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1. Introduction

Impact of polymer molecular weight blends on the
powder bed fusion process and the properties of
polypropylene printed parts+

Akan George, (22 Jackson S. Bryant,® Timothy Taylor,® Michael J. Bortner, (9°
Christopher B. Williams® and Mark D. Dadmun (2 *@

Designing and controlling the molecular characteristics of polymeric feedstocks is crucial for creating
robust structures via the powder bed fusion (PBF) process. To explore the impact of a powder's molecular
weight on printed part structure and properties, thermally induced phase separation was employed to
produce spherical, appropriately sized polypropylene (PP) powders formed from individual unimodal
molecular weights and molecular weight blends. More precisely, these powders are composed of 12 000
Daltons PP (12k), 250 000 Daltons PP (250k), or 340 000 Daltons PP (340k), as well as their blends (50/
50 wt% of 12k/250k, 12k/340k, 250k/340k, and 33/33/33 wt% of 12k/250k/340k). Analysis of the printed
parts from these powders shows that the blended molecular weight (M,,) samples exhibit lower void
space and higher crystallinity than the unimodal M,, counterparts. More importantly, dynamic mechanical
analysis of the printed parts shows a substantial increase in storage modulus for blended molecular
weight samples compared to unimodal M,, counterparts. This significant enhancement in the mechanical
property of the blended molecular weight samples is due to improved coalescence dynamics driven by
the powders' decreased melt viscosity. Improved coalescence reduces the void space in the printed parts,
thereby improving mechanical performance. These results, therefore, provide a molecular-level under-
standing of the mechanism by which low M,, additives improve PBF processability, presenting avenues to
augment the macroscopic properties of the printed parts. Additionally, the powder design approach pre-
sented in this work is cost-effective and offers a simple strategy to enhance the final part properties
across various materials in additive manufacturing.

due to weak interfacial adhesion between layers. This weak
interfacial adhesion is caused by poor chain mobility, the pres-

Powder bed fusion (PBF), also known as selective laser sintering
(SLS), is an additive manufacturing (AM) process in which
objects are created by using laser energy to melt and coalesce
powders in a layer-by-layer fashion."* The PBF process offers
numerous advantages among polymer AM technologies, includ-
ing the ability to process semi crystalline polymers, high geo-
metrical flexibility, and the ability to create customized parts
without the need for dedicated support structures.> However,
despite these advantages, parts produced through PBF often
exhibit inferior mechanical properties when compared to those
manufactured via traditional polymer processing techniques,
such as injection molding.>* At a molecular level, the poor
mechanical properties associated with PBF fabricated parts are
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ence of void spaces that is the result of insufficient coalescence,
and poor molecular chain entanglement at the interface
between adjacent layers.*” Moreover, the physics that govern
the PBF process involves complex thermal histories that differ
substantially from conventional manufacturing processes.
Another major constraint restricting the application of PBF
for manufacturing is the limited range of materials available for
the PBF process. For instance, the clear majority of the poly-
meric materials used in PBF are polyamides (PA12 and PA11).?
In order to expand the availability of polymeric materials for
PBF, it is important to understand the relationship between fun-
damental material properties of newly developed powders and
their printability, as well as utilizing an economically viable
method to make powders from a wide variety of polymers.

1.1. Impact of powder properties on PBF process

1.1.1. Effect of particle size and size distribution on PBF
process. The first step in forming a layer in the PBF manufac-
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turing process is powder recoating, which involves spreading
polymer powder evenly onto the powder print bed using a
roller." Efficient flowability during this powder-spreading step
is imperative to achieve a densely packed powder bed that
leads to more dense printed parts." The flowability of the
powder during the recoating process depends on the powder
size and shape; powders with a spherical shape and smooth
surface are desirable in the PBF process because of their better
flowability and packing efficiency."*'® If particles are too
small, they may “evaporate off” when exposed to the high-
energy beam, fogging the optics and heating elements and
thus reducing the efficiency of the print process.'*
Furthermore, excessively small particles can adhere to the
recoating roller due to electrostatic forces.'” In fact, Averardi
et al. highlighted that using particles smaller than 10 pm in
PBF tends to result in agglomeration or aggregates due to
strong cohesive forces, hampering powder flowability and layer
density."® Hence, utilizing powders with appropriate particle
size and distributions in the PBF process is crucial for optimal
printability.’®**!* A commonly recommended average particle
size for powder bed fusion is usually 40-100 pm.

After the powder recoating process, a laser heats the
powder to selectively melt the powder to form melt pools at
points in the layer to build the structure."*'® However, large
variations in particle size can result in the complete melting of
small particles and only partial melting of large particles,
where incomplete melting of the larger particles results in
incomplete coalescence of the powders and voids in the
printed parts.>'® The time needed to conduct the heat from
the laser throughout the particle strongly depends on the par-
ticle size of the powder. For example, the amount of laser
energy required to raise the temperature of the powder particle
correlates directly with the particle size. This relationship can
be estimated using eqn (1) and (2).**

Q = mcp AT (1)

In eqn (1), Q is the heat energy, m is the mass of the powder
particle, ¢, is the specific heat capacity of the particle, and AT
is the temperature difference. Replacing the mass of the par-
ticle in eqn (1) by the particle density (p) times volume of the
particle shows the dependence of the amount of heat required
to raise the temperature of the powder particle (Q) on the par-
ticle radius. This substitution leads to eqn (2), which shows
that Q varies with the particle radius cubed, .

43
Q= T/’CPAT (2)

Moreover, the characteristic time for heat conduction from
the laser-illuminated area to the surrounding region of the par-
ticle, t., varies with the particle radius as *, as shown in eqn
(3), where a is the thermal diffusivity of the particle.**

4r?
feo=— 3
= ®

Eqn (2) and (3) offer a quantitative understanding of how
powder particle size can impact the PBF process, where, under
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the same experimental condition, larger particles require more
laser energy to melt and coalesce at a slower rate than smaller
particles.>'"'* Additionally, the conduction of heat through
larger particles takes a longer time than in smaller particles.'*
The absorptivity of laser energy by the particle also diminishes
with increasing particle size, which is attributable to a
reduction in the surface area-to-volume ratio. Smaller particles
provide a larger surface area to absorb more laser energy,
leading to a faster melting and coalescence rate.'> Hejmady
et al. showed that increasing particle radius from 30 to
105 pm, results in the ratio of the laser spot size to particle
size decreasing from 0.66 to 0.19. This leads to the conclusion
that with a larger particle, a substantial portion of the particle
may not efficiently absorb the laser energy, resulting in a pro-
nounced temperature gradient within the particle, conse-
quently decreasing the coalescence kinetics.'*

1.1.2. Effect of particle shape on PBF process. In the PBF
process, the geometry of powder particles affects their ability
to flow during the recoating process to form a thin layer."*®™°
A freely flowing powder is also required to achieve a high
packing density within the powder bed and to minimize inter-
stitial voids between particles prior to coalescence to create
dense parts.! The flow of particles during recoating is also sig-
nificantly influenced by interparticle forces. Spherical par-
ticles, for instance, result in minimal contact between par-
ticles, reducing inter-particle friction. This characteristic
improves particle flowability, enhancing the overall flow
dynamics during the recoating process.'®

The packing quality of the powder bed also has a substantial
impact on the heat transfer characteristics and flow of the
molten materials during the printing process. Studies indicate
that higher packing density of the powder in the bed minimizes
void spaces between particles, thereby enhancing the thermal
interaction among particles during sintering."**° Numerous
studies have correlated the packing efficiency of the powder bed
to particle shape. For example, Schiochet Nasato et al and
Haeri et al. investigated the dependency of the packing density
of the powder bed on the particle aspect ratio.’”*® Their find-
ings show that as the particle aspect ratio increases, the packing
density of the powder bed decreases. Deng et al. show that with
increasing particle aspect ratio, the distribution of contact angle
between the particles becomes wider, resulting in less packing
of the particles and increased void spaces between the par-
ticles."® Given these findings, spherical and regularly shaped
particles are preferred in the PBF process due to their superior
flowability characteristics and higher packing efficiency com-
pared to non-spherical and irregularly shaped particles.

1.1.3. Effect of polymer molecular weight and viscosity on
PBF process. After selective heating of the powder by the laser
beam, the melted powders coalesce and then solidify upon
cooling to form intra- and inter-layer bonds."'° Polymer
viscous flow and particle coalescence control densification and
impact the final mechanical properties of the printed parts.
Sufficient particle coalescence within one layer and across
layers is essential to achieving a homogeneous structure with
few defects and mechanically robust 3D-printed parts.’

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Viscous flow is a crucial driving force of the coalescence
phenomena in the PBF process.'® Theoretical models, such as
the Frenkel model describe viscous coalescence with critical
parameters that govern the coalescence kinetics, including,
polymer zero-shear viscosity and surface tension."*'%'* The
polymer zero-shear viscosity is the viscosity of the material as
the shear rate approaches zero. This is a limiting value that
approximates the viscosity of the material when there is no
shear applied to the sample. No mechanical pressure is
applied to the polymer during the PBF process as opposed to
the injection molding process;>" thus the zero-shear viscosity
is the appropriate parameter to model this process. This is
quantitatively shown in the Frenkel model (eqn (4)), where an
increase in the zero-shear viscosity leads to a decrease in the
time evolution of the coalescence (X(t)).!

X (¢) = (3”)é (a)

a 2an,

In eqn (4), x is the neck radius between two adjacent coales-
cing particles, a is the initial particle radius, ¢ is the coalesc-
ence time, I is the surface tension of the polymer, and 7, is
the zero-shear viscosity of the polymer. 7, is related to polymer
molecular weight (M,,) via eqn (5), where c is a constant.>?

o = MW3A4 (5)

The timescale associated with particle coalescence in the
PBF process is only approximately 10 seconds;'® thus, poly-
mers with higher molecular weights, and higher viscosities,
may not be exposed to the laser power long enough to melt
and sufficiently flow to complete consolidation within this
short timescale. Therefore, we hypothesize that designing poly-
meric materials with tunable zero-shear viscosity to improve
polymer flow during coalescence could improve interfacial
adhesion, powder consolidation, and thus part robustness.

1.2. Strategies to enhance consolidation of particles and
improve mechanical strength in PBF printed parts

1.2.1. Manipulation of print settings. Various mechanistic
approaches have been attempted to promote the consolidation
of particles and improve mechanical strength in PBF printed
parts. For instance, the effect of laser power on the density and
the tensile strength of PA12 printed parts by PBF has been
investigated by Yan et al®>® Their findings show that the
density and the tensile strength increase with increasing laser
power until they reach a maximum value and then further
increasing laser power results in the decrease in the density
and the tensile strength. Similar results have been reported by
Zhu et al. in the PBF of Polypropylene (PP).”* The correlation
between increasing laser power (P) and the improved mechan-
ical properties of the PBF printed parts is not surprising, as it
stems from the direct relationship demonstrated in eqn (6),
where increasing P, will consequently increase the energy the
laser beam delivers to the polymer powder per unit area (the
energy density [Ep]), assuming all other parameters remain
constant."

© 2025 The Author(s). Published by the Royal Society of Chemistry
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"~ DiH Vs

Ep

(6)

In eqn (6), Hy is the hatch spacing, D, is the laser diameter,
and Vs is the laser beam speed. Increasing laser power, thus,
increases energy density, raising the powder temperature,
which lowers the viscosity of the polymer, and fosters a faster
coalescence during the printing process. However, increasing
the energy density can lead to material degradation and
dimensional errors in the printed structure.>*>*

1.2.2. Material modification. Material degradation poses a
significant limitation to parameter-based approaches to
improving printed part properties. Therefore, material design,
such as modifying the polymeric material rather than altering
the physical print parameters and understanding how polymer
feedstock molecular characteristics impact particle consolida-
tion during printing are viable ways to design materials to fab-
ricate mechanically robust 3D-printed parts. Hence, this study
focuses on modifying the molecular characteristics of the
polymer feedstocks to optimize the crucial consolidation pro-
cesses in PBF.

In previous work by our group, designing bimodal mole-
cular weight materials has been proven to enhance the
mechanical performance of material extrusion-based 3D-
printed structures. For example, Levenhagen et al. designed
bimodal blend polylactic acid (PLA) filaments by incorporating
lower molecular weight PLA additives into commercially avail-
able higher molecular weight PLA filament. The lower mole-
cular weight PLA additives improve polymer chain diffusion
between layers, strengthening the interfacial adhesion between
layers in structures created by the fused filament fabrication
(FFF) process, and result in mechanically robust 3D-printed
parts.”> Lower molecular weight additives in a polymer melt
readily sequester to the interface of the filament, where they
can more quickly form entanglement between layers relative to
the diffusive processes of their higher molecular weight
counterparts.>>

Given this fundamental process and the importance of
polymer molecular motion in particle coalescence in the PBF
process, we hypothesize that such a molecular modification
protocol will also improve the mechanical performance of
polymer parts fabricated by PBF. From the Frenkel model, it is
clear that the zero-shear viscosity is a dominant parameter
that governs polymer flow during coalescence, and thus the
coalescence process. Moreover, the zero-shear viscosity has a
well-known relationship to polymer molecular weight (eqn
(5)), opening avenues to control this crucial parameter by mod-
ifying the average molecular weight of the polymer. Thus, this
work is designed to examine the impact of molecular weight
blends of polypropylene (PP) powders on the PBF process and
the properties of the printed parts.

To achieve this aim, we utilize thermally-induced phase
separation (TIPS)*’® to create powders with bespoke mole-
cular weight (M,,) distributions, where high molecular weight
PP is blended with an identical, but low M,,, PP to form mole-
cular weight blends of PP. By combining low molecular weight
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Fig. 1 Proposed strategy to enhance coalescence and decrease void space in high M,, polymer by molecular modification. Under the same experi-
mental condition, molecular blend sample should exhibit higher level of coalescence and lower void space than unblended samples.

PP with high molecular weight PP, we expect the viscosity of
the blend to be significantly lower than that of the high mole-
cular weight PP, potentially facilitating molecular mobility and
improving the coalescence dynamics during the PBF process.
This targeted improvement of the coalescence process is
shown schematically in Fig. 1. Thus, under the same thermal
energy of the PBF process, we expect that the coalescence of
the molecular weight blend powders will be faster, potentially
reducing internal voids and creating a more robust structure
relative to structures formed from neat high molecular weight
polymer. As illustrated in Fig. 1, a high degree of coalescence
and substantial void space reduction should result in
improved densification and enhanced mechanical perform-
ance of the printed parts. Providing this understanding of
molecular-level mechanisms governing particle fusion estab-
lishes a solid foundation for the strategic creation of polymeric
feedstocks for improved PBF printing. Moreover, developing
materials with molecular weight blends presents a cost-
effective approach to tailor feedstocks, effectively tackling
some of the existing challenges encountered in the PBF
process. This work aims to provide a fundamental understand-
ing of the mechanism by which polymer molecular weight
and, thus zero-shear viscosity, controls the fabrication of struc-
tures in the PBF process. PP is an important thermoplastic as
it is widely applicable across various industries due to its good
mechanical performance, chemical stability, and relatively low
cost.>* Understanding how polymer molecular weight affects
PBF fabrication will not only contribute to improving PP print-
ability but also potentially pave the way for advancements in
other materials processed by PBF.

2. Experimental methods
2.1. Materials

Isotactic polypropylene pellets with molecular weights of
12 000, 250000, and 340000 Dalton were purchased from
Sigma-Aldrich. Xylene, ethanol, and silicone oil were pur-

1292 | RSC Appl. Polym., 2025, 3, 1289-1302

chased from Fisher Scientific. All chemicals were used without
further purification. Throughout this work, molecular weights
of 12000, 250 000, and 340 000 Daltons will be denoted by
12k, 250k, and 340k Daltons, respectively.

2.2. Production of PP powders via thermally-induced phase
separation (TIPS)

Thermally-induced phase separation (TIPS)*”*® was used to
form PP powders for PBF. With this process, PP powders were
formed from neat 12k, 250k, and 340k PP pellets, 50/50 wt%
blends of 12k/250k, 12k/340k, and 250k/340k and a 33/33/
33 wt% blend of 12k/250k/340k. To fabricate each PP powder
sample, 9 g of PP pellets were added into a 250 ml round
bottom flask. 91 g of xylene was added, and the mixture was
heated with a hotplate to 190 °C, stirred at 200 rpm, and
refluxed for 1 hour to form a homogeneous solution. After
1 hour of reflux, the mixture was placed into a cold trap at
40 °C without stirring using a Fischer Isotemp containing a
mixture of 50% water and 50% ethylene glycol as the refriger-
ant and quenched for 1 hour to precipitate the powders. After
the quenching process, vacuum filtration separated the pre-
cipitate, where the PP powders were washed with ethanol three
times to remove residual xylene. The obtained powders were
then placed in a vacuum oven at 40 °C and dried until a con-
stant mass is reached. The yield of the powder based on the
initial pellet loading is 95-98%. The schematic representation
for the PP powder formation is shown in Fig. S1.}

2.3. Characterization of the prepared PP powder

2.3.1. Evaluation of particle size distribution via laser diffr-
action particle size analyzer. The particle size and particle size
distribution of the produced PP powders were determined
with a Mastersizer 3000 laser diffraction particle size analyzer
(Malvern Instruments Ltd). This analysis provides the particle
size distribution and median diameter, D50, for all the pre-
pared PP powders, where D50 represents the particle diameter
value at 50% in the cumulative distribution. For each sample
formulation, this experiment was repeated at least three times.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.3.2. Scanning electron microscopy (SEM). Scanning elec-
tron microscopy (SEM) was performed to monitor the shape of
the prepared powders. To obtain SEM micrographs of the
samples, each sample was coated with a thin layer of gold to
eliminate surface charging. The SEM used in this study is a
ZEISS-EVO with high electron tension set at 20.00 kV.

2.3.3. Zero-shear viscosity. The zero-shear viscosities of the
PP powders formed from TIPS were determined vig rotational
rheometry using an AR200ex rheometer from TA Instruments at
Oak Ridge National Laboratory. The viscosity measurement was
performed at 164 °C and at 0.005 s~ ' shear rate. Disc-shaped
specimens that were 25 mm diameter and 1 mm thickness were
prepared by compression molding at 170 °C for 5 minutes under
2 metric tons load. A 25 mm diameter parallel plate was used.
Before each rheological measurement, the sample was thermally
stabilized for 10 minutes to ensure thermal equilibrium. The
temperature was stabilized within 0.2 K for all measurements.

2.3.4 Molecular weight determination. The molecular
weight and dispersity of the PP MW blend powder samples
prepared via TIPS were determined by a high-temperature Size
Exclusion Chromatograph (SEC), a Malvern high-temperature
OMNISEC system, using 1,2,4 trichlorobenzene as the eluent,
with solution concentrations ranging from 1.0 to 3 mg ml™*
and calibrated to polypropylene standards. Viscometer, refrac-
tive index, low-angle light scattering, and right-angle light scat-
tering detectors were used to obtain the molecular weight and
dispersity data.

2.3.5. Thermal analysis of PP powders. Data from differen-
tial scanning calorimetry (DSC) is used to establish the feas-
ible PBF processing temperatures of the PP powders. The DSC
data were obtained with a TA Instruments DSC Q2000.
Approximately 5-10 mg of each sample was placed in standard
aluminum pans with covers and the DSC curves were
measured at a heating rate of 10 °C min™" from 40 °C to
200 °C, followed by cooling to 40 °C at 10 °C min™" under
nitrogen purge gas flow. The PBF processing temperature
ranges are defined as occurring between the onset melting
temperature and the onset crystallization temperature.

The thermal stabilities of the PP powders were determined
via thermogravimetric analysis (TGA) using a TA Instruments

PP powder
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TGA Q50. Approximately 10 mg of each sample was heated
from 40 °C to 600 °C at the rate of 10 °C min™" under nitrogen
gas. The thermal stabilities of the PP powders are obtained
from the peak degradation temperature of the TGA curve.

2.4. Powder bed fusion of the prepared PP powders

All prepared powders were printed using a Prodways Promaker
P2000 HT printer, which is equipped with a 60 W CO, laser.
Using the processing temperature identified from DSC data,
and based on preliminary experimental trials, samples were
printed with a layer thickness of 100 pm as well as bed and
feed temperatures set to 140 °C, a laser power of 50 W, beam
velocity of 3750 mm s, and hatch spacing of 0.3 mm. These
print parameters correspond to an energy density (Ep) of
0.044 ] mm™>. Laser parameters were held constant for all
powder specimens to enable direct evaluation of the impact of
molecular weight on the structure and properties of the
printed parts. The bed and feed temperatures were set conser-
vatively to reduce the risk of powders prematurely melting and
coalescing in the powder bed prior to energy deposition,
which is more likely as these set temperatures approach the
onset of melting for a powder. Tensile testing dogbones and
rectangular prismatic structures (21 mm x 6 mm x 1 mm) for
dynamic mechanical analysis (DMA) were printed from the
fabricated PP powders, as shown in Fig. 2.

2.5. Characterization of the PP printed parts

2.5.1. Dynamic mechanical analysis (DMA). DMA (TA
Instruments DMA Q800) was used to characterize the visco-
elastic behavior of the printed samples. Storage and loss
moduli curves were obtained with a frequency of 1 Hz and a
strain of 0.1% where the temperature was ramped from —50 °C
to 120 °C at 3 °C min~". Additionally, the glass transition
temperature (Ty) of each printed sample was determined from
the peak of the damping factor, tan §. The DMA was performed
in tensile mode. Two DMA runs were performed for two
sample formulations to assess reproducibility, as shown in
Fig. S5.1 For the remaining material formulations, additional
runs could not be completed due to limited sample availability
and sample breakage during handling.

Printing

Printed structures

Fig. 2 Powder bed fusion of the PP powder. The tensile bars are formed from the 250K powder, while the rectangular DMA bars are formed from

the 250K and 12K blend powder.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.5.2. Evaluation of crystallinity and crystal structure of the
PP printed parts. Differential scanning calorimetry (DSC)
curves were analyzed to determine the crystallinity of the
printed structures. DSC curves were obtained with a TA
Instruments DSC Q2000 Approximately 5-10 mg of the
printed samples were placed in standard covered alumi-
num pans and measured at a heating rate of 10 °C min~"
from 40 °C to 200 °C, followed by cooling to 40 °C at 10 °C
min~' under nitrogen purge gas flow. The percent crystal-
linity, Xs, of the polymer samples was calculated from
the experimentally determined heat of fusion according to
eqn (7).

AH,
X, = ATT x 100% (7)

m

In eqn (7), AH,, is the measured melting enthalpy, of the
printed structure, and AH,, is the melting enthalpy of fully-
crystalline PP material (209 J g~').>° Wide-angle X-ray scatter-
ing (WAXS) was also performed to investigate the variation in
crystalline structure among printed samples. WAXS curves
were obtained using a Xenocs Xeuss 3.0 X-ray scattering
instrument with a PILATUS3 R detector and an X-ray wave-
length of 1.54 A. The sample detector distance was 0.045 m.
The printed solid samples were placed in a beam and scat-
tered directly. All scans were obtained under a vacuum.
Collected scans were analyzed using a Gaussian curve to
obtain peak positions.

2.5.3. Void space evaluation via SEM and Image]J software.
Scanning electron microscopy (SEM) was used to determine
the percent void space in the printed samples. Sample
preparation included fracturing the PP printed samples with
liquid nitrogen, followed by coating with a thin gold layer
the sample surface to eliminate surface charging. The SEM
used in this study is a ZEISS-EVO with high electron tension
set at 5.00 kV, where an example image is shown in Fig. 3.
To determine the percent voids, Image] was first used to
convert the SEM images to black and white, eqn (8) was then
used to determine percent voids in the sample. For each
sample formulation, this experiment was repeated at least
three times.
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total number of black pixels

100.
total number of black + white pixels .

(8)

Void space % =

3. Results and discussion

3.1. Particle size and distribution of fabricated PP powders

It is well known that the size of powder particles plays a critical
role in governing particle flow dynamics during the recoating
process, and thus directly affects the quality of the prepared
powder bed and its packing density. Thus, employing the
proper particle size and distribution is vital for effective
absorption of laser energy and ensuring proper coalescence
during the printing process. Forming polymer powder with
proper size and distribution for the PBF process is challenging
but is required to create molecularly designed powders that
are suitable for use in polymer powder bed fusion. Our pre-
vious studies have demonstrated that the TIPS process pro-
vides pathways to fabricate polypropylene powders of targeted
size and distribution that are suitable for PBE.””*® Fig. 4
shows the size distribution of the powders created for this
study, for both the neat polymers and all of the molecular
weight blends. This figure shows similar size distributions and
the production of powders with average particle size, D50, that
is consistent with the particle size range that is suitable for
PBF. Table S17 presents the D50, D10, and D90 values for the
PP particles formed via the TIPS process. The successful pro-
duction of the PP powders with target average sizes across
various molecular weight and blends underscores the signifi-
cance and the ability of the TIPS process in this study to
develop and rationally control the powder production method
to create bespoke feedstocks to address current challenges in
the PBF process. Moreover, producing these PP powders with
uniform sizes for all samples allows researchers to eliminate
the impact of particle size on the PBF process. Summarily, PP
particles of similar size require similar energy absorption and
the influence of particle size on flowability and coalescence
are comparable, allowing for a more detailed examination of
molecular weight effects on the PP molecular weight on the
PBF fabrication process.
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Fig. 3 Evaluation of void space in the printed sample via SEM and Imaged. (A) SEM image of the printed sample showing the void spaces. (B)
Converted SEM image of the printed sample to black and white pixels using ImageJ. Scale bar is 150 pm.
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Fig. 4 Particle size and distributions of produced PP powders analyzed
using laser diffraction. The average particle size, D50, is the proper size
(58 um-86 pm) for PBF.

3.2. SEM images of the structure of fabricated PP particles

Fig. 5 shows SEM images of the fabricated PP powders, where
the particles are spherical with smooth surfaces. However, a
closer examination of the SEM images shows that the powders
formed from the neat 12k sample have some particles that are
crumpled, while the powders formed from the neat 340k
sample shows some particles that have rough surfaces.
Intriguingly, these structural characteristics of the powder are
eliminated when the 12k PP is blended with high molecular
weight PP using the TIPS process. This structural transform-
ation becomes apparent in the 12k/250k, 12k/340k, and 12k/
250k/340k powder particles. These variations in structure
could be attributed to the complex interactions occurring
during the formation of droplets from blends in the TIPS
process. The fact that all the PP samples have identical shapes
implies similar particle aspect ratios, suggesting comparable
configurations in the print bed during powder spreading. This
structural similarity provides a foundation to eliminate the
impact of particle shape on the PBF process in this study.
This, in turn, allows for a focused investigation of how the
molecular weight of the powders influences the PBF process
and the properties of the resulting printed structures, as
detailed below.

3.3. Tuning powder zero-shear viscosity

Coalescence is a fundamental aspect of the PBF process that
directly impacts the strength, quality, and properties of
printed parts. It depends intimately on the surface tension
and zero-shear viscosity of the polymer. Table 1 shows the
average molecular weights (M,, = weight average molecular
weight, M, = number average molecular weight) and the dis-
persity (M/M,) of the PP powders made from the pure PP and
their blends. It is evident that the inclusion of a polymer with
lower chain length, 12k PP, notably modifies the average mole-
cular weight and polydispersity of the 250k and 340k PP
counterparts. Fig. 6 correlates the zero-shear viscosities at
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164 °C of the powders to the weight average molecular weight
of the polymers, M,, showing reasonable agreement of the
expected molecular weight dependence of the polymer vis-
cosity (eqn (5)). The slight deviation of the molecular weight
dependence of the polymer viscosity from eqn (5) is not
uncommon. In particular, the zero-shear viscosity depends not
only on the weight average molecular weight of the polymer
but also on the polymer dispersity,>***" which also varies sig-
nificantly in these samples.

More importantly, the introduction of 12k PP to higher
molecular weight PP provides a controllable method to signifi-
cantly alter the molecular level characteristics of the higher
molecular weight polymers, substantially reducing their zero-
shear viscosities; for instance, from 3027 Pa s for 250k to 349
Pa s for 12k/250k, and from 7031 for 340k to 426 Pa s for 12k/
340k. The results of these studies, therefore, offer a pathway to
understanding the mechanism by which the 12k PP additive
impacts both the consolidation process of high molecular
weight polymers and the overall quality of the printed struc-
tures. Moreover, the authors’ prior examination of the particle
coalescence of these exact powders shows that the addition of
12k significantly increases the coalescence rate of the
powder.”” The substantial decrease in zero-shear viscosity
resulting from the addition of 12k PP is the dominant factor in
the previously observed pronounced enhancement in
coalescence.>>

3.4. Impact of molecular weight on PP printability

All powders except that which is formed from the 12k PP were
printable at the set processing parameters (section 2.4). These
printed samples showed minimal warpage during printing,
which led to printed samples that could be tested mechani-
cally. The PBF printing of the 12k powder, however, showed
unique behavior. As shown in Fig. 7, the structure that
emerges from single layer scans did not match their defined
geometry, which was a solid square in this case. While the out-
lines of the scanned layer can be seen, it was observed that the
molten polymer shrank from its defined shape after scanning
to form a ribbed structure. In this ribbed structure, many path-
ways are thicker than the layer height.

Coalescence of a molten polymer in PBF depends on both
the zero-shear viscosity and surface tension of the polymer. It
is hypothesized that for the 12k sample, the viscosity is so
low, that the surface tension dominates the coalescence
process, leading to a sample that “over-coalesces”. Since PBF
research is primarily conducted on engineering or high-per-
formance polymers with molecular weight significantly
greater than 12Kk, it is likely that this material is below a
threshold viscosity necessary for proper coalescence whereas
the majority of materials researched in literature are above
this threshold. Due to the over-coalescence that occurred in
the 12k sample after scanning, multi-layer samples were not
printable. This observation also emphasizes the need to more
thoroughly understand the impact of polymer molecular
weight, viscosity, and melt surface tension on the printing
process.
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Fig. 5 Structures of PP powders obtained via scanning electron microscope. PP samples produced in this work are highly spherical. Scale bars are

30 microns.

The pictures of the printed structures with varying material
formulations are shown in Fig. S2.1 As illustrated in Fig. S2,f
the samples exhibit a consistent appearance, suggesting that
the material formulations do not have significant effect on the
external characteristics of the fabricated parts.

3.5. Properties of the printed parts

The dynamic mechanical properties, tensile properties, and
densities of the printed parts were measured. The results of
the tensile properties and density studies (Fig. S3 and S47) are
presented in the ESL{ and show that these properties are

1296 | RSC Appl. Polym., 2025, 3,1289-1302

similar to those of polypropylene parts printed by PBF as
reported in the literature. The dynamic mechanical properties
are discussed in more detail below.

3.5.1. Mechanical performance of parts printed from mole-
cular weight blends. Fig. 8 shows the thermomechanical be-
havior of the PP printed parts obtained from the DMA.
Inspection of Fig. 8 shows that the parts fabricated from the
molecular weight blends generally exhibit higher storage and
loss moduli than that of the parts fabricated from the pure
higher molecular weight PP. For example, at 50 °C, the
samples printed from the 12k/250k and 12k/340k powder

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Molecular weight characteristics of the PP powders prepared
via the TIPS process

PP molecular weight of the powders
produced via the TIPS process

PP samples used in the TIPS M, (1x10%) M, (1x10%
process M,/M, Daltons Daltons
12k 2.1 17 8.1

250k 2.2 280 130

340k 2.8 360 130
12k/250k (50/50 wt%) 5.8 140 24
12k/340k (50/50 wt%) 6.4 210 33
250k/340k (50/50 wt%) 2.3 300 130
12k/250k/340k (33/33/33 wt%) 14 230 17
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Fig. 6 Zero shear viscosities of PP powders as a function of weight
average molecular weight of the polymers.
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Fig. 7 Single layer scans of the 12k sample resulted in ribbed structures,
which did not accurately match the set layer geometry.

exhibit 52% and 194% higher storage modulus than the
samples printed from the 250k and 340k powder, respectively.
Also, at 50 °C, the addition of 250k to 340k increases the 340k
storage modulus of the printed part by approximately 102%
and the storage modulus of the part printed from the 12k/
250k/340k powder is 15% higher than the storage modulus of
the part printed from the 250k/340k powder.
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These results are surprising as conventional expectations
would suggest that high molecular weight polymers often
demonstrate superior mechanical properties compared to
their low molecular weight counterparts. Additionally, one
might expect that incorporating 12k PP in such large quan-
tities to a high molecular weight polymer would adversely plas-
ticize the polymer system, potentially weakening the mechani-
cal strength of the printed parts. However, the findings pre-
sented in Fig. 8 contradict these assumptions. If the 12k addi-
tive were indeed causing detrimental plasticization on the
polymer matrix, we would expect the mechanical properties of
the samples printed from the 12k/250k, 12k/340k, and 12k/
250k/340k blend powders to be significantly weaker than those
of the samples printed from the 250k, 340k, and 250k/340k
blend powders, respectively. Fig. 9 correlates the storage
modulus of the printed parts to the polymer dispersity.
Fig. S6-S121 present the SEC traces of the polymers and their
blend powders. Examination of Fig. 9 quantifies by how much
the addition of 12k low molecular weight polypropylene to
form molecular weight blends significantly increases the dis-
persity of the molecular weight blend powders; the data shows
that the addition of 12k increases the dispersity of larger poly-
mers by more than 100%. Interestingly, the data in Fig. 9
reveals that the increase in dispersity of the blends by the
addition of the 12k polymer results in materials that exhibit
superior mechanical properties than the equivalent materials
without the 12k PP. This further verifies that the introduction
of the 12k PP does not detrimentally plasticize the printed
structures. Furthermore, the storage modulus of the printed
parts is plotted as a function of their glass transition tempera-
ture (Tg) in Fig. 10. Table S21 shows the variation in the T,
values with repeated DMA experiments where available.

Unsurprisingly, the T, of the polymer increases with
increasing molecular weight, as one would expect from free
volume theory.>** However, as was observed in Fig. 9, this
lowering of T, does not correspond to a decrease in storage
modulus, as might be expected due to plasticization. Rather
the samples printed from powders of lower molecular weight
are stiffer (i.e. higher modulus) than those printed from
higher molecular weight powders. This further emphasizes
that the addition of 12k PP to larger polymers does not have a
detrimental plasticizing effect on the mechanical properties,
indicating that the variation in mechanical performance of the
various molecular weight blends must be driven by other
factors other than plasticization. Hence, the subsequent sec-
tions present further analysis and experiments to provide
insight into the underlying factors that drive the observed
changes in the mechanical properties of the printed samples.

3.5.2. Crystallinity in printed structures and its impact on
storage modulus. The addition of lower molecular weight addi-
tives to higher molecular weight materials can alter their crys-
tallization processes during the PBF process, influencing
changes in the percent crystallinity and crystal structures of
the printed part that could contribute to the improved
mechanical properties.*®*” As shown in Fig. 11, the percent
crystallinity of the PP printed structures determined by DSC
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ranges from 42-50%, which is consistent
studies.***”

The addition of 12k PP to the larger polymers resulted in
an increase in crystallinity, relative to those that are printed
from powders that do not contain 12k PP. Moreover, Fig. 11a
shows a strong correlation between percent crystallinity of the
printed structure and its storage modulus, where an increase
in crystallinity corresponds to a commensurate increase in
storage modulus. The dashed box in Fig. 11b shows the
storage modulus of melt pressed PP at 50 °C with crystalli-
nities that range from 42-50% as reported by Li et al® It is
interesting that the moduli of the samples printed from the
12k/250k and 12/340k powders approach the modulus of the
melt-pressed PP parts.”” Comparison of the relationship
between % crystallinity and storage modulus of all of the
printed samples, however shows that the modulus varies by at
least a factor of four when the crystallinity changes from 42 to
50%. This is a much broader range in modulus than the melt-
pressed samples, and thus the change in percent crystallinity
is not sufficient to account for the observed variation in
storage modulus in the printed samples.

Furthermore, the crystal structures of the PP printed parts
were examined by WAXS, as under certain conditions, PP can
form different crystal structures, including o, g, and y phases.
Studies indicate that the presence of the y phase in PP signifi-
cantly contributes to enhancing mechanical performance.*®*°
Moreover, it has been established that lower molecular weight
can notably augment the formation of the y phase in PP,***°
and PP can develop various crystalline structures, from spheru-
lites to highly oriented shish-kebabs, which can significantly
influence the properties of the printed part.*!

Fig. 12 shows the wide-angle X-ray scattering of all samples,
showing that powder molecular weight does not affect WAXS
scattering patterns. The lack of variation in the WAXS patterns
indicates that the local ordering of the PP in the crystals is the
same for all samples. Thus, the variations observed in the
mechanical properties of the printed parts are not attributable

with previous
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(a) and 50 °C (b). The dashed box in (b) denotes the modulus of melt
pressed PP at 50 °C as reported in Li et al.>”

to differences in any change in the packing of the PP mole-
cules in the crystal structures.

3.5.3. Void space in printed structures and its impact on
storage modulus. PBF processing often results in parts with
microstructural defects, including voids, which can adversely
impact the performance of the printed structures. Large voids
in PBF parts signify weak interparticle adhesion - often due to
incomplete melting and/or incomplete particle coalescence - a
detrimental aspect that limits mechanical integrity and con-
sistency in manufactured parts.

The void fraction that is present in each PP printed struc-
ture was determined by analyzing SEM images of specimens’
freeze-fractures. As shown in Fig. 13, the presence of the 12k
PP in the sample appears to decrease the amount of voids in
the printed samples. Moreover, there is a strong correlation
between the decrease in void space and an increase in storage
modulus. This data appears to show that the inclusion of the
12k PP improves the particle coalescence during the printing
process, limiting void space in the printed structure.
Furthermore, the improved melting and coalescence of the
powders results in improved mechanical performance of the
printed parts.

We interpret these results to indicate that the incorpor-
ation of the low molecular weight 12k PP into the powder
increases the molecular mobility of the polymer chain, thus
enhancing particle coalescence without varying the print
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conditions. These results therefore suggest that incor-
porating a low molecular weight additive in the PBF
powder lowers the zero-shear viscosity of the powder, pro-
moting particle coalescence and interparticle adhesion,
reducing void space, and thereby strengthening the printed
structures.

In fact, the authors’ prior droplet coalescence studies
quantified how the molecular formulation alters the sintering
process,* and show that the powders containing 12k PP form
substantial neck growth within very short timescales relative
to the coalescence of pure molecular weight powders. It is
important to emphasize that the exact same batches of
powder used in this coalescence study’”> were employed in
this printing study to ensure experimental consistency. For
instance, the powder formed from the 12k/250k blend
achieves 0.8 neck growth in just 4 seconds, while the powder
formed from the pure 250k polymer only achieves 0.3 neck
growth within the same timeframe.®” The notable increase in
rate of coalescence observed in powders formed from blends
with 12k PP additives is attributed to a considerable
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reduction in zero shear viscosities, driving enhanced coalesc-
ence. Moreover, there is strong agreement between these
experimental coalescence studies and the Hopper model,
indicating that the 12k PP is homogeneously distributed in
the powder and that the improved coalescence is primarily
driven by the decrease in zero-shear viscosity.?”> Therefore,
these studies demonstrate that molecular formulation of PBF
feedstocks can tailor the zero-shear viscosities of powder
polymer, enhancing their sintering during the PBF printing
process, improving their suitability for the PBF process, and
providing a mechanism to augment the overall performance
of the structural printed parts fabricated by polymer powder
bed fusion.

4. Conclusion

This study describes an innovative approach to tailor the
molecular characteristics of polypropylene powder feed-
stocks for the powder bed fusion (PBF) process via thermally
induced phase separation (TIPS). Unimodal and molecular
weight blend polypropylene powders were fabricated via
TIPS to examine how their molecular design impacts the
PBF process and the properties of the resultant printed part.
All powders aside from those formed from 12k PP were prin-
table at the set processing parameters. Failure to print the
powder from the 12k PP suggests a minimum zero-shear vis-
cosity to surface tension ratio is necessary to achieve proper
coalescence of a scanned layer during the PBF process.
Examination of printed parts using these powders shows
that the molecular weight blended samples have decreased
void space, increased crystallinity, and stronger mechanical
properties relative to the parts printed from unimodal
powders. Powders fabricated from designed molecular
weight blends provide a route to improve the robustness of
printed parts by improving coalescence during sintering,
reducing void space, and enhanced mechanical properties of
the PBF printed parts. These studies thus provide the funda-
mental understanding of the mechanism by which low
molecular weight additives in polymer blends can improve
polymer PBF processability and offer pathways to optimize
the macroscopic properties of the printed parts.
Additionally, the designed protocol in this study can be
applied to a variety of materials and processes in PBF addi-
tive manufacturing technologies.
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