of the voids.  

The quality of intra/inter-layer bonding is also seen in looking at the fracture surface, where 

the printed roads from lower nozzle temperatures appear to fracture independently. The parts 

printed at higher nozzle temperatures showed a more continuous surface, as fracture lines appeared 

across multiple roads and interfaces. 
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Figure 50: SEM images of freeze fractured printed squares that were printed with nozzle 

temperatures varying from 330-370 °C with the environment temperature set to 180 °C. 

The effects of nozzle temperature on the mechanical properties are quantified in Figure 51. 

The elastic modulus of the XY tensile specimens had no statistical difference (P=1e-1) and the Z 

specimens’ elastic modulus had a slight increase (P=1e-7). The yield strength for the XY tensile 

specimens increased, where the XY specimens (P=5e-4) were statistically similar for the parts 

printed between 350 °C-370 °C. The Z specimens’ yield strength were not statistically different 

(P=1e-2); however, there is a statistical difference for the Z specimens printed at 370 °C and both 

330°C and 340 °C using a pairwise comparison. The voids observed at the lower nozzle 

temperatures (Figure 50) showed there is less material within the cross-sections of the tensile bars. 

Therefore, it is consistent to measure a lower yield strength (38% reduction) for 330 °C when 

compared to the 360 °C XY tensile specimens. Similarly, the Z specimens are strongest at 370 °C 

with a 30% increase in strength compared to those printed at 330 °C.   

A)  

 

B) 
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Figure 51: The mechanical properties of ULTEM® 1010 printed using nozzle temperatures 

between 330-370 °C, where the environment was set to 180 °C. The letters above each column 

indicate that there is no significant difference between columns with the same letter (p>0.05), 

where XY specimens are only compared to XY specimens and Z specimens are only compared 

to Z specimens. 

Figure 52 shows the mass of the printed coupons that were used for SEM imaging. The mass 

of the parts increased with the increasing nozzle temperature until about 360 °C, where there is no 

difference between 360 °C and 370 °C. The increase in mass is also reflected in the SEM images 

that show a decrease in the size of the voids between the printed roads in Figure 50, where parts 

printed at 360-370 under °C show highly dense parts. This low mass is attributed to the material’s 

high viscosity at the lower nozzle temperatures, which causes under-extrusion and results in more 

porosity and lowers the total part mass (Figure 49C). 

The theoretical mass for the model was calculated to be 1.23 g using the measured filament 

material density (0.00127 g/mm3) and the CAD model volume (967.4 mm3). The gcode toolpath 

created by the slicer has filament extrusion commands for a volume of 950.2 mm3 resulting in a 

slightly smaller theoretical mass (1.20 g). All printed specimens had a mass of at least 20% lower 

than this theoretical mass (Figure 52). Since the SEM images show highly dense parts, the large 

difference in the measured mass to the theoretical mass could be that there is a larger void located 

in one area of the part that was not captured in SEM. For example, this could occur at the 

starting/stopping of extrusion, on an edge (as discussed later in Section 6.3.4), or at a corner which 

are locations that are consistent in every layer but would not affect the majority of the part. Other 

sources of error include i) the nozzle being calibrated slightly too close to the bed causing under 

extrusion on the initial layers, ii) material oozing/stringing between parts (which was removed), 

and/or iii) the small size of the parts caused reasons i and ii to have a larger percent influence.  

Printing with nozzle temperatures of 360-370 °C produced parts with the largest mass (Figure 

52) and also the highest degree of fusion between printed roads/layers (Figure 50). Since 

specimens printed at 360 °C featured a slightly higher yield strength and lower standard deviation 

(Figure 51), this nozzle temperature was chosen for subsequent experiments. 

 

Figure 52: The mass of the printed square specimens used for SEM in relation to the nozzle 

temperature (n=3). 
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6.3.3 Effects of Environment Temperature on Strength and Curling 
To study the effect of build environment temp on the interlayer/road fusion of printed parts, 

SEM images of freeze-fractured surfaces were taken on parts printed at a nozzle temperature of 

360 °C (Figure 53). Similar to the earlier experiments on varied nozzle temperatures, parts printed 

in lower build environment temperatures feature distinct road and layer interfaces. With increasing 

build environment temperature, the interface within the layer becomes less distinct. The fracture 

surface of parts printed in the lower build environment temperatures features roads and layers 

breaking individually, while higher temperature samples fracture surface span across multiple 

roads and layers. This is the result of the higher environment temperature increasing the bonding 

potential [36]. By increasing the temperature of the environment the material cools at a slower 

rate, which allows the previous roads to remain at a higher temperature while subsequent roads are 

deposited. Remaining above Tg for longer allows the molecules to remain mobile increasing the 

polymer chain entanglement at the interface. 

 

Figure 53: SEM images of freeze fractured printed squares that were printed with environment 

temperatures varying from 50-225 °C with the nozzle temperature set to 360 °C. 

The parts printed in the lowest environment temperatures (50-100 °C) failed during printing 

by curling and falling off of the inverted print bed. Results from the mechanical testing (Figure 
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54) generally show an increase in the XY specimens’ modulus (P=3e-3) and yield strength (P=2e-

4) with increasing build environment temperature. The specimens had a 27% increase in elastic 

modulus between 150 °C and 200 °C and a 22% increase between 150 °C and 225 °C. The increase 

in the XY strength suggests that there is an increase in the intra-layer bonding. However, the Z 

specimens’ modulus remains constant (P=8e-1), while the tensile strength decreases up to 36% 

with increasing temperature (P=1e-5). This is surprising because the fracture surface of the parts 

appears to show increased bonding between layers in parts printed at and above 200 °C. Using a 

pairwise comparison, there was no difference in the elastic modulus or yield strength between the 

XY specimens printed at 200 °C and above.  

Section 6.1.1 describes how decreasing the temperature difference between the nozzle and the 

environment reduces the rate of cooling, improving layer bonding. The difference between the XY 

and Z specimens bonding is due to the variation in time and the deposition path. For the toolpath 

used, a single layer took 105 s to complete two XY tensile bars where the Z tensile bars took ~8 s 

at the neck region (the smallest cross-section) of the six tensile bars. Increasing the environment 

temperature decreases the rate of cooling and the time it takes to cool below Tg and the heat 

introduced by the following road also contributes to the reduction of cooling [151].  A shorter time 

between printed layers means that the positive effects of the build environment might not be as 

pronounced. In fact, increasing the environment above Tg decreased the tensile strength for the Z 

specimens in this experiment. This could be caused by small deformations in the part from 

remaining above Tg and/or increased stringing of the material between the parts, due to higher 

temperatures that decrease the melt viscosity. 

The FFF part strength is highly dependent on the size, shape, and orientation of the part (such 

as the tensile specimens) as well the size, shape, and orientation of any other parts printed in the 

same build. Large parts, or parts with large cross-sections (such as the XY specimens), have a 

disadvantage where there is more time for the roads to cool before printing the adjacent roads and 

layers. Thus, these types of parts benefit more from increases in the environment temperature.  

A) 

 

B) 

 

Figure 54: The mechanical properties of ULTEM® 1010 printed using different environment 

temperatures. The letters above each column indicate that there is no significant difference 

between columns with the same letter (p>0.05), where XY are only compared to XY and Z are 

only compared to Z. 

Figure 55 shows images of printed parts next to a vertical ruler to measure curling. Part curling 

decreased when printed in hotter environment temperatures. The authors believe the slight curling 

for specimens printed in the 215 °C and 225 °C environments may be caused by the removal from 

the PEI sheet while it was still hot. As the environment temperature approaches Tg (217°C) the 

deflection of the printed part is eliminated, as residual stresses from rapid cooling are reduced. Part 
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curling produces a linear relationship between the environment temperature and the deflection of 

a printed part. Figure 56 presents the data from measuring the extent of curling on both ends of the 

printed tensile specimens. The resultant data follows a linear trend, which aligns with the linear 

trend in warp deformation (mm) vs chamber temperature predicted by Wang’s model of warping 
in FFF processes [144].  

Environment temperatures >200 °C provided the highest increase in intra-layer strength 

(Figure 54) and the largest decrease in curling (Figure 56). In order to prevent possible excessive 

oozing from the nozzle while printing, the authors recommend an environment temperature of 200 

°C for the print parameters used (Table 6). 

 

Figure 55: Images of tensile bar curling when printed in a heated environment at various 

temperatures. (Nozzles temperature was 360 °C) 

 

Figure 56: The sum of the curling on both ends of the XY tensile bars printed using a nozzle 

temperature of 360 °C in various environment temperatures. 
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6.3.4 Effects of Post-Processing Conditions on Strength and Dimensional Accuracy 
Parts printed with a nozzle temperature of 360 °C in a 200 °C environment were post-processed 

at 260 °C for varying times (6, 12, 18, and 24 hrs.) to induce additional inter-layer entanglement. 

However, for amorphous thermoplastics such as ULTEM® 1010, maintaining the temperature of 

the parts above Tg can result in dimensional deformation. To counteract this, the authors embedded 

printed parts into a container with packed, pulverized salt, as described in Section 6.2.2.4.   

Figure 57 provides images of the printed parts following post-processing at 260 °C at different 

durations. As can be seen, the parts are not significantly deformed on a macro-scale using the 

powder embedding technique. The parts post-processed for shorter time periods (6-12 hrs.) are 

paler in color when compared to the longer times (18-24 hrs.). This may indicate a slight 

degradation of the material. Some of the part surfaces feature a white tint due to the surface defects 

from the removal of the salt. 

 

Figure 57: Image of the printed parts after post-processing at 260 °C for A) 6 hrs., B) 12 hrs., C) 

18 hrs., and D) 24 hrs. 

SEM images of freeze-fractured parts were taken to explore the internal interlayer/road 

bonding in relation to the post-processing time (Figure 58). An image was taken in the middle and 

at an edge of a printed specimen for each post-processing time period. It is observed that the shape 

and size of the voids between the printed roads are significantly different in parts that were not 

post-processed (Figure 58A) and parts that were post-processed (Figure 58B-E). Hart et. al. have 

previously shown how the long thin voids between printed roads form a grid-like pattern before 

thermal post-processing. It was shown that post-processing above Tg for a prolonged time (18 hrs. 

at 175 °C for ABS) resulted in the coalescence of the voids into spherical air pockets at semi-

regular intervals [153]. A similar phenomenon is observed in these experiments with ULTEM® 

1010, where the observed voids appear larger and more frequent in the cross-section images at 
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longer processing times. The spherical voids are larger in diameter than the long thin voids between 

the roads; the part is more likely to break where there is the largest collection of voids during the 

freeze-fracture process.  With increasing time, the frequency of the voids decreases (Figure 58B 

through Figure 58D) due to the coalescence of the pockets of air. Given enough molecular 

mobility, the small voids near the perimeter of the part may escape the bounds of the part. 

However, a number of the voids appear to coalesce to a large void located near the edge of the 

part. The large pocket on the edge appears to be the result of a gap in the interface between the 

perimeter roads and the infill (Figure 58A). Another observation is that all of the post-processed 

printed parts experience a more uniform fracture surface within the material. The interfaces 

between layers virtually disappear when post-processed above Tg for any extended time period. 
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Figure 58: SEM images of freeze fractured printed squares that were post-processed at 260 °C 

for times ranging from 0 to 24hrs. 

Additional SEM images were taken on the exterior surface of the printed parts to observe the 

effects of the powdered salt on surface quality. Figure 59 shows a comparison of the sides of a 

printed part with no post-processing and 24 hrs. of post-processing. While the dissolved salt 

particles resulted in external pockmarks on the part surface, there was no observed diffusion of 

salt into the part. Although creating a rougher surface may be undesirable, the defects are on the 



Zawaski-87 

 

order of ~1-130 µm, whereas the typical layer interface road curvature and interfacial surfaces 

occur every ~200 µm (set by the layer height print parameter) and have a depth variation up to 200 

µm (assuming the road is an obround shape).  

 

Figure 59: SEM images of the exterior of a printed part that a) used no post-processing and b) 

was post-processed at 260 °C for 24 hrs. 

Results from mechanical testing specimens with and without this post-processing treatment are 

shown in Figure 60. The XY specimens had a maximum of 18% increase in elastic modulus and 

27% in the yield strength for the parts post-processed for 18 hrs. Statistical analysis was not 

completed for the XY specimens due to a difference in sample size, where a tensile bar was 

discarded from processing error. The Z specimens increased up to 41% from 0 hrs. for the elastic 

modulus (P=6e-5) and a 50% increase in the yield strength (P=2e-5), where the post-processed parts 

were all statistically different from the parts that were not post-processed for both properties.  

The load direction for the XY specimens pulled along the layers, which were previously 

improved by increasing the environment temperature. The Z bonding improves substantially with 

this post-processing technique, beyond the in-printer process parameter changes. The largest 

increase in yield strength between two adjacent post-processing times was 36% for the Z tensile 

bars, which occurred between no post-processing and six hours of post-processing. This shows 

how post-processing for even a short amount of time can make a large difference in improving the 

inter-layer bonding. The tensile strength continued to increase up to 18 hrs. However, after 18 hrs. 

there was a decrease in both the elastic modulus and the yield strength. This is caused by i) the 

material degrading (as seen in the discoloration in Figure 57), and ii) by the coalesced voids 

breaking the surface of two out of the six Z specimens in the neck region, creating larger irregular 

cavities on the part surface (Figure 61). The results show an isotropy value of 89% (average Z 
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specimen strength divided by average XY specimen strength [118]) in the printed parts’ yield 

strength.  

The Z specimens’ yield strength is lower than that of the XY specimens because they featured 

large voids that were aligned with the specimen gauge length and often were connected to the 

part’s surface (Figure 61). In contrast, the XY tensile specimens exhibited smaller, more discrete 

closed voids. These voids change the effective area for evaluation of the elastic modulus; however, 

the stress was not adjusted for the effective area because it is an inherent part of the processing. In 

order to be able to make the printed parts truly isotropic, the printing process needs to be modified 

to minimize the voids created between printed roads. For example, it has been shown in FFF 

literature that decreasing the spacing between roads can create a more dense part with increased 

strength [47]. 

A) 

 

B) 

 

Figure 60: The mechanical properties of ULTEM® 1010 post-processed at 260 °C for different 

periods of time. The letters above each column indicate that there is no significant difference 

between columns with the same letter (p>0.05), where XY are only compared to XY and Z are 

only compared to Z. 

 

Figure 61: The neck of XY and Z tensile bars post-processed for 24 hrs. The cross-section of 

each neck is ~3.175 mm. 
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Figure 62 shows the results of the percent change in the dimensions and mass of the printed 

parts after post-processing when compared to before post-processing. Recognizing that the order 

in which the parts were packed in the salt could impact dimensional accuracy (i.e., parts packed 

on the bottom experience a greater load than the parts packed on the top), the dimensional stability 

of the parts is also plotted with respect to their packing layer (Figure 44) in Figure 62B. The 

average change of the part dimensions is < -1% irrespective of post-processing time and layer 

packing. The slight reduction in size is likely caused by the coalescence of the internal voids. The 

largest dimensional change observed is the vertical tensile bars post-processed for 18 hours (-8.2-

12.7%). The authors suspect that the outliers in the data were the result of variation in the packing 

process. All of the changes seen had a nominal maximum of 0.4 mm and a maximum percent 

difference of 12% from the printed part. Although it is desirable to have very accurate printing, 

this variation is within the accuracy of the printer used. The maximum difference seen from this 

set of data is equivalent to one nozzle diameter. This may be acceptable for applications where 

precision under 1 mm is irrelevant.  

A) 

 

B) 

 

Figure 62: The percent change for the dimensional measurements (length and mass) taken before 

and after post-processing parts shown A) by post-processing time and by B) the layer in which 

the parts were packed in salt (where set 1 was on the bottom and set 5 was on top, Figure 44). 

6.3.5 Light Absorption as an Indicator of Part Strength 
Figure 63 shows the light absorbance for the printed parts with varying processing and post-

processing conditions. There is an inverse correlation between the absorbance of light and the XY 

tensile strength for the parts printed using a varying nozzle and environment temperatures when 

comparing Figure 63A and Figure 63B to Figure 51 and Figure 54 respectively. The higher 

processing temperatures reduce the number of voids and interfaces between the roads. In turn, this 

decreases the absorbance of light through the part. One-way ANOVA shows that the parts’ 

absorbance for the different nozzle temperature are all statistically different (P<<0.05) (Figure 

63A). The absorbance of parts printed in environments of 150 °C and below are statistically 

different from each other. A pairwise comparison shows that there is not a statistical difference 

between parts printed in these environment pairs: 200 °C with 225 °C, 225 °C with 175 °C, and 

175 °C with 215 °C (Figure 63B). This is consistent with the tensile data where the yield strength 

has very little variation when parts were printed above 175 °C. These results demonstrate that 

clarity of an ULTEM®1010 part can be used as a non-destructive means to evaluate the strength 

of the printed part. 
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In contrast to these results, the post-processed parts did not show the same inverse correlation 

between absorptivity and strength; instead, the parts had a higher absorbance for the parts that had 

a higher yield strength. The absorbance measured for each post-processing condition was 

evaluated to be statistically different. The surface roughness created from the post-processing 

powder (Figure 59) inhibited the transmittance of light. Thus, light absorbance is not an 

appropriate means for verifying the strength of parts that have been post-processed via the authors’ 

salt embedding technique, without mitigating the surface roughness. 

A) 

 
B) 

 
C) 
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Figure 63: Absorbance measurements of light for the varying a) nozzle temperatures, b) 

environment temperatures, and c) post-processing time. The letters above each column indicate 

that there is no significant difference between columns with the same letter (p>0.05). 

6.4 Summary and Future Work 
The overall goal of this work is to explore the effects of thermal (post-)processing conditions 

on the quality of FFF ULTEM® 1010 parts. Specifically, the extrusion nozzle, build environment 

temperature, and thermal post-process conditions were varied to explore their impact on tensile 

strength, elastic modulus, dimensional accuracy, and light absorptivity. Nozzle temperatures at 

and exceeding 360 °C (printing at 15 mm/sec) created stronger parts due to a more consistent flow 

of the material in the nozzle. Lower nozzle temperatures caused under-extrusion and part defects. 

Build environment temperatures of 200 °C and higher increased the printed material’s intra-layer 

bonding, due to a slower rate of cooling and a longer time spent above Tg. By printing closer to 

the Tg of the material, the residual stresses within the material that induce curling were eliminated, 

which provided higher dimensional accuracy. 

 In order to enable thermal post-processing of printed parts above Tg without imposing 

deformation, the parts were embedded into powdered salt, which was later removed via water. 

Post-processing at 260 °C (approximately 40 °C above Tg) caused an increase in the Z tensile 

strength that was not observed in changing the nozzle temperature or environment temperature. 

Embedded parts in powdered salt retained the parts’ shape while being held above the material’s 

glass transition temperature for extended periods. A <1% linear shrinkage was observed in the 

parts following post-processing; however, this dimensional change is smaller than the accuracy of 

the printer. While the dissolution of the pulverized salt introduced surface defects, these defects 

are significantly smaller than the layer interfaces.  

In addition, the authors found an inverse correlation between the mechanical strength and the 

absorbance of printed ULTEM 1010® parts, which could be used as a non-destructive means to 

verify part quality. The same correlation was not seen for the post-processed parts, due to the 

surface defects from post-processing in powder. In future research, the authors will explore 

formalizing this post-processing technique as a non-destructive evaluation quality control 

approach following additional studies on different types of transparent materials, on larger parts, 

and the creation of a model to predict material strength based on the clarity. 
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7. Summary 

7.1 Summary of Research 
The overall research goal of this work was to expand the library of materials that can be 

printed using material extrusion additive manufacturing. In order to expand the library of 

materials and to gain a better understanding of the structure-process-properties relationship for 

FFF, two material needs cases were identified i) a water-soluble material for incorporating actives 

and ii) processing high-temperature high-performance polymers. These two goals enable the 

processing of materials that expand outside the standard FFF temperature range (190-260 °C) by 

enabling materials that process at much lower (70 °C) and much higher (360 °C) temperatures. 

7.1.1 Research Question 1 
The first research question is motivated by the concept of 3D printing pharmaceuticals. Using 

FFF has distinct advantages when compared to other AM processes, as described in Section 2.1. 

The challenge in processing with FFF is that processing at FFF’s typical high-temperatures causing 

the actives to become ineffective.  

 

Research Question 1 

How can active ingredients, that cannot be processed at high temperatures (<100 °C), be 

incorporated into a water-soluble 3D part processed by FFF for tailored release? 

 

The work proposed to answer this research question is focused on enabling the ability to print 

with a material below 100 °C. The first approach is to create a material that can be printed at a 

low-temperature with sufficient material characteristics for FFF. A material was developed by 

Pekkanen and co-authors [24] that uses ionic interactions to tune the material properties within a 

SPEG polymer series. Hypothesis 1.1.1 states that the use of ionic salt can affect relevant 

material properties to enable FFF printing. 

 

Sub-Question 1.1 

How can a low processing temperature dissolvable material be modified to be process-

able via FFF? 

Hypothesis 1.1.1 Hypothesis 1.1.2 

An ionic salt can be added to an existing 

polymer chain of a low processing 

temperature dissolvable material (PEG) to 

create discrete points of polar charges. 

Different counterions in the salt have 

different ionic interaction strength. Changing 

the ionic interaction strength changes the 

material properties to allow the ability to 

tune a material’s properties to enable 

material extrusion.  

An ionic filler added to a low processing 

temperature dissolvable ionic polymer can 

influence the ionic interactions within the 

material. Using an ionic filler with a stronger 

ionic charge can influence the material 

properties in a similar way as changing 

counterions within a sulfonated ionic 

polymer. This allows for the ability to tune 

material properties using a filler material, in 

place of material synthesis. 

 

The use of the different ionic salts in the SPEG material (Chapter 2) resulted in varying 

viscosity (Figure 5) and the crystallization kinetics (Figure 8). Although each of the counterions 

used in the polymer series resulted in a similar percent crystallinity, the crystallization rate and 
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spherulite size varied drastically. The Ca2+ counterion resulted in the most accurate part with the 

highest bonding quality due to its high viscosity (~104 Pa·s), which enabled the material to hold 

its shape, and with a small spherulite size (<10 µm), which prevented the part from warping. This 

knowledge gained can serve as a guide for modifying other low processing temperature or semi-

crystalline materials for FFF. 

Although the SPEG polymer containing the Ca2+ counterion produced the best print quality, 

the process used to exchange the counterions makes the material difficult to produce on a larger 

scale. Hypothesis 1.1.2 uses the knowledge gained from the evaluation of the SPEG series to 

evaluate the potential of using ionic fillers to produce a tunable printable material (Chapter 3). By 

incorporating an ionic filler (CaCl), the material was able to replicate the material properties of 

SPEG polymer containing the Ca2+ counterion, which corresponded to improved printability 

without exchanging the counterion. 

The work completed in Chapters 2 and 3 resulted in two new materials that process at a low-

temperature, are water-soluble, and can be processed via FFF for the potential of incorporating 

active ingredients directly into the polymer to address Research Question 1.  

The other potential solution outlined in Sub-Question 1.2 is to incorporate active ingredients 

by not directly adding them into the material, but instead embedding them into a designed cavity 

inside of a printed part. This would allow for tailored release times by altering the part geometry 

wall thickness and the incorporation of multiple active ingredients that could be released at 

different times. 

 

Sub-Question 1.2 

How can active ingredients be incorporated into a printed part, without adding the actives 

directly into the material for tailored release? 

Hypothesis  1.2 

Active ingredients in a liquid or powder form can be embedded into a printed soluble 

material, where the wall thickness of the printed material will create a time delay for release 

of multiple active ingredients. 

 

Chapter 4 addressed Sub-Question 1.2 using Hypothesis 1.2 to embed liquid and powdered 

active agents into printed parts. A list of design considerations was developed and used for creating 

liquid-tight parts for FFF. Parts were printed with an in-situ liquid embedding technique that 

successfully held the material. Parts were printed with varying wall thicknesses to determine the 

time of release. The observed linear trend was then used to inform the release time of a variety of 

wall geometries and multi-release chambers (Figure 31).   

The work completed in Chapter 4 resulted in the incorporation of materials into printed parts 

that could not themselves be printed. This method is a less direct way to address the overall 

research goal to expand the material library for FFF printing by embedding other materials into 

FFF parts. The methods developed for liquid embedding can be applied to other applications that 

require a liquid component in their manufactured parts like plant fertilization or part self-healing, 

where a glue that solidifies in air is embedded. 

7.1.2 Research Question 2 
The second research question of this research explored the effect of the mechanical strength 

and dimensional accuracy for FFF printing a high-temperature, high-performance amorphous 

polymer. ULTEM® 1010 is used in applications where a combination of high-strength, light-
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weight, chemical resistance, and/or dimensional stability at a high temperature is required. Thus 

when printing with ULTEM® 1010, the resulting part must exhibit high-strength properties. 

 

Research Question 2 

How does temperature affect the mechanical strength and dimensional accuracy for 

FFF printing a high-temperature, high-performance amorphous polymer ULTEM® 1010? 

 

The sub-question addressed the need for a low-cost, desktop-scale open-architecture FFF 

system that can achieve the high-temperature environment for processing high-temperature 

polymers, as described in Chapter 5.  

 

Sub-Question 2.1 

How can a desktop material extrusion machine be modified to enable high-performance 

materials? 

Hypothesis 2.1 

A heated environment is essential for printing high-performance polymers (e.g. PPSF). An 

inverted heat chamber with an open bottom will trap heat within only the printing area, while 

an open bottom allows for free movement of the print head.  

 

Hypothesis 2.1 states that an inverted heat chamber could use natural convection to trap heat 

and allow for full movement of the print head for a compact desktop-scale FFF printer. This 

hypothesis was created after an evaluation of the design criteria to design a high-temperature 

system, where the printer components are compatible with, protected from, or removed from the 

high-temperature. The concept of the inverted heat chamber was modeled using CFD software, 

verified experimentally, and validated by observing improved part strength of the high-

performance polymer PPSF when compared to room temperature environments (Chapter 5). 

After building the desktop-scale high-temperature system, the machine was used to address 

Research Question 2, which focused on studying the influence of the thermal processing conditions 

on the mechanical strength and dimensional accuracy of the high-performance polymer Ultem 

1010.  

 

Hypothesis 2.2 

Optimizing the processing temperatures, the strength and dimensional accuracy can be 

improved. However, incorporating post-processing above Tg the strength can be improved 

beyond what printing can achieve. 

 

Hypothesis 2.2 was addressed in Chapter 6, wherein Ultem 1010 was printed and optimized 

with varying nozzle temperatures, environment temperatures, and post-processing conditions. The 

nozzle temperature controls the flow of the material through the nozzle and was required to be at 

least 360 °C when printing at 15 mm/sec to prevent under-extrusion. Build environment 

temperatures of 200 °C and higher produced parts that exhibited higher intra-layer strength and 

decreased warping. A post-processing technique was developed to prevent the parts from 

deforming while remaining above Tg. The parts were embedded in powdered salt to support the 

shape of the parts during thermal post-processing The results showed the most improvement for 

inter-layer bonding by post-processing at 260 °C for 18 hrs. Additionally, tests showed an inverse 
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correlation between part clarity and strength, suggests this analysis could be used as a NDE 

technique for verifying part quality. 

The machine design in Chapter 5 was used for the study of Ultem 1010 in Chapter 6 to address 

Research Question 2 and the overall research goal. The machine design and the post-processing 

technique developed can be used to enable and improve the part quality and strength for FFF 

printing of high-performance polymers.  

7.2 Publications 
Each of the Chapters 2-6 represent a completed, or planned, peer-reviewed publication that 

resulted from this work. Listed below are the publication titles, the corresponding research 

questions they address, and the current status. 

 

Chapter 

Related 

Research 

Question 

Title 

2 RQ1.1 

C.E. Zawaski, E.M. Wilts, C.A. Chatham, A.T. Stevenson, A.M. Pekkanen, 

C. Li, A.R. Whittington, T.E. Long, C.B. Williams, Tuning the material 

properties of a water-soluble ionic polymer using different counterions for 

material extrusion additive manufacturing, Polymer (Guildf). 176 (2019) 

283–292. 

3 RQ1.1 

C.E. Zawaski, C.A. Chatham, E.M. Wilts, T.E. Long, C.B. William, Using 

Fillers to Tune Material Properties of an Ion-containing Semi-crystalline 

Poly(ethylene glycol) for Fused Filament Fabrication Additive 

Manufacturing Processing, Addit. Manuf. (Prepared for submission) 

4 RQ1.2 

C.E. Zawaski, E. Margaretta, A.T. Stevenson, A.M. Pekkanen, A.R. 

Whittington, T.E. Long, C.B. Williams, Embedding of liquids into water 

soluble materials via additive manufacturing for timed release, Addit. 

Manuf.  (Prepared for submission) 

5 RQ2.1 

C. Zawaski, C. Williams, Design of a low-cost, high-temperature inverted 

build environment to enable desktop-scale additive manufacturing of 

performance polymers, Addit. Manuf. 33 (2020). 

https://doi.org/10.1016/j.addma.2020.101111. 

6 RQ2.2 

C. Zawaski, C. Williams, The effect of Fused Filament Fabrication Thermal 

Processing Conditions on the mechanical strength and dimensional 

accuracy on ULTEM®1010, Addit. Manuf. (Prepared for submission) 

 

Other presentations related to this work include: 

Poster Presentations 

 Zawaski C.E. and Williams C.B., “Tailoring Dissolution via Additive Manufacturing of 

Water Soluble Polymers” Macromolecules Innovation Institute Technical Conference, 

Blacksburg, VA, October 11, 2016. 

 Zawaski C.E., Pekkanen A.M., Wilts E.M., Long T.E., Williams C.B., “Molecules to 

Manufacturing: Designing for Filament Material Extrusion” Southeast Polymer Forum 

2017 June 6th, Blacksburg, VA, 2017 
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 Zawaski C.E., Wilts E.M., Long T.E., and Williams C.B. “Using Fillers to Improve 

Printability of Semi-Crystalline Materials for Material Extrusion Additive Manufacturing” 

MII Technical Conference, Blacksburg VA, April 17, 2018 

 Zawaski, C.E., Williams, C.B. “The Impact of Thermal Processing Conditions on 

Mechanical Strength and Dimensional Accuracy for Fused Filament Fabrication of Ultem 

1010” MII Technical Conference, Blacksburg VA, Nov 4-6, 2019 

Oral Presentations 

 Zawaski C.E.., Stevenson A.T., Pekkanen A.M., Whittington A.R., Long T.E., and 

Williams C.B., “Tailoring Geometry to control dissolution of water soluble materials via 

additive manufacturing” Solid Freeform Fabrication Conference (SFF), Austin Texas 

August, 2017 

 Zawaski C.E. and Williams C.B., “Design of a Low Cost, Desktop-scale, High 

Temperature System for Fused Filament Fabrication of High Performance Polymers”, 

Solid Freeform Fabrication Conference (SFF), Austin Texas August, 2018 

 Zawaski C.E., Chatham C.A., Wilts E.M., Long T.E., and Williams C.B. “Using Fillers to 

Improve Printability of a Water Soluble Semi-Crystalline Polymer for Material Extrusion 

Additive Manufacturing”, Solid Freeform Fabrication Conference (SFF), Austin Texas 

August, 2018 

 Zawaski C.E., Stevenson A.T., Pekkanen A.M., Long T.E., Whittington A.R., and 

Williams C.B. “Using 3D Printing to Embed Liquids into Water Soluble Materials for 

Timed Release toward Pharmaceutical Applications”, Graduate Research Symposium, 

Blacksburg VA March, 2019 

 Zawaski C.E. and Williams C.B. “The Impact of Thermal Processing Conditions on 

Mechanical Strength and Dimensional Accuracy for Fused Filament Fabrication of Ultem 

1010” Solid Freeform Fabrication Symposium, Austin Texas August, 2019 

Intellectual property 

 T. Hodgdon, D. Graham, M. Farrel, C. Kenneally, C. Williams, C. Zawaski, Water Soluble 

Containers and Methods of Making Them, US 2019/0002172 A1, 2019. 

 T. Hodgdon, D. Graham, F. Barnabas, C. Williams, C. Zawaski, T. Long, A. Pekkanen, 

B. White, Polymeric Materials and Articles Manufactured There From, US 2019/0309163 

A1, 2019. 

 T. Hodgdon, D. Graham, F. Barnabas, C. Kenneally, C. Williams, C. Zawaski, T. Long, 

A. Pekkanen, B. White, Polymeric Materials and Articles Manufactured There From, US 

2019/0309238 A1, 2019. 

 T. Hodgdon, T. Long, A. Pekkanen, A. Whittington, C. Williams, C. Zawaski, D. Graham, 

C. Kenneally, F. Barnabas, A. Stevenson, Polymertic Materials and Articles Manufactured 

There from, US 2020/0086551 A1, 2020. 

 T. Hodgdon, T. Long, A. Pekkanen, A. Whittington, C. Williams, C. Zawaski, D. Graham, 

C. Kenneally, F. Barnabas, A. Stevenson, Method for manufacturing a Three-Dimensional 

Object, US 10,543,639 B2, 2020. 

 C. Zawaski, C. Williams, High temperature 3d printing via inverted heated build chamber, 

US 2020/0047412 A1, 2020. 

Co-author publications 

 A.M. Pekkanen, C. Zawaski, A.T. Stevenson, R. Dickerman, A.R. Whittington, C.B. 

Williams, T.E. Long, Poly(ether ester) ionomers as water-soluble polymers for material 
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extrusion additive manufacturing processes, ACS Appl. Mater. Interfaces. 9 (2017) 12324–

12331. https://doi.org/10.1021/acsami.7b01777. 

 E.L. Gilmer, D. Miller, C.A. Chatham, C. Zawaski, J.J. Fallon, A. Pekkanen, T.E. Long, 

C.B. Williams, M.J. Bortner, Model analysis of feedstock behavior in fused filament 

fabrication: Enabling rapid materials screening, Polymer (Guildf). 152 (2018) 51–61. 

https://doi.org/10.1016/j.polymer.2017.11.068. 

 C.A. Chatham, C.E. Zawaski, D.C. Bobbitt, R.B. Moore, T.E. Long, C.B. Williams, Semi-

Crystalline Polymer Blends for Material Extrusion Additive Manufacturing Printability: A 

Case Study with Poly(ethylene terephthalate) and Polypropylene, Macromol. Mater. Eng. 

304 (2019) 1–11. https://doi.org/10.1002/mame.201800764. 

o Stevenson, R. Dickerman, C. Zawaski, C. Williams, A. Whittington, Ionic Sulfonated 

Polyethylene Glycols Incorporating α-amylase for Multi-Processing Applications, 

Chemistry of Materials, Submitted 

 Das, C. Chatham, J. Fallon, C. Zawaski, E. Gilmer, C. Williams, M. Bortner, Current 

understanding and challenges in additive manufacturing of high-temperature engineering 

thermoplastic polymers, Additive Manufacturing, Accepted 2020 

 X. Chen, C. Zawaski, G. Spiering, B. Liu, C. Orsino, R. Moore, C. Williams, T. Long, 

Taking Advantage of Quadruple Hydrogen Bonding in Polyurea Supramolecular 

Elastomers for Melt Extrusion Additive Manufacturing, in-progress for submission 

7.3 Contributions 

7.3.1 Intellectual merits 
Through the process of modifying the material, machine, and process for expanding the 

available materials for FFF AM, the following scientific contributions were made: 

 An understanding of how nucleation density and spherulite size of a semi-crystalline 

material affect the material properties relevant to FFF processing. (Chapter 2) 

 An understanding of how ionic interactions affect material properties, and how 

different counterions or fillers can be used to tune the material properties to enable and 

improve printability.  (Chapter 2 & Chapter 3) 

 A methodology for embedding liquids and powders into thin-wall FFF printed 

structures. (Chapter 4) 

 A demonstration of a controlled delay in the release of dissolvable capsules by altering 

the wall thickness of FFF printed parts. (Chapter 4) 

 A novel FFF design to print high-temperature, high-performance polymers on desktop-

scale systems. (Chapter 5) 

 An understanding of the effects of processing temperatures on mechanical strength and 

dimensional accuracy of a high-temperature, high-performance, amorphous polymer. 

(Chapter 6) 

 A post-processing technique for solid FFF parts to increase inter-layer adhesion while 

maintaining the printed parts’ shape. (Chapter 6) 

7.3.2 Broader impacts 
By investigating the crystallization kinetics and material properties of the sulfonated PEG 

polymer series, the information can be used in designing and modifying other semi-crystalline 

materials for FFF. Semi-crystalline materials are typically not used for FFF due to the sudden 

change in material properties (e.g. volume, viscosity) as the material crystallizes. By understanding 
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the crystallization kinetics, developing FFF semi-crystalline materials will become easier to screen 

for FFF. 

 The embedding liquid process establishes a new method for achieving a timed release. The 

process of embedding liquids/powders can be translated into other applications. The ability to time 

release may be applied to drug delivery, water treatment, or plant treatment. 

The heated build environment chamber developed in this work enables desktop FFF machines 

to print a wider variety of materials to include high-performance materials with high thermal 

transitions. The chamber developed in this work was designed at a low-cost, which enables more 

researchers and users to be able to afford this capability and thus bring new materials to the FFF 

market.  

Ideal process parameters were identified for printing ULTEM® 1010. However, using the 

understanding of the relationship between the nozzle temperature and the material flow and the 

environment temperature with intra-layer bonding and curling can provide a more strategic way 

of optimizing thermal processing conditions for other polymers. Additionally, the salt-powder 

post-processing developed can be applied to any amorphous polymer to improve the inter-layer 

bonding of printed parts. 

The combination of this all of the elements of this work demonstrates the ability to change the 

material, machine, or process to enable the printing of new materials. Combinations of these 

approaches will greatly increase the available materials for material extrusion AM and will allow 

for materials to be tailored for specific applications and for taking advantage of AM's ability to 

produce customized parts. 

7.4 Future Work 
While this dissertation contained many contributions, there are still many questions that can 

be answered by further research. Each of the research questions have various unique opportunities 

for the continuation of work. This section discusses the next steps that could be taken for each of 

the research areas. Each step also includes the Chapters of relevance. 

7.4.1 Pharmaceutical  
By designing a new material that is FFF processed at a low-temperature and is dissolvable has 

enabled the potential for direct incorporation of active ingredients inside of the material for 3D 

printing. However, in order to use this ability for applications such as pharmaceutical, there is 

work in the pharmaceutical field that needs to be completed including: 

 Testing the SPEG with the Ca+2
 counterion and/or the SPEG with CaCl2 filler for bio-

compatibility. (Chapters 2 and 3) 

 Testing for undesirable interactions between active agents and the material. (Chapters 

2 and 3) 

7.4.2 Tailored Dissolution 
Outside of the pharmaceutical safety specifications, there is also is research in the area of 

tailoring the dissolution profile. This could include unit cell geometries and/or complex infill 

patterns to alter how the actives are released. Future work in this area would include: 

 Measuring the diffusion of a trackable material contained within the matrix polymer. 

(Chapters 2, 3, and 4) 

 Testing how the geometry of a dissolvable material can alter the release profile and 

create more complex releases for tailored dissolution. (Chapters 2, 3, and 4) 
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7.4.3 Structure-process-property relationship 
On the aspects of printability, there is potential in gaining a larger understanding of the 

structure-process-property relationship by further investigation. Listed are ideas for potential 

future work for continued study of the structure-process-property relationship: 

 Explore how spherulite size and crystallization rate influence volumetric shrinkage and 

the direction of shrinkage. (Chapters 2 and 3) 

 Determine if using nucleating agents can control the direction of shrinkage for a semi-

crystalline material and reduce/eliminate the warpage for 3D-printing other semi-

crystalline polymers. (Chapters 2 and 3) 

 Test if creating liquid-tight parts using liquid embedding techniques can be used to 

increase mechanical strength by decreasing the gaps in the printed roads. (Chapters 4) 

7.4.4 Development 
Finally, on the manufacturing side, there is still developmental work in order to enable the use 

of the liquid-embedding methodology. This includes:  

 Creating a slicer using liquid embedding techniques to automate creating optimal 

toolpaths for liquid-tight parts. (Chapters 4) 

7.4.5 Modeling high-temperature FFF 
The inverted heat chamber work featured a simple model used for a proof of concept of the 

chamber itself. This model can be expanded to include a more accurate representation of the 

environment and part temperatures during printing by: 

 Incorporating a moving print head into a 3D inverted chamber model to more 

accurately represent the temperature profile during printing. (Chapter 5) 

 Modeling and testing a part being printed in the inverted configuration to calculate the 

temperature profile of the part and test larger-scale parts ability to adhere to the bed 

(where mass and gravity may have a larger effect). (Chapter 5) 

7.4.6 Designing and Building the Inverted FFF system 
The FFF system design created in Chapter 5 was built as a prototype system for testing 

Hypothesis 2.1. There are design improvements that need to be done in order to be able to use the 

system for more applications and future research. The main improvements include: 

 Building a larger inverted chamber to allow for the printing of larger parts and to verify 

the inverted thermal model is valid for scale-up. This would include creating a moving 

bed or a longer print head. (Chapter 5) 

 Designing and implementing a cooling mechanism for the printed head that is well 

insulated from the environment. This can be used to test Ultem 1010 at higher nozzle 

temperatures and other high-performance polymers. (Chapters 5 and 6) 

7.4.7 Further investigation 
Chapter 7 introduced two new concepts, salt embedding post-processing and using clarity as a 

non-destructive evaluation, which require further research and investigation. Listed are suggested 

focuses for the next steps for these new concepts: 

 Determining the optimal particle size for post-processing in embedded salt. (Chapter 

6) 

 An investigation of surface coating materials for powder embedding to protect the part 

from defects created by the powder and be removed form the part after thermal post-

processing. (Chapter 6) 
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 An in-depth study of the correlation between mechanical strength and optical clarity 

for transparent materials. (Chapter 6) 
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