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Additive manufacturing of polyolefins via powder bed fusion 

Jackson S. Bryant 

(Abstract) 

Powder bed fusion (PBF) is an additive manufacturing (AM) process in which a fine polymer 

powder is selectively heated and melted using infra-red (IR) energy from a CO2 laser to melt the 

powder and coalesce the molten polymer together to form each layer. Semi-crystalline polymers 

are the most common thermoplastics processed in this AM process and powder is heated during 

the printing process to retard crystallization in the material. When crystallization happens too 

rapidly, warpage of a layer, which can lead to print failure is possible.  

Polyolefins represent a class of thermoplastic chiefly comprised of polyethylene and 

polypropylene. These materials are highly used in engineering applications however, their rapid 

crystallization kinetics generally make them much less suitable for PBF. They represent a material 

class in which traditional processing approaches with PBF are not always sufficient to enable 

printability. In this dissertation, printing of multiple polyolefins is investigated to both understand 

the processing of these materials and grow an overall understanding of processing in PBF for any 

polymer. 

A process chain which relies on fundamental polymer behavior is devised to process ultra-high 

molecular weight polyethylene (UHMWPE). This material has sufficiently high molecular weight 

that the viscosity is so high it is not considered to flow in the melt. The difficulty in coalescing this 

material was overcome by using melt explosion during processing to create some entanglements 

between adjacent powder particles and form a green part that could then be post-processed in the 

melt to develop final part properties. The viscosity of this material enabled shape retention during 
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this post-processing. Though this process chain enabled printing of UHMWPE, the printed parts 

were highly porous even after post-processing. 

Post-processing under pressure was investigated to further densify printed parts to achieve the 

mechanical performance expected for UHMWPE. By employing both cold isostatic pressing (CIP) 

and hot isostatic pressing (HIP), fully dense UHMWPE samples were realized. Strain at break was 

on par with traditionally processed UHMWPE was achieved, and tensile strength was only slightly 

less than the traditional processed material. 

Copolymerization of polypropylene (PP) with polyethylene (PE) to create random PP-PE 

copolymers, and its impact on material properties and processing was investigated. Increases in 

ethylene content were expected to decrease crystallization kinetics, which would increase 

processability of the material. Here, increases in processability means decreases in the likelihood 

of warpage. Though increases in ethylene content did lower the crystallization kinetics, these 

increases also significantly shifted the onset of melting for the copolymer to much lower 

temperatures, which limited the temperatures in which the material could be printed. Together 

these two changes led to a polymer that was more processable when ethylene content was 2.2% 

and then processability decreased as the ethylene content was increased to 4.9%. Printed parts from 

each copolymer showed a decrease in crystallinity with increasing ethylene content. Strain at break 

increased while tensile strength decreased with increasing ethylene content. 

A method of emulation of the PBF process was created to enable prediction of crystallization 

during processing. This method used in situ thermal measurements of the printing process to 

inform a thermal model to generate temperature profiles for a printed layer and then used these 

temperature profiles in fast scanning calorimetry (FSC) to emulate a printed layer’s thermal 
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history. This emulation enabled prediction of the crystallinity and the shape and temperatures 

covered by the melting endotherm during the printing process. 

Investigations of printing UHMWPE and PP-PE copolymers helped expand processing knowledge 

of polyolefins and of polymers in PBF overall. Challenges in viscosity during printing were 

overcome by exploring unique processing and post-processing methods to enable PBF of 

UHMWPE. An understanding of the impacts of ethylene content on processing and properties of 

PP-PE copolymers was developed and this insight can be valuable to guide future development of 

polyolefins for PBF. A powerful methodology for emulating the PBF process to understand 

crystallization was developed. This emulation provides an alternative to crystallization modeling 

and characterizes the crystallinity in a printed layer rather than just determining an amount of 

crystallinity. Through each of these contributions, understanding of PBF of polyolefins and the 

PBF process in general has been furthered. 
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Additive manufacturing of polyolefins via powder bed fusion 

Jackson S. Bryant 

(General audience abstract) 

Powder bed fusion (PBF) is an additive manufacturing (AM), or 3D printing, process. Like every 

type of 3D printing, this process builds 3-dimensional parts one layer at a time. In PBF a polymer 

powder, which looks similar to a fine sand, is selectively heated and melted using energy from a 

laser to melt the powder and form a layer. It does this by scanning across the surface of the powder 

in the desired layer shape. 

Polyolefins represent the most used types of plastics. This research investigated both polyethylene 

(PE) and polypropylene (PP), which are common plastics that most people interact with every day. 

These materials are highly used in engineering applications. However, they rapidly shrink as they 

cool from a liquid to a solid, which leads to difficulties as layers can deform during printing. Due 

to this difficulty, they are a fairly new class of materials to print.  

This dissertation includes the development of a method for printing a type of polyethylene so 

viscous that it doesn’t flow even when it’s a liquid. In this method, the part was only lightly scanned 

in the printer and was heated in an oven afterward to give the part strength. This method worked 

to print parts of the correct shape, but the parts were weak. Many other approaches were 

investigated to compress the parts to strengthen them. An approach in which parts were 

compressed at high pressures and heated proved successful for fully condensing parts together and 

led to the strongest 3D printed parts ever made using PBF. 

Another focus of this dissertation was trying to print polypropylene which had changes in its 

chemistry. These changes slowed down the shrinkage of the material during cooling and changed 
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the structure of the part on a microscopic scale. Adjustments in chemistry were found to weaken 

parts but make them stretch more before breaking. With small adjustments to the chemistry parts 

were less likely to warp during printing and make the print fail, however, with a higher change in 

the chemistry away from polypropylene, the powders became harder to print. This research began 

the investigation into understanding how a specific change in chemistry could impact the 

properties and processing of polypropylene materials, with the goal of making materials that are 

easier to print. 

Finally, a method to reproduce how a powder is heated by the laser and then cooled was developed. 

This method used an infra-red (IR) camera to measure the temperature of the powder during and 

following scanning and then used a temperature model to predict the temperature of that as the rest 

of the part was printed. By using this reproduction, the structure of each layer could be predicted 

during the build. This method will help understand what happens to the powder during the printing 

process. 

Investigations of printing UHMWPE and PP helped expand processing knowledge of polyolefins 

and of polymers in PBF overall. Challenges in viscosity during printing were overcome by 

exploring unique processing and post-processing methods to enable PBF of UHMWPE. An 

understanding of the impacts of ethylene content on processing and properties of PP-PE 

copolymers was developed and this insight can be valuable to guide future development of 

polyolefins for PBF. A powerful methodology for emulating the PBF process to understand PBF 

was developed. Through each of these contributions, understanding of PBF of polyolefins and the 

PBF process in general has been furthered. 
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Chapter 1: Introduction 

The overall aim of this dissertation is to further the understanding of powder bed fusion (PBF) of 

polyolefin materials. Polyolefins offer properties unique from polyamide materials which are the 

almost exclusive materials processed via PBF, especially in industrial printing. Unlike the 

polyamides traditionally used in PBF, polyolefin materials do not undergo post-condensation 

reactions during processing that lead to changes in viscosity of the material, have high chemical 

resistance, and the opportunity to achieve higher elongations at break. These materials crystallize 

quickly relative to most semi-crystalline polymers, which leads to challenges in their processing 

coming from warpage. When shrinkage during cooling occurs too quickly during printing, stresses 

build up and warpage can occur. Shrinkage-rate is proportional to crystallization rate. Ultra-high 

molecular weight polyethylene (UHMWPE) is a polyolefin material with exceptionally high melt 

viscosity which makes it not flow while in the melt, and therefore inhibits coalescence. Since no 

pressure or shear is applied during the PBF process, these materials coalesce only via surface 

tension. This behavior can pose significant challenges to successfully processing these materials. 

1.1 Motivation 

Laser-based polymer powder bed fusion (PBF) is an additive manufacturing process in which a 

polymer (usually semi-crystalline) powder is selectively scanned and melted using a CO2 laser. 

The polymer melt coalesces via surface tension and then cools and crystallizes to form a printed 

part. This process has the capability to batch process parts and work on an industrial scale. This 

scale and the capability to print semi-crystalline polymers, which are known for their high 

performance, makes this process especially powerful. 
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Though PBF has been extensively studied, the materials that are widely processable are still 

limited. Polyamide materials, specifically polyamide 11 & 12, still dominate the commercial 

market. Though these materials are valuable, they are not the best option for all applications and 

experience significant difficulties with recyclability in the process due to post-condensation 

reactions that happen in the printer. Polyolefin materials are of specific interest because of their 

common use in traditional polymer manufacturing and because they do not undergo post-

condensation reactions during printing. 

This research is driven by the goal of furthering understanding of PBF to enable successful 

processing of polyolefin materials. In literature, analysis of printing these materials is almost 

always limited to process-property relationships. Structure is not included and therefore trends 

based on a deep understanding of the materials have not been sufficiently formed. This literature 

is explored at length in Chapter 2.  

This dissertation has four research chapters. Chapters 3 and 4 investigate PBF processing and post-

processing of ultra-high molecular weight polyethylene (UHMWPE). Chapters 5 and 6 investigate 

processing and crystallization of polypropylene (PP) and polypropylene-ethylene (PP-PE) 

copolymers during the PBF process. Each chapter has a set of research questions that are detailed 

below. 

1.2 Research questions 

Chapter 3 

 How can UHMWPE be processed to coalesce particles during the printing process even 

though viscosity suggests coalescence is not possible? 
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 How can the expansion that occurs during melting of UHMWPE be mitigated to enable 

printing of multi-layer parts? 

 How can printed parts be densified to increase their mechanical properties? 

Chapter 4 

 How does pressure impact densification of a printed UHMWPE part? 

o What differences in densification occur during this process when comparing a cold 

isostatic pressing and hot isostatic pressing? 

 How do results of a fully densified printed UHMWPE sample compare to a melt-pressed 

sample? 

Chapter 5 

 How do changes in ethylene co-monomer content impact processing of PP-PE materials in 

PBF? 

 How do resultant mechanical properties and structure of printed parts change with 

increases in ethylene content? 

 How does PBF processability change with ethylene content? 

Chapter 6 

 How can crystallinity of a given layer during a PBF build be predicted? 

 How can a methodology to emulate crystallization during PBF maximize the direct 

measurements of a material? 
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Chapter 2: Review of powder bed fusion of polyolefins 

This chapter is comprised as the author’s contribution to the following review paper 

published in Polymer Reviews: 

Das, Arit, Jackson S. Bryant, Christopher B. Williams, and Michael J. Bortner. "Melt-

Based Additive Manufacturing of Polyolefins Using Material Extrusion and Powder Bed 

Fusion." Polymer Reviews (2023): 1-66. 

2.1 Powder Bed Fusion (PBF): Process Considerations 

Polymer PBF refers to the AM modality in which a fine polymer powder is selectively 

melted and coalesced by an energy source. In laser PBF (L-PBF), fresh powder is deposited onto 

the previously coalesced layer and scanned with an IR laser to create a three-dimensional object. 

PBF is an AM process which shows promise for being extensively used to make production parts 

in the future because of its ability to batch-process parts and lack of need for support material[1]. 

In this review, only L-PBF will be considered due to its prominence in literature as the first 

PBF process, as processing polyolefins through the high-speed sintering or multi-jet fusion 

modalities of PBF have not been reported extensively in the existing literature. In PBF, the energy 

supplied to the powder is a combination of the bed temperature (Tb) and the energy supplied by 

the laser during scanning[2]. The temperature the powder is held at during printing, Tb, is set by 

internal heating elements within the PBF machine. Energy supplied by the laser is most often 

described by “energy density”[3]. Energy density (ED) is a composite value that combines the 

most commonly controlled printing parameters of PBF machines, which includes laser power (W), 

beam velocity (mm/s), hatch spacing (mm), scan count (#), and layer height (mm). When 

combined, these parameters describe the volumetric ED (J mm-3) if layer height is included, and 

ED (J mm-2) if this value is excluded[2].   
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Polymer powder is most often heated to slightly below (~15° C) its melting temperature 

(Tm) since crystallization will occur slower the closer the Tb is to the polymer’s equilibrium melting 

temperature[2]. Most often Tb is above the onset of crystallization observed when measuring the 

polymer of interest using differential scanning calorimetry (DSC) at 10° C/min. This slower 

crystallization will reduce warpage of a coalesced layer[4]. It must be kept in mind that the fairly 

rapid crystallization kinetics of polyolefins make them somewhat difficult to process in a manner 

that severely limits the crystal size to significantly reduce the melting temperature range (e.g., 

cooling out of the melt very quickly to limit crystallization). During the PBF process the powder 

is gradually warmed up from ambient temperature to the set bed temperature for processing 

(usually 1-2 h). During this time, the powder can anneal and form larger crystals that melt at higher 

temperatures. There can be other cases in which annealing does not occur significantly (high 

atactic content for PP or high co-polymer content for PE—both scenarios in which crystallinity in 

the sample will be severely limited).  

Schmid notes that development of new materials for PBF are necessary to increase the 

applicaƟons for which PBF is suitable[5]. PE and PP are especially important for growing PBF 

markets in the automoƟve, electronics, and aviaƟon industries[5]. To date, most PBF research has 

focused on polyamides because they are most prevalent industrially in powder form[6]. A number 

of studies on polyamides have focused on reuse or recycling rates of powders. However, because 

these polymers are step-growth polymers which can undergo post-condensaƟon reacƟons that 

increase molecular weight and therefore viscosity, conclusions regarding reuse and recycling of 

powders may not be valid for non-step growth polymers such as PE and PP[2,7]. Another benefit 

of processing polyolefins via PBF is that the materials have lower melƟng temperatures than 

polyamides, which reduces energy consumpƟon during processing[1].  
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Successful prinƟng of a material via PBF is determined by the ability to print complex parts 

(parts with cross-secƟonal areas that change from layer to layer) with mechanical properƟes 

comparable to those for tradiƟonal manufacturing methods for that polymer (such as injecƟon 

molding). To accomplish this, it is necessary to heat the polymer above Tm to consolidate and 

densify the material without (i) degrading the material and, (ii) without inducing layer warpage 

that could cause a print to fail.  

Most current research in PBF of polyolefins is limited to reporƟng the most successful 

prinƟng condiƟons for a specific powder. In the ensuing secƟons, we invesƟgate the published 

research on PBF processing of PE and PP and discuss important successes and conclusions of each 

work. AŌerwards we offer recommendaƟons of future research areas that are necessary to 

accomplish successful PBF-based prinƟng of polyolefins.  

2.2 PBF of Polyethylene (PE) 

Overall, the research into PBF of HDPE is very limited, which is likely due to warpage during 

prinƟng, however it is uncommon to report on prinƟng failures within PBF literature. OŌen, 

researchers only note that a processing window is small, which does liƩle to help other 

researchers assess the prinƟng difficulƟes for HDPE. The lack of more literature in this area, as 

summarized by the few reports in Table 2.1, combined with the limited mechanical properƟes of 

the HDPE processed via PBF suggests there is significant research to be accomplished on PBF of 

this polymer.  

Research into PBF of HDPE began with Salmoria et al.’s invesƟgaƟon of prinƟng  parts using 

powders with different parƟcle size distribuƟons. They observed lower densiƟes and mechanical 
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properƟes as the parƟcle size distribuƟon increased[8]. Bai et al. found success prinƟng HDPE by 

supplying scanning layers twice[9]. This scan strategy helped deliver energy to the sample more 

gradually and made geometrically accurate parts. However, Bai’s seƫngs led to a maximum 

tensile strength of only 6 MPa, which is much lower than the 20-40 MPa tensile strength expected 

for injecƟon-molded HDPE[9,10]. They note that inconsistencies in mechanical properƟes of their 

printed parts is an impediment to prinƟng HDPE[9]. Hoelzel’s research focused on trying to print 

HDPE via PBF at a low cost with a custom built PBF machine[11]. Hoelzel’s print strategy included 

using tape in the print bed to promote first layer adhesion and help reduce warpage; notably, 

Hoelzel also printed some complex parts from HDPE. Hoelzel obtained mechanical properƟes 

comparable to the cast samples used as a control[11].  

Different HDPE composite materials have been explored for medical applicaƟons. One 

that has received the notable interest is hydroxyapaƟte (HA) reinforced HDPE, useful because 

bone bonds to hydroxyapaƟte[12]. The first research on this composite determined that a CO2 

laser could successfully deliver energy to coalesce this composite[13]. Hao et al. first performed 

preliminary tests of HA-HDPE composites by analyzing prinƟng of single layers[14]. They 

successfully printed single layers and showed increases in density with increased ED for 30 and 

40 vol% HA composites[14]. Later Bao et al. successfully printed mulƟlayer 40 vol% HA parts at 

different parƟcle size distribuƟons[15]. Although mulƟ-layer parts were printable, all parts, 

regardless of parƟcle size distribuƟon and prinƟng parameters, were too fragile for mechanical 

tesƟng. Hao et al. suggested that this was due to the high filler percentage and that more robust 

parts could be produced with a higher concentraƟon of HDPE[15]. Zhang et al. demonstrated 

printability of a 20 vol% HA-HDPE manufactured DMA test specimens[16]. Zhang et al. further 
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found that 20 vol% HA-HDPE composites produced via PBF showed good biocompaƟbility[17]. 

Salmoria et al. was able to print HA-HDPE scaffolds at HA wt% ranging from 0-20 wt%[18]. These 

parts enabled mechanical tesƟng and showed decreasing mechanical properƟes as HA wt% 

increased. Salmoria et al. note that tensile strength range determined when tesƟng these 

composites (4.5-33 MPa) are compaƟble with bone Ɵssue properƟes. FaƟgue tests showed 

increased faƟgue strength with increasing HA wt% over 1000 cycles[18].  

PBF processed HDPE is also of interest for implantable, drug-loaded devices. Salmoria et 

al. have successfully printed blends HDPE and the cancer treatment drugs fluorouracil and 

progesterone[19,20]. They printed HDPE/fluorouracil composite waffles for bone cancer 

treatment, and an HDPE/fluorouracil/progesterone composite intrauterine device for 

endometrial and ovarian cancer treatment. In each case, the drugs did not inhibit prinƟng. Both 

blends iniƟally showed rapid drug release followed by a slower, sustained release, which is 

desirable for these applicaƟons[19,20].   

UHMWPE is of special interest for AM because of its uƟlity in biomedical applicaƟons and 

wear applicaƟons. IniƟal research into PBF of UHMWPE conducted by Rimell et al.[21] was limited 

to demonstraƟng the ability of UHMWPE to coalesce aŌer being scanned by a CO2 laser in a 

custom PBF machine. Single-layer lines were printed in this machine. Using IR-spectroscopy, 

Rimell et al. confirmed that degradaƟon occurred during laser scanning[21]. For Goodridge et al., 

mulƟlayer UHMWPE parts became printable at Tb = 135°C and over a small laser power range 

with a scan count of two. Parts were able to be handled thermal post-processing was necessary 

to improve mechanical properƟes of the parts to make them sufficient for actual applicaƟons[22]. 

The Tb used for these experiments is notable because it is within the polymer’s melƟng 
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endotherm. Though the Tb is below the melƟng peak determined via DSC, it is sƟll expected that 

some fracƟon of the polymer’s crystals would melt at this Tb[22]. The reason behind this 

proposiƟon is that even parƟal melƟng of the polyolefin crystals will make some polymer chains 

labile, which could induce coalescence. Small amounts of coalescence between parƟcles 

increases the average parƟcle size and reduces flowability during powder recoaƟng that hinders 

the PBF process.  

Khalil et al. invesƟgated both tensile and flexural properƟes of UHMWPE processed via 

PBF[23,24]. Tensile properƟes are significantly less than those reported by the material supplier 

(Ticona). Samples (Figure 12a) did not achieve a relaƟve density exceeding 40% at any processing 

parameters, likely limiƟng the mechanical properƟes of these parts. Much like Goodridge et al., 

Khalil et al. used a Tb within the polymer’s melƟng endotherm of 142°C, which was above the 

polymer’s peak melƟng temperature of 141°C[23,24]. Khalil et al. further studied coalescence of 

UHMWPE using hot-stage microscopy and performed tests to elucidate changes in crystallinity 

with heaƟng and cooling rates, as highlighted in Figure 12b[25]. At higher cooling rates, the 

crystallizaƟon rate increased (leading to the generaƟon of crystals with more defects), indicaƟng 

the process to be a nucleaƟon-dominated while the crystallizaƟon temperature decreased.[25] 

However, the degree of crystallinity of UHMWPE remained relaƟvely unchanged when cooled at 

different rates.  

MulƟple approaches have been employed to improve processing of UHMWPE in PBF. 

Ullsperger et al. invesƟgated using near-IR laser pulses at a wavelength of 1030 nm, which they 

note as a wavelength where PE has poor absorpƟon. Samples were printable but had poor 

resoluƟon and the smoothness of the fracture surface suggests degradaƟon occurred. These 
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samples were printed at especially high EDs (6-8 J/mm2) but showed a tensile strength of 3.9 ± 

0.3 MPa[26]. Zhu and Wang explored the addiƟon of a silica filler to increase printability of their 

UHMWPE powder. Though dimensional accuracy increased for the samples with the filler, 

samples over a range of energy inputs had about the same tensile strength (~2 MPa) and 

elongaƟon at break (10%)[27]. Though these examples are sƟll far from achieving properƟes 

expected for this polymer when tradiƟonally processed, they offer insight into process and 

material changes that can be employed in PBF, demonstraƟng the need to explore new 

approaches. 

One common challenge observed in PBF of UHMWPE is z-direcƟon growth during prinƟng. 

Goodridge et al. observed this growth in powder across the build piston during the warm-up 

process[22]. Kozlovsky does not specifically note the expansion but shows images of z-direcƟon 

growth occurring aŌer laser scanning[28]. Both Khalil et al. and Zhu et al. observed parts with 

much greater z-direcƟon height than designed[23,24,27]. Zhu and co-authors assign this growth 

to caking, however the z-direcƟon caking was much greater than in the x & y-direcƟons[27]. Any 

amount of z-direcƟon growth would create difficulƟes during re-coaƟng, which makes this unique 

behavior something that should be further invesƟgated in future research.  

Zhao et al. invesƟgated post-processing of PBF-manufactured UHMWPE using a hot 

isostaƟc press (HIP)[29]. Pressures ranged from 4-12 MPa and temperatures ranged from 165-

185°C. A noƟceable increase in mechanical properƟes was observed with this post-process, and 

the greatest increase came from a post-process at 185°C and 12 MPa for 1 hour (Figure 12c). Even 

with the inclusion of post-processing, tensile properƟes were sƟll much lower than expected for 

UHMWPE[29]. The main reason behind the poor tensile properƟes of PBF processed UHMWPE 
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might be due to the limited amount of chain diffusion and re-entanglement across the printed 

layer interface through chain reptaƟon. In case of UHMWPE, reptaƟon dynamics is extremely slow 

due to the high molecular weight and high melt viscosity of the polymer.[30]  

2.2 PBF of Polypropylene (PP) 

PBF of PP has garnered significantly more aƩenƟon than PE due to the relaƟvely broader 

sintering window (Tm-Tc) of around 35°C.[31] A major porƟon of the literature studies the 

printability of the polymer by varying the processing parameters. Upon iniƟal invesƟgaƟon of 

various grades of PP with the intent of determining processability, Fiedler et al. compared various 

material properƟes to those of polyamides. Each grade of PP showed much lower absorbance at 

10.6 µm when compared to polyamides. Fiedler et al. also found that PP showed a greater 

temperature difference between the onset of melƟng and onset of crystallizaƟon than the 

polyamides tested, which suggests beƩer control over processing[32]. 

Reinhardt et al. performed a design of experiment and used a Taguchi analysis during their 

research to guide process parameter selecƟon for PBF of PP.  is the. Reinhardt et al This work 

Determined the influence of each key processing parameter, including orientaƟon on the print 

bed, on mechanical properƟes and other useful metrics such as dimensional accuracy and 

curling[33]. Ituarte et al. performed a screening design of experiment for PBF of PP and found 

that tensile strength increased with increasing energy density, while elongaƟon at break 

decreased. They also found strong interacƟons between process parameters, which led to non-

linear trends[31].   
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Zhu et al. achieved a tensile strength comparable to injecƟon molded PP but a much lower 

strain at break when prinƟng low-isotacƟcity PP[34]. This difference is aƩributed to the greater 

degree of crystallinity achieved during the slow cooling that is part of PBF. The researchers also 

observed that the relaƟve amounts of each crystal phase differed between IM and PBF samples 

and changed with changes in energy density for PBF[34]. As illustrated in Figure 13a, it was found 

the tensile strength increased with increasing energy density up to a certain point, beyond which 

tensile strength declined[34]. This is analogous to results reported by Caulfield et al.[35] for nylon 

12 and the trend was also observed by Wegner et al.[36] Figure 13b illustrates the different 

complex PP funcƟonal parts printed using PBF process parameters selected by Zhu et al.[34] 

Understanding crystallizaƟon kineƟcs of a polymer can greatly aid in understanding 

process-structure-property relaƟonships and printability in PBF. The morphology of the printed 

parts is dependent on the crystallizaƟon kineƟcs of the polymer under the prinƟng condiƟons. 

Armado et al. evaluated isothermal and non-isothermal crystallizaƟon for an isotacƟc co-

polypropylene using a Nakamura model and Hoffmann-Lauritzen theory. They found material 

constants for these models and simulated crystallizaƟon over 10 layers of prinƟng[37]. Tan et al. 

invesƟgated the crystallizaƟon kineƟcs of isotacƟc PP (iPP) and a PP copolymer (co-PP)[38]. XRD 

tests of printed samples found that crystalline regions in iPP were predominantly α-phase, while 

co-PP samples were predominantly γ-phase. This is notable for PBF manufactured co-PP because 

γ-phase crystalline regions are hard to achieve during injecƟon molding. They found the iPP to 

have a wider sintering window, which suggests that processing iPP without warpage is easier than 

for co-PP[38].  
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A criƟcal powder property for PBF is recyclability in order to have efficient build volume 

uƟlizaƟon.[39] This property will determine how your material ages with processing. Having a 

powder that maintains its properƟes during mulƟple print cycles will lead to more consistent and 

less wasteful prinƟng. In a powder recycling study of PP for PBF, Wegner et al. found only small 

decreases in mechanical properƟes of recycled powder. They tested virgin powder, recycled 

powder taken from a 13.5 h build, and a 50/50 blend of virgin and recycled powder. Mechanical 

properƟes of parts printed from the recycled powder were only slightly lower than virgin powder, 

and the authors hypothesized this loss could be minimized at higher EDs[40]. Mwania et al. 

similarly found insignificant changes in the two PP powders they tested. Crystallinity and viscosity 

aŌer use and re-use of excess powder from previous builds did not significantly impact material 

properƟes [41,42]. Together, this research on recyclability of PP in PBF suggests that polyolefin 

powders will show greater recyclability than polyamide powders due to their lack of post-

condensaƟon reacƟons during prinƟng.  

Glass fiber reinforced PP composites are one of the most common PP composites. Kleijnen 

sought to increase mechanical properƟes by reinforcing the PP powder with short (20-150 μm) 

glass fibers. Though tensile modulus increased by over 50% when PP was loaded at 30 wt.% with 

50 µm fibers, the tensile strength decreased. Kleijnen et al. aƩributed this decrease to poor 

adhesion between the glass fibers and the PP[43]. Kleijnen et al. also invesƟgated the inclusion 

of nucleaƟng agents to increase impact strength in PBF produced PP. This inclusion shiŌed the 

melƟng endotherm to lower temperatures and increased impact strength[44]. Preliminary 

experiments, which were limited to scans that produced single layer parts, have been conducted 

for PP filled with zeolite[45]. 
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Powder producƟon for PBF can be challenging because the target powder size distribuƟon 

is 10-120 µm and spherical parƟcles are important for flowability[2,46]. Wang et al. invesƟgated 

the producƟon of PP powders via thermal-induced phase separaƟon (TIPS)[47]. A variety of 

solvents were tested, and xylene was found to work best. Using this system, Wang et al. was able 

to produce highly spherical parƟcles and could control parƟcle diameter and parƟcle size 

distribuƟon by changing the concentraƟon of PP in the solvent[47]. Fang et al. also worked to 

produce PP powders via TIPS in xylene. They further successfully used this powder to make parts. 

MulƟple grades of PP were invesƟgated, and Fang et al. found that grades of PP with melt flow 

rates (MFR) of less than 10 g/(10 min) didn’t easily form powders via TIPS[48]. Tan et al.[49] built 

on Wang et al.’s research when they produced montmorillonite filled PP powder via TIPS in xylene. 

This work suggests the possibility of using this solvent system to produce both neat and filled PP 

powders[49].  

Other methods of powder manufacturing have also been explored. Schafer et al. saw 

success in producing spherical polyethylene parƟcles using a novel extrusion process in which jets 

of air were directed at the extrudate to sƟmulate Rayleigh disturbances which led to parƟcle 

formaƟon[50].  Fanselow et al.[51] took a similar approach to Schafer et al. but used melt-

emulsificaƟon for powder producƟon of both PE and PP. This enabled the producƟon of highly 

spherical parƟcles in which a porƟon of the parƟcles were in the correct parƟcle diameter range 

for PBF[51].  

Polypropylene powders have also been modified to improve printability. Gong et al. used 

a thermal treatment with mixed dispersant system (TTMS) to treat their PP powders. In this 

method, PP powder was sonicated in a dispersant at 170°C before quenching the sample, 
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resulƟng in decreased parƟcle size. Further, the temperature difference between the onset of 

melƟng and onset of crystallizaƟon was increased, which should reduce warpage during 

prinƟng[52] as highlighted in Figure 13c. Plasma treatment of PP powders has also been explored. 

Bonilla et al. successfully used a plasma surface treatment of PP powder to add a colorant to the 

powder. Only minor changes in crystallinity and parƟcle size were observed[53]. However, the 

mechanical properƟes of the printed parts fabricated using plasma treated powders were 

superior to those printed using untreated powders (Figure 13d). Higher packing density and 

improved layer resoluƟon in the plasma treated powders likely resulted in the enhanced 

mechanical performance of the printed parts.  

Table 2.1. Mechanical properties of pure polyolefins and their composites along with the 

relevant print conditions when printed using PBF. 

Polymer  Mechanical properƟes of printed 

parts 

Print condiƟons Reference 

HDPE Tensile strength: 5.5 ± 0.3 MPa 

Tensile modulus: 140.9 ± 15.5 MPa 

ElongaƟon at break: 32.0 ± 7.7 % 

ED: 0.016 J/mm2 

Tb: 101C̊ 

Bai et al. 

2016[9] 

HDPE Tensile strength: 10.6 ± 2.0 MPa 

Tensile modulus: 7.6 ± 0.7 MPa 

ElongaƟon at break: 3.0 ± 0.4 % 

ED: 3.30 J/mm2 

Tb: 125C̊ 

Hoelzel 

2019[11] 
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UHMWPE Maximum flexural stress: 2.12 ± 

0.05 MPa 

Maximum flexural strain: 60 ± 3% 

ED: 0.027 J/mm2 

Tb: 142C̊  

Khalil et 

al. 

2016[23] 

UHMWPE Tensile strength: 2.42 ± 0.20 MPa 

Tensile modulus: 72.6 ± 14.9 MPa 

ElongaƟon at break: 51.4 ± 6.6% 

ED: 0.027 J/mm2 

Tb: 142C̊ 

 

Khalil et 

al. 

2016[24] 

PP Tensile strength: 19.9 ± 0.5 MPa 

Tensile modulus: 599.1 ± 14.1 MPa 

Toughness: 19.3 ± 3.5 MJ/mm3 

ElongaƟon at break: 122 ± 25% 

ED: 0.0458 J/mm2 

Tb: 105C̊ 

 

Zhu et al. 

2015[34] 

PP Maximum tensile strength: 23.1 

MPa 

Maximum elongaƟon at break: 

3.5% 

ED: 0.0122 J/mm2  

Tb: 150C̊ 

Flores 

Ituarte et 

al. 

2018[31] 

PP + 30 

wt.% glass 

fiber 

E11: 1819 MPa 

E22: 1245 MPa 

ED: 0.0137-0.0205 

J/mm2 

Tb: 115C̊ 

Kleijnen 

et al. 

2017[43] 

 

2.3 PBF of Polyolefins: Future Directions 

Researchers have been reasonably successful printing PP via PBF, but printing PE with 

mechanical properties equivalent to injection molded parts has been limited. To achieve IM 

mechanical properties for PE, researchers must understand how to control crystallization of the 
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polymer during printing. Understanding temperatures and heat flow in the powder bed during 

printing and connecting this behavior to crystallization kinetics is imperative to optimizing printed 

part properties. Further, researchers must spend more time printing parts with complex geometries 

since most current research is limited to printing 2.5D parts for mechanical testing as the ability to 

print these parts is necessary to fully utilize AM of polyolefins. 

Developing metrics for rheological properƟes and crystallizaƟon rates necessary to make 

a polyolefin powder printable would be an invaluable aid for processing polyolefins via PBF. 

ExploraƟon into controlling molecular weight, polymer architecture, copolymer content and 

nucleaƟon addiƟves would help further establish the properƟes necessary to make a polyolefin 

powder printable. Fundamental polymer science and understanding polymer physics is necessary 

to achieve these types of analysis, which means analysis tools outside of the printer must be 

employed. Extensional rheometry will help directly measure the viscosiƟes perƟnent to the PBF 

process, which will aid in modelling and understanding of PBF. Fast-scanning calorimetry (e.g., 

Flash DSC) can match cooling rates observed in the printer and give insight into how crystallizaƟon 

occurs during PBF. Using analysis tools that accurately mimic PBF is crucial to understanding the 

impact of fundamental properƟes on processing of polyolefins.  

Powder producƟon should be another area of future work. OpƟmizaƟon of powder 

producƟon to not only achieve opƟmal parƟcle size distribuƟons and sphericity but also 

controlled morphology would greatly help PBF research of polyolefins. Research to increase 

powder producƟon efficiency would help researchers more rapidly screen powders to understand 

the material properƟes necessary to make a powder processable. AddiƟves such as flame 

retardants, stabilizers, and nano-fillers would all be valuable to try and include during the powder 
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producƟon process since each of these addiƟves increases the applicaƟon space for parts made 

via PBF.  

As discussed in the preceding secƟons, the non-isothermal thermal profiles, rapid 

crystallizaƟon kineƟcs, and formaƟon of porous structure during the melt-based AM processing 

of polyolefins limits their widespread applicaƟon. The presence of shear- or flow-induced 

crystallizaƟon effects can result in the nucleaƟon of crystals that impede polymer chain diffusion 

across the interfacial welds. To opƟmize both PBF and MatEx of polyolefins it is necessary to 

develop a physics-based understanding of each polymer’s processing and then employ this 

understanding to determine appropriate print condiƟons for each polymer. The focus of most 

studies in current literature is to invesƟgate the effect of print parameters on print properƟes 

(process-structure-property relaƟonships). However, the fundamental polyolefin properƟes and 

modificaƟons that can enable successful processing in AM (structure-process-processing 

relaƟonships) must be invesƟgated. 
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Chapter 3: Powder bed fusion additive manufacturing of ultra-high molecular weight 

polyethylene using a novel laser scanning strategy 

This chapter has been published by Additive Manufacturing and is presented in the 

published form. 

J.S. Bryant, M.J. Bortner, C.B. Williams, Powder bed fusion additive manufacturing of ultra-

high molecular weight polyethylene using a novel laser scanning strategy, Additive 

Manufacturing. (2023) 103885. https://doi.org/10.1016/j.addma.2023.103885. 

3.1 Abstract 

Current processing routes (ram extrusion, compression molding, and sheet molding) for 

fabricating ultra-high molecular weight polyethylene (UHMWPE) greatly limit the geometries that 

can be processed. Due to these limitations, additive manufacturing (AM) of UHMWPE has long 

been a goal, as the ability to fabricate complex geometries from this polymer could open new 

applications not possible using these traditional processing routes. UHMWPE’s especially high 

wear properties also fill a gap in current AM materials. Powder bed fusion (PBF) processing of 

UHMWPE is challenging due to the high melt viscosity of UHMWPE and melt explosion, which 

occurs during melting of UHMWPE and causes powder particle expansion during scanning and 

leads to powder recoating failure.  

This work demonstrates a novel scan strategy for PBF of UHMWPE, in which layers are 

scanned using large (1.2 mm) hatch spacings. Scanning with a large hatch spacing reduces 

conduction between scanlines and distributes energy so as to encourage coalescence without melt 

explosion. UHMWPE powder is only partially melted during this scanning approach, which causes 

light coalescence between particles and avoids z-direction expansion that disrupts powder 
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recoating. The lightly coalesced “green” parts are brittle and are densified by thermally post-

processing them in the melt. Parts retain their shape during post-processing due to the high melt 

viscosity of UHMWPE. Using this combination of a novel scan strategy with large hatch spacing 

and a post-processing thermal treatment, a 3000 kDa UHMWPE was successfully printed, 

demonstrating the first reported multi-layer PBF of UHMWPE with complex geometries. 

3.2 AM of UHMWPE state of the art 

Ultra-high molecular weight polyethylene (UHMWPE) is a polymer that is notable for its 

high wear properties and utility in biomedical applications [1,2]. Traditional UHMWPE processing 

employs a combination of time, temperature and pressure to form highly densified, solid parts 

which can be milled into the desired shape for an end-use application. It has traditionally been 

processed using compression molding, ram extrusion or sheet molding due to its especially high 

melt viscosity [3]. However, each of these processes limits conceivable part geometries, and takes 

many hours to complete. Additive manufacturing (AM) provides a route to obtain more complex 

geometries in existing applications while opening the door to additional functionalities and new 

markets. 

Though PBF of UHMWPE has previously been explored, there are still significant gaps in 

the research and realizing part performance expected for this polymer. PBF of UHMWPE was first 

explored by Rimell et al. In this research, only single lines were scanned and characterized in a 

custom PBF setup. Degradation was observed and increased with energy input. No layers or 

complex parts were printed [4] . Later, research conducted by Goodridge et al. showed the first 

successful printing of UHMWPE multi-layer parts via PBF. However, only flexural strength was 

reported, and the resulting value was only 0.52 ± 0.2 MPa [5]. Khalil et al. followed this research 

and printed UHMWPE at energy densities ranging from 0.016-0.032 J/mm2. They tested flexural 
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strength as well as tensile strength and reported values of 2.12 ± 0.05 MPa and 2.42 ± 0.20 MPa 

respectively [6,7]. This value is approximately 6% of the tensile strength at break reported by 

Celanese for the grade of UHMWPE used in their study when processed using compression 

molding. Kozlovsky printed UHMWPE using a custom PBF system that applied pressure to the 

powder bed during scanning and produced multilayer parts that were tested in compression. The 

true compressive yield strength of these printed parts ranged from 4.4-14 MPa [8]. Despite this 

progress, the current research has not demonstrated consistent printing of complex parts using PBF, 

nor have the printed results matched the properties attained for this polymer using traditional 

processing methods.  

Fused filament fabrication (FFF), has also been used to explore printing UHMWPE. The 

approach in that process has been to blend UHMWPE at different concentrations into other matrix 

materials— mostly polypropylene and polyethylene—and print the resulting composite [9–14]. 

Since these materials were composites rather than neat UHMWPE, the results in this work will not 

be compared to them.  

3.3 Challenges in powder bed fusion of UHMWPE 

3.3.1 Overview of polymer powder bed fusion 

Laser-based polymer powder bed fusion (PBF) is an additive manufacturing (AM) process 

in which polymer particles (20-100 μm in diameter) are selectively melted using scanning infrared 

(typically from a CO2 laser) irradiation under an inert nitrogen atmosphere. Powder is supplied to 

the build area during powder recoating using a counter-rotating roller or recoating blade [1]. The 

most common processing parameters for PBF are: laser power, beam velocity, bed temperature, 

and hatch spacing, which is the distance between the center line of parallel scanlines. Hatch 
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spacing is typically set to a value lower than the laser diameter, to induce scanline overlap which 

encourages densification and entanglement of polymer chains between scanlines.   

In PBF the laser rasters across the print area, selectively melting the polymer to form layers 

in the specified shape. Upon energy deposition by the laser, the polymer powder melts, coalesces, 

and then cools and crystallizes. Semicrystalline thermoplastics are the most processed materials in 

PBF and, during printing, the polymer is held at a temperature slightly below its onset of melting 

temperature to retard crystallization, which limits warpage. However, being in this temperature 

range does not mean that a polymer won’t crystallize (which could cause warpage) during cooling 

and at the bed temperature [1]. Warpage during printing can occur due to stresses developed during 

crystallization of the polymer during cooling and can be mitigated through changes in processing 

parameters, such as bed and feed temperatures or laser parameters [1]. Warpage of a printed layer 

during cooling often leads to sample shifting during recoating. 

3.3.2 UHMWPE’s high melt viscosity 

No shear is applied during the PBF process, which makes a polymer’s zero shear viscosity 

(η0) the relevant viscosity for processing [15]. As a point of comparison, at 200° C, multiple 

researchers have measured polyamide 12 (the most common PBF-processed material) to have a η0 

of less than 103 Pa·s [16,17]. UHMWPE has been reported to show a η0 as high as 108 Pa·s at 190° 

C [18]. This high viscosity is in large part due to the high molecular weight (MW) of the 

UHMWPE. First proposed by Fox & Flory, and later measured for polyethylene by Peticolas & 

Watkins, the zero-shear viscosity of polyethylene will scale with MW raised to the 3.4 power 

[19,20]. Surface tension, on the other hand, increases with molecular weight until it reaches a 

maximum value [21].  This five magnitude difference in η0 can prove challenging in PBF because 

coalescence depends on having sufficient surface energy to overcome the resistance of a polymer’s 
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melt viscosity to coalescence [15]. Limited coalescence during PBF will result in a low density 

printed part with significant porosity, which limits the part’s mechanical properties [22]. 

3.3.3 Z-direction expansion of UHMWPE upon energy deposition  

Initial printing attempts of the UHMWPE powder used in this research showed a unique 

expansion of the scanned layer in the z-direction. Often, when cooling of a scanned layer is not 

properly controlled, the edges of the layer will curl upwards during cooling, which disrupts powder 

recoating. Instead of curling, the entire scanned surface of the UHMWPE expanded uniformly. 

This growth led layers to be pushed out of position by the roller during powder recoating, which 

made printing multilayer parts with controlled geometries impossible.  

Though this phenomenon has not been directly mentioned in other literature on PBF of 

UHMWPE, other researchers have given evidence of this expansion being a consistent problem 

during PBF of this polymer. Goodridge et al. used a bed temperature within the melting endotherm 

of their grade of UHMWPE. In their research, they show that the powder uniformly expanded 

across the entire print bed during printing. Their feed piston, which was held at a temperature 

below the melting endotherm for their powder, showed no such expansion [5]. Khalil et al. make 

no note of expansion during printing; however, their parts showed z-direction thicknesses that were 

up to 3 mm greater than the designed thickness for their parts, which suggests a similar z-direction 

expansion during printing [7]. Kozlovsky shows images of single layer prints in which the scanned 

area is raised above the rest of the print bed [8]. Each of these results suggest that z-direction layer 

growth is a consistent problem when processing UHMWPE via PBF. However, no explanation for 

this behavior has been proposed. To achieve consistent printing of UHMWPE this behavior must 

first be explained and then, by understanding the behavior, a solution can be proposed to mitigate 

the expansion during printing. 
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3.3.4 Melt explosion in UHMWPE 

UHMWPE has a long history of being studied using fundamental polymer analysis techniques. 

This type of research can prove to be an invaluable complement to AM research, especially with 

difficult to process materials such as UHMWPE. Initial results found by Sadler et al. showed that, 

in solution-crystallized UHMWPE, the radius of gyration (Rg) did not scale with molecular weight 

(MW) as expected. Rather than having Rg ∝ MWα (where α is 0.5 or greater), Sadler et al. found 

an α value of 0.1 for their UHMWPE sample, thus as MW increases, there is a smaller increase in 

Rg than would be expected. This result led Sadler et al. to conclude that polymer chains in their 

samples showed minimal entanglement with each other [23]. Later research found that upon 

melting, polyethylene chains changed from their smaller than expected Rg to their melt Rg almost 

instantaneously. This change occurred at timescales much shorter than reptation theory would 

predict for the molecular weight of polyethylene tested [24]. DeGennes et al. further explored this 

research topic in UHMWPE and described the phenomenon as “explosion upon melting,” [25]. In 

this work, the authors will discuss this phenomenon using the name, “melt explosion.” In their 

work exploring melt explosion during sintering of UHMWPE powder, Deplancke et al. concluded 

that chain interdiffusion between particles was controlled by melt explosion rather than reptation 

[26]. This work elucidated the role of melt explosion during processing of UHMWPE and suggests 

that chain interdiffusion between powder particles could occur during energy deposition and 

melting in the PBF process. Further research by Deplancke et al. demonstrated that melt explosion 

during processing was critical to achieving significant entanglements between particles during the 

sintering process [27]. 

It is hypothesized that the z-direction growth observed during printing of UHMWPE via PBF 

is caused by melt explosion. The neat polymer powder undergoes melting during laser scanning, 
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which causes chains to move farther than would be expected over the timescale of heating during 

scanning. Once the chains have moved due to melt explosion, they are too viscous to continue 

moving significantly and crystallize at a much greater volume. 

3.4 Use of scan strategy to mitigate z-direction growth during PBF of UHMWPE 

It is hypothesized that this behavior can be mitigated by a novel scan strategy. Specifically, we 

propose using a larger than usual hatch spacing (hatch spacing larger than the laser diameter), to 

limit conduction between individual scanlines, and yield greater control of temperature, and 

therefore melting of the polymer, during printing. It is hypothesized that powder scanned with 

appropriate process parameters can undergo enough melting to lightly coalesce powder together, 

but not enough melting to show the macroscopic z-direction growth that disrupts powder recoating 

for subsequent layers. In this proposed process approach, the scanning approach would yield a 

“green part” with defined geometry and enough strength to be removed from the printer and then 

undergo thermal post-processing to densify the sample. Here, PBF processing would be used as a 

method to set the shape of the final part, but not to develop its final properties.  

Thermal post-processing of UHMWPE at temperatures above its melting endotherm to 

encourage diffusion and densification while maintaining part geometry would be possible due to 

the exceptionally high melt viscosity of UHMWPE. Using a two-step process-chain featuring 

thermal post-processing is usually not possible for PBF, though it is common in other AM 

processes such as vat photopolymerization, direct ink-write, and binder jetting [28–32]. Currently, 

materials printed via PBF have insufficient viscosities to maintain shape during a thermal post-

processing step. This method would remove the limitation of needing mechanical properties to be 

fully developed during printing.  
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Figure 3.1 displays the powder particles at each step of the proposed printing process-chain.  

 Step 1: powder particles are spread during powder recoating; they are loosely touching.  

 Step 2: a fraction of powder particles is lightly coalesced by non-overlapping laser 

scanlines (shown in red). This step shows the printed green part where some of the 

particles have not undergone any melting and are trapped between scanlines.  

 Step 3: samples are thermally post-processed, which densifies them. They show low 

amounts of porosity, which would yield mechanical properties close to that expected 

for UHMWPE. 

 

Figure 3.1 Depicts powder particles at each step of the proposed printing process. In step 1, 

powder is loose and unconnected. In step 2, some powder has been lightly coalesced and has 

formed a green part. Step 3 shows the hypothesized state of the final part that has been densified 

through thermal post-processing. 2B and 3B are three dimensional representations of steps 2 and 

3 respectively for printing a cube. All holes in the part shown in 2B are filled with loose powder 
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that will coalesce with the scanned scaffold during thermal post-processing to produce 3B. 2B 

shows both the high hatch spacing infill and the contour scan which creates a shell at the outer 

edges of the part. 

3.5 Materials and Methods 

3.5.1 Overview 

The goal of this work was to determine a suitable processing chain that would enable PBF of 

UHMWPE. All characterization was conducted to evaluate the hypothetical printing workflow 

proposed to avoid z-direction expansion during laser scanning (Figure 3.1). Methods are used to 

determine the appropriate processing parameters to successfully print single layers and then print 

multi-layer green parts. Green parts are evaluated to understand their structure and how their 

process-structure relationship enabled successful printing. Thermal post-processing parameters 

were evaluated and post-processed part properties were characterized. 

3.5.2: Characterization of neat powder 

3.5.2.1: Molecular weight 

Braskem provided a 3000 kDa UHMWPE powder that was used in this research. MW of 

printed samples was not analyzed. UHMWPE chains are at too high a MW for size-exclusion 

chromatography (SEC) measurements. As such, empirical observations of yellowing or change of 

opacity in the material during printing or post-processing were used to determine if MW loss 

occurred.   

3.5.2.2: Particle analysis 
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 Received powders were analyzed via a Horiba LA-950 laser diffraction powder size 

analyzer to quantify particle size for the powder. Water was used as the liquid medium for this 

experiment and d10, d90, and mean particle size were determined from the particle size 

distribution. The neat powder morphology also was analyzed using scanning electron microscopy 

(SEM). Samples were sputter coated with a 5 nm thick Iridium (Ir) coating and measured at 4 kV. 

In addition, static and tapped density measurements were conducted and the Hausner ratio was 

calculated from these values to predict powder flowability. 

3.5.2.3: Differential scanning calorimetry (DSC) of powder 

Differential scanning calorimetry (DSC) was performed using a TA Instruments Q2000 to 

understand the morphology and phase transition temperatures of the neat powder. Samples were 

heated at 10 °C/min from 25-180 °C. The first heat was chosen to assess the material because this 

measurement aligns with the morphology of the powder as it enters the printer. Degree of 

crystallinity was calculated using a heat of fusion of 288 J/g for polyethylene [33]. 

3.5.3: Printed part analysis 

3.5.3.1: PBF system 

The polymer powder bed fusion machine used for this research was a Prodways Promaker 

P2000 HT manufactured by Farsoon. This machine is equipped with a 60 W, CO2 laser that has a 

beam diameter of 500 µm and wavelength of 10.6 µm. This machine has controllable laser power, 

beam velocity, and hatch spacing. Values for these parameters can be set for both infill and contour 

scanning (Figure 3.2). Contour scanning is a scanline that occurs at the edges of each layer and 

adjacent, unscanned powder. 
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Figure 3.2 A 2D representation of the PBF print process which shows the powder bed, a single 

layer 2D shape that will be scanned, and representations of scanlines and hatch spacing. 

3.5.3.2: Process parameter selection for novel scan strategy 

 PBF process parameters such as laser power and hatch spacing were systematically altered 

to experimentally identify a processing window for this polymer. In situ IR-thermography of 

powder surface temperature was captured using a Micro Epsilon TIM 640 camera to track how 

different processing parameters changed the peak temperature measured during scanning. Peak 

temperature was chosen because this value represents how much powder melting occurred during 

scanning (higher temperature = more melting). Temperature measurements of scanned powder 

were coupled with observations of z-direction expansion at different sets of process parameters to 

determine process parameters that would limit melting and therefore z-direction expansion such 

that multi-layer parts were printable.  

3.5.3.3: Thermal post-processing 
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 Printed green parts (featuring trapped powder in a scanned scaffold) were post-processed 

under N2 at 180, 200 and 220 °C for 2 h in a Thermo Fisher Lindberg Blue M vacuum oven. These 

temperatures were chosen to be above the full melting endotherm of the UHMWPE powder, but 

low enough to reduce the risk of molecular weight loss during post-processing. Two hours was 

chosen to enable a sample to equilibrate at the set temperature while limiting time in the melt to 

limit the chance of molecular weight loss. 

3.5.3.4: Part density, printed part dimensions and shrinkage 

Density of PBF samples are typically measured using Archimedes method by measuring 

part mass with a balance and finding part volume with a buoyant force measurement [34]. Because 

the densities of the samples printed in this research were lower than the common liquids used for 

this method (water, ethanol), the buoyant force could not be calculated. Instead, density was 

determined by measuring printed 7 x 7 x 7 mm cubes. Density was calculated by dividing the 

measured sample mass by the calculated sample volume (measured by digital calipers). Printed 

dimensions of green parts were compared to their intended dimensions. Samples dimensions were 

measured before and after post-processing to determine shrinkage and post-processed density. 

3.5.3.5: Tensile testing 

A tensile specimen adapted from an ASTM D638 type IV bar was designed to enhance the 

robustness of printed tensile specimens. The standard size was modified as shown in Figure 3.3. 

Samples were tested at a strain rate of 5 mm/min on an Instron 5944 tensile tester with a 2 kN load 

cell.  
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Figure 3.3 Depicts the dimensions of the adapted tensile bar used for testing. All dimensions are 

in millimeters. 

3.5.3.6: Scanning electron microscopy 

Fracture surfaces of pulled tensile specimens were analyzed using scanning electron 

microscopy (SEM). Samples were sputter coated with a 5 nm thick Iridium (Ir) coating and 

measured at 4 kV. This method helped to qualitatively assess the level of densification of the 

sample and evaluate how the sample fractured during tensile testing. 

3.5.3.7: Differential scanning calorimetry (DSC) of printed parts 

Differential scanning calorimetry (DSC) was performed using a TA Instruments Q2000 to 

understand the morphology of the printed green parts and parts after post-processing. These results 

elucidate how much melting occurred in the green part and the degree of crystallinity in printed 

parts. Samples were heated at 10 °C/min from 25-180 °C. Degree of crystallinity was calculated 

using a heat of fusion of 288 J/g for polyethylene [33]. 
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3.6: Results/Discussion 

3.6.1: Characterization of neat powder 

Particle size analysis (Figure 3.4) showed the powder particles had an average particle size 

of 73 µm, d10 of 42 µm and a d90 of 103 µm, which are primarily within the 45-90 µm range 

suggested by Schmid et al. for good flowability in PBF [35].  

 

Figure 3.4 the particle size distribution shows the majority of particles are below 100 µm. No 

particles below 30 µm are present.  

SEM of the powder (Figure 3.5) showed the powder particles are fairly spherical and 

rounded without sharp edges. Particles display some rounded surfaces and some nodules, which 

form during synthesis of the UHMWPE, on their surface. The static density of the neat powder 

was 0.477 ± 0.003 g/cm3. The tapped density of the powder was 0.569 ± 0.002 g/cm3. Together 

these values yield a Hausner ratio of 1.19, which is less than 1.25 and therefore predicts good 

flowability of the powder [15]. 
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Figure 3.5 neat powder is reasonably spherical and edges are rounded, which suggests good 

flowability. Some powder particles show nodules on their surface (circled above), but no especially 

angular features. 

A first heat DSC measurement of the neat powder shows a peak melting temperature 

(Tm,peak) of 139 °C. The onset of melting (Tm,onset) occurs at 123.5 °C. A first cooling DSC 

measurement of the same powder shows an onset of crystallization (Tc,onset) at 123.5 °C and 

crystallization peak (Tc,peak) at 119.5 °C (Figure 3.6).  

 

Figure 3.6 DSC of first heat and first cool of the neat UHMWPE powder. 

3.6.2: Determination of print parameters for novel scan strategy 
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To reduce powder melting via conduction from a scanned area, and therefore z-direction 

expansion, all temperatures in the printer were set to 100° C, which is 20° C below the onset of 

melting for the polymer. Printing at this temperature created a larger barrier to melting since the 

powder would have to be heated up significantly more than is commonly used for bed temperatures 

in PBF (usually only 5-10° C below onset of melting). 

To determine the energy input necessary to cause coalescence of individual scanlines 

without significant z-direction expansion, single layer scans of 20 x 20 mm squares were printed. 

These layers were printed with no infill and a single contour scan. Having a contour scan with no 

infill yields a single scanline square, which connects to itself and is therefore easier to remove 

from the printer. Samples were scanned with laser powers of 10-60 W (in 10 W increments) and a 

constant beam velocity of 1000 mm/s. Samples were manually evaluated to see if coalescence 

occurred and visually inspected to determine if expansion occurred relative to the unscanned 

powder in the build area.  

For each sample where coalescence occurred (40-60 W), the coalesced scanline was very 

fragile and could be reduced to powder by hand. The results of this experiment are detailed in 

Table 3.1. A laser power of 50 W was determined to be the best option for printing samples at this 

beam velocity because samples scanned at this power showed coalescence without z-direction 

expansion. 
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Table 3.1 Samples showed a shift in behavior at 40 W to begin showing coalescence. At 60 W, the 

coalescence was sufficient to cause expansion of the scanline as well. All samples were scanned 

at 1000 mm/s. 

 

After an appropriate laser power was determined, the hatch spacing for a layer needed to 

be chosen. Hatch spacings of 0.1-0.3 mm are common in PBF and have been used to print a variety 

of polymers ranging from polycarbonate to PEEK [36,34,37–40]. These hatch spacing values are 

smaller than the diameter of the laser in PBF, usually 500 µm, which leads to overlap of scanlines 

during scanning. To ensure coalescence of individual scanlines without conduction between 

scanlines causing melt explosion, single layer samples (20 x 20 mm squares) were scanned at 50 

W, 1000 mm/s and hatch spacings ranging from 0.3-1.8 mm in 0.3 mm increments. 

 

Figure 3.7 Changes in hatch spacing will determine the amount of conduction between individual 

scanlines. Lower hatch spacings have more conduction and result in greater melting of the powder 
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and z-direction expansion and shown in the samples printed at 0.3-0.9 mm hatch spacings. Higher 

hatch spacings lead to individually defined scanlines. 

At hatch spacings of 0.3-0.9 mm, conduction between scanlines led to expansion of the layer 

(Figure 3.7). Hatch spacings of 1.2-1.8 mm yielded a layer of individual scanlines (scanned 

horizontally) that showed no significant z-direction expansion. The amount of z-direction 

expansion is directly related to the peak temperature reached during scanning at each hatch 

spacing. At 0.3 mm hatch spacing, scanlines overlap significantly (overlap of 0.2 mm) and leads 

to the highest peak temperature of any sample as measured by IR camera during scanning (139.7° 

C). This peak temperature decreases significantly when hatch spacings are larger than the beam 

diameter (> 500 µm). Peak temperature decreases with increased hatch spacing due to a greater 

distance between scanlines, which limited conduction between them.  

 

Figure 3.8 Peak temperature of scanned area as measured by in situ IR thermography decreases 

significantly as hatch spacing becomes greater than the beam diameter (0.5 mm) shown in red. 

Above that value, peak temperature slowly decreases as the distance between scanlines decreases 

the amount of conduction between scanlines. 



41 
 

At a 1.2 mm hatch spacing, single layer samples showed little to no z-direction expansion 

(Figure 3.7) and little conduction between scanlines (Figure 3.8). At this hatch spacing, 

approximately 42% of a layer’s area will be scanned (beam diameter divided by hatch spacing), 

while the majority of the layer is loose, unscanned powder. This hatch spacing balances scanning 

a large fraction of each layer to provide green part strength, while still greatly limiting conduction 

between scanlines and preventing z-direction growth. Based on the experiments shown in this 

section, the processing parameters of 50 W for power, 1000 mm/s for beam velocity and a 1.2 mm 

hatch spacing were chosen for the infill and contour laser parameters.  

3.6.3: Characterization of printed parts 

3.6.3.1 Analysis of green parts 

Printing multilayer parts with these processing parameters in section 3.2 was successful. 

Printed green parts were brittle but could be removed from the powder bed by placing a perforated 

metal sheet  on the build piston before printing. This allowed the samples to be removed from the 

printer and then excess powder surrounding the part was removed using compressed air. Complex 

parts with a variety of different layer shapes were printed.  

Green parts had a printed density of 0.424 ± 0.023 g/cm3. It is noted that this value is lower 

than the static density for this powder (0.477 ± 0.003 g/cm3), due to the effects of recoating. Green 

parts dimensions showed a -1.3 ± 2.6% deviation from its set dimension in the x-axis, -1.9 ± 2.0% 

in the y-axis and -5.6 ± 4.1% in the z-axis. This high level of accuracy in the x and y-axes suggests 

conduction from the scanned part to the surrounding powder is insufficient to raise the surrounding 

powders’ temperature enough to cause melting. Loss of height in the z-axis is likely due to loss of 

loose powder during part removal. However, the amount of dimension loss in this direction is still 
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quite low and could be calibrated to account for differences in dimensions, as is standard for PBF 

of commercial materials.  

DSC of the printed scaffold that was scanned during printing was performed. To test only 

the areas scanned during printing, compressed air was used to remove all loose powder inside the 

high hatch spacing printed parts. Figure 3.6 showed that the neat, unprocessed powder has only 

one melting peak when measured with DSC. The scanned powder area of the part shows two 

melting peaks. The higher temperature peak at 138° C occurs at the same temperature as melting 

peak observed in the neat powder. The second peak occurred at a lower temperature, which 

suggests only a fraction of the measured sample has melted and recrystallized at a lower 

temperature. This result suggests that powder particles are only partially melted during scanning, 

possibly only melting the particles at the center of the laser scanline or only melting the surface of 

the particles. This partial melting behavior has been previously observed when processing Nylon 

12 with insufficient energy density to fully melt the powder particles [41].  
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Figure 3.9 DSC of both the scanned section from a printed part with excess, unmelted powder 

removed and the neat, as received powder. The scanned powder curve has two peaks which 

suggests a partial melting of the powder. 

3.6.3.2: Post-processed part analysis 

 For a sample that fractured along a layer interface during printing, both the high hatch 

spacing infill and the contour are visible inside the sample after post-processing (Figure 3.10). 
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Figure 3.10 In this lattice sample, vertical and horizontal lines are visible in the sample and show 

the hatch spacing scanned infill. The contour scanline that traces the perimeter of the scanned 

layer is visible as well. 

Table 3.2 All mechanical and dimensional properties measured for samples at each post-

processing temperature.   

 

Results of properties at east post-processing temperature are shown in Table 3.2. A two 

tailed T-test was used to assess if differences in measured properties between each post-processing 

temperature were significantly different and a p-value of 0.05 was chosen for these tests. 

Surprisingly, tensile specimens showed decreasing tensile strength with increasing temperature, 

which suggests that coalescence in these parts is not controlled by reptation, which scales with 

temperature, and is more likely primarily controlled by melt explosion of un-melted regions of 

powder in the part. All post-processing temperatures showed statistically significant differences in 
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tensile strength. Elongation at break at each post-processing temperature was near 50%, with no 

significant difference between any post-processing temperature. The peak tensile strength 

achieved was 2.34 ± 0.20 MPa when post-processing at 180 °C. This tensile strength is similar to 

the best reported tensile strength reported by Khalil et al., however this work demonstrates printing 

of complex geometries not reported by Khalil or Goodridge work [5,7]. 

 

 

Figure 3.11 representative tensile curves for each post-processing temperature show a slight 

increase in tensile strength and elongation with decreasing post-processing temperature.  

 Sample densities were close to one another, and the only statistically significant difference 

in density occurred between the samples post-processed at 200 and 200° C. Densities for all post-

processed samples are below the tapped density for the powder (0.569 ± 0.002 g/cm3).  No 

statistical difference was found for volumetric shrinkage at any post-processing temperature. 

Differences in shrinkage between the X, Y and Z direction of post-processed parts were not 

statistically significant at any temperature except the X and Y direction shrinkage in the 180° C 

samples. 
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All three post-processing temperatures led to samples with very similar degrees of 

crystallinity. No yellowing, or other discoloration was observed in any of the parts during printing 

or post-processing, which suggests that molecular weight loss is not present. Samples maintained 

their printed geometry and did not show any slumping of features, even when lattice geometries 

with significant overhangs were printed (Figure 3.12). 

 

Figure 3.12, a printed lattice after being post-processed for 2 h at 220 °C under N2. The high melt 

viscosity of the sample enables the part to maintain its shape during post-processing. 

SEM of a tensile fracture surface shows that particles deformed very little during printing 

and post-processing (Figure 3.13). There is significant porosity in the part, which matches the low 

measured density compared to the bulk density of this polymer (0.925 g/cm3). A closer inspection 

of the fracture surface shows that the samples are fracturing in areas of low contact between the 

particles. The morphology shows UHMWPE bridges connecting the particles; however, the bulk 

of each particle’s volume retained its original, somewhat spherical, shape. The results suggest that 
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the measured stress is acting over a very small surface relative to the cross-sectional area used to 

calculate stress at break. 

 

Figure 3.13 shows the fracture surface from a tensile specimen post-processed at 220 °C. Rather 

than deforming significantly during post-processing, samples have small deformations connect 

particles together and form a slightly interconnected network. 

3.7: Conclusion & Future Work 

Multilayer UHMWPE parts were successfully printed using a novel scan approach. By using 

a high hatch spacing, melting during scanning was controlled and expansion of the powder due to 

melt explosion was reduced to a level that enabled powder recoating. Printed samples were post-

processed in the melt and maintained their shape during densification. 

The DSC of scanned powder suggest that the partial melting of the scanned area allows the 

polymer particles to melt enough to coalesce and form a scaffold structure that can be removed 

from the print bed, while also limiting the z-direction growth that occurs during melting. This 

balance is crucial to enabling printing of this polymer.  



48 
 

When post-processing at 180° C, samples showed a 23.6% increase in density after thermal 

post-processing when compared to the printed green part density. Both density measurements and 

SEM images of the tensile fracture surface show significant porosity is present in samples even 

after post-processing, which leads to mechanical properties much lower than that of compression 

molded UHMWPE of the same molecular weight.  

This work showed the first successful multilayer printing of UHMWPE with complex 

geometries. Additive manufacturing of this polymer was achieved by connecting process 

observations to melt explosion in UHMWPE. By understanding melt explosion, a solution using 

a scan strategy with especially high hatch spacing was determined. This research is the first 

example of setting a part’s shape during the polymer PBF printing process and developing its 

mechanical properties during a post-processing step. UHMWPE’s high melt viscosity was 

leveraged to enable thermal post-processing at temperatures well above its melting endotherm 

while maintaining the part’s shape. In this research, densification of printed green parts was driven 

exclusively by heating. Traditional processing of UHMWPE uses both heating and pressure to 

drive densification. Future post-processing experiments will include both heating and pressure via 

a hot isostatic press (HIP), autoclave or other method. It is hypothesized that external pressure will 

help close pores in the parts and increase density, which will lead to more robust parts.  
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Chapter 4: Pressurized post-processing of ultra-high molecular weight polyethylene 

processed via powder bed fusion 

Coauthor: Yifeng Lin 

4.1 Abstract: 

Ultra-high molecular weight polyethylene (UHMWPE) offers the best wear properties found in 

thermoplastic materials. However, processing this material is intensely difficult due to its high melt 

viscosity. Recently, the authors presented a novel tool-pathing strategy in which the powder was 

lightly fused to set the shape, and a thermal post process further consolidated the powder. The high 

viscosity of UHMWPE prevented slumping and distortion of the part. While the approach 

presented a path towards creating 3D shapes from UHMWPE, parts were limited by very low 

densities and poor mech properties. In this work, the authors explore the impact of applying an 

isostatic pressure to the post-processing thermal treatment on the density, crystallinity, and 

mechanical properties of printed UHMWPE. It was discovered that the use of cold isostatic 

pressing to densify samples at room temperature and then using hot isostatic pressing to densify 

the sample in the melt successfully yielded fully dense printed parts. Parts processed in this manner 

achieved density and strain at break equivalent to compression molded properties for the same 

grade of UHMWPE, with only slightly lower tensile strength. 

4.2. Introduction 

4.2.1 Post-processing in additive manufacturing 

Although often heralded for being a complete manufacturing system capable of directly producing 

final parts, almost all additive manufacturing (AM) processes require post-processing steps to 
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achieve final part properties. All metal AM processes require some post-process annealing, heat 

treatment, sintering, and/or hot isostatic pressing. For example, in binder-jetting (BJT), samples 

do not have significant strength in their as printed state and instead develop their properties during 

a post-process heating in which binder is burned out—referred to as debinding—and sintering, 

which enables densification of the printed material below its melting temperature [1].  

Polymer AM processes also require post-processing to remove support structures, to remove 

excess powder, to complete curing, or to initiate additional chemical reactions. For example, in vat 

photopolymerization (VP), printed parts often undergo a post-cure to react any uncured material 

and strengthen the part [2,3]. In other approaches, resins are printed so that only phase of the 

material cures during UV processing while the rest of the material cures during a thermal post-

process [4–6]=. Hegde et al., used VP to print fully-aromatic polyimides, by first photocuring a 

scaffold material and trapping a polyamic acid precursor in the scaffold to create an organogel. 

Through drying and a thermal post-processing step, imidization occurred to form a printed 

polyimide part [7,8]. Later studies explored even higher post-processing temperatures to form 

carbonaceous structures [9].  

Within filament-based thermoplastic material extrusion (MEX), post-processing can include 

annealing to heal interfaces created during processing and increase mechanical properties [10]. 

Annealing of the amorphous polymers most often printed in MEX is limited to temperatures below 

the glass transition temperature (Tg) of the material (which severely limits the amount of diffusion 

that can occur to heal interfaces), as post-processing above Tg   would cause parts to deform and 

lose dimensional accuracy [10]. Wach et al. explored thermal annealing in MEX-printed polylactic 

acid (PLA), and observed no densification, but observed increases in crystallinity that led to 

increases in mechanical properties [11]. This result is expected because polymer chains are 
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restricted from moving distances large enough to consolidate below Tg for amorphous polymers, 

and below the melting endotherm for semicrystalline polymers. Other researchers have 

circumvented this limitation by printing core-shell composite filaments via MEX. The shell 

polymer had a lower Tg than the core polymer, which allowed heating that would enable flow in 

the shell (above shell Tg) but no deformations in the core polymer [10]. 

In polymer powder bed fusion (PBF), Chatham et al. intentionally induced oxidation during 

thermal post-processing to crosslink polyphenylene sulfide as a method for tuning printed parts' 

storage modulus [12]. Post-processing has generally not been explored in PBF due to the 

limitations of the material to maintain shape when heated to elevated temperatures (above Tm). 

However, post-processing is necessary to develop mechanical properties in PBF printed ultra-high 

molecular weight polyethylene (UHMWPE). 

4.2.2 Powder bed fusion of UHMWPE 

Recently, the authors demonstrated the use of a thermal post process to enable PBF processing of 

complex UHWMPE parts from a 3000 kDal powder. Older studies in powder bed fusion of 

UHMWPE have yielded parts that that are weak compared to compression molded UHMWPE and 

have been unable to print complex geometries [13–17]. To enable printing of multilayer complex 

3D parts, the authors selectively scanned the UHMWPE powder bed with large hatch spacing (1.2 

mm) to partially melt the powder during the printing process; a thermal post-process in the melt 

further densified the 3D parts. However, this post-processing step yielded parts that were only 55% 

dense compared to the density of the bulk polymer, and did not yield part properties comparable 

to compression molding of the same material (tensile strength < 3 MPa) [18].  

4.2.3 Consolidating UHMWPE 
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The overall goal of this work is to explore post-processing methods for PBF-produced UHMWPE 

to result in full density and have equivalent performance to compression molded UHMWPE. 

Consolidation in all traditional UHMWPE manufacturing processes relies on using high pressures 

to densify the part. For example, during the compaction step in compression molding, which occurs 

before melting of the material, UHMWPE powder is compacted to 80-90% relative density [19]. 

This high starting density minimizes the amount of densification needed during molding [20]. 

Ram extrusion, sheet molding and compression molding all provide pressure to a molten material 

over a long time to create a dense final part [21]. The pressure in these processes is required for 

consolidation because of UHWMPE’s high melt viscosity, which in some recorded cases is as high 

at 108-1010 Pa-s [20,22]. This two orders of magnitude higher than the zero-shear viscosities (ηo) 

of PBF-grade polyamide 12, which is less than 103 Pa-s [23,24]. 

One primary conclusion in the authors' previous work on PBF of UHMWPE was that melt 

explosion is both the largest issue during processing and also the only way to achieve coalescence 

of UHMWPE on PBF timescales [18]. Research into melting of nascent or solution crystallized 

UHMWPE has found that this material has a much smaller radius of gyration (Rg) in its crystallized 

state and low levels of entanglements [25]. Beyond this unique small Rg, samples achieved their 

full, molten Rg faster than reptation theory would predict by way of a phenomenon de Gennes 

labeled as “explosion upon melting,” [26–28]. Results from previous researchers suggest that 

expansion occurs during processing of UHMWPE in PBF [13,15,17]. Expansion during processing 

was thoroughly demonstrated and connected to melt explosion of the material in the authors' prior 

work [18]. 

The development of entanglements across particle interfaces is critical to the development of part 

properties during densification of UHMWPE. Erasing interfaces between particles is difficult to 
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achieve even during compression molding, and modeling of welding of UHMWPE interfaces to 

fully erase an interfaces predict times greater than one week to achieve this [29].  Researchers have 

demonstrated that developing entanglements across interfaces from UHMWPE samples that have 

already been melted is limited [30,31]. Xue et al. found that even at welding times exceeding 60 

h, bulk properties were not achieved in their samples in their melt crystallized films [30]. Increases 

in pressure during molding of UHMWPE improves consolidation of the material [32]. 

4.2.4 Post-processing additively manufactured parts using pressure 

Post-processing AM parts under pressure has also been explored but has been typically limited to 

metal AM parts. In hot isostatic pressing (HIP), parts are densified by a heated gas at pressures up 

to 200 MPa [3]. For BJT, significant increases in density and mechanical properties have been 

reported when parts are HIPed following sintering [33–35]. Similar results have been found for 

increasing fatigue strength and density in parts manufactured via metal PBF [36,37].  

HIP of parts has been much less common in polymer AM; however, reductions in void content 

have been observed after HIP post-processing of carbon fiber reinforced polyetheretherketone 

(PEEK) composites printed via FFF [38]. Though the exploration of HIP in polymer PBF has been 

more limited, Abbott et al. demonstrated significant increases in mechanical properties for their 

post-processed polyamide 12 parts. Parts were held in a mold of salt around the part and the part 

was completed melted during post-processing [39]. 

4.2.5 Overview 

To accomplish the overall goal of further enhancing the density and performance of PBF-printed 

UHMWPE, multiple post-processing methods that combine different steps of applying heat, 

pressure, or a combination of both, were explored. At each processing step or treatment, structural 
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and mechanical properties are characterized to understand the impact of each step. It is 

hypothesized that a combination of post-processing steps (cold isostatic pressing (CIP) and hot 

isostatic pressing (HIP)) could yield a fully dense part with compression molded performance. It 

was hypothesized that complete densification of the part (reaching bulk density) could not be 

achieved unless the sample was densified using pressure in the melt (via HIP) because in this 

phase, polymer chains would undergo enough motion to fully consolidate under pressure. The 

printing and post-processing steps are organized in Figure 4.14. 

 

Figure 4.14 The sequence of post-processing steps explored to densify UHWMPE parts printed by PBF. 

4.3. Materials and methods  

4.3.1 Overview 

Research on the effects of post-processing printed UHMWPE parts under pressure and/or heat was 

conducted by applying a series of treatments and characterizing the resultant parts' structure and 

mechanical properties. The different post-processing treatment explored are presented in Table 4.1, 

and are described in Section 2.5.2. Three tensile bar specimens were processed for each treatment 

and measured for all characterization of the treatments. Evaluation of the structure and properties 

of the parts resulting from each treatment will enable understanding of the process-structure-

property relationships for post-processing treatments.  
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Table 4.13 Details of all post-processing treatments, which can involve Melting, Cold Isostatic Pressing (CIP), and Hot Isostatic 
Pressing (HIP). Temperature, time, environment, and pressure of post-processing treatment are detailed. 

 

4.3.2 UHMWPE powder 

A 3000 kDa UHMWPE powder was provided by Braskem North America. As reported in previous 

work , this powder has d10 = 42 μm, d90 = 103 μm and average particle size = 73 μm [18]. This 

powder showed an onset of melting at 123.5° C and peak melting temperature of 139° C in Chapter 

3. 

4.3.3 Melt-pressed sample 

Powder was melt-pressed in a 3 mm thick tensile bar mold at 220° C for 15 min at 15 MPa. This 

sample serves as a fully dense control specimen that is similar to a compression molded sample 

and allows for comparison against printed specimens. 

4.3.4 Part printing for post-processing treatments 

4.3.4.1 Printing parameters 

"Green parts" are the as-printed parts that come out of the printer. These samples are partially 

coalesced and must be thermally post-processed to become handleable.  Print parameters were 

determined in previous work[18]. One set of processing parameters was used for all printed parts. 

These were: 50 W laser power, 1000 mm/s beam velocity, and 1.2 mm hatch spacing.  The large 
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hatch spacings enables slight coalescence of scanlines during printing without expansion that 

causes warpage. Samples were printed at a bed temperature of 90° C. The contour scanning 

parameters were also 50 W and 1000 mm/s.  

4.3.4.2 Testing specimen design  

As the printed green parts are lightly sintered, they are quite fragile. To minimize printed part 

breakage, a thicker, non-standard tensile bar was printed, featuring a 5.75 mm gauge width, 14 mm 

gauge length and 7 mm thickness. Empirical observations showed that samples with a higher 

proportion of contour scanning compared to infill scanning were less likely to break during post-

processing. To maximize the amount of area scanned with contour scanning, a lattice tensile bar 

was designed. Using a lattice geometry helps to maximize surface area of the part which would be 

scanned using a contour. A lattice designed in nTopology. Then, a Boolean subtraction was 

performed to remove the lattice’s volume from a solid tensile bar. The lattice chosen was a gyroid 

with 0.25 mm thickness, and unit cells 1.5 mm in length. The resulting negative lattice had a 60% 

volume fraction of the part. This created a lattice surface inside the part that would be primarily 

scanned with contour scans as opposed to conventional PBF printing of a solid tensile bar where 

contour scans only occur on the outside surface of the part. This design was able to be printed in 

the PBF system without failure, and also entrapped unscanned powder within the lattice voids for 

consolidation in subsequent post-processing steps. All specimens were printed in the XY 

orientation. 
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Figure 4.15 the negative lattice sample does not have a smooth surface, but led to less breakage of tensile specimens during 

depowdering compared to the high hatch spacing approach developed by Bryant et al.[18]. 

4.3.5 Post-processing  

4.3.5.1 Thermal post-processing 

After printing, the samples were retrieved from the powder bed and then placed in an oven, where 

they were held at 220° C for 2 h under N2 to melt the material and densify the part. As noted in 

prior work, despite being held above its melt temperature, the specimens held their printed shape 

due to UHWMPE’s high MW[18]. This first thermal post-processing step was conducted for all 

tested samples and acts as a control specimen when evaluating post-processing treatments. 

Shrinkage during this initial post-processing step is isotropic [18].  

4.3.5.2 Cold isostatic pressing (CIP) 

Following the initial thermal post-process treatment, samples were then processed via Cold 

Isostatic Pressing (CIP), to further consolidate the green body, reduce interparticle spacing and 

increase contact surface area. To prepare samples for CIP, samples were first encased in fine, 

powdered salt and wrapped in two layers of aluminum foil.  The fine salt powder provides a 

supporting structure to minimize distortion during CIP. Salt is chosen as it is readily dissolved 

following processing (as has been demonstrated by other AM researchers exploring MEX 
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annealing [39,40]) and will not undergo a phase change in subsequent thermal post-processing 

treatment. Fine powders were chosen so that the salt particles didn’t impact into the part surface 

during post-processing and add additional texture to the part. The aluminum foil package holds the 

salt in place and can deform and compress the sample during CIP. The aluminum foil package was 

then placed inside a latex balloon and sealed. The balloon was then wrapped in a non-woven 

breather fabric; the resulting package was then placed inside a second balloon. The breather fabric 

protects the outer balloon from potential puncturing from the aluminum foil as it is compressed 

during CIP. The balloons provide a flexible membrane and seal between the sample and the water 

used to apply pressure during the CIP process. 

Samples were CIPed at 344 MPa (50 kpsi). This pressure was chosen because it was the maximum 

pressure possible for this CIP and densification would be maximized by using the highest pressure.  

4.3.5.3 CIP + thermal post-processing 

While CIP can compress samples to increase contact surface area between UHWMPE particles, it 

cannot heal the interfaces in the sample since CIP occurs below the melting endotherm of the 

sample. As such, 3 CIPed samples were then held at 220° C for 2 h under N2 to re-melt the material 

and enable healing of the interfaces within the sample. This treatment affords the opportunity to 

disprove the hypothesis that applying pressure to the specimen while it is in the melt state is vital 

for achieving full densification. 

4.3.5.4 CIP + hot isostatic pressing (HIP) 

The remaining CIPed samples were subsequently processed via hot isostatic press (HIP) to explore 

the impact of added pressure while being held in the melt. It was hypothesized that application of 

pressure while parts were in the melt would lead to further densification of the part. Before being 
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processed in the HIP, the CIP samples were removed from the balloons and breather fabric. The 

resulting sample, now encased in salt and wrapped in aluminum foil, was encased in a silicone 

(Moldex Mold MaxTM 60) to create an air-tight barrier around the sample. Silicone was chosen to 

provide a flexible, air-tight membrane to compress the sample further and also would not degrade 

under further thermal post-processing.  

Samples were then placed in the HIP (MTI High Pressure Vessel (HPV-LH) with a 3 L volume), 

and were held at 220° C under N2, which was used to pressurize the vessel, for 2 h. The vessel 

took 8 h to heat up to this temperature and 8 h to cool down to room temperature after testing. This 

test took a total of 18 h to complete and heating and cooling rates were roughly 1.5° C/min. The 

pressure in the chamber during the temperature hold was 18 MPa, and this pressure was maintained 

during the cooling process to ensure no foaming occurred as pressure was released. This pressure 

was the maximum achievable pressure for this system and was chosen to maximize densification. 

4.3.6 Part characterization 

The crystallinity, porosity, and mechanical properties of the parts resulting from each post-

processing treatment were characterized to establish corresponding process-structure-property 

relationships. 

4.3.6.1 Differential scanning calorimetry (DSC) 

After each post-processing treatment, samples were characterized using DSC. This test was used 

to evaluate the crystallinity in the sample and understand how crystallinity contributed to the 

mechanical performance of the treated parts. Samples were heated from 40° C to 180° C at 10 

°C/min and then cooled to 40° C at 10 °C/min. The DSC used was a TA Q2000. 

4.3.6.2 Density and shrinkage 
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The density of each treatment was measured to understand the amount of porosity within the part. 

As mechanical properties increase with density, this measurement allows the structure to be 

connected to the final part properties. For samples dense enough to sink in ethanol, the Archimedes 

method was used. In this method, the mass of the sample in ethanol is measured and used to 

calculate the sample’s volume and then calculate density. For samples that were not dense enough 

to sink in ethanol (e.g., Control, CIP, CIP + re-melt), mass and dimensional measurements were 

made from sections cut from processed samples to calculate density.  

Tensile specimens were measured for shrinkage after each post-processing treatment and 

compared to the Control specimens. Dimensions were measured using digital calipers. The X 

dimension was the length of the tensile bar, Y was the gauge width and Z was the gauge thickness 

(i.e., the same coordinate system as the print orientation). These measurements were taken to 

understand if shrinkage due to densification was isotropic.  

4.3.6.3 Scanning electron microscopy (SEM) 

Scanning electron microscopy (JEOL IT-500HR) was used to image a freeze fractured surface of 

specimens to better understand the porosity within the part at each step of post-processing. Samples 

were sputter coated with a 5 nm thick Iridium (Ir) coating and measured at 10 kV and measured at 

200x magnification. 

4.3.6.4 Hardness testing 

Hardness was measured on printed and post-processed specimens using a Shore D hardness tester. 

Three measurements were taken for each treatment. For comparison, Braskem reports a Shore D 

hardness of 58 for the grade of UHMWPE used in this research processed using compression 

molding. 
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4.3.6.5 Tensile testing 

To evaluate the mechanical properties of the parts at each treatment, tensile specimens were tested 

to failure at a strain rate of 5 mm/min on a universal testing machine (Instron 5944) using a 2 kN 

load cell. 

4.4 Results 

4.4.1 Differential scanning calorimetry (DSC) 

Results from DSC of specimens following each post-processing treatment are presented in Figure 

4.16 4.3. It is observed that samples that were processed without pressure while being in the melt 

state (e.g., Control, CIP, and CIP + re-melt) showed minimal. While all specimen's DSC curves 

show the same general shape, samples that were under pressure while in the melt state (e.g., CIP 

+ HIP and Melt-pressed treatments) display an increase in the temperatures of the melting 

endotherm, which is indicative of thicker crystals in the sample (Figure 4.16).  

 

Figure 4.16 DSC curves show only small changes between samples, with slight shifts to higher temperatures for the CIP + HIP 

and Melt-pressed samples. 
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Though there are some shifts in the curves as shown in Figure 4.16, the CIP + HIP treatment was 

the only treatment that led to a statistical difference (p < 0.05) in degree of crystallinity (X%) 

(Figure 4.17). The CIP + HIP treatment samples had an increased crystallinity ranging from 6.9-

9.3% compared to the other samples. This result suggests that the pressure, which is still applied 

during cooling and crystallization in CIP+HIP, increases the X% of the parts by forcing the 

polymer chains form crystals which are denser than the amorphous phase (Figure 4.17). For all 

other samples, there is no pressure applied during the cooling of the sample. 

 

Figure 4.17 treatments show similar X% excluding the CIP + HIP treated samples. These samples show an increase in crystallinity 

that likely comes from the pressure applied on the samples during cooling and crystallization. 

The peak melting temperature (Tm,peak) for each treatment showed a similar trend (Figure 4.18); 

while all other treatments were similar, the CIP + HIP sample showed a statistically significant 

difference in Tm,peak. Samples with higher X% are more likely to form thicker crystals, which would 

increase the temperatures of the melting endotherm.  
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Figure 4.18 DSC measurements show that the overall shifts in peak melting temperatures were small between each treatment. 

Tm,peak and crystallinity measurements are collected in Table 4.2. The overall spread of the values is small, 
which is likely caused by UHMWPE’s ability to crystallize and how processing will show only small 
impacts on that (excluding the sample crystallized under pressure for the CIP + HIP treatment).  

Table 4.2 displays the key DSC results for each treatment 

 

4.4.2 Density 

Figure 4.19 presents the density measurements for specimens following each treatment condition. 

Overall, the results fall into three distinct levels of density. The lowest level only includes the 

control sample. This sample has not undergone any pressurized post-processing and therefore has 

a density far below the bulk density (0.925 g/cm3). The two treatments that were only CIPed 

showed the next tier of samples, which achieved roughly 70% relative density. The over 300 MPa 
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of pressure applied during CIP can significantly deform and densify the sample, however this 

densification is still limited because pressure is applied while the UHMWPE is crystallized and a 

solid. Crystals restrict chain motion, which limits densification. The densification must occur via 

plastic deformation of the foam-like structure of the Control sample.  

The CIP + HIP and Melt-pressed treatments resulted in the largest densification. Both treatments 

resulted in parts that achieved the bulk density of the polymer. This was enabled by pressure being 

applied while the sample was molten, which enables the polymer chains to deform and organize 

into a completely dense structure. 

It is important to note that while CIP densifies the specimens by an additional ~50% increase 

(Figure 4.19), the CIP + re-melt specimens showed no significant increase in densification. This 

demonstrates that though there may be healing of the interface and entanglements across its 

surface, there is not any further densification occurring via surface tension during re-melting. This 

result is expected given the large MW of the UHMWPE.  However, when pressure is applied to 

the specimen while being held above its Tm (as in CIP + HIP and Melt-pressed treatments), the 

specimens achieved full densification with values equaling the bulk density of the material (0.925 

g/cm3).  



68 
 

 

Figure 4.19 samples form three levels of density based on post-processing treatment. Both the CIP + HIP and Melt-pressed samples 

achieved complete densification since they have a measured density equal to the bulk density of the polymer. 

 

4.4.3 Shrinkage 

Table 4.3 dimensional and shrinkage measurements for each post-processing treatment. 

 

Dimensional and shrinkage measurements are detailed in Table 4.3. Though for some dimensions, 

shrinkage appears to be isotropic in some directions, there is not a treatment which shows fully 

isotropic shrinkage. These results come from measurements of tensile bars with three unique 

designed sizes, which makes it difficult to determine shrinkage as precisely as if the tests were 

performed on cube samples. Shrinkage measurements are measured relative to the control 

treatment and not taken between treatment steps. 
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4.4.4 Scanning electron microscopy (SEM) 

As shown in Figure 4.19, samples show very little densification during the first thermal processing 

step (Control treatment). Cross-sectional SEM microscopy of these samples elucidates that 

individual powder particles are largely intact after this stage of post-processing. The surface area 

connecting adjacent particles is very limited, which will reduce any mechanical performance of 

the resultant parts (Figure 4.7. T).  

 

Figure 4.7. The initial melt processing of the printed parts shows little deformation of the particles, and minimal contact area 

between touching particles. 

After CIP post-processing, particles are still visible within the part. This shows that interfaces 

between the particles are not being healed by pressure alone, which is expected since chain motion 

in the particles is restricted by crystallinity. Figure 4.20 does show that there is more contact area 

between particles, due to the higher density achieved after CIP. Creation of this contact surface 

could be helpful for enabling welding between particles during future molten post-processing of 

the samples. 
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Figure 4.20. SEM image of CIP specimen cross-section. Particles have more contact area, but have not deformed. 

After the second melt post-processing step for the CIP + re-melt samples, there is significant 

healing of the interfaces between particles. Particles can be seen to deform and coalesce somewhat, 

which forms large areas of continuous material (Figure 4.21). Remnants of particles are still visible 

in this sample. 

 

Figure 4.21 SEM of the re-melting the sample after CIP shows that there is significant healing of the surface following heat 
treatment. 
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Figure 4.22 SEM of the CIP + HIP sample shows a very rough surface from the freeze fracture. 

Figure 4.10 shows the cross-section of a CIP+HIP specimen, which elucidates the removal of 

individual particle interfaces. The surface shows no porosity, which suggests full densification of 

the part. This result agrees with the density results observed for this sample. 

 

Figure 4.23 the melt-pressed sample shows a smooth surface with almost no porosity. 

The melt-pressed sample (Figure 4.23) has an entirely smooth surface. Almost no porosity is present 

and the SEM confirms that the sample is entirely dense. 
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4.4.5 Hardness testing 

 

Figure 4.24 hardness increases during each pressurized post-processing step. For the CIP + HIP & Melt-pressed treatment, 

hardness values similar to compression molded samples are achieved. 

As with the density results, hardness measurements can be grouped in a similar set of three tiers 

(Figure 4.19). Notably, the CIP + HIP treatment was near the hardness reported for this grade of 

UHMWPE when it is compression molded (Shore D hardness = 58). Figure 4.25 shows that 

hardness values track well with increases in density, which is expected since porous structures will 

be less able to resist the needle on the probe of the hardness tester. 
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Figure 4.25 hardness increase with density. Notably the density and hardness do not change significantly with the melt post-
processing that occurs for the CIP + re-melt sample. Compression molded samples have a reported Shore D hardness of 58. 

4.4.6 Tensile testing 

There were significant differences in tensile strength at each tested treatment. The combination of 

densification during CIP and the re-melting of the material during a second thermal post-

processing step yielded an increase from 1 MPa from the Control treatment to 9.5 MPa for the CIP 

+ re-melt treatment (Figure 4.26). This increase goes far beyond what would be expected for the 

50% increase in density achieved during CIP and suggests that the re-melting of the material heals 

or coalesces the particles at new interfaces that are much closer contact following CIP.  

HIP post-processing causes a nearly 100% increase in tensile strength for the CIP + HIP treatment 

samples compared to the CIP + re-melt, which demonstrates the importance of applying pressure 

during thermal post-processing. The increase in crystallinity observed for the CIP + HIP treatment 

(Figure 4.17) will also contribute to the increase in tensile strength.  



74 
 

 

Figure 4.26 tensile tests shows increasing with each post-processing treatment. Though both the CIP + HIP and Melt-pressed 

treatment both achieved bulk density, the Melt-pressed treatment led to significantly higher tensile strength. 

Though the tensile strength for this treatment is much higher than the control and the CIP + re-

melt samples, it is still more than 5 MPa lower than the Melt-pressed sample. This is unexpected 

from the density results, which show that, while the samples have both achieved maximum density,  

the CIP + HIP sample has a much higher X%. The small amount porosity shown in SEM of the 

CIP + HIP sample could contribute to some of the loss of tensile strength. In previous UHMWPE 

processing literature, there is some precedence for the differing properties between densifying 

nascent, un-melted powder particles and UHMWPE powder that has been melted. Researchers 

have suggested that there is limited entanglement between UHMWPE that are not nascent powders 

[30,31]. It is hypothesized that the differences in tensile strength between the CIP + HIP and the 

Melt-pressed treatment come from this limitation in entanglements that cannot be changed within 

the processing and post-processing method used in this research. 
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Strain at break follows a similar trend as density and tensile strength, with large increases following 

each processing condition. However, the CIP + HIP sample achieves the same value of strain at 

break as the Melt-pressed sample, which suggests that any limitation from the material being 

melted before post-processing is not important for this property. It is likely that the slightly higher 

X% of the CIP + HIP sample does not impact the elongation at break significantly. The CIP + HIP 

treatment shows a strain at break of 429 ± 2%.  

 

Figure 4.27 though tensile strengths were different between the CIP + HIP and Melt-pressed treatments, the strain at break is 

similar. This demonstrated the high performance achieved in the printed speciments following the CIP + HIP treatment. 

The low density and foam-like structure of the Control treatment led to failure at low stresses and 

strains and doesn’t have enough strength to show a yield stress. After the CIP + re-melt treatment, 

samples are dense enough and the entanglements between particles are strong enough to show a 

yield stress and necking of the sample before breaking. Samples from the CIP + HIP treatment not 

only show necking but also a small amount of strain hardening as the sample exceeds 200% strain. 

Strain hardening behavior further demonstrates the impact on the mechanical properties from the 
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densification achieved during this treatment. The Melt-pressed sample shows very similar 

behavior to the CIP + HIP sample; however, the extent of strain hardening is much higher in the 

Melt-pressed sample. The differences in tensile strength are achieved during strain hardening, 

which suggests that the differences in the samples that led to strain hardening are most important 

to achieving higher tensile strength in the Melt-pressed sample. 

 

Figure 4.28 as density increases in the sample and particles are able to weld together, there are increases in performance. Between 

the Control and CIP treatment, a yield stress appears and some necking occurs. For the CIP + HIP treatment, strain hardening 

occurs, which helps lead to an increased strain at break and tensile strength. 

Both 2.5D and complex geometries were processable with the CIP + HIP process chain. Figure 4.17 displays 
examples of each. Control samples, which have only undergone the first post-processing step, are shown 
next to each CIP + HIP sample for visual comparison. There is slight yellowing of the CIP + HIP samples, 
which suggests some degradaƟon has occurred. 

 

Figure 4.29 control specimens (right) and the same printed geometry after CIP + HIP treatment. 
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4.5 Conclusions & Future Work 

This work demonstrates the first route to achieve fully dense UHMWPE samples using additive 

manufacturing. A post-processing treatment which enabled manufacturing of the highest 

performance printed UHMWPE parts was determined in this work and changes in the structure 

and performance of parts were recorded during each step of post-processing to understand how 

changes occurred at each post-processing step. 

Research on post-processing treatments was conducted to evaluate the effects of post-processing 

pressure and temperature applied in multiple different ways. UHMWPE’s high melt viscosity 

requires pressure to consolidate the porous as-printed parts. Pressure in each post-processing 

treatment was applied isostatically in an attempt to maintain part geometry and have isotropic 

shrinkage. Combining CIP and HIP (324 MPa in CIP, and 18 MPa at 220° C for 2 h for HIP) post-

processes enabled production of tensile specimens that achieved the bulk density of UHMWPE. 

Morphology, both crystalline and macroscopic, density, hardness and tensile properties were all 

evaluated for each post-processing treatment to understand how these properties changed during 

each step of post-processing. It was necessary for pressure to be applied in the melt to achieve 

complete densification of the part. It was not possible to achieve the target density using either 

method (CIP for pressure and melting for heat) on its own. 

Samples processed via the CIP + HIP treatment showed similar mechanical performance to melt-

pressed specimens. Tensile strength for this treatment is still lower than the melt-pressed 

comparison samples; however, previous research suggests that the lower tensile strength observed 

for the CIP + HIP treatment samples is unavoidable. Samples that were CIPed and simply re-

melted did not show significant densification during the melting process. This showed that the 
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pressure in HIP post-processing was necessary to overcome UHMWPE’s melt viscosity and fully 

density the printed parts. 

The pressures and times used during HIP are currently not optimized; exploring alternate post-

processing parameters could help to develop higher performing parts during post-processing. The 

parameters explored in this research achieved fully dense parts via post-processing. Controlling 

the morphology and entanglements within the part could further increase performance of the post-

processed parts. It would be beneficial to determine if the small porosity shown in SEM of the CIP 

+ HIP treated samples could be eliminated with optimized post-processing. 

All parts tested in this study were tensile specimens of the same size. In future work, the authors 

will investigate the effects of the CIP+HIP treatment on a wider variety of geometries, including 

samples with various thicknesses. Cubes of various sizes should be printed and post-processed to 

more fully determine whether shrinkage is isotropic and if there is a size limit where this changes. 
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Chapter 5: Powder bed fusion of polypropylene-ethylene copolymers 

Coauthor: Michelle Pomatto  

5.1 Abstract 

Polypropylene has long been a material of interest for additive manufacturing to enable both 

functional prototyping of this commonly injection molded commodity polymer and to create end-

use products. However, due to its high crystallization rates relative to polyamides, polypropylene 

has proven difficult to process without warpage occurring. Creating random copolymers of 

polypropylene and polyethylene is one method for controlling crystallization kinetics; however, 

there are no established process-structure-property relationships for processing these copolymers. 

Increasing ethylene content is shown to decrease crystallization kinetics and the onset of melting 

for copolymers. Through a combination of experimental printing trials and flash differential 

scanning calorimetry, it was found that, for a 2.2% ethylene copolymer, the decrease in these two 

properties led to a material that was easier to process without warpage than the polypropylene 

homopolymer. However, at 4.9% ethylene, the onset of melting was reduced so significantly that 

crystallization kinetics at this temperature were more rapid than the 2.2% ethylene sample, and the 

polymer powder was more likely to warp during processing. Tensile strength decreased and strain 

at break increased with increasing ethylene content, which suggests that ethylene content can also 

be used to tune mechanical performance of polypropylene materials in PBF. 

5.2. Introduction 

5.2.1 Powder bed fusion of polypropylene 

Polypropylene (PP) has recently become a frequently studied material for processing in powder 

bed fusion (PBF), and has been successfully printed many times, but a fundamental understanding 
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of its processing has yet to be established [1–6]. There is particular interest in polypropylene 

because of its powder reusability in the PBF process. Polypropylene, and all polyolefins, are not 

synthesized via condensation reactions, which keeps these polymers from increasing in molecular 

weight—and therefore, viscosity—during printing via post-condensation reactions. Post-

condensation reactions that occur in polyamide materials can lead to increases in molecular weight 

(MW) limit powder reuse [7]. This difference greatly aids in the reuse of these PP powder and 

current research suggests there is little impact on printed PP part properties with powder reuse 

[6,8]. This key difference aids in reducing waste during PBF processing, which makes processing 

more efficient and sustainable. 

5.2.2 Understanding crystallization during powder bed fusion 

One key goal during PBF processing—and all additive manufacturing (AM) processing of 

semicrystalline polymers—is to keep crystallization rates low to reduce the rate of shrinkage of 

printed layers, and therefore mitigate part warpage [9,10]. Samples crystallize during the printing 

process as they cool and stay at bed temperature, which can lead to warping (and therefore potential 

for part failure during recoating) throughout the entire PBF process [11]. The idea of a supercooling 

window, a long-established paradigm in PBF that suggests no crystallization happens at a chosen 

bed temperature, does not accurately reflect the observed behavior for all polymers, and therefore 

each polymer system merits analysis of its crystallization kinetics to understand crystallization 

during printing [11,12].  

One robust method for achieving a general understanding of crystallization kinetics in polymers is 

to measure isothermal crystallization rates, which can be represented as a crystallization half time 

(t1/2). A t1/2 is the time at which the fractional crystallinity reaches 50% of the total crystallizable 

content at the measured temperature. Isothermal crystallization kinetics of PBF materials have 
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been studied by other researchers using both differential scanning calorimetry (DSC) and fast 

scanning calorimetry (FSC) [12–17]. To give perspective on crystallization half times (t1/2) of 

common PBF materials, Zhao et al. observed t1/2 values ranging from 2-25 minutes at process-

relevant temperatures for their polyamide [18]. Paolucci et al. used FSC to measure t1/2 values for 

another commercial polyamide and observed similar values. Chen et al. studied isothermal 

crystallization of PEEK with temperatures ranging from 1 to 16° C below the onset of melting for 

their polymer. The observed t1/2 values ranged from 2.5 minutes at the lowest temperature to 35.5 

minutes at the highest measured temperature. One conclusion made in this work was that a bed 

temperature should be set according to when 1/t1/2 approaches zero [19]. However, this conclusion 

essentially suggests that t1/2 values for a PBF material should be very large, which is self-evident. 

Faster crystallizing polymers may have no t1/2 values that meet this criterion, which suggests its 

limited applicability.   

Controlling crystallization and shrinkage during processing can be especially challenging when 

processing PP due to the relatively rapid crystallization kinetics of this polymer [1]. Multiple 

strategies to address warpage during AM of semi-crystalline polymers have been employed. In 

MatEx of polypropylene, Bachhar et al. changed part geometry to create a larger surface for a part 

to adhere to the print-bed and therefore reduce the effects of warpage, though not necessarily 

changing crystallization within the part [20]. This approach is less relevant to PBF where parts are 

not adhered to the build-plate and instead rest on loose powder. Other researchers have explored 

compositional changes to their materials to reduce warpage. Das et al. printed PP blends that 

included a slower crystallizing PP component to slow crystallization and reduce warpage [13]. 

Other researchers studying PBF of semicrystalline polymers addressed problems with part 

warpage by adjusting and optimizing process parameters [12].  
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In the research presented in this chapter, changes are made to the material’s chemical structure to 

understand how changes in crystallization kinetics impact the PBF process. The specific change is 

the addition of ethylene content to polypropylene to make a polypropylene-ethylene copolymer. 

5.2.3 Polypropylene-ethylene copolymers 

Polymerization of polypropylene-ethylene random copolymers have been shown to have 

decreasing amounts of crystallinity as ethylene (Et) content in the copolymer increases [21,22]. 

Addition of ethylene content has also demonstrated lowering spherulitic growth rates and 

crystallization rates [22,23]. Each of these results comes from the ethylene repeat units disrupting 

the PP crystals that form during processing of these materials. Minimal research has been 

conducted on PBF of PP-PE copolymers. Tan et al. studied a PP homopolymer and an 11% Et 

copolymer [24]. They observed a multiple order of magnitude difference in elongation at break in 

the copolymer compared to the PP homopolymer. Higher tensile strengths were also observed in 

the copolymer. However, the melt viscosity was two orders of magnitude higher for the copolymer, 

which suggests the molecular weight (MW) of the copolymer is much higher than the 

homopolymer. For this reason, it is difficult to fairly compare the two samples’ mechanical 

properties [24]. The approach of adding a comonomer to influence crystallization kinetics was also 

explored for a polyaryletherketone (PAEK) by Yi et al. [17].  

It is clear from this initial research that copolymerization is one avenue for expanding the breadth 

of material properties of PBF materials. Controlling ethylene content is one pathway for tuning 

crystallization kinetics and overall crystallinity in PBF printed PP. It is hypothesized that increased 

in ethylene content, which decreases crystallization kinetics, will reduce the chance of warpage 

during the printing process and increase processability. 
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5.2.4 Context and Aims 

Generally, the goal of this research is to understand how changes in crystallization kinetics 

influence a polymer's PBF processability and the resulting printed structure and properties. PP-PE 

copolymers are used as an example system where small compositional changes significantly 

change crystallization kinetics of the material. It is hypothesized that samples with slower 

crystallization kinetics will be more easily processable due to their slower shrinkage during 

cooling, which makes warpage less likely. This research also helps further the general 

understanding of processing PP-PE copolymers in PBF, which have the potential to achieve higher 

elongations at break than is often observed in PBF-processed materials. To test this hypothesis, 

copolymers with % Et ranging from 0 to 4.9% are studied.  

5.3. Materials and Methods 

To develop an understanding of how the addition of ethylene content to polypropylene impacts the 

copolymers' process-structure-property relationships, fundamental characterization of the raw and 

printed materials was completed. Mechanical testing of printed samples was used to evaluate how 

% Et impacts printed part properties. To understand how changes in % Et impacts processability, 

the authors examined the longest layer cycle time a material could be printed without warping. 

5.3.1 Material characterization 

5.3.1.1 Powder analysis 

This work was conducted on three different powders with molecular weight, ethylene content and 

particle sizes as reported by the material manufacturer in Table 5.1.  



88 
 

Table 5.1 Particle sizes and size distributions of the PP-PE copolymers, as reported from the 

material supplier. 

 

5.3.1.2 Thermogravimetric analysis (TGA) 

Samples were evaluated using thermogravimetric analysis (TGA) to understand at which 

temperature volatilization of the material would occur.  Samples were prepared by vacuum drying 

overnight at 80° C. All analyses were performed with a ramp rate of 20° C/min to 800° C in a 

nitrogen atmosphere in a TA Instruments TGA Q550 thermogravimetric analyzer. 

5.3.1.3 Differential Scanning Calorimetry of neat powder 

A TA instruments Q2000 differential scanning calorimeter (DSC) was used to understand the 

melting behavior of each polymer. Samples were heated from 0° C to 200° C at 10 °C/min in 

nitrogen and isothermally held at 200° C for 3 minutes to remove all thermal history. Samples were 

then cooled from 200° C to 0° C at 10 °C/min to observe changes in heat flow associated with 

crystallization upon cooling. This measurement was used to determine the onset of melting for 

each polymer, which represents the maximum possible bed temperature that can be used during 

printing without melting occurring prior to energy deposition. This measurement also helped to 

characterize the shape of the melting endotherm and to determine differences in crystallinity 

between each polymer.  
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5.3.1.4 Fast scanning calorimetry (FSC) 

A Mettler Toledo Flash DSC 1 with a Huber intra cooler TC100 was employed to analyze the 

crystallization kinetics of the PP and each copolymer. Prior to evaluation, the chip sensors were 

individually conditioned, and temperature corrected utilizing Mettler Toledo supplied calibration 

data and following Mettler Toledo instrument specifications. The temperature was experimentally 

calibrated by an indium standard. The onset of indium melting versus heating rate was used to 

determine the corrected horizontal shift of the experimental melting profiles. All experiments were 

conducted in an ultra-high purity N2 gas environment with a flow rate of 60 mL/min to limit 

oxidation and moisture in the sample chamber. Small (<10 μm diameter) powder particles were 

used for experiments. All samples were pre-melted at 5 K/s to 200 oC for 1 s to establish good 

thermal contact. The sample mass was estimated from the change in heat capacity at the glass 

transition temperature from an amorphous sample with all samples measured between 4 μg – 9 μg. 

Experiments were repeated with fresh samples and over multiple chip sensors to ensure 

reproducibility.  

The isothermal crystallization temperatures (Tiso) between 0° C to 120° C were analyzed. After 

removing thermal history at 200° C for a minimum of 1 s, the sample was quenched at -5,000 K/s 

to the respective Tiso and held for varying amounts of time (0.001 s – 200 s). After holding for the 

specific amount of time, the sample was quenched at -5,000 K/s to below the Tg to arrest any 

further crystallization. The partially crystallized sample was then heated to 200° C at a heating rate 

of 10,000 K/s to measure the melting endotherm upon heating. This rate was chosen because it 

eliminated any possibility of crystallization during heating, which increases the accuracy of the 

measurement. The maximum isothermal crystallization time (tiso) was determined as when the 

melting enthalpy remained at a constant value with increasing tiso. The maximum isothermal 
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crystallization time is dependent on Tiso. The observed melting enthalpy versus tiso was used to 

calculate crystallization half-time (t1/2) for PP and copolymers over a range of isothermal 

crystallization temperatures. 

5.3.1.5 Melt rheology 

Powders were melt-pressed into a 1 mm thick, 25 mm diameter disk at 200° C to prepare samples 

for melt rheology measurements. A frequency sweep with frequencies ranging from 0.1-100 rad/s 

was performed for each sample at 200° C. Samples were tested with a 1 mm gap using a 25 mm 

parallel plate geometry in a TA ARES-G2 rheometer with a strain of 0.1%. 

5.3.2 Powder Bed Fusion Processing 

A Prodways Promaker P2000 HT was used for all printing conducted for this research. The printer 

uses a 60 W, CO2 laser with controllable beam velocity, hatch spacing and laser power.  

Printing parameters (Table 5.2) which led to maximum densification in the printed parts, which is 

indicated by achieving 95% relative density, for each sample were determined and used to print 

each polymer [26]. The mechanical properties of these parts were taken to be representative of 

differences between the different polymers. Tensile bars were printed for mechanical testing, and 

various complex geometries were printed to demonstrate printability of complex geometries for 

each polymer.  
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Table 5.2 PBF processing parameters.   All parts were printed with the same set of laser 

parameters; however, the bed temperature was adjusted for each polymer, as informed by DSC 

results. 

 

5.3.3 Printed part characterization 

5.3.3.1 Density 

Printed part density was measured using the Archimedes method, or ASTM D792 method A, as is 

common for PBF parts [25]. Ethanol was used as the medium for this measurement. Density was 

used as the metric to determine if printed samples should be considered to have properties 

representative of the material. Here, a relative density of approximately 95% is used because this 

is the maximum theoretical density for samples printed via PBF [26]. Although there is some slight 

difference in theoretical maximum density between different grades of PP and density differences 

between PP and PP-PE copolymers, all samples’ relative densities were determined using a 

theoretical maximum density of 0.92 g/cm3. 

5.3.3.2 Tensile testing 

Printed tensile specimens were tested using an Instron 5944 tensile tester and a 2 kN load cell. 

Samples were tested using a strain rate of 5 mm/min. This evaluation was used to understand 

differences in tensile strength and elongation at break of printed parts for each polymer. Knowing 

the changes in these values with changes in Et content help determine the impact structural 

differences have on the final properties of printed parts. 
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5.3.3.3 Differential scanning calorimetry (DSC) of printed parts 

A TA instruments Q2000 differential scanning calorimeter was used to understand the crystalline 

morphology of the printed parts for each polymer. Samples were heated from 0° C to 200 °C at 

10° C/min in nitrogen and isothermally held at 200 °C for 3 minutes to remove all thermal history. 

Samples were then cooled from 200° C to 0° C at 10° C/min to observe changes in heat flow 

associated with crystallization upon cooling. This measurement was used to determine the onset 

of melting for each polymer, which represents the maximum possible bed temperature that can be 

used during printing without melting occurring prior to energy deposition.  Comparing the results 

of this measurement against the raw powder and among the printed specimens elucidates changes 

in crystallinity induced by processing and differences in crystallinity between each polymer, 

respectively.  

5.3.4 Warpage experiment 

5.3.4.1 Warpage experimental design 

An experiment was designed to assess resistance to warpage during processing. To accomplish 

this, 20 x 20 x 20 mm cubes were printed. This part size was chosen to be representative of a 

reasonable cross-sectional area for a part in PBF and has been used by other researchers previously 

when collecting data to model PBF [27]. Samples were printed in triplicate. Print failure was also 

recorded, where print failure is defined as a sample being pushed out of position during recoating. 

Samples for each material were printed at bed temperatures just below their onset of melting. 

Specifically, the 0% Et sample was printed at Tbed = 103° C, 2.2% Et was printed at Tbed = 123° C 

and 4.9% Et was printed at Tbed = 137° C. These bed temperatures were considered the maximum 

possible temperature at which each material could be printed.  
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A 'printing stress test' was performed to determine each material’s resistance to warpage as layer 

time increased. Longer layer times allow scanned layers to cool for longer and reach lower 

temperatures before scanning of the next layer. This increases the opportunity for crystallization 

and warpage to occur, which can cause layer shifting and print failure. A polymer that does not 

warp, even as layer times increase, is defined as "more processable." The laser parameters used 

for each sample were the same as the parameters used to print full parts, as reported in Table 5.2. 

Each layer cycle includes powder recoating and laser scanning of the layer, in that order. Within 

process settings for a print, the minimum layer cycle time can be set. If recoating of a layer and 

scanning take less time than the minimum layer cycle time, the printer will wait the remaining time 

before powder recoating for the next layer occurs. The first layer time tested for all samples was 

60 s. This is far above a reasonable layer time in the printing process, which made it valuable for 

the stress test. If a material couldn’t successfully print 10 layers without warpage at a 60 s layer 

time, the layer time was dropped to 40 s. This test was repeated and dropped to 20 s if a sample 

was still not printable. The layer in which failure occurred during printing was recorded along with 

the success or failure of a material to print at each minimum layer cycle time. 

5.4 Results 

5.4.1 Material characterization 

5.4.1.1 Thermogravimetric analysis (TGA) 
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Figure 5.30. TGA data shows all samples begin to volatize between 340 and 370° C. These 

temperatures are well above the temperature expected during PBF processing. 

Results from TGA show that each sample volatizes at roughly the same temperature (340-370° C). 

This is expected due to the samples’ similar chemical composition and molecular weight. Samples 

also have temperature of 5% degradation (TD5) values that are much greater than any of the 

samples’ melting endotherms, which means volatilization during PBF processing is unlikely. This 

result also confirms that any differences observed in the processing and properties of printed parts 

are not due to changes in volatility. 

5.4.1.2 Differential scanning calorimetry (DSC) of neat material 



95 
 

 

Figure 5.31.  DSC shows that peak melting temperatures shift significantly lower as ethylene 

content increases. Melting endotherms also broaden significantly, which limits the usable Tbed 

range for the samples with higher ethylene content. 

The addition of ethylene content caused significant changes to the onset of melting and degree of 

crystallization of the polymers. As seen in Figure 5.2, the onset of melting decreased as ethylene 

content is increased. This change will directly impact the usable bed temperature (Tbed) range for 

the material. When setting Tbed, a material must be below its onset of melting to avoid any 

coalescence between particles prior to energy deposition. If this temperature boundary is exceeded, 

some amount of coalescence will occur between particles in the build area regardless of laser 

scanning path and lead to limited powder reusability at best and a coalesced chunk of powder 

(commonly referred to as, “bricking,”) at worst. With this being the case, the difference in 

maximum usable bed temperature between the 0% Et PP homopolymer, and the 4.9 % Et 

copolymer is approximately 30° C (Table 5.3).  
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Table 5.4 onset of melting and peak melting temperature (Tm,peak) shift significantly with the small increases in ethylene content. 
Onset of crystallization, which is often reported in PBF literature, is not reported here as it only represents crystallization at one 

specific cooling rate. Fast scanning calorimetry (FSC) is used to fully characterize crystallization at different temperatures. 

 

5.4.1.3 Fast scanning calorimetry (FSC) 

 

Figure 5.3 Flash DSC elucidates crystallization half times. Half times increase at each 

temperature as ethylene content increased. 
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Flas DSC measurements elucidate that increasing ethylene content increases the crystallization 

half times (t1/2) at all measured temperatures, as anticipated (Figure 5.3). The ethylene monomers 

randomly distributed within each polymer chain act as defects during crystallization, which slow 

down this process. Isothermal crystallization experiments do not correspond exactly to the PBF 

process, which is non-isothermal; however, they offer insight into fundamental differences in 

crystallization kinetics between each polymer. It is hypothesized that higher crystallization half-

times will lead to less warpage during the printing process, since slower crystallization corresponds 

to slower shrinkage, which causes warpage during PBF.  

5.4.1.4 Melt rheology 

 

Figure 5.4 rheometry of each polymer shows only minor differences in zero-shear viscosity 

between samples. 
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All samples showed similar zero-shear viscosities (the viscosity value relevant to PBF), and are in 

a standard range for PBF materials (Figure 5.4). This suggests that there will not be difficulties 

coalescing any of these materials to form fully dense parts during laser scanning. 

5.4.2 Printed part analysis 

 

Figure 5.5 Complex 3D geometries were printable with each material. 

Multi-layered, complex parts were printable with each polymer regardless of ethylene content. 

Samples achieved their maximum possible density during the printing process (~95% relative 

density) [26]. The reported properties should not be treated as fully optimized; however, reaching 

complete densification is a critical factor for mechanical properties of a part. 

Table 5.4 Aall densities for printed parts were within the ~95% density range expected for fully dense parts in PBF. 

 

5.4.2.1 Differential scanning calorimetry (DSC) of printed parts 
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Figure 5.6 DSC of printed parts elucidates that ethylene content led to decreases in the melt 

enthalpy. This result is expected because ethylene units disrupt the formation of polypropylene 

crystals. Standard deviation values are included for each ethylene content. However, for 2.2 and 

0% ethylene, the standard deviation is too small to appear on the plot.  

Printed parts were evaluated with DSC and showed a decrease in crystallinity as ethylene content 

increased. This result was expected based on the lower crystallinity of the starting materials. The 

melt enthalpy of the 4.9% Et sample is less than half of the homopolymer’s enthalpy. 

5.4.2.2 Tensile testing 
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Figure 5.7 Ethylene content increases change the strain at break significantly even though the 

content is still quite low. These results show the tunability of this mechanical property with 

changes in the material chemistry. 

Typically, strain at break in PBF processed materials is somewhat low due to the high degree of 

crystallinity that develops as printed parts are held at temperatures near melting for long times 

during cooling [1].  As seen in Figure 5.7, strain at break changed dramatically with increases in 

ethylene content. Between 0 and 4.9% Et, samples showed an order of magnitude increase in strain 

at break. This higher strain at break is caused by the lower amount of crystallinity and smaller 

crystals found in the printed samples. This much higher elongation at break could be valuable in 

applications where the low strain at break of many PBF materials is insufficient. 
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Figure 5.8 changes in tensile strength are opposite those of strain at break. This is consistent for 

what would be expected with decreasing crystallinity in a polymer. 

The increase in strain at break does come at the cost of lower tensile strength. As seen in Figure 

5.8, tensile strength decreases approximately 5 MPa with the addition of 4.9% Et, when compared 

to the 0% Et homopolymer. These differences are consistent with the behavior expected for 

samples with lower crystallinity.  
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Table 5.5 Increases in ethylene content reduces ethylene content and impacts the mechanical 

behavior of the tested specimens. Increases in ethylene content yield weaker parts that have higher 

strain at break. 

 

5.4.3 Warpage experiment 

A material's resistance to warpage was predicted at each bed temperature by estimating the t1/2 at 

the chosen bed temperature using curves fitted to the isothermal crystallization data (Table 5.6). 

Here, a higher t1/2 value is expected to lead to printability at longer layer cycle times. Additionally, 

if the isothermal multiple layer cycles occur before one t½ for a sample, it is expected that the 

material would be printable at this layer time. Estimations from the FSC isothermal crystallization 

data (Figure 5.3) show that the 2.2% Et sample has the highest t1/2 by far at its maximum usable 

bed temperature (123° C, from Table 5.3), while each other polymer had t1/2 values an order of 

magnitude lower than the 2.2% Et sample. Notably, the magnitude of these t1/2 values was on the 

order of the layer time (i.e., 10s of seconds).  

Table 5.5 samples failed during printing at layer times proportional to their predicted t1/2 values. 
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As seen in Table 5.6, the performance of each material during the warpage experiment matched 

expectations set by the estimated t1/2 values. Higher t1/2 values led to less warpage during the tests. 

Here, less can mean both: being printable at a higher minimum layer and failing at a higher layer 

number at a specific minimum layer time. Both the 0 and 4.9% Et samples were only able to be 

printed without warpage over 10 layers when the layer time was 20 s. The 0% sample failed after 

just one layer of printing for both 60 s and 40 s layer times. The 4.9% sample showed more unique 

failure in that the warpage that ultimately led to failure of the print occurred over multiple layers. 

This demonstrates previous layers crystallizing and warping while subsequent layers are printed. 

Layers can warp in concert to cause overall failure during printing of the part. 

5.5 Conclusions 

Three different polypropylene materials with ethylene contents ranging from 0 to 4.9% were 

successfully processed via PBF and analyzed. Fundamental properties of each powder material 

were characterized and showed that, while each sample's crystallinity changed significantly with 

ethylene content, other material properties important to processing (degradation temperature, IR-

absorptivity, melt viscosity) were consistent across samples. Samples were also able to reach their 

maximum density during printing, which allowed for equal comparison of mechanical properties. 

These results help to show that all differences observed during processing and in the printed part 

properties come from differences in crystallinity and crystallization kinetics rather than other 

properties.  

Increases in ethylene content had many impacts on the processing and properties of materials. 

Changes included a downward shift of the peak melting temperature and onset of melting 

temperature, broadening of the melting endotherm, and a decrease in melt enthalpy. Not only did 

the increase in ethylene content change the structure of the materials, it also impacted the 
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crystallization kinetics of the material. When compared at the same temperature, increases in 

ethylene content led to slower isothermal crystallization kinetics as measured by FSC, which is an 

expected result for random polypropylene-ethylene copolymers. 

The changes in structure of the material caused by the introduction of ethylene content led to 

significant changes in mechanical properties. Tensile elongation increased by an order of 

magnitude with the addition of 4.9% Et; however, tensile strength decreased by 25%. There is a 

balance of these two mechanical properties, and the results reported here suggest that ethylene 

content can be added to tune mechanical properties to the desired elongation at break. This result 

is promising for the creation of PBF materials with high elongation at break. 

Though increasing ethylene content caused the expected change in crystallization kinetics, the shift 

in onset of melting led to significantly lower temperatures at which each material could be printed 

without melting the material before laser scanning. This led to faster crystallization at these 

appropriate bed temperatures for the 4.9% Et sample; however, this shift increased the 

processability of the 2.2% Et sample. The 2.2% Et sample was less likely to warp than both the 

4.9% Et sample and the homopolymer due to its much larger t1/2 at the processing bed temperature 

(Table 5.5).  

Tuning crystallization kinetics of PBF materials to increase processability is a difficult goal to 

realize. This work acts as a demonstration of tuning crystallization kinetics in one specific material 

class, and shows that changes to a material that impact crystallization kinetics can also impact the 

crystalline morphology of the material. This work is also limited to exploring samples with 

ethylene contents of 2.2 and 4.9%. It is possible that the greater processability achieved with 2.2% 

Et could be balanced with a lower decrease in tensile strength at a lower % Et. Future work should 

include analysis of polypropylene-ethylene copolymers with even lower ethylene contents. 
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Chapter 6: Emulation of polymer powder bed fusion using fast scanning calorimetry 

Coauthors: Michelle Pomatto, Yifeng Lin 

6.1 Abstract: 

Understanding crystallization as it occurs during powder bed fusion has long been a goal. Since 

crystallization directly informs whether warpage occurs during the printing process and the final 

part properties, understanding this aspect of PBF would yield a robust understanding of the 

process. The overall goal of this work is to emulate a powder bed fusion (PBF) build to assess how 

each layer in the build crystallizes during the printing process. The method of emulation is 

conducted in three steps: 1. in situ thermal measurements of layer scanning are conducted, 2. 

thermal measurements are used to inform a thermal model to simulate layer temperatures after 

measurement is not possible, 3. thermal model temperature profiles are used in FSC to directly 

measure the sample. Previous approaches relied on crystallization models to determine 

crystallinity, but here, crystallization is directly measured in an emulation of the printing process 

using FSC. 

6.2. Introduction 

Powder bed fusion (PBF) is a powerful additive manufacturing technique but is almost always 

limited to process-property relationship development. Recent progress in research has helped add 

structural analysis to elucidate process-structure-property relationships, but understanding how 

that structure develops has been difficult to assess. The goal of this work is to emulate a powder 

bed fusion (PBF) build to assess how each layer in the build crystallizes during the printing 

process. This emulation would help determine both the extent of crystallization in a layer while 

subsequent layers are still being scanned (melt enthalpy) and characterize the crystallinity that has 
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forms (melting endotherm shape). The emulation uses in situ thermal measurements of the PBF 

process as input into a 1D thermal model to establish each layer’s thermal history. Each layer's 

modeled temperatures are then used as input to establish a process-relevant characterization 

schema for fast scanning calorimetry, in which the evolution of a printed layer's crystallinity is 

measured.  

6.2.1 Crystallization during powder bed fusion 

Layer warpage, which can lead to print failure in polymer powder bed fusion (PBF) during 

recoating, is directly caused by shrinkage due to crystallization [1–4]. Mechanical properties also 

depend on crystallization and the development of crystallinity during PBF [4,5]. Thus, 

understanding crystallization during the polymer powder bed fusion (PBF) process is critical as it 

yields insight into both processing behavior and ultimate properties of printed parts. Ultimately, 

the goals for understanding crystallization during the PBF process are: 

1. To understand exactly how a polymer crystallizes and shrinks during the printing process, 

which would enable complete understanding of how warpage occurs during the printing 

process, and 

2. To understand how crystallinity develops during the printing process, which determines a 

part’s mechanical properties [6].  

With this understanding, the printing process and ultimate part properties could be accurately 

predicted and optimized [7]. 

Previously established assumptions that crystallization only occurs during the cooling stage of the 

PBF printing process is becoming more commonly accepted as false. Researchers have now shown 

on multiple occasions that crystallization occurs throughout the printing process, and not only 
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during the cool down stage of printing [8,9]. For example, Drummer et al. observed solidification 

of material within millimeters below the print surface. These results necessitate further observation 

and characterization of exactly how solidification occurs during PBF [9]. Assumptions of 

crystallization only during the cooling stage of printing have also been assumed in PBF modeling 

literature. Some previous research in this area only begins simulating crystallization once a 

material reaches the bed temperature, and neglects any crystallization that occurs above bed 

temperature [2,6]. Neglecting this crystallization can lead to inaccuracies, especially for materials 

that show rapid crystallization. 

One limitation when trying to understand crystallization during PBF processing is that material 

temperature is very difficult to directly measure following powder recoating where the polymer 

melt if covered with fresh powder [5].  Some work towards understanding the temperature of parts 

throughout a PBF build has been conducted using machine setups with extensive embedded 

thermocouples to measure temperatures during printing [8,10,11]. In-situ IR-thermography is a 

common method for measuring surface temperature during the printing process, and this method 

is more adaptable to a commercial system than implementing thermocouples; however, it can only 

measure the temperature of the top surface of the build piston [10]. Another approach towards 

thermal modeling of PBF is to use an energy balance approach to predict the temperature of a 

scanned layer at a specific time; however, this approach makes assumptions of perfect energy 

absorption by the polymer powder and do not consider coalescence and rheology of a material, 

which can lead to inaccuracies compared to experimental data [4]. Employing thermal models to 

predict layer temperature is one other method for attaining thermal data of the PBF process.  

6.2.2 Using the Nakamura model to model crystallization during PBF 
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Modeling of crystallization during PBF processing often uses direct measurements of temperature 

in combination with the Nakamura crystallization model to predict the development of crystallinity 

[4,8,12]. This model is the most used non-isothermal crystallization kinetics model in PBF 

research [3–5,8,13,14]. When using the Nakamura model for non-isothermal measurements at 

constant cooling rates for PBF, Zhao et al. observed errors on the order of ±10% for their modeling 

of polyamide 12 [5].  

Models rely on the accuracy of the data used to create them. Isothermal crystallization data can be 

difficult to obtain at temperatures significantly below melting, especially when using a standard 

DSC, which has limited cooling rates [3]. When there are errors in the data, or data needs to be 

extrapolated, the chance for large errors in the modeled results is high [15]. Often, researchers 

adapt the Nakamura model to better match their data. In modeling PBF, adaptations to the 

Nakamura model that incorporate re-melting during the printing process have also been introduced 

[8,16]. For polypropylene-ethylene polymers, which are studied in this chapter, adaptations to 

account for primary and secondary crystallization in these materials have been made for standard 

non-isothermal crystallization [17]. Though a powerful tool, the Nakamura model has some 

limitations in its accuracy, only predicts a relative amount of crystallinity and does not inherently 

account for more complicated crystallization and melting during a process. Direct measurements 

of a material using a measurement-- such as fast scanning calorimetry (FSC)— would mitigate 

each of these limitations of the Nakamura model.  

6.2.3 Fast scanning calorimetry as an analysis tool for additive manufacturing 

Fast scanning calorimetry (FSC) is an experimental technique that enables rapid heating (40,000 

K/s) and cooling (4,000 K/s) rates of samples. These cooling rates help collect accurate isothermal 

crystallization data, especially at temperatures far below melting (i.e., high degrees of 
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supercooling). Though FSC is becoming a more important tool in PBF research, its application has 

still been somewhat limited. Paolucci et al. used FSC to quantify isothermal crystallization kinetics 

for PBF-grade polyamide powders [18,19]. However, this research was a more traditional use of 

FSC, in which isothermal crystallization data was collected. Other researchers have used FSC in 

combination with a laser to heat the polymer sample to measure heating and cooling rates in a 

setup that mimics the PBF process [20–22].  

FSC has also been used to study semicrystalline polymers in other AM processes. Comelli et al. 

used a thermal model to predict layer temperature in material extrusion (MEX) of PEEK and used 

the resultant data to simulate crystallization during MEX using a FSC, which gave the researchers 

insight into crystallization throughout the entire printing process [23]. Quick et al. employed FSC 

to mimic cooling behavior found in metal PBF and determine heat capacities during processing 

[24]. 

6.2.4 Contribution 

This work details a method for emulating the PBF process to directly observe crystallization during 

PBF on  a layer-by-layer basis. Previous approaches relied on crystallization models to determine 

crystallinity, but here, crystallization is directly measured in an emulation of the printing process 

using FSC. The method of emulation is conducted in three steps: 1. in situ thermal measurements 

of layer scanning are conducted, 2. thermal measurements are used to inform a thermal model to 

simulate layer temperatures after measurement is not possible, 3. thermal model temperature 

profiles are used in FSC to directly measure the sample. The steps of the method for emulation are 

displayed in Figure 6.32. 
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Figure 6.32 the three-step process for emulation of the PBF process. Step 3 yields direct measurements of any crystallinity that 
forms within the printed layer. 

Direct measurement of the material in FSC and using temperature profiles directly informed from 

process measurements should yield a more accurate measurement of crystallization during the 

printing process. Further, FSC measurements inherently incorporate any impacts to non-isothermal 

crystallization that would have to be included within a crystallization model. Measurements of 

crystallinity by FSC provide a full melting endotherm for the measured material, which helps 

describe the thickness of the crystalline lamella as well as the amount of crystallinity. 

Crystallization models only determine relative amount of crystallinity. Understanding the 

crystallinity of each layer at any point during a build can help understand process failure modes, 

such as warpage, and create feedback that could inform different processing approaches to mitigate 

print failure. The benefits of a direct measurement of a material using FSC are discussed in this 

work and an emulation of a 10-layer build that utilizes in-situ thermal measurements, thermal 

modeling, and FSC to evaluate crystallization during the PBF process is demonstrated. 

6.3. Materials and methods 

6.3.1 Material system 

The polymer powder used for this research was a polypropylene-ethylene copolymer powder 

supplied by Braskem North America. This material was a random copolymer with an ethylene 
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content of 4.9%. This material acted as an example material for the methodology described within 

this work. The emulation method is material agnostic and can be applied to any material system. 

6.3.2 Experimental setup for PBF emulation 

6.3.2.1 Powder bed fusion system 

All PBF printing was conducted using a Prodways Promaker P2000 HT manufactured by Farsoon. 

This printer is equipped with a 60 W, CO2 laser. The sample used for thermal data collection was 

printed with the following printing parameters: Tbed = 103° C, 25 W, 1725 mm/s, 0.254 mm hatch 

spacing, 100 µm layer height, and 20 s layer time. These parameters had previously been 

determined to lead to successful printing of the material tested in this research and are therefore 

representative of realistic processing parameters. The sample printed for thermal measurements 

was a 20 x 20 x 20 mm cube, which was taken to be large enough to be representative of powder 

bed fusion parts.  A full-scale tensile bar (3 mm thickness) was printed using these parameters and 

measured using standard DSC to assess its crystallinity for comparison to samples simulated in 

FSC. 

6.3.2.2 In situ IR-thermography 

In-situ thermal measurements were taken during the printing process via an infrared camera (Micro 

Epsilon TIM 640) mounted in the PBF system to view the build area. In-situ temperature 

measurements were taken during and after laser scanning of each layer. Within each scanned area, 

the maximum temperature was measured and reported as the layer temperature.  

Each layer’s temperature was measured beginning with powder spreading across the layer and 

ending with powder spreading of the subsequent layer. The peak temperature during scanning, and 

minimum temperature after scanning, were of particular interest for the thermal modeling detailed 
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in Section 2.2.3. Previous researchers have used similar geometries and sizes for IR thermography 

of PBF [8]. A total of 10 printed layers were measured, with the goal of simulating a 10-layer build. 

This layer count has been previously used by other researchers [2]. In-situ thermal measurements 

were taken for layers 1, 5 & 10. These three layers were emulated using the steps detailed in 

sections 2.2.3-2.2.5. 

6.3.2.3 Thermal model to generate layer temperatures 

Due to the limitations of direct temperature measurement of a layer following recoating (described 

in Section 1.1) a thermal model was used to estimate each layer’s temperature over the course of 

the 10-layer build. The in-situ measurements of maximum layer temperature (Section 2.1.2) were 

used as the input for a simplified PBF process model. This 1D heat transfer model, which uses a 

finite difference approach that accounts for conduction and convection, estimates layer 

temperature throughout the print process. Convection coefficients were determined by testing 

values to fit the thermal data. Air temperature was directly measured using a thermocouple and 

was 98° C. It is assumed that each layer has a uniform temperature.  

6.3.2.4 Fast scanning calorimetry to emulate PBF 

The simulated temperature history of each layer was then used as the temperature cycle in a fast 

scanning calorimeter (FSC) to directly measure and emulate the printing process and measure 

crystallinity in each layer of the printed part. A Mettler Toledo Flash DSC 1)with Huber intra cooler 

TC100 was used for all FSC measurements in this research. This instrument is capable of heating 

rates up to 40,000 °C/s and cooling rates up to 4000 °C/s. To simplify the FSC scheme used to 

mimic the temperature profile produced by the thermal model, a single cooling rate determined by 

the peak and minimum temperature of each layer and a 20 s layer cycle time was calculated. This 
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simplification has previously been used by other researchers [6]. The mass of the single powder 

particle used as a sample for FSC was estimated as 6 µg from optical microscopy. 

6.3.2.5 Characterization of morphology during simulated build 

To assess the crystalline morphology of each layer at different times in the build, samples were 

heated and melt enthalpy was measured following the emulated 10th layer of the build. These 

measurements are representative of each layer in the build following printing of the 10th layer. This 

gives a snapshot of the morphology at three different layers in the build after the 10th layer was 

printed. For example, the simulated 5th layer would go through six heating and cooling cycles, 

which represents that layer’s scanning and the following five scans for the subsequent layers. 

Following the sixth heating and cooling cycle the 5th layer experiences, the sample is heated to 

200° C at 10000 °C/s to completely melt the material and assess the morphology that developed 

during the emulation. The melt enthalpy was determined for each emulated layer to understand the 

amount of crystallinity in that layer after the 10th layer is scanned and the build is completed. 

6.4. Results & discussion 

 

Figure 6.2 image from thermal camera with measurement areas on five scanned layers (20 x 20 mm geometry). 
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Figure 6.3 Example of temperature data for one layer collected from in-situ IR thermography. This temperature profile is then 

used as input into the thermal model to predict the thermal history of each layer  throughout the build. 

Measured layer temperature from in situ IR-thermography (Figure 6.3) are synthesized to establish 

the thermal profile of each single scanned layer (Figure 6.2) throughout the build process. This 

data yielded the peak temperature, cooling rate and layer temperature at the time of powder 

recoating.   
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Figure 6.33 the simulated temperatures with single cooling rates, which was used as an input for the FSC measurements. The 

increase in temperature from subsequent printed layers decreases with time as the layer is more thermally insulated. Each peak 

occurs during the scanning of a subsequent printed layer. Layer cycle times are 20 s. 

This data, collected for 10 layers, was input into a process thermal model to determine each layer’s 

thermal history throughout the build when its surface is no longer measurable by the IR-camera, 

which occurs during powder recoating. As an example, the simulated temperature history of Layer 

1 throughout the complete 10-layer build is shown in Figure 6.33. Cooling rates between layers 

have been set to a constant value, as described in 2.2.4. The small layer thickness, 100 μm, leads 

to significant reheating (10s of °C) of the printed layer during scanning of subsequent layers. The 

increase in temperature from scanning of following layers (which occurs at every 20s, as defined 

by the layer time process parameter described in Section 2.2.1), diminishes as the layers get farther 

from the simulated layer.  

This modeled temperature is similar to the temperature profile observed by Comelli et al. during 

their thermal modeling of MEX [23]. Only after cooling from the first scanning does the material 

approach the set Tbed (103° C). After this layer, the predicted temperature is above Tbed for the rest 

of the 10-layer build due to the accumulation of the thermal energy of multiple scans and the 
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insulating powder bed surrounding the part. This is important for understanding the temperature 

at which early crystallization could occur within the printed material, since higher temperatures 

lead to slower crystallization. 

 

Figure 6.34 the temperature protocol for FSC to simulate Layer 1. Steps 1-7 are incorporated to set the initial structure of the 

material and to make sure this structure is consistent between tests. Steps 8-28 recreated the heating and cooling was predicted 

for Layer 1 over the course of the 10-layer build. In step 29, the material is completely melted to measure the melt enthalpy of the 

material. Step 29 yields the measurement of the morphology of the material during this point in the build. 

The temperature protocol for FSC determined by the modeled temperature profile for Layer 1 is 

displayed in Figure 6.34 (the temperatures and cooling rates for each FSC protocol can be found in 

Error! Reference source not found.). The figure shows the many heating and cooling steps that 

occur for each layer during the PBF process. Samples are measured from each layer's FSC protocol 

and the extent of crystallization observed. In this research, crystallinity is only measured following 

scanning of the 10th layer; however, it is possible to alter the protocol to include a melting step 

(step 29 in Figure 6.34) at any point, which would enable measurement of a layer's crystallinity at 

any point in the PBF process. 
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Figure 6.35 differences in heat flow from the baseline signify crystallinity developed in the sample. The area under the curve 

increases as the printed layer has longer to cool. This leads to Layer 1 showing the highest amount of crystallinity. 

The melting endotherms for each simulated layer as measured by FSC are displayed in Figure 6.35. 

This measurement shows not only the amount of crystallinity within each layer, but the 

temperatures at which the material would melt at as well. For example, it is observed in Figure 6.35 

that, in Layer 1, the melting endotherm begins at 123° C and ends at 142° C. In this way, there is 

significantly more information available in these curves than would come from use of the 

Nakamura model, which only yields the amount of crystallinity.  

From Figure 6.35 it is observed that the amount of crystallinity in a layer increases as the layer has 

had longer to cool. Layer 1 (the first layer printed in the 10-layer build) is the only layer which 

shows any crystallinity at the end of the 10th layer scan. The energy to melt this sample was 75.1 

µJ. Normalized for the mass of the sample, the melt enthalpy was 12.5 J/g. The presence of 

crystallinity in only the first layer agrees with the expectation that layers will be cooler and have 

greater opportunity to crystallize during PBF processing.  
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Layer 10 shows no crystallinity following its final scan and recoat. This result is expected because 

the material has just been heated and cooled before the measurement of its melting endotherm. 

This allows for only 20 s to crystallize, which is especially challenging given that it is well above 

Tbed (103° C).  

Surprisingly, Layer 5 shows no crystallinity at the end of the scanning either. This could be caused 

by the slower cooling that occurs in the layer since it is surrounded both above and below by other 

scanned layers, which provide thermal insulation to this layer and reduce its ability to crystallize. 

 

Figure 6.36 though significant crystallinity develops over the 10-layer build in Layer 1, this value 

is much lower than the ultimate crystallinity observed in the full-scale, printed part.  

Layers’ melt behavior as measured following printing of the 10th layer are compared to a full-scale, 

printed part in Figure 6.36. The full-scale part has a melt enthalpy of 42.8 J/g, which is much 

higher than the simulated layers. This part has had a much greater time at Tbed and has been cooled 

to room temperature which allows it to fully crystallize. Layer 1 having a roughly 30% the 

crystallinity of the final part demonstrates how quickly crystallization occurs during the printing 
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of this part even with only 10 layers printed and the Layer 1 spending its entire printing time above 

Tbed.  

6.5 Conclusion & future work 

A method that enables emulation of the PBF printing process using FSC was successfully 

demonstrated. In this method, direct temperature measurements of the PBF process were collected 

and then input into a thermal process model, which generated approximations of the thermal 

history of each individual layer throughout the build. Finally, the thermal profiles generated from 

the thermal model were used to create a FSC protocol that emulated a layer’s thermal history and 

enabled measurements of a layer’s crystallinity throughout the build process. This method for 

emulation offers an alternative to crystallization modeling, which is limited to only describing the 

amount of crystallinity in a sample at a specific time and does not characterize the crystallinity (no 

melting endotherm). Using FSC enables a more thorough analysis of the crystallization of the 

polymer during the printing process because it measures the melting endotherm of the polymer, 

which is determined by the thickness of the crystals in the sample. The shape of the melting 

endotherm will also demonstrate how crystals grow and thicken throughout the printing process. 

How these crystals develop will directly determine shrinkage that occurs during the printing 

process, which can lead to warpage and can affect the mechanical properties of the final part. This 

technique could be used in tandem with printing observations or a stress model to rigorously 

understand how warpage occurs during the printing process. 

As a direct measurement of a material, FSC also offers the advantage of not needing to make 

adaptations to crystallization models based on a specific material’s behavior. Other researchers 

have included augmentations to the Nakamura model which include aspects of the crystallization 

process to incorporate behaviors such as re-melting of a material during printing or materials that 
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undergo both primary and secondary crystallization [16,17]. The direct measurement of a material 

in FSC inherently incorporates these effects without needing experiments to understand behavior 

specific to the material of interest. This makes the process chain described here powerful in its 

ability to observe crystallization of a simulated print for a new material without any prior 

knowledge of crystallization behavior in the polymer. This test is rapid and could provide 

knowledge early in the development process of new materials for PBF.  

The results observed in FSC measurements using the modeled temperature profiles further 

disprove the assumption that crystallization in PBF is isothermal and occurs only during the 

cooling stage of PBF processing. In the specific polymer system analyzed in this work, 

crystallization readily occurred while a layer was above Tbed during the scanning of subsequent 

layers (t1/2 = 83 s at the chosen Tbed). These results demonstrate the necessity of understanding 

crystallization at temperatures above Tbed during PBF. It is necessary to understand all 

crystallization during the PBF process to fully understand crystallization that determines 

shrinkage—and therefore warpage—and final part properties. 

Increasing the number of rates programmed into the FSC for each cooling step would further 

increase the accuracy of the FSC emulations of the printing process and enable better 

understanding of crystallization during the printing process. However, any limitation in the 

temperature modeling is carried through both the FSC measurement and the crystallization 

modeling, which keeps the comparison between emulation and modeling consistent. The modeling 

of crystallization in this work could be improved by working to better understand isothermal 

crystallization of the material tested in this work; however, because most researchers do not modify 

the Nakamura model for their work on PBF crystallization, it was seen as appropriate for modeling 

the material tested here.  
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6.7 Supplementary Information 

 

6.S1 details the maximum temperatures, minimum temperatures and cooling rates used for the emulations of layers 1, 5 and 10. 
These values were directly input into the FSC, with 20 s of cooling at the specified rate between the maximum and minimum 
temperature. 
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7. Summary, Contributions & Future Work 

7.1 Summary 

The primary goal of this dissertation is to expand the understanding of laser-based polymer powder 

bed fusion by studying the processing of polyolefins. These materials offer the challenge of having 

faster crystallization kinetics than the polyamides that are commonly processed in PBF and are 

therefore more challenging to process. Ultra-high molecular weight polyethylene (UHMWPE) 

offers the additional challenge of having an especially high melt viscosity, which, when analyzed 

from a standard PBF viewpoint, should not be processable using this AM method. As synthesized 

in Chapter 2, polyolefins are challenging to process via AM due to their rapid crystallization, which 

makes warpage during PBF much more likely. 

Chapters 3 and 4 present work towards the goal of manufacturing fully dense parts from 

UHMWPE. In Chapter 3, a method for PBF-processing UHWMPE is developed which enables 

complex geometries to be printed. This was accomplished by leveraging melt explosion, which 

occurs in nascent, as synthesized, UHMWPE powder when it is first molten. Melt explosion was 

controlled by partially melting the scanned area using large hatch spacings, which printed each 

part with an internal lattice that held the entrapped loose powder in place. Then, the high melt 

viscosity of UHMWPE was leveraged to coalesce the printed green part together into a handleable 

part. This could only be accomplished because of the high viscosity of the molten material held its 

shape within the melt. By leveraging these two unique behaviors, complex geometry parts were 

successfully printed 

In Chapter 4, additional post-processing methods were explored to further densify printed 

UHWMPE parts. Specifically, pressure was induced in multiple post-processing steps to densify 
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the printed parts and increase the density of printed samples to that of the bulk polymer. Part 

structure and performance was characterized for multiple post-processing treatments and it was 

found that a combination of cold isostatic pressing (CIP) to densify the printed part and then hot 

isostatic pressing (HIP) to further densify the part in the melt, yielded fully dense parts, with similar 

performance to the same grade of UHMWPE when it is compression molded (slightly lower tensile 

strength, equivalent elongation at break). 

In Chapter 5, the author investigated how changes in polymer structure influence the processing 

and properties of a polymer in PBF. Polypropylene-ethylene (PP-PE) random copolymers were 

used as a demonstration material, as increases in ethylene content (0-4.9%) significantly decrease 

the crystallization kinetics of the polymer. It was hypothesized that this would increase the 

processability (e.g., less likely to experience warpage that disrupts printing) of the material; 

however, increases in ethylene content led to broadening of the melting endotherm and a lower 

onset of melting for the material. The decrease in the onset of melting from increases in ethylene 

content reduced the bed temperature that could be used for printing without melting the material, 

which ultimately, made the material with the highest ethylene content crystallize faster at a usable 

bed temperature. However, the intermediate ethylene content sample was more processable than 

both the highest ethylene content sample and the homopolymer, which suggests a balance of 

crystallization kinetics and melting endotherm shifting was achieved. This work also characterized 

the general impact of ethylene content on printed part performance and found that, as crystallinity 

decreased with increasing ethylene content, there was both an increase in elongation at break and 

a decrease in tensile strength. The results show that the crystallinity can be tuned by the inclusion 

of ethylene content and these two mechanical properties can be adjusted. 
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In Chapter 6, a methodology for emulating the PBF process using fast scanning calorimetry (FSC) 

was developed and demonstrated. This methodology employs FSC to emulate the temperatures a 

specific layer in a PBF build experiences over the length of the build to characterize the layer's 

crystallinity at a given point in the process. This methodology had three steps: 

1. Each layer's temperature is recorded during printing using in-situ IR thermography.  

2. Thermal history of each layer is simulated using a thermal model informed by the in-situ 

temperature measurements. 

3. These temperature history profiles can then be input into FSC to emulate the build for each 

specific layer and understand how crystallinity develops in a layer during a build. 

This methodology builds on crystallization modeling that is common in PBF by collecting 

crystallization data directly from a crystallizing polymer, which circumvents any adjustments to a 

crystallization model necessary for a specific material. This methodology also showed not only 

the amount of crystallinity in the sample at a specific time, but how the crystallinity is distributed. 

The full melting endotherm is measured in this method; this information gives significantly more 

insight into the crystallinity of a material than the absolute crystallinity reported by crystallization 

models. 

7.2 Scientific contributions 

Listed below are the scientific contributions that were accomplished within this work to push 

forward the study of laser-based polymer powder bed fusion. 

7.2 Key contributions: 

 Leveraged fundamental polymer phenomenon to enable printing of a material that is 

expected to not be printable due to its high viscosity 



131 
 

 Developed understanding of the complex interplay between crystallization kinetics, 

material structure and how these properties impact processing in PBF 

 Provided an alternative to crystallization modeling for assessing the development of 

crystallinity in each layer during PBF 

7.3 Major contributions: 

 Developed a process-chain which enabled PBF of UHMWPE 

o First reported PBF printing of complex, multi-layered UHWMPE parts. 

o Process-chain led to successful printing of a material that should be too viscous to 

process in powder bed fusion 

o Connected empirically observed expansion with fundamental polymer behavior to 

develop a novel processing strategy 

o Leveraged the high melt viscosity of UHMWPE to enable post-processing in the 

melt while maintaining shape 

o First demonstration of polymer PBF which melts material during post-processing 

to densify the part and set part properties 

o Achieved successful processing by exploring non-traditional process parameter 

combinations using low Tbed and high hatch spacing 

 Post-processed PBF printed UHMWPE to a fully dense part with high performance 

o Creation of a novel post-process flow that leverages pressure induced densification. 

o Leveraged the high melt viscosity of UHMWPE to enable post-processing in the 

melt while maintaining shape 

o First demonstration of achieving fully dense UHWMPE parts printed via PBF (or 

any other AM process) 
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o Developed an understanding of how pressure affects densification and mechanical 

performance at each step of post-processing treatments 

 Processed and characterized printed parts of PP-PE copolymers with ethylene contents 

ranging from 0-4.9% 

o Determined balance of mechanical properties between tensile strength and 

elongation at break for PP-PE copolymers 

 Built understanding of impact of ethylene content on the processing of PP-PE copolymers 

in PBF 

o Crystallization kinetics decrease with increasing ethylene content, but melting 

endotherm also shifts to lower temperatures, which limits the usable bed 

temperature for printing for high ethylene content samples 

o This combination of changes in behavior leads to usable bed temperatures where 

crystallization is faster for the samples with high ethylene which results in this 

sample to be more difficult to process in PBF and more likely to warp during 

processing, however lower ethylene contents led to a more processable material 

o Changes in ethylene content that lower crystallization kinetics also impact the 

morphology of a material, which can diminish processability without warpage at 

high enough ethylene contents 

 Developed process-chain which enabled emulation of the PBF process for each specific 

layer using FSC 

o Emulated a 10-layer PBF build using FSC 



133 
 

o Unlike existing PBF modeling literature, this method of emulation  yields the entire 

melting endotherm of a emulated layer at any point during a PBF build, rather than 

only an amount of crystallinity 

o Direct measurement of the polymer, which yields a melting endotherm can be used 

to understand the exact type of crystallinity developed during the printing process 

and how that crystallinity develops during the build 

7.4 Limitations of presented work 

All printing of UHMWPE was conducted on highly sieved “fines” collected from the UHMWPE 

production process. This yielded a specific particle size distribution that was found to work for the 

sets of processing parameters discussed in this dissertation. The adjustments for using larger 

particle sizes or particle size distributions and how this might cause interplay between the laser 

diameter and the printing process has not been investigated. The printing process established in 

Chapter 3 has the majority of the scanned area of each part made up by non-intersecting scanlines. 

It is possible that the way in which melting occurs from the single scanline could be dependent on 

particle size and adjustments would have to be made for a different particle size distribution. 

The UHMWPE studied in Chapters 3 and 4 is a 3000 kDal polyethylene. This is on the lowest end 

of what is considered UHMWPE and there are many UHMWPE grades with significantly higher 

molecular weights (up to 10000 kDal for some grades). Melt explosion should occur in any of 

these UHMWPE depending on the extent of co-crystallization in the material during synthesis, 

however, the amount of expansion will depend on the molecular weight. Increases in molecular 

weight should yield an even greater difference between the solution crystallized, nascent powder’s 

radius of gyration Rg and the Rg of the melt for that grade of UHMWPE. This could cause 

challenges in achieving the partial melt and expansion necessary to enable printing without too 
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much expansion and tuning of the printing parameters to the specific grade of UHMWPE would 

be necessary. 

The size of the samples investigated in chapter 4 are very small compared to common PBF 

materials or even possible applications for printed UHMWPE such as parts in knee and hip 

replacements or bearings. Though densification was achievable in these parts, it cannot be assumed 

that densification is generalizable to parts of any size. Further experiments would be necessary to 

understand the limitations of this post-processing approach and determine design for additive 

manufacturing (DFAM) guidelines for this methodology. 

In the chapter 5 work on tuning crystallization kinetics with increases in ethylene content, the 

minimum amount of ethylene content was 2.2%. Though this value positively impacted 

processing, it is possible that lower ethylene contents could improve processing further and 

minimize loss of tensile strength. This work sets a window in which processing difficulties occur, 

however conclusions about lower ethylene contents have not been made. It is possible that at lower 

ethylene contents there is a balance of slower crystallization kinetics and smaller changes to the 

melting endotherm in the PP-PE copolymer and increase mechanical properties. 

Though the methodology established in chapter 6 was carried out and showed observations of 

crystallization in a simulated build, this method is very time-intensive. Collecting and analyzing 

thermal data for PBF is non-trivial with the current setup and for future work collecting data for 

different sets of process parameters, this work is multiplied. Thermal modeling is not time 

intensive but conducting experiments using FSC can be very tedious. Ultimately, to get more 

accurate results many cooling rates must be used in each layer to mimic the cooling curve observed 

in the printed and programming this type of scheme is taxing. FSC does not yield measurements 

of the crystallinity at each time-step, it instead needs to have a final heating step to measure the 
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melting endotherm. This means if the crystallinity for a layer is desired during each printing cycle, 

the same number of runs of the FSC must be conducted, which is programming intensive and can 

take significant time.  

7.5 Future Work and Final Reflections 

Connecting polymer science to PBF is still a burgeoning field. The push away from researching 

process-property relationships to fully understanding process-structure-property relationships in 

PBF enables true understanding of the completer PBF process. This dissertation worked to build 

the connections between polymer science and PBF processing through demonstrations using 

polyolefin materials.  

Melt explosion during PBF of UHMWPE is observed but not directly characterized in the work of 

Chapter 3. Work towards using in situ small-angle x-ray scattering (SAXS) or small-angle neutron 

scattering (SANS) is essential to completely understand what occurs on a polymer chain level 

during the laser scanning process which causes expansion. Previous studies have observed melt 

explosion through melting films and compression molding, but not in such a very non-isothermal 

process like PBF. The interaction between the rapid heating of UHMWPE during PBF and the 

melting and expansion that occurs could further the understanding of how this phenomenon occurs 

and its implications in the PBF process.  

The key properties which make UHMWPE such an important material for applications are its wear 

properties. These properties have yet to be explored for the process-chain established in chapters 

3 and 4. It is paramount to characterize these properties and begin to optimize post-processing 

around wear properties. Achieving fully dense parts was a key goal to maximizing wear properties, 

however, wear characterization is necessary to fully assess the printed parts. 
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One large area of future work is to take the demonstrations of printability from Chapters 3 and 4 

and apply the results to polytretrafluoroethylene (PTFE). PTFE is the most similar thermoplastic 

to UHMWPE in that it is incredibly viscous, and its highly crystalline nature could yield an 

expansion during melting in a PBF system. The combination of these two similarities suggests that 

the methodology determined in this dissertation may yield a processing route for PTFE additive 

manufacturing, which is still a large goal within the field. PTFE has the potential to open up PBF 

printed materials to many applications for which no current material is suited. Future researchers 

should take caution, as degrading fluoropolymers can be quite hazardous. 

Though the impact of changes in chemical structure, which changed the crystallization kinetics of 

different samples was explored, there are still not guidelines established for the type of 

crystallization kinetics that are necessary for successful PBF of a material. This is a key goal in 

PBF research and could enable testing of small quantities of an experimental powder in a DSC or 

FSC to predict printability. Defining and understanding the bounds of crystallization kinetics (if 

they exist) for PBF materials is paramount to efficiently adding materials to the PBF printing 

portfolio. This work supports the established behavior in PBF that polymers with slower 

crystallization rates are more processable but doesn’t fully push that metric to define boundaries 

for printability. This is an essential goal for future work in PBF. 

The methodology established in Chapter 6 was limited to one evaluation of one 10-layer build for 

a specific set of processing parameters and specific polymer. In future work it is essential to expand 

the simulations and begin to connect the conclusions from FSC to processing behavior. This could 

include connecting the rate of crystallinity development in an FSC to warpage observed during 

printing to understanding differences in crystallinity between different printed parts and 

connecting these differences to the development of crystallinity in an FSC simulation. 
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Establishing rheological requirements for PBF is an area that must be fully investigated. The status 

of rheology in PBF is to say that coalescence requires surface tension to overcome the zero-shear 

viscosity of a material. This understanding is limited and polymer systems have yet to be pushed 

to understand how different polymers for PBF can be different from the polymers developed for 

traditional thermoplastic processes such as injection molding or extrusion, which apply high shear 

and are reliant on viscosities much different from the zero-shear viscosity. 

PBF is an exceptionally unique polymer process. It includes rapid heating and cooling, no shear, 

and each layer in a part has its own, unique thermal history. The amount of powder needed for 

part-scale experiments is large enough to prove daunting to many chemists and the particle size 

requirements are stringent. The advancement of PBF research depends on the ability to 

characterize materials using small scale experiments to determine printability. FSC, modeling and 

small-scale rheometry are paramount to determining printability on a small scale. With each of 

these characterization tools understood and utilized correctly, the future in which polymers and 

can be rapidly and accurately characterized for printing in PBF is possible.   

 


