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Highlights

A Framework for Forming Thermoset Polymer Networks during
Laser Powder Bed Fusion Additive Manufacturing

Camden A. Chatham, Aaron L. Washington II

o The laser powder bed fusion process has been previously viewed exclu-
sively as a thermoplastic process without regard for activation energy,
exothermic heat evolved, or kinetic maxima.

o A conceptual framework is presented for developing thermosetting ma-
terials and process parameters for laser powder bed fusion AM. Gen-
eral structure-property-processing relationships are identified for the
PBF /L-Thermosets context.

o The conceptual framework is represented mathematically through the
“Energy Reaction Ratio (EXR),” which is an adaptation of the well
known “Energy Melt Ratio (EMR).”
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Abstract

It is commonly reported that the limited availability of material types is
a major barrier to widespread adoption for polymer laser powder bed fu-
sion (PBF/L) additive manufacturing (AM). A deeper understanding of the
physico-chemical relationships between AM process stimuli and polymer re-
sponsive behavior is needed to make data-driven decisions for PBF /L specific
material development and formulation. Many researchers have cumulatively
built the current state of PBF /L “science-based manufacturing” framework
where an initial guess for process parameter values can be determined from
measured polymer properties and the first-principles of physics. However,
published literature has focused on developing this framework for thermo-
plastic processing of polymers omitting many specific concerns unique to
processing thermosetting materials. The authors consider in the present work
the implications of many specific aspects unique to thermosetting polymers
during PBF /L manufacturing. These aspects are contextually discussed ac-
cording to the five sub-functions of PBF /L and are described mathematically
where appropriate alongside example data from thermosetting materials com-
mercially available in powder form. This expansion of the prevailing material
development framework to include thermosetting polymers paves the way
for the unique performance properties offered by that class to be manifest
through AM’s geometric freedom.

Keywords: laser powder bed fusion, selective laser sintering, thermosetting
polymers, covalent network
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1. Introduction

Many industries continue to increase their implementation of additive
manufacturing (AM) technologies as layerwise fabrication transitions from
primarily prototyping applications towards manufacturing of end-use parts.
Of the seven technology categories identified by ISO/ASTM 52900 [1], laser
powder bed fusion (PBF/L) (also known by the legacy term “Selective Laser
Sintering” or SLS) is often championed for end-use production due to its abil-
ity to utilize its entire large build volume (e.g., no supports or build plate
adhesion requirement) and low anisotropy compared to other AM processes
2, 3]. Additionally, the materials commercially available for PBF /L already
include relevant engineering grade polymers, like nylon and PEKK [4]. How-
ever, no one family of materials is adequate for every application. Certain
applications demand stiff mechanical performance even at elevated tempera-
tures and in the presence of harsh solvents. Traditionally, these performance
properties are associated with crosslinked network polymers, which are not
currently commercially available for use in PBF/L AM.

The molecular-scale ordering of thermoplastics is based on physical en-
tanglements that are readily lost and reformed through adding energy to
the system (e.g., heat), whereas thermosets are covalently bonded networks
that are, theoretically, one single polymer chain. Cartoon depictions of these
molecular architectures are shown in Figure 1. These two broad categories
of molecular architecture influence nearly every performance property. The
thermoplastic versus thermoset classification is commonly used to distinguish
polymers that are processed solely through physical mechanisms (e.g., solvent
swelling, melting, milling, cutting, and pressure-induced flow) from processes
that affect a chemical change [5].

The defining characteristic of PBF/L AM as described in ISO/ASTM
52900:2021 is “thermal energy selectively fusing” specific regions of a powder
bed in a layerwise manner to fabricate a 3D part [1]. Due to its nature as
a thermal process with solid powder-form feedstock, PBF/L is most often
used to process thermoplastic polymers. Its use with thermoplastic polymers
dates back to the seminal 1979 Housholder patent for “A molding process
for forming a three-dimensional article in layers.” While the patent claims
are written with the more generic terms “solidification” and “fusion,” one
of the embodiments describes melting plastic powder with no references to
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Figure 1: Cartoon depictions of amorphous and semi-crystalline thermoplastics and ther-
mosets. Differing colors in the thermoplastics column indicate individual polymer chains
physically interacting with other chains through entanglements and regions of ordered
cystals. The unified color of moecules in the thermoset column highlight that a fully-
crosslinked polymer is a “single network molecule” where all monomer units are covalently
connected to all other monomer units via continuous path. Such differences in molecular
architecture have profound implications in polymer properties and processing behavior.



chemical reactions or curing [6]. The same type of language specifying melt-
ing with no discussion of chemical reaction dominates papers for subsequent
decades [7, 4, 3, 8, 9, 10]. In 2008, Kruth and coauthors mention infiltra-
tion of PBF /L printed parts with thermosetting resins as a means to obtain
certain performance properties characteristic of network polymers [11]. This
idea has been expanded by others [12, 13], but it is not until the conference
publication by NASA and the University of Louisville in 2016 [14, 15] and
patents by Nguyen and Herzhoff applied for in 2016 then granted in 2020 and
2021 [16, 17] that PBF/L was considered for direct fusion of thermosetting
polymers. What little published literature exists for PBF /L of thermosets
can be categorized by the point in the manufacturing process relative to the
printing step when the network structure is formed: (i) pre-printing, (ii) dur-
ing printing, or (iii) post-printing.

1.1. Network Formed Pre-printing

Covalent adaptable networks (CAN) are one way to form a network struc-
ture pre-print. CANs of poly(dimethyl siloxane) (PDMS) have been demon-
strated as printable via PBF/L by Sun, et al. [18]. Additionally, the same
researchers have reported PBF /L printing a polyurethane with a dynamic
covalent bond based on the Diels-Alder reaction [19].

1.2. Network Formed During Printing

Outside of the patent space, the only published report of forming the net-
work during PBF/L is the authors’ prior work [20]. The materials printed
were designed to be powder paint coatings and therefore exhibited very brit-
tle properties when formed into freestanding solid structures.

1.3. Network Formed Post-printing

Researchers from NASA report their initial and revised printing efforts for
aerospace-grade polyimides [14, 15]. Using their method, an uncrosslinked,
near-net shape “green part” is prepared using a DTM Sinterstation PBF /L
machine (A = 10.6 pm) before crosslinking the chain-ends during a 16 h
post-print thermal bake. Published work by Hassan, et al. and Campbell, et
al. employ similar approaches. Hassan and coauthors use a Sinterit Lisa (A
= 808 nm) to make a bismaleimide green body followed by a 61 h thermal
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post-process at various isothermal steps [21]. Campbell and coauthors report
printing a two-part epoxide plus amino-sulfone green part with a Sintratec
Kit (A = 455 nm) prior to crosslinking the chain-ends during an 85 h post-
print thermal bake [22].

Outside of Campbell, et al. discussing the importance of slow curing ki-
netics to avoid shape distortion [22] and the authors’ previous work [20], the
other articles focus their discussion on heuristic process-printed part perfor-
mance property relationships. No guidance has been published for selecting
process parameter settings based on polymer feedstock properties consider-
ing the unique attributes of thermosetting polymers. The authors’ present
work adapts the conventional guidance for process parameter determination
for thermoplastic polymers to include phenomena pertaining to covalent net-
work formation during PBF /L printing. Concepts of energy density, energy
melt ratio, energy melt ratio for degradation, and critical coalescence ratio
have previously been shown useful for generating initial PBF /L parameter
values based on feedstock material properties in the context of PBF/L’s five
subfunctions [7, 23, 24, 25, 26, 5, 27, 28|. This work discusses thermosetting
reactions in the context of the five subfunctions, thus expanding the “science-
based manufacturing” framework.

2. Materials and Methods

2.1. Example Thermosetting Powders

One of the most challenging requirements for PBF /L. AM is the spher-
ical particle feedstock form. Most polymer PBF/L powders have an av-
erage particle diameter between 45-90 um with a narrow overall distribu-
tion between 20-120 pm and are required to be very spherical [2]. Powder
paint is one current, commercial application that uses powdered thermoset-
ting polymer precursors; therefore, the following three commercially available
off-the-shelf (COTS) powder paints were used in this study: Vulcan Black
(TGIC-containing polyester) by Axalta, Oil Black (epoxy-based) by Axalta,
and the TD 61 series Anodized Effect (TDA61 TGIC-free polyester) from
TIGER Drylac. These materials span three different curing reactions pro-
viding multiple crosslink pathways to evaluate in the rapidly cyclic heating
environment of PBF /L. These materials have been selected as example mate-
rials commercially available in powder form that form a crosslinked network



Table 1:

Printing parameters used for each material on a Sintratec Kit.

Material Chamber Powder Beam Layer Hatch Number Perimete
Tempera- Surface Speed Height | Spacing | of Perime- | Offset
ture [°C] Tempera- | [mm s~ '] | [um] [pum)] ters [um]

ture [°C|

Vulcan 20 70 20, 40, 60 | 120 80 10 1

Black

(TGIC

polyester)

TDAG1 20 70 20, 40, 60, | 120 80 10 1

(TGIC-free 150, 235

polyester)

Oil  Black | 50 70 20, 40, 60 | 120 80 10 1

(epoxy-

based)

upon heating. Additionally, data from Satin Black US411N1 (polyurethane-
polyester) by ProTech is presented as a negative example of a thermosetting
system ill-suited for PBF/L.

2.2. Powder Bed Fusion Additive Manufacturing Machine

All specimens prepared for this work were made using a Sintratec Kit
PBF/L additive manufacturing machine (A = 455 nm). The researchers
determined suitable fabrication settings on the Sintratec Kit from previous
experimentation to ensure complete and viable parts would be fabricated.
These parameters are included in Table 1.

An embedded FLIR X6901SC thermal imaging camera was used to de-
termine the affected maximum temperature and resultant temperature decay
profile from the chosen print parameter combination for each material. As all
three tested powders are black, they were assumed to have an emissivity of
0.95. Nine regions of interest were defined around a grid of printed cylinders.



2.8. Differential Scanning Calorimetry (DSC)

Samples of powdered feedstock were run on a Mettler Toledo DSC 3+ unit
using heating rates of 3, 5, 10, and 20 °C min~!. Test temperature ranges
were varied by component material but were conducted to provide at least
25 °C of baseline measurement before and after observed phase transitions
and curing reactions. Data analysis to integrate underneath the exothermic
curing peaks and generate extent of reaction as functions of time and temper-
ature was performed using the Mettler Toledo STARe software with integral
tangential baseline.

[soconversional analysis was performed on DSC data using Microsoft Ex-
cel for linear data fitting. Data were extracted using Excel to the tabular
form relating time, temperature, and integrated energy information to per-
cent conversion. These were used to determine activation energy and rate of
reaction of each material. Linear fitting to determine activation energy was
performed via Kissinger method, shown in Equation 1. In the equation, [ is
the heating rate, T}, is the absolute temperature at each extent of reaction,
E is activation energy at each extent of reaction, and R is the ideal gas con-
stant (8.314 J mol~* K™!). Activation energy was determined at each extent
of conversion through the linear fit of Equation 1 of four pairings of 8 and 7).

(3)- £ ()

Calculations of specific heat capacity were performed according to ASTM
E1269-11 [29]. Measurements were conducted on as-received and crosslinked
versions of example materials below and above Tj in addition to a sapphire
standard reference material.

2.4. Constant-rotation Rheology

The zero-shear viscosity of example COTS materials was determined us-
ing a TA Instruments Ares G2 parallel plate rheometer with 25 mm diameter
plates. A constant rotation shear-sweep was performed on samples heated
just above their melting point (80-95 °C). The Newtonian plateau is extrap-
olated to estimate the viscosity at “zero shear rate.”



3. Results and Discussion

“Science-based manufacturing’” is the idea that relationships drawn from
the first-principles of physics and contextualized to a specific manufacturing
system or process can be used to generate process parameter values from
measured material properties. It is, in a sense, a “feedforward” attempt
to intelligently select the first guess for process parameter values viable for
processing a new material never before processed on a particular system. It
leverages known material properties for parameter development as an alter-
native approach to heuristic trial and error. When using this approach, it
is often convenient to divide the manufacturing process into its subfunctions
to clearly understand the links between material properties and the modes
of failure and success at each critical juncture. The five sub-functions of
PBF /L are graphically presented in Figure 2 as they are explained by the
enumerated claims of the 1979 Housholder patent.

)
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(A) “Sequentially depositing the (B) “In said first layer solidifying the (C) “Wherein the repeated solidifying step
material in planar layers...in a first material over an area which defines that  fuses a portion of the article in each layer
layer depositing the material over an portion of the article to be formed in that  to a portion of the article formed in a prior
area greater than the area of the layer leaving the material in the layer until the article is formed from the
article to be formed in that layer.” remaining area of that layer unaffected” material in solidified form”

Energy Input Coalescence/Solidification

£i

(D) “In each adjacent layer, repeating (E) Removing the unaffected material
step (B) and (C)” from around said article
Additive Layering Depowdering

Figure 2: The five sub-functions of laser powder bed fusion. Text quoted from the 1979
Housholder patent claims [6].

There are many differences that exist between thermoset and thermoplas-

tic molecular architecture, however, these differences primarily influence the
middle three subfunctions of Energy Input, Coalescence/Solidification, and
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Additive Layering. The first subfunction of Recoating and last subfunction
of Depowdering are primarily governed by the macroscale properties of the
solid powder instead of the optical, thermal, and molten rheological prop-
erties that govern the other three. Therefore, this work is scoped to focus
primarily on the Energy Input subfunction while briefly discussing Coales-
cence/Solidification and Additive Layering. The other two subfunctions will
not be addressed in this manuscript.

3.1. Subfunction 2: Energy Input

Process parameter value selection for thermoplastic polymers is often cen-
tered around the energy melt ratio (EMR) and EMR for degradation first
put forward by Starr, et al. [23] and Vasquez, et al. [24] in their work with
nylon-12. Chatham, et al. rearranged and expanded the EMR (Equation 2
below; Equation 3 from Reference [7]) to predict minimum and maximum
laser power values for their work processing poly(phenylene sulfide) [7].

h-Vy-l
Pl ey (T~ T) + AHL) - p- @) )

In Equation 2, P,,;, is the minimum power required to achieve full melting
of a unit volume of powder material with the standard process parameters
of hatch spacing (h), beam speed (V4), layer height (), and scan count (SC).
The equation describes a material of density p, powder packing fraction ®,
and specific heat ), being heated from the bed temperature T to the poly-
mer’s melting temperature 7},. To achieve full melting, the latent heat of
melting AH,, must also be overcome. To adapt prior work that focused on
the purely physical, thermoplastic process to the case of reactive polymers,
the following additional topics must be included under the Energy Input
subfunction: (i) optical to thermal conversion, (ii) temperature dependent
reaction rate, (iii) reaction activation energy, and (iv) the case of a runaway
exothermic reaction. As these concerns are specific to encouraging chemical
reactions during PBF /L, we will refer to this new, adapted form of the EMR
as the Energy Reaction Ratio, “EXR.”

Pmin:

3.1.1. Additional Concern 1: Optical to Thermal Conversion
The topic of wavelength-dependence for optical to thermal energy con-
version has been largely absent from published PBF /L literature. This may
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be explained by the dominance of CO, lasers (A = 10.6 ym) in PBF/L ma-
chines. An article by Tolochko, et al. in 2000 [30] suggested laser wavelength
should be a process variable for future investigation, but until the recent
advent of PBF/L machines like the Sintratec Kit (A = 455 nm), Sintratec
S2 (A = 1060 nm), Sinterit Lisa (A = 908 nm), Formlabs Fusel (A = 1040
nm), and other such machines COy remained the only relevant laser wave-
length for this technology. As seen in the EMR (Equation 2), there is no
term representing optical to thermal conversion efficiency thereby assuming
that all optical energy supplied by the laser is perfectly converted into heat
useful for melting, coalescence, and activating reaction. This is certainly not
a valid assumption for all polymers at all wavelengths, as evidenced by the
required addition of carbon black for many polymer powders to be printed
at shorter wavelengths. Equation 3 includes the new term A.;; to mathe-
matically capture the optical-to-thermal efficiency of a polymer powder at
the appropriate laser wavelength.

h-Vy-l

Pmin =
SC

Aess (e (T = To) + AHy) - p - @] (3)

Many researchers have published on the absorption efficiency of nylon-12
with a COy laser [31, 32, 33, 30]. The chemical reactions present in ther-
mosetting systems have an increased opportunity for wavelength selectivity
over the purely physical changes occurring during thermoplastic processing.
This idea of wavelength dependency is also well studied for UV curable ther-
mosetting resins in both direct ink write (DIW) [34, 35, 36, 37] and vat
photopolymerization (VPP) [38, 39, 40] AM technology families. Outside of
the AM context, researchers Lu, et al. report on tuning polymer morphol-
ogy through a dual-stage polymerization activated and controlled through
wavelength dependency [41]. Whether the thermosetting resin relies on an
initiator molecule to begin crosslinking or is self-initiating above a certain
temperature, wavelength dependency must be quantified to accurately pre-
dict process parameter values from material properties.

One method to assess the wavelength dependency of a polymer powder is
measuring the affected maximum temperature from a set of process parame-
ters. As seen in Figure 3, there is the expected inverse relationship between
scan speed and maximum temperature; however, the specific relationship be-
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Figure 3: Relationship between average maximum temperature and scan speed for three
example materials. Laser wavelength A\ = 455nm.

tween temperature and beam speed is material dependent.

3.1.2. Additional Concern 2: Kinetic Maxima

Many thermoplastic-focused publications define the “PBF /L Processing
Window” to fall between the onset of melting when heating and onset of
crystallization when cooling as measured in a dynamic DSC experiment [2].
This heuristic method aids in determining the appropriate range for choos-
ing a bed temperature that is hot enough to mitigate out of plane warping
but cool enough to maintain spatially selective melting across the powder
bed. When transitioning to forming a crosslinked network during printing,
there will be no observable crystallization behavior upon cooling in the typi-
cal 10 °C min~! DSC experiment as crosslinked networks severely restrict or
inhibit crystallization. Although warping and deformation due to crystalliza-
tion may not be as much of a concern with thermosets, the bed temperature
should be set as close to the onset of melting as possible to minimize the
difference between curing temperature (7)) and melting (or glass transition
temperature for amorphous precursor materials). The bed temperature must
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Figure 4: Anotated DSC thermograms of (a) Satin Black US411N1 (polyurethane-
polyester), (b) Oil Black (epoxy-based), and (¢) Nylon-12 .

remain below the onset of melting to prevent completely melting the entire
powder bed, just as with thermoplastics. However, the greater the difference
between T and T}, the more the material must rely on rapid laser heating
to reach cure temperature. Figure 4 depicts DSC thermograms of (a-b) two
thermosetting and (c) a thermoplastic resin. The arrows graphically show
how much energy must be supplied by the laser to reach the observed on-
set of crosslinking. The two thermosetting resins have significantly distinct
differences between melting and crosslinking at least three-times the typical
temperature gap when printing nylon-12. The window between T,,, and T},
onset is significantly smaller for the Oil Black (epoxy-based) (b) than for the
Satin Black US411N1 (polyurethane-polyester) (a). If Satin Black US411N1
(polyurethane-polyester) was to be printed, it would not only require more
power to cover the temperature gap, but would be further complicated by the
greater extremes of temperature cycling affecting the final resulting extent
of cure.

Equation 4 changes the target temperature from 75;, ¢pgset, the high-temperature
limit of observed melting behavior, to T, reflecting mathematically what
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Figure 4 shows graphically. When processing semi-crystalline thermoplastic
polymers, the goal is to reach a fully molten state to encourage rapid coales-
cence. This is most reliably achieved by raising the temperature above the
equilibrium melting temperature, 7C. In this way, the melting phenomenon
follows a “higher is better’” paradigm, so long as the temperature remains
below degradation. Processing thermosetting polymer systems is more com-
plex. Instead of the TP threshold, there exists one or more kinetic maxima for
the thermosetting system at which the reaction proceeds at the fastest rate.
Given the rapid thermal heating and decay cycles characteristic of PBF /L,
we hypothesize that a kinetic maximum should be the target temperature
affected by laser scanning. Affecting a temperature either below or above a
kinetic maximum will limit the extent of reaction. Future work may exploit
this phenomenon as a design consideration for targeting specific degrees of
crosslinking or else varying the degree of crosslinking throughout the volume
of the part. Equation 4 uses the generic T, as the target temperature for
crosslinking. In this work, the authors take T}, = T} jcqr to target the maxi-
mum possible extent of crosslinking.

h-Vy,-l

Figure 5 depicts the reaction rate as a function of temperature for three
example thermosetting polymers. Reaction rate is determined energetically
by integrating the area under heat flow vs time data collected at various heat-
ing rates in DSC and normalizing the energy released at each timestep to the
total energy evolved in the reaction. Each of the example thermosetting sys-
tems shown in Figure 5 has a unique cure chemistry, which demonstrates the
variety of reaction rate relationships on both temperature and heating rate.
Since laser heating is far more rapid than what can be done via conventional
DSC instrument, it is expected for any shifts in reaction kinetics with higher
heating rates to be even more pronounced in PBF /L conditions.

From the representative in operando temperature profile in Figure 5 (d),
one observes the rapid decay from maximum temperature achieved during
active laser scanning back to the ambient chamber temperature. Even if the
scanned area maintained the temperature of maximum rate of reaction for
the entire ~6 s of elevated temperature, this would only result in 0.5 % of
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Figure 5: Rate of reaction (da/dt) as a function of temperature at four heating rates for
(a) Vulcan Black (TGIC polyester), (b) TDA61 (TGIC-free polyester), and (c) Oil Black
(epoxy-based). Curves shown are the average of three replicate trials. Subfigure (d) shows
representative temperature versus time data collected via in situ thermal camera of the
Oil Black (epoxy-based) powder from (c) in a Sintratec Kit (A = 455 nm) at 40 mm s~*
scan speed.



crosslinking. Although complete crosslinking in a single layer is undesired
(as will be discussed in greater detail in Section 3.3.2), this number is woe-
fully low. Printing strategies that include multiple scans of the same part
area per layer may be one method to increase the time at elevated tempera-
ture, but multiple scans per layer is not a commonly editable parameter for
commercial PBF/L machines. Alternatively, polymers may be chosen and
developed with faster maximum rates of reaction or that continues at lower
temperatures after activation. Certainly greater extents of cure are achieved
during the VPP process [42, 43]; however, PBF /L’s required solid powder
form factor may limit what rates are practical to achieve.

3.1.3. Additional Concern 3: Reaction Activation Energy

For the case of materials that undergo a reaction in their melt state,
we add the activation energy for the reaction to occur E,4, normalized by
molecular weight MW at temperature T} peqr, as shown in Equation 5. For
the present work, we assume that the onset of crosslinking occurs at a tem-
perature higher than the end of melting (i.e., T, > T,,), otherwise AH,, will
be zero.

heVy -l e
Fonin = =g Aess KCP (Lo pear = Th) + AHm + 705 = AH”') ks (I)}
(5)

Although crosslinking is an exothermic reaction and will be expected to
locally raise the temperature, AH, should always be set to zero when com-
puting Equation 5 to determine initial process parameter values. Choosing
any other value would artificially decrease the required power predicted. This
assumption is valid for the initial layer of a part as the printer must first over-
come F 4, before that energy is released; however, AH, will be an important
parameter in its own right if modelling the entire process.

Figure 6 depicts the change in activation energy as a function of extent
of reaction. Each of the three example materials proceeds via different re-
action mechanisms yielding different degrees of variance. Initial activation
energy should be chosen when using the EXR to determine initial process
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parameter values; however, the energy required to continue the crosslinking
reaction changes over time as the reaction progresses. For a material like Vul-
can Black (TGIC polyester) (blue circle), the activation energy is greatest
for the unreacted state and significantly decreases as the reaction proceeds.
This may result in reaching a higher temperature than desired if laser energy
is not reduced as the reaction progresses. Conversely, TDA61 (TGIC-free
polyester) (orange square) increases the required activation energy with ex-
tent of reaction. This may result in a failure to achieve even a moderate
extent of cure. The Oil Black (epoxy-based) (gray triangle) has an activa-
tion energy with the least variation, only increasing from 24 to 40 kJ mol ™!
as the reaction progresses. A material with an activation energy relationship
like Vulcan Black (TGIC polyester) may be beneficial for PBF /L application
as the high initial activation energy serves as a gatekeeper preventing un-
wanted reaction, but the lower activation energy to continue the reaction at
higher extents of conversion may enable crosslinking to occur between layers
where the available energy is lower than on the surface.

3.1.4. Additional Concern 4: Runaway Reaction

The so-called “runaway reaction’” occurs when the energy released by one
unit volume of material is sufficient to initiate reaction in a neighboring unit
volume of material which, in turn, initiates reaction in a neighboring unit
volume. The danger and extent of undesired effects for such a case varies any-
where from the slumping shown by Oak Ridge National Lab in their report
on using an extrudable thermoset on their Big Area Additive Manufacturing
(BAAM) system [44, 45] to the textbook example of an exploding, overheated
train car from the reaction of styrene monomer into polystyrene [46]. If this
occurs, the inevitable result is continued crosslinking until enough heat can
be removed from the nearest neighboring unit volume to not reach T, and
overcome AH,, and F,,. PBF/L systems are intentionally insulated; there-
fore, heat loss occurs fastest via convection from the top, exposed surface of
the unit volume. This concern highlights the important relationship triad
of specific heat, thermal conductivity, and heat evolved for PBF /L of ther-
mosetting systems.

The energetic threshold to begin crosslinking during PBF /L comprises

the temperature difference between the heated powder bed and the onset
temperature where reaction begins to be detectable (T onser — 13), specfic
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Figure 6: Activation energy as a function of conversion for three example materials. A
flat-line relationship would indicate a single-step reaction mechanism for curing, which is

not observed for any of the studied materials. Instead, the data suggest complex multi-step
reaction pathways for each material that are also different from each other.
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heat (c,), enthalpy of melting (AH,,), activation energy (%), and powder
geometry factors (¢ and p) as arranged in Equation 5 and shown on the right
of Equation 6. As the runaway reaction case occurs via conductive heating
to a neighboring control volume and not active laser heating, the optical-to-
thermal efficiency term A ;s and other laser-specific terms from Equation 5
are not included in Equation 6. The left of Equation 6 mathematically de-
scribes the heat evolved from a cylindrical control volume conducting through
its surface area by Fourier’s Law assuming lumped capacitance. The new
variables added are thermal conductivity, s, the surface area of a cylindrical
control volume the size of the laser beam spot, 7wd (dp + %), to its depth of
penetration, d,,, and the layer time in seconds, t;4yer. The term X represents
additional energy supplied by laser heating beyond what was required to melt
and affect crosslinking in the intended control volume.

d
X+ (ﬂ'd (dp + Z)) (AHg - p-d—k-tigger) = | ¢p (Tuonset — 1) + AH,, +
(6)

Equation 6 simplifies to Equation 7 when a critical volume (V) is chosen
to be an anulus of inner diameter equal to the outer diameter of the original
control volume, with height of d, and thickness equal to the average particle
diamater, D50. Figure S3 in the Supplemental Information illustrates these
dimensions.

EA:(:
MW

(7)

The equality in Equations 6 and 7 indicates the critical condition when the
energy evolved conducts outside of the unit volume and is able to both raise
the temperature of the surrounding single particle of powder and overcome
the activation energy to initiate a new reaction; the left side of the equation
should be less than the right side to avoid the runaway reaction scenario.
A high thermal conductivity will mitigate the build-up of thermal energy
that might initiate new reaction. A high specific heat requires more energy
to raise the powder temperature, which works cooperatively with activation
energy to preserve the selectivity of crosslinking. Conversely, a high curing

d2
X+ (d + E) (AHw P d— k- tlaye'r’) = Cp (T:v,onset - Tb) + A]{m +
P
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enthalpy provides additional energy for unwanted crosslinking. Shown in
Figure 4 and tabulated in Table 2, the Satin Black US411N1 (polyurethane-
ester) has a lower enthalpy of melting than the Oil Black (epoxy-based).
This means there is a lower barrier to melting for the Satin Black US411N1
(polyurethane-ester) than the Oil Black (epoxy-based) and a greater chance
of runaway. Conversely, the Oil Black (epoxy-based) also has a larger AH,,
meaning more energy is evolved, potentially contributing to unwanted reac-
tion. These properties will need to be carefully considered and balanced for
each new material under consideration.

3.2. Subfunction 3: Coalescence and Solidification

Two-particle coalescence behavior in PBF /L has been previously mod-
eled using the Upper-convected Maxwell (UCM) equation [47, 48, 49, 50, 5]
as an extension of the generic “viscous sintering of polymers’” mathemati-
cal representation by Bellehumeur [51] and originally by Frenkel [52]. While
numerical modeling of this process can be quite complex, the scaling rela-
tionship is summarized by the Deborah number for coalesce in Equation 8.
In Equation 8, A\ represents characteristic relaxation time, I" represents sur-
face energy, ng represents zero-shear rate viscosity, and ag represents initial
particle diameter. The meaning of these symbols are specific to Equation 8.

A
—_— 8
Tloao ( )

The Deborah number implies that coalescence is encouraged through high
relaxation time and surface energy, and opposed by high viscosity and large
particle size. Aside from the feedstock-dependent particle size, these proper-
ties show temperature dependence in purely thermoplastic processing [9, 53],
but also change as a function of network formation [54, 55, 56]. Two addi-
tional concerns are considered for the Coalescence/Solidification subfunction
in the present work: (i) localized temperature increases from the exother-
mic process resulting in increased coalescence and part growth and (ii) in-
creased viscosity opposing coalescence resulting from the increased molecular
weight /network architecture of a thermosetting system.

De =

19



3.2.1. Additional Concern 5: Part Growth from Exothermic Reaction

For the case of part growth, the unique concern occurs when heat evolved
from the crosslinking reaction (AH,) raises the temperature of a neighbor-
ing unit volume to 7T, and at least partially overcomes AH,, resulting in
melting. Equation 9 communicates this concept mathematically, assuming
that the solid state of the polymer powder is held together by ordered, crys-
talline regions. If this is not the case, such as for an amorphous polymer,
the definition between fused part and surrounding loose powder is kept by a
high viscosity preventing diffusive motion on the length-scale the size of the
particle. Note that the reaction specific components of the EXR are omitted
from Equation 9 since the concern here is additional coalescence from ther-
mal bleed, which does not involve optical-to-thermal energy conversion and
is assumed to occur at a lower temperature than onset of reaction. Exactly
raising the temperature to 7, onser Will not result in partial melting, but any
additional energy would begin the melting process for regions of small crys-
tals. This concept is indicated by the inequality in Equation 9.

AH, > [(C,- (T, = Tp)) - 9] 9)
Depending on whether the neighboring unit volume is inside or outside of
the desired geometry, the additional temperature increase may be regarded
as beneficial or detrimental. If the neighboring unit volume is outside the
desired geometry, the additional melting would be considered undesirable
and would decrease the dimensional accuracy of the printed part. If the
neighboring unit volume is inside the desired geometry, the additional melt-
ing would alter the theoretically predicted P,.;, and P,,,, values, decreasing
both proportional to AH,. This is likely to have a trivial effect on actual
processing, unless operating at either of the extreme ends of the theoretically
predicted processing range or else if one particular unit volume neighbors
significantly many scan paths. For example, a designed hole may fuse closed
or else two nested parts may fuse together resulting from the additional heat
evolved from the crosslinking reaction.

3.2.2. Additional Concern 6: Coalescence Inhibition from Molecular Weight /Architecture
Changes
The effect of crosslinking on viscosity is well-documented for many ther-
mosetting polymer systems as it is a primary means of identifying gelation
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and extent of reaction. Viscosity often drastically increases even with mod-
erate increases of crosslinking, as exemplified in References [57, 58, 59]. Such
behavior manifests as a reduction of powder coalescence rate at high extents
of conversion in accordance with the Deborah number scaling relationship.
Increased viscosity is the likely cause for effective activation energy increase
for the TDAG61 (TGIC-free polyester) shown in Figure 6 as it forms a kinet-
ically limiting network morphology. At higher extents of conversion, more
energy is required for molecules to diffusively move into available reaction
sites.

The effect of crosslink density on surface energy depends on if the reac-
tion alters the hydrophobicity of the surface. If no such change is affected,
surface energy is expected to remain constant; however, Zhao and coauthors
report changes in surface stress with crosslink density when polymer gels
exceed some system-specific critical density [60]. This results from the loss
of molecular mobility that comes from crosslinking. The same phenomenon
reduces coalescence-relevant relaxation time, thereby opposing particle coa-
lescence.

3.8. Subfunction 4: Additive Layering

Initial investigations of polymer “printability’’ focus on the one-layer thick
unit volume; however, true printability must consider the effect of subsequent
layer formation on the layer of interest (i.e., the effect of layer n+1 on layer n).

3.3.1. Additional Concern 7: Dynamic Material Properties as a Function of
Network Formation

In PBF/L, the effect of subsequent layering is predominantly considered
as reheating at a given time interval corresponding to average layer time
[5, 49, 50]. Material properties are often assumed constant over time at a
constant temperature for thermoplastic polymers undergoing purely physical
changes. However, as a polymer network is formed, the number, type, and
location of present chemical bonds change, which substantially alters the ma-
terial properties discussed in previous sections. This presents a significant
challenge for both process modelling and understanding feedstock-process-
structure-property relationships for fabricating thermoset networks during
PBF/L. Figure 6 demonstrates this phenomenon for activation energy. By
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way of additional example, Table 2 includes values for several material prop-
erties included in the EXR framework measured before and after crosslinking.
This comparison illustrates the magnitude of change for the selected property
values that occurs during crosslinking. The values reported as “(post)” are
measured following the manufacturer recommended curing time and temper-
ature schedule and serve as the idealized upper-bound.

Table 2: Selected EXR-relevant material properties for thermosetting systems measured
before and after crosslinking. Properties measured by DSC are reported as the average of
three trials. Specific heat reported is for the glassy state. Viscosity is measured at 80 °C
for the Oil Black (epoxy-based) sample and 95 °C for all other samples.

Material Property: | Vulcan Black (TGIC polyester) | TDA61 (TGIC-free polyester) | Oil Blacl
T, °C] (pre) 66.4 £ 1.6 64.7 £15 65
T, [°C] (post) AL L0 65.1 £ 2.7 1]
C,[Jg 'K (pre) 1.39 4+0.35 1.71 4+ 0.33 1.
C,[TJg K1 (post) 0.747 £0.731-10~° 0.688 £11.4-10°7 .15
A, [Tg ] 6.12 £0.10 8.33 £0.50 0.
AH,[Jg 1] 26.7 £3.81 31.0 £10.6 Y
nolkPa - s] 264 95

3.8.2. Additional Concern 8: Partial Crosslinking

It is not desired to drive the crosslinking reaction to completion within a
single layer. Doing so prevents inter-layer covalent crosslinks from forming
thereby reducing the printed part to a stack of individually crosslinked thin
films with limited mechanical integrity. The ideal method for network for-
mation during PBF /L printing involves complete crosslinking of the “bulk”
polymer chains within one layer while leaving a remnant of surface chains to
react with future layers. In order to achieve this secondary, surface crosslink-
ing, the temperature profile must affect a low rate of reaction during lag time
between laser scanning events but reheat sub-surface layers to a temperature
that overcomes activation energy and drives the reaction forward. This might
be achieved through direct reheating during laser scanning if the depth of
penetration is greater than the layer height, or else by conductive heating if
the volumetric heat generation from the laser beam does not penetrate far
into the bed.
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These concerns are similar to those of VPP-AM where high crosslink
densities result in brittle parts [38]. Prior literature focusing on materials
development for VPP centers on creating a working curve from the so-called
Jacob’s Equation [61]. Although much can be learned by studying VPP
methods, the deviation from certain key assumptions will require significant
adaption for use in PBF /L. Such deviations include the opaque, solid-state
powder used in PBF/L versus the transparent, liquid resin used in VPP. It
is known that VPP resins with opaque fillers or emulsified domains scatter
light very differently than transparent, homogeneous resins [62, 63]. Addi-
tionally, it is common for VPP parts to be subject to a post-cure to further
react layers which were only partially cured during active printing [64, 65].
Performing the complete cure in two stages — (i) during shape formation and
(ii) following shape formation — encourages covalent bonds to form between
layers. Although the premise of the present work aims to form a complete
covalent network structure during PBF /L to avoid the additional time and
effort observed in prior work [14, 15, 21, 22], such a paradigm may be prac-
tically unavoidable for production scenarios.

One helpful diagram summarizing the effects of time and temperature on
the cured network is the Time Temperature Transformation (TTT) diagram
originally put forward by Enns and Gillham [66]. The “S” shaped diagram
describes the extent of cure in terms of glass transition temperature and time
to gelation. Complete conversion can only occur when the material is allowed
to react for long enough above the glass transition temperature of the final
product. Although the maximum temperatures measured in Figure 3 are
above the values for T, (post) reported in Table 2, the bed temperature (73)
used is less than the post-cure T, for all example materials except TDA61
(TGIC-free polyester). Therefore, the complete reaction does not have the
opportunity to occur due to kinetic limitations imposed by vitrification of
the growing covalent network. It will be critical to determine whether a set
of process parameters affords enough time at temperature to reach gelation
before vitirification even if complete conversion does not occur. Future work
should include applying the TTT diagram to the cyclical temperature profile
typical of PBF/L.
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4. Summary and Future Work

Work presented in this manuscript centers on closing the gap for fabri-
cating a covalent network polymer during laser powder bed fusion additive
manufacturing processing. The equations used for theoretical determination
of process parameter values were expanded from their original forms that only
included considerations of thermoplastic polymer processing to include poly-
mer properties unique to thermosetting systems, such as activation energy
and the temperature of maximum rate of reaction. Initial process parameter
values may now be predicted via the new form of the Energy Melt Ratio
(EMR) equation, termed Energy Reaction Ratio (EXR) towards science-
based manufacturing. Data were included to showcase the differences in
behavior between the most common thermoplastic polymer processed via
PBF/L (nylon-12) and commercially available powdered thermosetting sys-
tems. A summary of six key differences is presented:

o Laser wavelength dependence is critical for initiating certain reactions.

o The temperature difference between onset of melt (or glass transition)
and onset of crosslinking should be minimized.

o Process parameter value selection paradigm shifts from a “minimum
threshold to exceed” to “specifically targetting” the temperature of
maximum rate of reaction.

o Exothermic reactions may unwantedly heat adjacent volumes of powder
resulting in poor geometric fidelity or a runaway reaction.

o Although complete coalescence and complete crosslinking are desired
for strong parts, these phenomena oppose each other.

« Polymer response (activation energy, viscosity, surface energy, etc.)
to constant manufacturing stimuli changes throughout the print as
crosslinking alters molecular architecture.

As with the EMR, the EXR must be evaluated on multiple polymer fam-
ilies to evaluate universality. The case for the EXR was presented with the
assumption of using the PBF/L process to form a network polymer from
intentionally designed precursors. Another application for the EXR is when
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printing “thermosetting thermoplastics,” like poly(phenylene sulfide) and
polyethylene, which are typically processed under thermoplastic conditions,
but can be branched or crosslinked under certain conditions. Chatham, et
al. has previously reported this phenomena ocurring with PPS in the PBF /L
context [67]. However, thermosetting thermoplastics represent a small frac-
tion of thermosetting polymers, even if they may be the easiest to transition
into a PBF/L context.

This work focused on Subfunction 3: Energy Input. Future work should
include a more detailed study of the other PBF /L. Subfunctions, particularly
Subfunction 4: Coalescence/Solidification. It is very likely that the process
parameters that are predicted to affect the highest degree of fusion based
on conventional thermoplastic-based models will overestimate consolidation
for their failure to account for changes brought on by chemical reaction. Fu-
ture work should consider the balance between particle fusion and degree of
crosslinking — particularly crosslinking across particle and layer interfaces.
These are competing effects that both generally contribute to overall part
strength and stiffness, albeit at different levels of density. Exploiting this
effect may open a significant design space, particularly with AM’s promise
of functionally graded materials.
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Supplemental Information

Generic Chemical Reactions

Generally speaking, a thermosetting polymer is formed by reacting chemical species with a functionality
of greater than two, i.e., at least three potential sites for reaction. A species with only two potential sites for
reaction may form a linear chain but has no opportunity to form a covalently bonded network. One example
of a molecule with a functionality of three is triglycidyl cyanurate (TGIC) such as used in Vulcan Black
(TGIC polyester) in the present work. The chemical structure of TGIC is shown in Figure S 1 with the three
oxirane ring functional groups highlighted.
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S 1. Triglycidyl isocyanurate (TGIC) chemical structure with three oxirane functional groups highlighted.

Given this basic requirement, reactions generally proceed via the following pathways to achieve a
covalently crosslinked network: reaction of monomer species (i) with or without an added initiator
species and (i1) with or without laser absorbing additives. Reactions that occur without a dedicated
initiator species may be termed “auto-initiating” such as the common epoxy-amine reactions found
in References [1] and [2]. The reaction will proceed when reactants 4 and B are in the presence of
each other and supplied enough energy to kickoff the reaction. This may also occur with a single
species (i.e., A and B are chemically the same). In the context of PBF/L, the energy is provided by
chamber heating (4) and the scanning laser beam (1) as indicated in Equation S1. Such energetic
barriers may be reduced by including a catalyst in the formulation.

AL
A+B = B{AB),A Eq. Sl

If the reaction will never, or will not practically, autoinitiate, a specific initiator species (/) may be
included in the formulation. This is common practice in vat photopolymerization AM as indicated
by the more detailed References [3, 4, 5]. In this pathway, the energy source breaks a bond within
the initiator molecule releasing two radicals (Equation S2) which then react with species A or B
to begin propagation reaction (Equation S3).



AL
1520 Eq. 82

I"+A+B — I{AB},A Eq. 83

Finally, a laser absorbing species may be included to more efficiently convert the energy supplied
at the printer's laser wavelength (1) into heat (4). This is often carbon black. Figure 12a from
Schmailzl, et al. shows an increase in carbon black content from 0.3 % w/w to 1.0 % w/w affects
approximately a 75 °C temperature increase in the system [6]. Equation S4 shows the laser
absorbing species (L) as unreactive with the target reactants 4 and B; this is the case when
including carbon black in a formulation.

AL
L+A+B 5 B{ABY,A+L Eq. 54

There are a variety of synthetic approaches to achieve a covalent network. Each of them have their
unique advantages and drawbacks



Differential Scanning Calorimetry (DSC)

Figure S 2 shows the full heat-cool-heat behavior for each of the four example thermosetting
systems. First heats are designated by “H1,” second heats are designated by “H2,” and the cooling
pass is designated by “C” appended onto the material's trade name.
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S 2. DSC thermograms for (a) Vulcan Black (TGIC Polyester), (b) Oil Black (epoxy based), (c) TDA61
(TGIC-free polyester), and (d) Satin Black US411N1 (polyurethane-ester). Exotherm plotted up.



Depiction of Heat Transfer in Powder Bed

Figure S 3 is a cartoon depiction of heat transfer in the powder bed. It corresponds with Equations
6 and 7 from the main paper, reproduced below as Equations S5 and S6 for ease of reference.

side view

top view

O

S 3. Cartoon depiction of conductive heat flow out of control body during PBF/L described
mathematically in Equations 6 (S5) and 7 (S6).
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