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ARTICLE INFO ABSTRACT
Keywords: The strengths of additive manufacturing (AM), especially the tool-less manufacturing paradigm and rapid pro-
3D printing duction of low-volume products, are well-aligned with the needs of manufacturing of expensive, high-tem-
Material extrusion perature resistant, engineering thermoplastic polymers. High temperature polymer parts made with AM for

Powder bed fusion
Thermoplastic processing
High temperature engineering thermoplastics

either tooling or end-use applications have been implemented in the aerospace, automotive, and biomedical
fields. However, parts made from these polymers using traditional manufacturing processes are generally high-
value parts in low-quantity production runs. Moreover, AM processing of these polymers present significant
challenges due to limitations associated with large thermal gradients, residual stress buildup, and interlayer
adhesion as well as the inability of the printers to consistently maintain required high processing temperatures.
This review highlights the current state of the art for processing high-temperature (i.e., traditional processing
temperatures exceeding 250°C) thermoplastic polymers by the melt-based, AM processes of material extrusion
(MatEx) and laser powder bed fusion (PBF). The authors address common challenges to AM of high-temperature
polymers and gaps in fundamental understanding of the process-structure-property relationships needed to
identify the machine design, process parameter selection, and synthetic modifications to enable processing.

1. Introduction small-scale parts for non-load bearing applications such as brackets,
wire harnesses, ducts, etc. [4]. However, with the rapid development of

Currently, polymer-based AM is predominantly used in prototype high-performance polymeric materials, polymer based AM has been
development and functional testing of fixtures and tools to provide a used in the manufacture of medical implants, optical products, archi-
certain degree of performance assurance before investing in injection- tectural parts, sports equipment, smart textiles, and soft robotics [5-8].
molding tooling [1-3]. Moreover, it is also used for the manufacture of There are also applications like custom tools for aerospace industries

Abbreviations: E,, activation energy for degradation; AM, additive manufacturing; A, area of a filament; a,, average particle size; vs, beam speed; T}, bed tem-
perature; BAAM, big area additive manufacturing; CB, carbon black; CF, carbon fiber; CNF, carbon nanofiber; CNT, carbon nanotube; A, characteristic relaxation
time; CTE, coefficient of thermal expansion; CAE, computer aided engineering; d;, diameter of laser beam; DOE, design of experiments; DSC, differential scanning
calorimetry; Ep, energy density; EMR, energy melt ratio; EMR.,, energy melt ratio before degradation; vy, feed velocity; F, force to drive a filament across nozzle; GF,
glass fiber; T, glass transition temperature; GNP, graphene nanoplatelet; h,, hatch spacing; HSS, high speed sintering; Py, laser power; LAMPS, laser additive
manufacturing pilot system; hy, latent heat of fusion; Q, material density; MatEx, material extrusion; T,,, melting temperature; Py;, motor power; MJF, Multi-jet
fusion; L, nozzle length; @, packing ratio of powder bed; PA, polyamide; PAEK, polyaryl ether ketone; PC, polycarbonate; PEK, poly ether ketone; PEEK, poly ether
ether ketone; PEI, poly ether imide; PEKK, poly ether ketone ketone; PPS, poly phenylene sulfide; PPSU, poly phenyl sulfone; PBF, powder bed fusion; AP, pressure
drop across nozzle; Ry, radius of filament; Ry, radius of nozzle; RSM, response surface methodﬂogy; Cp, specific heat capacity; I, surface tension; TLCP, thermotropic
liquid crystalline polymer; Tq 10, temperature at 1% weight loss; 1, viscosity of polymer melt; V', volumetric flow rate; M,,, weight average molecular weight; n,, zero
shear melt viscosity
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which are using parts manufactured by AM [9]. But there are still
concerns regarding the consistency and repeatability in the part prop-
erties manufactured by AM since the evolution of properties during AM
processing is yet to be completely understood [10]. In order to expand
the polymer material catalog for AV, it is suggested to move away from
materials tailored for traditional processing techniques and come up
with a-priori design of polymers that accounts for the complex multi-
physics and kinetics associated with the AM process. This “molecules
(polymer design and synthesis) to manufacturing (using AM)” approach
can lead to rapid progress toward fully understanding the complex field
of AM based technologies.

At present, a high percentage of consumer and commercial com-
modities are manufactured using thermoplastic materials. Already, the
aerospace, biomedical, and automotive industries have become early
adopters of this technology beyond prototyping for the production of
intermediate tooling and end-use parts. These early-adopter industries
often use thermoplastic polymers for mechanical impact and bio-inert
properties in addition to their ease of processing using traditional
means. In addition, these industries often require their products to work
at elevated temperatures, in the presence of flames and harsh solvents,
and under high mechanical loads. Therefore, high temperature en-
gineering polymers are well-suited for these early adopter industries. In
the scope of this paper, we focus on “high-temperature engineering
thermoplastic materials”, meaning those polymers with processing
temperature requirements higher than 250°C.

Processing high-temperature engineering thermoplastics has addi-
tional challenges specific to processing at high temperatures. High-
temperature processing challenges can be categorized as either ma-
chine- or material-based. Material-based challenges arise from the
chemical complexities in synthesizing polymers of highly thermally-
stable bonds capable of surviving both the needs for the target appli-
cation and the necessarily more extreme conditions of the manu-
facturing environment. As polymer processing occurs significantly
above the polymer’s glass transition temperature (T,), lengthy proces-
sing times have the potential to alter the molecular structure or archi-
tecture of any given polymer, thereby changing the properties of the
fabricated part. It is, therefore, important to understand how processing
affects the molecular structure to generate accurate predictions of final
part properties. Machine-based challenges for high-temperature pro-
cessing often center on the selective delivery of energy to the target
material being processed and preferentially away from sensitive com-
ponents of the manufacturing equipment, especially electronic com-
ponents. Addressing these challenges requires significant additional
investment in machine design and utilization of either insulating ma-
terials or electronic components rated for sustained use at elevated
temperatures.

As thermoplastic polymers have historically been processed through
melt-and-form/reform manufacturing techniques (e.g., injection
molding, thermoforming, rotational molding, etc.), it is natural for
those AM technologies using similar melt-and-form techniques to form
layers, i.e., melt-based material extrusion (MatEx) and powder bed
fusion (PBF), to be utilized when printing this valuable class of poly-
mers. There are a few instances of high-performance polymers being
printed via other AM techniques, such as vat photopolymerization [11];
however, these techniques do not extensively appear in published re-
search or in commercial application. Melt-based manufacturing tech-
niques are primarily directed by thermal and rheological polymer
properties. Therefore, experimental techniques evaluating polymer
melt and crystallization behavior, temperature- and shear-dependent
flow behavior, coefficient of thermal expansion (CTE), and thermal
conductivity are critical to understanding how these polymers respond
to the varied stimuli at each stage of the AM process.

The growth opportunity for this form of advanced manufacturing is
predicated on the state-of-the-art understanding of process physics
governing 3D printing of high-temperature engineering thermoplastic
polymers. The aim of this paper is to provide a summary of the state-of-
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the-art of high-temperature thermoplastic polymer printing, high-
lighting key differences in processing with AM that present unique
challenges, and discussing observed research trends and gaps in the
governing process physics of AM specific to high-temperature polymers.

2. Roadmap

Many review papers have been authored in recent years synthe-
sizing published knowledge toward a specific aspect of AM. Several
such reviews focus on reporting the materials available for each of the
different AM technology families [12-15]. Reviews, including the ones
authored by Bourell, et al. [12] and Ligon, et al. [13], provide over-
views for how existing materials are formulated, printed, and used.
These reviews, however, have a broad focus and do not focus on any
particular AM subset or classification of polymers. Other reviews
narrow their focus either to one AM process [16-18], but include all
polymer families, or a particular application for additively manu-
factured parts [19-22].

This review has the narrowed focus of discussing the unique chal-
lenges of a subset class of polymeric materials resulting from the
structure-property-processing relationships present in PBF and MatEx
AM. Other published reviews have focused on manufacturing re-
lationships in other subsets of polymeric materials, such as Peterson’s
review on ABS in MatEx [23], Wang and coauthors’ review of polymer
composites [24], and Yuan and coauthors’ review of polymeric powder
composites [25]; however, the authors are unaware of any other re-
views focusing on high-temperature thermoplastics for AM. As an im-
petus for this literature survey, recent review articles offer quite limited
discussions of available high temperature engineering thermoplastic
polymers for PBF and MatEx.

The authors have arranged this paper to provide an initial, high-
level overview of high-temperature polymers in AM, followed by sec-
tions specific to each high-temperature polymer that has been printed
to date. These polymer-specific discussion sections summarize the re-
ported successful printing of each polymer and offer discussion on ex-
ample use-cases that utilize both an advantage given by the polymer’s
properties and an advantage uniquely provided by printing that
polymer either by PBF or MatEx. The processing physics are also dis-
cussed to highlight current opportunities for additional research. The
authors conclude this manuscript by discussing the importance of
continued investigation into the structure-property-process relation-
ships in polymer AM.

3. Overview of process-structure-property relationships between
AM and high temperature engineering polymers

3.1. Powder bed fusion: Process

PBF based AM was developed at the University of Texas at Austin in
the 1980s [26]. Despite revisions and modifications over the years, the
technology has always been comprised of three sub-functions: (1)
powder recoating, (2) energy input, and (3) coalescence and cooling.
The authors have previously published a review article describing in
great detail what is known regarding the structure-property-processing
relationships in PBF, including distinctions among the PBF sub-tech-
nologies of laser sintering, high-speed sintering (HSS), and multi-jet
fusion (MJF) [17]. This paper focuses exclusively on laser sintering as
processing high-temperature polymers via HSS or MJF are not ex-
tensively reported. Table 1 is republished from that article here to
provide the complete list for polymer properties identified as important
to PBF manufacturing. This section provides general background on
published research for new high temperature polymer development and
briefly highlights the relationships important to high-temperature
polymers.

The relationships dominating printing behavior to ensure even
powder spreading and a densely packed build piston have been
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Table 1

Summary of theoretical material properties for successful PBF printing. * de-
notes values for nylon-12 for use as “known good,” but should not be regarded
as physical limit. Table republished with permission from Elsevier [17].

Powder Recoating

Average particle diameter (dso) 45—90 pm
Percentage of fine (< 10 pm) particles < 5%
Hausner Ratio < 1.25
Sphericity > 0.6
Avalanche Angle 5.25°*
Energy Input

Heat of fusion 90J/g*
Molecular motion resonance near laser wavelength 10.6 pm
Small temperature range for flow transition:

Peak width at half max 5°C*
Difference between onset and endset of melting 10°C*

Stable molecular weight EMRgeg > > 1
Limited side reactions
Coalescence and Cooling

Characteristic relaxation time > > 1

Zero-shear viscosity to surface tension ratio <1

Zero-shear viscosity 60 Pa.s*
Surface energy 35—40 mN/m *
Maximum out of plane curl 50 um *

identified as geometric properties of the powder and not dependent on
the chemical identity of the material. The only hint towards a material
property relevant to powder flow is that of tribo-charging [27]. High
charge concentrations impede powder flow [28], potentially decreasing
printed part quality. Although not quantitative, one may conjecture
that the greater potential for electron conduction of the aromatic ring
structures found in high-temperature polymers will result in quicker
dissipation of static surface charge than for aliphatic polymers. This
topic is not well studied in the context of polymer PBF.

One other important, although indirect, consideration for polymer-
process relationships in high-temperature polymer PBF is the act of
powder making. Powder making can be approached either through
mechanical size reduction, using methods such as cryo-milling [29],
through engineered molten flow instabilities, or else through phase
separation techniques, including both immiscible polymer blends [30]
and precipitation from small-molecule solvent [31]. The high melting
temperatures and general solvent resistance make high-temperature
polymers challenging to render into a powdered form.

Of the three sub-functions, the Energy Input sub-function is most
important in terms of machine design and process parameter selection
for printing high-temperature polymers. Energy Input is comprised of
both (i) broad thermal energy provided through resistive or radiative
heating elements to heat the entire build chamber above room tem-
perature and (ii) selective optical energy provided by a scanning laser
beam. The two sources of energy in PBF are advantageous for printing
high-temperature polymers as the total energy needed to melt and
fabricate objects is the sum of both sources.

Vasquez, et al. pioneered mapping these two sources of energy in
the context of polymer thermal properties via the Energy Melt Ratio
(EMR) [32]. The EMR and subsequently developed EMR for degrada-
tion (EMRgeg) [33] can be used in tandem to generate the Stable Sin-
tering Region (SSR) image to graphically convey theoretically re-
commended bed temperatures and both the minimum laser power to
fully melt the polymer and the maximum laser power before degrading
the polymer. Chatham and coauthors altered the original forms of the
EMR and EMRgg to incorporate a temperature-dependent specific heat
term [34]. The original equations are presented in Egs. (1 and 3) [33]
and their modified forms in Egs. (2 and 4) [34].

Ep
{CoX (T, —T) + hi} xQx @ D

EMR =
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In the energy melt ratio equation, Ep is energy density, T, is
polymer melting temperature, C,, is specific heat, his the latent heat of
fusion, Tj is the bed temperature of the machine, Q is the material
density, and @ is the packing ratio of the powder bed. The additional
terms of activation energy for degradation (E,), weight-average mole-
cular weight (M,,), and the temperature at 1% weight loss (T4 19,) are
included in the degradation equation.

Although the polymer properties represented in these equations are
not specific to high-temperature polymers, the large emphasis on
thermal properties means these polymers’ eponymous high melting
temperature heavily contributes to printing behavior. What is uniquely
important to high-temperature polymers is their deviation from the
previously generally accepted rule of “PBF supercooling window” as
observed in polyamides. Berretta and coauthors describe this deviation
in their publication regarding PBF of PEEK [35]. Separation between
melting and cooling behavior as observed by differential scanning ca-
lorimetry (DSC) at 10°C per minute cooling rate was previously re-
garded as essential behavior for a polymer to be regarded as printable
[36]; however, no high-temperature polymer reported in PBF literature
demonstrates this behavior and yet, dimensionally accurate parts have
been fabricated using these materials. This disparity between high-
temperature polymers and engineering grade polymers has not yet been
thoroughly investigated; however, the answer is likely related to rate of
crystallization [37].

It is important to note that the existing screening methods for
polymer PBF assume the polymer exhibits a semi-crystalline mor-
phology. Amorphous polymers are rarely reported in PBF literature.
The latent heat of melting required to melt crystalline regions is ben-
eficial for ensuring selectivity of melt-pool formation when printing
[38]. A well-defined melt-pool shape is more difficult to maintain for an
amorphous polymer where the temperature gradient induced by the
scanning laser would result in a degree of flow behavior in the powder
bed immediately surrounding the scanned area. This could lead to
significant part growth in the XY plane as well as significant porosity in
this region resulting from partial coalescence of powders in the tran-
sition region. Stable crystalline regions restrict flow in the regions im-
mediately adjacent to the scanned area of the powder bed, thereby
maintaining selectivity of fusion and dimensional accuracy. Bain re-
ports melting behavior in many high-temperature polymers occurs over
a wide temperature range [37]. Some researchers recommend using the
ratio of specific heat and heat of fusion (Cp/hy) to represent the gradual
transition from glass to melt [39]. Polymers with lower ratios can be
heated closer to T,, without a thermal gradient causing undesired fu-
sion. This allows the onus of melting to be placed on the heaters instead
of the laser beam [39]. Lyons suggestions the higher ratio of the high-
temperature PAEK family compared against the polyamide family in-
dicates a more gradual transition into the melt for PAEKs. Both factors
of broad T, and higher Cp/hs indicate high-temperature polymers are
more sensitive to thermal gradients than polyamides (PAs) [37]. Lyons
also highlights the nearly two times greater specific heat of PAEKs over
PAs (2.20 vs 1.26J g_1 K™ ') means nearly twice as much energy must
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be expended per each degree to heat high-temperature polymers [39].

The polymer-process interactions during the third PBF sub-function
(i.e., Coalescence and Cooling) is best represented by the Deborah
number (De) for coalescence, shown in Eq. 5 where A is the char-
acteristic relaxation time (i.e., longest) of the polymer, I is surface
tension, 7, is zero-shear melt viscosity, and a, is average particle size.

AT
Moo %)

De =

The high T, characteristic of high-temperature polymers implies
that similarly high temperatures are required to reduce viscosity to a
value allowing chain mobility on the timescale of manufacturing.
Particle coalescence is governed by extensional flow, therefore either
the extensional viscosity or steady-shear viscosity and the Trouton ratio
should be used. In addition, proper viscosity must be maintained over a
minimum period of time to achieve coalesced layers. According to a
patent issued to the polymer company Arkema, a polymer should have
a steady-shear viscosity at shear rates below 5rad s ' between 800 and
20,000 Pa.s for at least 5min to be suitable for PBF [40]. This range is
higher than the 60 Pa.s reported by Shi, et al. [41] as the ideal viscosity
calculated from applying nylon 12 properties to Frenkel’s model for
viscous sintering [42].

High-temperature engineering polymers generally have high values
for zero-shear viscosity. This directly translates into a processing chal-
lenge as viscosity opposes coalescence. Exploiting the typical inverse
relationship between polymer viscosity and temperature necessitates
high processing temperatures to drive coalescence. Conversely, high
surface energy and long characteristic relaxation times increase the
coalescence rate. Surface tension is chemistry dependent, but no gen-
eral trends have been observed for changing surface tension with the
inclusion of aromatic rings in polymer backbones. However, the addi-
tional molecular level stiffness imparted to polymer chains by ar-
omaticity increases the characteristic relaxation time through an in-
crease in Kuhn length (i.e, A ~ b?). Therefore, high temperature
engineering polymers would be expected to have a longer characteristic
relaxation times when compared to other classes of polymers with more
flexible backbones. The ultimate question for high-temperature
polymer coalescence is at what temperature can the driving forces of
relaxation time and surface tension overcome dissipative losses im-
posed by high zero-shear viscosity.

3.2. Material extrusion: process

The major constituents of a typical MatEx system are the feed ma-
terial, liquefier, print nozzle, gantry, print bed, and print chamber [43].
The quality of print is affected by different process parameters such as
print temperature, layer height, air gap, and raster angle [44]. MatEx
uses polymer material feed either in the form of pellets (e.g. pellet
extruders from Titan Robotics [45] and Strangpresse [46]) or filament
(fused filament fabrication), which is fed into a printing head using a
pinch roller mechanism. The feed in the printing head is then heated,
liquefied, and extruded through a nozzle. Usually a thermocouple is
used in addition to the heating element and a controller to maintain the
set print temperature [47]. The feed velocity (vy) required to obtain a
layer of width w and thickness h is given by Eq. (6) [43]:

[
ooV
I~ w*h (6)

[
where, V is the volumetric flow rate of the polymer melt through the
nozzle. The power (P) required by the motor to extrude a filament
having a cross-section area A is given by the following equation:
1

Pu = JVrA(4P) o

where, AP is the pressure drop across the nozzle which can be
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calculated from the polymer melt viscosity, flow rate, and geometric
constants of the nozzle. It should be kept in mind that in the melt state,
the properties depend on both temperature and shear rate and can be a
bit complicated to compute [48]. Another important design con-
sideration is the maximum viscosity of polymer melt that a MatEx
printer can handle without issues such as nozzle clogging and filament
breakage. The maximum viscosity that a MatEx printer can handle
depends on the capacity of the extrusion motor. If F is the force required
to drive a filament with radius Ry through a nozzle of length L and
radius Ry then the maximum viscosity () is given by Eq. (8) [49] as
shown below:

4
y = i X Ry
8XV XRIXL (8)

High temperature engineering thermoplastics generally have an
aromatic backbone which imparts higher molecular stiffness and re-
duced chain mobility to the polymers when compared to thermoplastics
having an aliphatic backbone (e.g., nylon, polyolefins, etc.). Thus at
comparable molecular weights, the engineering thermoplastics typi-
cally require higher temperatures for processing. At comparable tem-
peratures, the values of 7, for the engineering polymers are significantly
higher than that of linear chain polymers which present significant
processing challenges in MatEx. Therefore, these polymers should be
printed at shear rates where they exhibit shear-thinning behavior.
Polymers having a limited shear-thinning window have been found to
suffer from backflow during MatEx printing [50]. Increasing the print
temperature can assist printing by lowering the melt viscosity and also
increasing the time a deposited layer stays above T,, thereby improving
the weld strength. Injection molding grade polymers have considerably
higher melt viscosities than MatEx grade filaments [51]. In order to
further ease processing, plasticizers can be incorporated to the pure
polymer to lower the melt viscosity but they can have an adverse effect
on the tensile strength and modulus [52]. Blending such plasticizers can
improve the quality of the printed part at the expense of reducing the
form-stability.

After being extruded out of the nozzle, the extruded material is
deposited onto a print bed in a 2-dimensional pattern, where it cools
below its crystallization temperature and/or T, and solidifies. The print
bed and heated chamber are important elements in a MatEx system
designed for high temperature thermoplastics. The polymer melt must
have sufficient adhesion after deposition so that the build can continue
without delamination. Further, in order to minimize residual stress
buildup, the polymer should have minimum CTE mismatch and melt
shrinkage. However, the adhesion between the deposited layer and the
bed should not be too strong, otherwise part removal after completion
of the print becomes complicated. This issue is exacerbated for high
temperature polymers since the driving force for delamination (i.e., the
difference between print temperature and bed temperature) is higher
than for other standard plastics because of increased thermal gradients
and CTE mismatch. The interactions among the process controls, ma-
terial systems, process parameters and printed part property have been
reviewed in great detail in previous reported literature [43,53,54].
Also, the role of rheology in MatEx has been reviewed elsewhere [55].
In this review paper, we investigate the high temperature polymers that
can be processed using MatEx, evaluate what makes them “printable”,
the process and machine modifications required for successful printing,
and the associated current limitations.

4. High temperature engineering thermoplastics in additive
manufacturing: Structure

With the advancement in polymer chemistry and material synthesis
over the last 50 years, novel materials are being regularly formulated
and tested with respect to their printability and compatibility with AM.
Based on the operating temperatures and physical nature, they are
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Fig. 1. Overview of high temperature thermoplastics as a function of performance (image reproduced from [56]). Although performance increases as we go up in the

pyramid, the difficulty of processing and associated costs increases rapidly.

classified as advanced engineering plastics, engineering plastics and
standard plastics, as illustrated in Fig. 1. Many of the standard plastics
are commercially available and can be used off-the-shelf as a feedstock
for AM but processing engineering plastics by AM is still in the nascent
stage.

Fig. 2 highlights the polymer backbone (repeat units) of some
common high-temperature thermoplastics that are printed using MatEx
and PBF modes of AM. It is worth noting the aromatic backbone
common to these polymers. This featured moiety increases molecular-
level stiffness and introduces secondary interactions, like st-;t stacking,
that increase the energetic threshold for molecular motion; i.e., tem-
perature required for flow. This section introduces the material types
and properties of high temperature engineering thermoplastics that are
currently being used in MatEx and PBF as listed in Table 2. The data
tabulated in Table 2 also serves as a basis for comparison of mechanical
properties of the high temperature engineering thermoplastics pro-
cessed using traditional manufacturing techniques (typically, injection
molding) versus properties obtained by MatEx and PBF modes of
manufacturing (highlighted in Tables 3 and 4).

4.1. Overview of high temperature engineering thermoplastics in PBF

In this section, the authors present a summary of high-temperature
polymers printed via PBF. Table 3 summarizes the print parameters and
resultant mechanical properties as reported in published literature. The
quantity of total published research in the field of polymer PBF is less

than that of MatEx; therefore, the sub-set of published work pertaining
to high-temperature thermoplastics scales reasonably. Most of the
published work centers on poly(ether ketone) (PEK) and poly(ether
ether ketone) (PEEK), both members of the poly(aryl ether ketone)
family. There are a few published research documents which in-
vestigate printing poly(phenylene sulfide) (PPS) alongside reports of a
commercial “PBF-grade” PPS powder by Toray [80]. Fig. 3 highlights
the tensile strength of some high temperature engineering thermo-
plastics manufactured using PBF.

There is also an absence in published literature regarding any che-
mical synthesis or modification strategies of high-temperature polymers
that would specifically render them PBF printable. Likewise, any lit-
erature discussing including additives in high-temperature polymers for
PBF is strictly concerning final part modification of mechanical prop-
erties, and not acting as a processing aid. This is a current gap in
published literature, therefore, the discussion in this section will focus
on the process parameter value selection and the resultant mechanical
properties of PBF printed high-temperature thermoplastic polymers. A
discussion of machine specific concerns will follow in Section 6.

A significant gap in current literature revolves around consensus of
dissemination of important print parameter values to enable funda-
mental interpretation and implementation of published results for fur-
ther research. This is evidenced by the quantity of empty spaces in
Table 3. For equitable comparison and understanding, the authors be-
lieve that, at minimum, each publication should report all variables
present in the energy density equation (i.e., laser power, beam speed,

oo foote, oy

Polyether ketone

Q,

Polyphenylene sulfone

Polyether ether ketone

veolensVsste)

Polyether ketone ketone

Polyether imide

Fig. 2. Repeat units of common high temperature engineering thermoplastics used in AM.



A. Das, et al.

Table 2

Overview of properties of high temperature thermoplastics as obtained using traditional processing techniques, typically injection molding.

Traditional applications

General characteristics

Mechanical properties

T, (°C)

Tm (°C)

Service temperature

°0)

Polymer

Structural parts with high load bearing

capacity; personalized implants

Excellent mechanical properties; high

4.0 GPa tensile modulus; 105 MPa tensile strength, and 15 %

162 [58]
ultimate strain [59]

260 [57] 373 [58]

Poly ether ketone (PEK)

thermal stability; chemical resistance.

Aerospace industries; surgical implants

[63].

High strength at elevated temperatures; low

moisture uptake.

4.20 *+ 0.81 GPa tensile modulus; 102.0 + 3.9 MPa tensile

strength, and 62.1 + 2.5 % ultimate strain [62]

156 [61]

390 [60]

125-204

Poly ether ketone ketone

(PEKK)
Poly ether ether ketone

Automotive, aerospace, textile industries;

and medical implants.

Resistant to mechanical wear, creep

1.28 —4.10 GPa tensile modulus; 92.3 MPa tensile strength,

and 40 % ultimate strain [66,67]

143 [65]

343 [65]

204 —232 [64]

deformation, and chemical degradation.
Chemically resistant; wear resistant;
electrically conductive [72]

(PEEK)
Poly phenylene sulfide

Automotive, aerospace, electrical,

electronics.

3.697 GPa tensile modulus; 64-82 MPa tensile strength; 3%

ultimate strain [70,71]

85 [69]

285 [68]

204 —232 [64]

(PPS)
Poly ether imide

Aircraft interiors, automotive, and marine

industries.

High strength & stiffness; recyclable; fire
retardant, creep resistant [75-79]

2.934 GPa tensile modulus; 102.5 MPa tensile strength; 18 %

217 [73]
ultimate strain [74]

330-380

177 — 204 [64]

(amorphous)

(PED)
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hatch spacing, and spot size) and the bed temperature. Other important
material or powder properties to include are found in the EMR equation
given by Vasquez, et al. [32] and previously discussed in Section 3.1.
These polymer properties should also be evaluated at the processing
temperature, and not at room temperature. Quantification of proper-
ties, like specific heat, often significantly change upon heating the
polymer from the glassy state through the glass-transition temperature
and towards melting. Considering and reporting relevant properties is
important for accurate process parameter value prediction.

4.2. Overview of high temperature engineering thermoplastics in MatEx

The material catalog for MatEx has long been an issue in advancing
the application of this technique to the industrial market. Materials for
MatEx are often limited by the rapid cooling rates (arising from the
large difference between the print and ambient temperature), phase
transformation, and separation. Common commercial materials are
limited to polylactic acid (PLA) and acrylonitrile butadiene styrene
(ABS), which both become fluidic at temperatures less than 250 °C
[94-96] and have a tensile strength less than 60 MPa [97,98]. While
these polymers are suitable for prototyping, they do not possess the
strength or other enhanced-value properties needed to manufacture
functional parts. This is especially true for the AM early-adapter in-
dustries of automotive, aerospace, and biomedical, which require parts
to survive in extreme environments. A deeper understanding of the
structure-property-processing relationships between polymers and the
MatEx process is needed to expand the material catalog to rival the
options available for traditional manufacturing technologies.

By the definition of “high temperature thermoplastics” discussed
previously in this review, the available high-temperature polymers for
MatEx include: polyether ketone (PEK), polyether ether ketone (PEEK),
polyether ketone ketone (PEKK), polyphenylene sulfide (PPS) and
polyether imide (PEI). Fig. 4 highlights the ensile strengths of different
high temperature thermoplastics and their composites printed using
PBF and MatEx. As evident from Fig. 4, the properties can be quite
different even for the same material depending on the formulation,
grades, reinforcement agents, and print conditions. Table 4 summarizes
the printing conditions and corresponding mechanical properties ob-
tained by printing high temperature engineering thermoplastics using
MatEx.

Many high temperature engineering thermoplastics are semi-crys-
talline; the advantages of using semi-crystalline polymers over com-
mercially available amorphous materials are improved thermal stabi-
lity, toughness and deformability [99,100]. The introduction of
crystallites acts as physical crosslinks that restrict the motion of the
polymer chains, even above the T,, which allows semi-crystalline ma-
terials to be used for longer times at higher temperatures without loss of
mechanical properties. However, incorporating semi-crystalline high
temperature materials in MatEx is challenging due to shrinkage of the
printed parts as it cools and crystallizes inside a heated chamber on the
printer bed [101]. The aforementioned crystallites are one of the pri-
mary reasons that these materials are not often used in MatEx. Due to
high levels of shrinkage the parts fabricated using this technique tend to
warp and delaminate from the printer bed resulting in parts of poor
quality that are unfit to be used in high performance applications as
illustrated in Fig. 5. The shrinkage occurring in these materials is more
pronounced as compared to the amorphous polymers due to increased
densification in semi-crystalline materials during the crystallization
process [102].

Crystallinity also has a significant effect on the interlayer bonding,
which is vital to the success of MatEx. Boiko, et al. showed that inter-
layer bonding is greatly hindered by crystallinity in the polymer matrix
as a result of the crystals acting as barriers to polymer chain diffusion
[103]. They demonstrated that the bond strength formed between two
semi-crystalline materials is an order of magnitude lower than that
between two amorphous materials, or even between an amorphous and
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Table 3
Summary of mechanical properties of PBF printed high-temperature thermoplastic polymers.
Polymer Bed temperature Laser power Beam speed (mm Ultimate tensile Ultimate tensile Other Reference
°C) (W) s™h strength (MPa) strain (%)

PEKK 50 3.3 GPa modulus [81]

PEK 3.5GPa [82]
modulus

PEK (HP3) 368 90 3-4 [83]

PEK (HP3) 365 2550 88 + 7 [84]

PEK (HP3) 90 2.8 4.25 GPa [85]
modulus

PEEK 200 10 1530 79 = 3 560 pum spot size [86]

PEEK Victrex 450 PF 332 7.5-16.5 2550 31-37 [871

PEEK Victrex 150PF 338 41 2.5 GPa modulus [87]

PEEK Victrex 150XF 140 16—21 5080 Porous structure [88]

EOS PEEK HP3 88.7 = 1.5 4.2 + 0.2 2.76 = 0.15GPa [89]
modulus

PEEK + Carbon fiber (CF) 11-18.5 3000 109 = 1 0.5 GPa modulus [90]

PEEK + Carbon Black (CB) 330 2500 —-6000 30-50 Nd:YAG laser [91]

PPS 200 11 1000 64.5 [92]

PPS 230 30 3000 61.8 + 4 3.27 = 0.22 2.44 *+ 0.04 GPa [34]
modulus

PEI Room Temperature 60—67.5 2000 15-37 3-5.7 737 —1321 MPa modulus  [93]

a semi-crystalline material. These results are corroborated by similar
studies conducted by Cho and Kardos [104] and Awaja, et al. [105].
However, crystallization after bonding produced a bond strength even
greater than that between the two amorphous materials. This is due to a
process called co-crystallization, which is the process of a crystallite
growing across a bonded surface, thus holding the two adjacent layers
together [106-108].

5. Processing high temperature engineering thermoplastics:
Properties

This section highlights the recent progress made in printing high
temperature engineering thermoplastics using both PBF and MatEx
modes of AM. Our discussion is limited to the commonly used en-
gineering thermoplastics such as PEK, PEKK, PEEK, PPS, and PEL The
current state of the specific materials with respect to printing are ana-
lyzed along with the limitations associated and research gaps.

5.1. Polyether ketone (PEK)

5.1.1. PBF

HP3, sold by EOS for use with their P800 machine, is commercially
available as a “PBF-grade” PEK [85]. Although advertised as “HP3
PEEK,” Ghita and coauthors assert that EOS HP3 is chemically PEK with
a peak melting temperature of 372 °C [83]. With this elevated melting
temperature, they report printing HP3 PEK at 368 °C using an EOS P800
[83]. Although hot stage microscopy shows full particle coalescence
with new powder, they report reduced coalescence at the same tem-
perature with used or blended (a.k.a., “refreshed”) powder. The long-
evity of PBF powder is an important concern, especially for high-tem-
perature polymers, due to their high raw material cost. Ghita and
coauthors purport that holding PEK at these elevated processing tem-
peratures for extended periods of time results in branching and cross-
linking [136] which adversely affects coalescence behavior during
printing [83]. Berretta and coauthors report in greater detail on the
coalescence and fusion behavior of PBF PEK concluding that the faster
coalescence from lower viscosity PEK produces denser parts that are
also weaker under tensile loading [84]. Their explanation is that al-
though the lower molecular weight PEK results in a lower viscosity,
which promotes particle fusion, the lower molecular weight polymer is
intrinsically weaker on the molecular scale [84]. Recently, PBF of
carbon fiber encapsulated HP3 PEK powders has been performed and
the powder properties has been optimized with respect to the printing

process [137].

5.1.2. MatEx

There are not many published works of research that look into the
potential of printing PEK by MatEx. However, most of the work done on
PEKK at the Oak Ridge National Laboratory should be helpful in en-
hancing the understanding of MatEx based printing of PEK. The re-
searchers have investigated how the melt processing of the high tem-
perature semi-crystalline polymers and subsequent post-processing
affect the rheological properties of fiber reinforced polymer matrices
which are relevant to MatEx as well as big area additive manufacturing
(BAAM) [138-142]. Their work will be discussed in greater detail in the
next section, which focuses on PEKK.

5.2. Polyether ketone ketone (PEKK)

5.2.1. PBF

PBF printed PEKK is, perhaps, the most industrially used high-
temperature polymer [143-145]. In addition to strength at elevated
temperatures, commercial PBF grades of PEKK are flame retardant [39]
and can be used in applications requiring electrostatic discharge [146].

PBF printing of PEKK is reported by Peyre and coauthors [147] and
their relevant doctoral theses [60,81]. Peyre, et al. printed PEKK using a
custom machine able to reach at least 325 °C. These researchers note
the diminished “PBF supercooling window” of PEKK in comparison
with nylon 12. They also remark on the significant geometric distortion
during printing. They do not report mechanical properties of printed
parts as the main focus of their project emphasizes the agreement be-
tween numerical simulation of warping and experimentation of PBF
printing. A more recent study on PEKK investigated the effect of ma-
terial properties on printed part shrinkage during PBF [148]. The re-
sults suggest that the inherent powder properties (particle size, dis-
tribution, morphology, porosity) have a more pronounced effect
compared to crystallization on the extent of part shrinkage. As such, the
Kepstan 6000 PEKK used in the study was found to have 30 % lower
shrinkage compared to nylon [148].

Bain discusses the relative advantages of PEKK over other high-
temperature polymers in a summary of polymers in PBF [37]. A high T,
slower crystallization kinetics [149] and lower T, and therefore
printing temperature, than PEEK and PEK are realized as economic
benefits through reduced energy cost. Additional economic benefit is
realized through the recyclability (i.e., reuse of un-fused powder in
subsequent builds) of PEKK, which is observed to be significantly
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Fig. 3. Tensile strength of high temperature thermoplastics and their composites printed using PBF.

increased over the HP3 PEK material [146]. In fact, Fischer, et al. report
only a slight decrease in tensile strength of ALM’s CF/PEKK using a
refresh rate of 50 % [150]. This value is at the high end of refresh rates
reported for nylon-12 [151], thus contributing to PEKK’s industrial
relevance and importance.

Above its other properties, PEKK’s high degree of powder reuse
motivates the push for industrial adoption [152]. Unlike many other
high-temperature polymers, PEKK has been observed to maintain con-
sistent rheological properties over the course of multiple builds. Once-
reused PEKK was validated to meet the stringent, aerospace product
quality specifications as part of the America Makes project [152]. The

exact chemical identity of the Oxford Performance Materials PEKK used
is not explicit in the report; however, its reusability indicates it is likely
to be a copolymer such as the ones discussed by Bain [37].

5.2.2. MatEx

Initial work with PEKK involved studying the flow behavior of the
PEKK melt over different temperature ranges to establish an optimum
processing window [138]. The authors analyzed the effect of MatEx
based processing on semi-crystalline engineering thermoplastics as well
as their composites with carbon fibers (CF) using a custom-built desktop
printer. Their results suggested that the processing temperatures played
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Fig. 4. Tensile strength of high temperature thermoplastics and their composites printed using MatEx.
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Fig. 5. Challenges associated with printing materials using MatEx (a) poor interlayer adhesion and (b) part delamination occurring during the print.

a crucial role in determining the weld strength of the interfacial bonds.
Moreover, rheological analysis suggested that there exists a correlation
between the changes occurring at the molecular level and the bulk
strength of the bonds formed during the printing process. Another im-
portant conclusion drawn from this study was that the temperature at
which the semi-crystalline materials are processed dictates the bond
strength of the rasters during the print [138].

Subsequent work from the same research group dealt with further
in-depth analysis of the rheology of the PEKK samples with special
focus on processing in MatEx [139]. Depending on the processing
parameters like temperature, shear rate and filler material, they de-
veloped a screening process based on rheology of the polymer to opti-
mize the parameters that can then be used in successfully printing
functional parts via MatEx. Similar work based on rheological analysis
was performed on PEKK and its composites with CFs to identify proper
processing conditions in MatEx with the ultimate goal of evaluating the
suitability of these materials in BAAM [140]. However, the viscosity
decreased only by 4-6 % upon increasing the temperature from 375 °C
to 390 °C. The high viscosity of the PEKK/CF composites at relevant
shear rates (~ 100 rad s ™ %) resulted in a pressure drop higher than what
the BAAM system could handle and hence printing failed.

5.3. Polyether ether ketone (PEEK)

5.3.1. PBF

PEEK is often processed at around 360°C and used in high tem-
perature applications [75]. Moreover, the modulus of PEEK remains
largely unaffected for brief intervals even at temperatures higher than
its T, (143°C) which broadens its application window [111]. PEEK
begins to show up in the PBF literature in the early 2000s; however, at
this stage, it was as “coating grade” or “injection molding grade” PEEK
and not as a PBF optimized grade of PEEK like companies now offer.
The exact compounding modifications are unknown. Much of the lit-
erature involving PBF printed PEEK focuses on biomedical applications
[88,153,154]. The published body of work is therefore more focused on
aspects of the printed parts, like cell viability and dimensional accu-
racy, than on how PEEK interacts with the manufacturing process itself.

Tan and coauthors blended hydroxyapatite with a coatings grade
Victrex PEEK™ 150XF powder to fabricate implantable cell-scaffolds for
tissue engineering. These powders fell below the recommended average
particle size of 45—90 um [16] with an average particle size of 25 um
[88]. Contrary to current methods for printing high-temperature poly-
mers, Tan and coauthors used a bed temperature of only 140°C
[88,153] instead of something closer to the 350 °C melting temperature
of PEEK. Similarly, Niino and coauthors reports printing PEEK at
200 °C, but with a modified laser beam profile for a more efficient use of
optical energy in fabrication [86]. One of the advantages to printing

10

cell scaffolds is that cell scaffolds should have high porosity, and
therefore it is unnecessary to produce fully dense parts.

When final part density is an important metric, a higher bed tem-
perature will be more important. Schmidt, et al. report achieving above
90 % relative density of PBF printed PEEK and identify the trend of
higher bed temperature resulting in more dense parts [155]. These
researchers recommended printing at higher bed temperatures to avoid
degradation caused by excessive laser power [155]. Rechtenwald and
coauthors concluded from their statistical design of experiments that
bed temperature is the most influential parameter of the four para-
meters investigated (temperature, laser power, beam speed, hatch
spacing) [156]. An interesting note is that while temperature represents
thermal energy input, the other three factors represent optical energy
input, implying greater importance of thermal energy. The field of high-
temperature polymer PBF would greatly benefit from a statistical design
of experiments study comparing the effects of total thermal energy
input with total optical energy input. It should also be noted that the
maximum bed temperature in the Rechtenwald study was 250 °C [156].
It is possible that a different trend regime exists in a temperature range
closer to the melting temperature of the polymer.

In addition to neat PEEK, research groups led by Chen [157] and
Yan [90] have reported printing reinforced PEEK composites. Chen and
coauthors added graphene nanocomposites to PEEK powder through
both wet and dry mixing. They report improvement in both mechanical
properties and electrical conductivity of resultant parts [157]. Yan and
coauthors incorporated CF into PEEK powder and report ultimate ten-
sile strength as higher than injection molded, neat PEEK. Their
109 MPa = 1MPa ultimate tensile strength and 7.4 + 0.5 GPa mod-
ulus is measured despite hindrance to particle coalescence resulting
from including CF [90].

5.3.2. MatEx

The first reported literature on printing PEEK by MatEx was pub-
lished by Valentan et al. [158] who designed and developed a modified
desktop MatEx machine, which was able to print with two different
commercially available grades of PEEK-Optima®. Although their results
showed a significant drop in the mechanical strength of the printed
parts as compared with parts made using traditional molding techni-
ques, they postulated that with additional testing PEEK printed using
the custom-made machine can be used to manufacture bone replace-
ment implants due to its excellent mechanical properties and bio-
compatibility. Studies on other biomedical applications (such as, den-
tistry) of 3D printed PEEK has been summarized in an excellent review
article elsewhere [159].

The challenges of fabricating PEEK parts for biomedical applications
using MatEx due to the high viscosity of the melt have been reported in
a more recent literature [116]. Using the same grade of PEEK as used by
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Valentan el al., Vaezi and Yang [116] designed another MatEx machine
that could successfully print PEEK samples. They optimized the pro-
cessing parameters with respect to the tensile and flexural properties of
the printed parts and reported an extruder head temperature of
400-430 °C, a print environment temperature of 80 °C and a printer bed
temperature up to 130 °C to be the ideal printing conditions for their
samples. Parts printed with 100 % infill had superior tensile strength
compared to those printed with 80 % infill due to an increase in por-
osity.

Wu et al. [160] studied the effect of print environment and extruder
head temperature on the warping and delamination of PEEK parts
printed using MatEx and found that at higher temperatures warping
was reduced due to the slower stress relaxation. Subsequent work from
the same group [111] investigated the effect of different layer thick-
nesses (namely, 200, 300 and 400 um) and different raster angles
(namely, 0°/90°, 30°/-60° and 45°/-45°) on the tensile, compressive and
bending properties of PEEK printed using a custom-built MatEx system.
The samples printed with a 0°/90° raster angle with a layer thickness of
300 um (higher layer thickness resulted in dimensional instability due
to weak interfacial bonding) had the maximum tensile strength
(56.6 MPa) as the filaments were oriented parallel to the direction of
the load in this configuration.

The effect of raster angle on the mechanical properties of PEEK
printed using MatEx was investigated by Cicala et al. [112]. Although
the printed PEEK was mechanically superior to other state of the art
materials tested in the study there still remained areas for improvement
and further research was recommended to reduce the formation of
pores during the printing process which negatively affected the me-
chanical properties of the printed parts. The effect of build environment
temperature, extruder head temperature and post processing treatments
on mechanical properties of PEEK printed using MatEx was studied by
Yang et al. [109]. The results suggested that the PEEK parts printed at
0° raster angle had greater crystallinity and mechanical strength as well
as stiffness when processed at increased temperatures (environment
and nozzle) and annealed for a longer period of time at higher tem-
peratures.

Rahman, et al. successfully printed PEEK using MatEx and in-
vestigated the effect of raster angle on the mechanical properties [113].
This group showed that 0° raster orientation, or all roads oriented in the
longest direction of the print, had the greatest ultimate tensile stress,
ultimate compressive strength, ultimate flexural strength, and impact
energy. The researchers used a proprietary PEEK formulation, so direct
comparisons to injection molding properties cannot be made. However,
when compared to Ketaspire-810 from Solvay, the properties are
comparable. They are still lower than their non-printed counterparts,
but not excessively so.

Arif, et al. further showed that the raster angle has an impact on the
mechanical properties of printed PEEK, corroborating Rahman, et al.’s
findings [117]. Arif, et al. demonstrated that a raster angle of 0°, angled
in the direction being tested, the printed part obtained 85 % of the
tensile and flexural strengths of a compression molded part. These
properties decreased on parts printed with a 90° raster angle, or a raster
perpendicular to the testing direction. This group suggests the proper-
ties are greatly influenced by the thermal gradients across the roads of
the print, and this gradient will be influenced by the build direction.
The effect of print parameters like print temperature, print speed, raster
angle, and layer thickness on the tensile properties of printed PEEK
parts was investigated using response surface methodology (RSM)
analysis [123]. The authors found that annealing the printed parts in-
creased the crystalline content in the printed parts, thereby leading to
enhanced tensile properties [123]. Liao, et al. performed similar opti-
mization of printing parameters for MatEx of PEEK based on the Ta-
guchi method while demonstrating the capability of printing a full-size
commercial implant [161]. Moreover, they monitored the thermal
history during MatEx and explored a powder spray processing step to
improve biocompatibility of the printed part [161]. Optimizing print
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conditions to improve tensile, bending, and flexural properties of MatEx
processed PEEK has also been studied recently [162]. Annealing the
printed parts can improve the mechanical performance by enhancing
the interlayer coalescence but is unable to reduce the inherent porosity
formed during MatEx [163]. Therefore, investigating the molecular
level implications of annealing on the printed part properties is a topic
of future research.

PEEK reinforced with continuous CF is an attractive choice for
various industrial applications however, AM of such composites has not
achieved the full potential. Currently, chopped CFs are available for
PBF applications but have inferior mechanical properties due to fiber
rupture and random fiber orientations during processing [164]. MatEx
provides a route to print with continuous CF but early efforts have met
with limited success and there is a significant difference between neat
PEEK parts and their CF reinforced counterparts. Very recently, other
carbon based nanomaterials like graphene nanoplatelets (GNPs) and
CNTs have been used to reinforce PEEK [122]. The printed composite
material had improved mechanical and tribological performance and
therefore can be employed for multifunctional applications in the au-
tomotive and aerospace industries [122]. Robotic MatEx of PEEK for
manufacturing thermally stable products for automated fiber placement
applications is garnering attention due to the reduced coefficient of
thermal expansion of the samples [121]. Although, companies like
Arevo Labs and Markforged are making rapid progress in printing such
materials using multi-axis robotic arms, the costs associated limits
large-scale manufacturing [164].

5.4. Poly phenylene sulfide (PPS)

5.4.1. PBF

Poly (phenylene sulfide) (PPS) is the only non-PAEK high-tem-
perature polymer reported as PBF-printable. Unlike the EOS HP3
powder, PPS printing via PBF has been published by two different re-
search groups without using a high-temperature machine [34,92]. The
paper by Ito and coauthors [92] focuses on the advantages of using a
“top hat” laser beam profile, instead of a Gaussian energy profile, for
printing high-temperature polymers at lower bed temperatures. Ito
et al. present that the more consistent energy distribution over the laser
beam diameter results in less severe energy concentrations. This allows
for more energy to be delivered to the polymer optically instead of
thermally. They report printing high-density parts with ultimate tensile
strength of 64.5 MPa using a bed temperature of only 200 °C, i.e., 85°C
below peak melting temperature [92].

The paper by Chatham and coauthors [34] presents the process
parameter selection considerations needed for processing PPS. They
discuss PPS in context of both Vasquez, et al.’s SSR and Berretta, et al.’s
first derivative method. The authors choose a bed temperature lower
than suggested by either prediction method and report fabrication of
parts with ultimate tensile strength of 61.8 MPa. This emphasizes the
incomplete nature of the current process parameter value prediction
literature as it fails to consider either optical or rheological properties.
In addition, the authors rationalize the selection of a lower-than-theo-
retically-recommended bed temperature in order to extend the usable
life of PPS powder. As the PBF process holds the polymer powder above
T, for a period on the order of 8 —50 h, there is an increased chance of
in situ chemical reactions and particle sintering rendering the un-fused
“cake” powder no longer suitable, or at least out of specification, for
printing. The wasted powder represents a significant cost and in-
efficiency that is more severe in high-temperature polymers than is
observed in engineering-grade polymers like nylon.

Both the Chatham, et al. and Ito, et al. manuscripts read more si-
milar to the early PEEK printing papers instead of the more current
published research on printing PAEK family polymers with bed tem-
peratures above 300 °C. It is likely the frequency of research publica-
tions centered on PBF of PPS will soon increase as Toray plastics is
beginning to commercially sell a “PBF grade” PPS powder [80].
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5.4.2. MatEx

Processing PPS in MatEx is challenging due to its highly semi-
crystalline nature (compared with other high temperature engineering
thermoplastics) and further concern with thermal crosslinking. Most of
the published research on MatEx based processing of PPS have looked
into optimizing the print conditions to minimize part warpage. The
warpage issue of neat PPS was mathematically modeled to study the
effects of thermal conductivity and coefficient of thermal expansion
[165]. The simulations of the PPS parts printed using MatEx suggested
that increased extrusion temperature and low deposition rate resulted
in pronounced thermal variations across the part which resulted in
warpage. The effect of material properties like Young’s modulus and
heat capacity on the printed part warpage was found to be negligible.
The same group then looked at investigating the interlayer bonding in
PPS printed parts using MatEx by performing a comprehensive statis-
tical analysis [131]. They optimized the extrusion temperature as well
as the post-printing heat treatment time and temperature with respect
to tensile properties and percent crystallinity of the printed parts. These
parameters significantly affected the interlayer bonding in the printed
parts by controlling the crystallization kinetics of PPS during printing.
The post-printing heat treatment increased the final crystallinity and
hence improved the interlayer bonding in the printed parts. Statistical
results revealed that although an extrusion temperature of 300 °C and
post-printing heat treatment temperature of 180 °C was ideal for the
mechanical properties. The optimum heat treatment time varied from
10 min (for tensile modulus) to 24 h (for tensile strength) depending on
property under consideration.

The warpage issue can be addressed by reinforcing the PPS matrix
with proper filler materials [166]. For example, in a recently reported
work, 60 % by weight CF filled PPS was successfully 3D printed using
BAAM for in-autoclave tooling applications at the Oak Ridge National
Laboratory [132]. The fibers are responsible for distributing the redis-
tributing residual stresses, increasing the in-plane modulus, and po-
tentially improving the heat transfer across the polymer matrix. Kishore
et al. evaluated the printability PPS and CF filled composites (30-50 wt
%) [138]. The authors determined the processing window which en-
ables the printing of these composite materials. Hassen et al. demon-
strated the feasibility of using CF reinforced PPS with the BAAM process
for printing large scale composite layup molds [132]. The authors
found that the fibers improved heat transport during printing and the
mechanical properties improved up to 50 wt% loading; however, at
60 wt% CF de-wetted, creating voids and thus a reduction in mechan-
ical properties was observed. Another important finding was that the
transient thermal variations between a new deposited road and the
previous one achieved steady-state after 8-12 layers in the parts tested.

By examining a thermally activated semi-crosslinking PPS system,
Geng, et al. identified the effect of post printing heat treatment on the
high temperature, semi-crystalline material [133]. This group demon-
strated that by reducing the amount of crystallinity during a print by
using air forced cooling to increase the heat transfer coefficient, the
geometric accuracy of a print could be increased. However, these
samples, while geometrically accurate, possessed low tensile properties
due to low crystallinity, and possibly, due to a lack of interlayer ad-
hesion. The adhesion issue could have been caused due to limited dif-
fusion of polymer chains since air forced cooling significantly reduced
the time the polymer chains remained above T,. By exposing the forced-
air-cooled samples to an elevated temperature for 100 min, Geng, et al.
was able to increase the tensile properties significantly. Heat treating at
240 °C in air for 100 min raised the crystallinity from 19.1% to 64.1%
and increased the tensile strength and elastic modulus almost two-fold.
A similar trend was observed in the fracture toughness, a measure of the
interlayer bonding. Increasing the heat treatment temperature raised
the width of the interlayer bond from 134.1-248.5pum. The group
suggests that forced air cooling to prevent or at least slow crystal-
lization during printing, followed by a high-temperature heat treatment
post-production to develop crystalline domains needed for strength and
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chemical resistance properties, could be a method for printing high-
temperature, semi-crystalline materials.

Ansari et al. investigated reinforcing PPS with thermotropic liquid
crystalline polymers (TLCPs) by fabricating composite filaments for
MatEx using the dual extrusion technology [135]. They found printing
at 300 °C gave the highest properties as at higher temperatures the
TLCPs undergo orientation relaxation and fiber breakage which results
in inferior mechanical properties. Also the printer was able to make
sharp 180° turns during MatEx and could print samples even at high
loadings (67 wt%) since most of the fibers aligned along the filament
length. This approach was able to print smooth parts without requiring
any major printer modification and did not encounter issues like nozzle
clogging and abrasion.

5.5. Polyether imide (PEI)

5.5.1. PBF

One of the most recognized members of the PEI family goes by the
trade name Ultem®. Ultem is an amorphous PEI; therefore, unlike many
of the other polymers discussed in this review, Ultem does not base its
high-temperature properties on highly thermally stable crystal struc-
tures, but instead solely relies on its rigid molecular structure resulting
from a fully aromatic backbone (shown in Fig. 2). The amorphous
nature of Ultem creates significant challenges in PBF printing, as dis-
cussed in Section 3.

To the authors’ knowledge, there are no published attempts at PBF
printing Ultem and only one published article investigating semi-crys-
talline PEI for PBF printing [93]. Vaganov and coauthors processed
single-layer films using the Coherent StarShape multipurpose laser
machine (CO, laser; 10.6 um principal wavelength) [167]. Although
lacking the ability to recoat, the researchers discuss the inherent
thermal and rheological properties of two PEI powders synthesized
using different imidization techniques and made tensile test coupons
from single-layer scans of these two powders [93]. One important
concept discussed in their report is the role of crystallization kinetics on
warping. The studied PEIs exhibited 51-60 % crystallinity in the
powder form, but no crystalline domains were observed to form in DSC
experiments cooled at 10 °C/min. Due to the short time-scale of one
layer in PBF, this implies that the studied PEIs would not crystallize
during the formation of a single layer. Cited literature indicates that
PEIs require annealing above 280 °C for over an hour to crystallize
[168]. Vaganov and coauthors report the slow crystallization kinetics as
beneficial to reducing warping of polymers in PBF; in fact, it is likely
the reason they were able to produce any sort of part since the Star-
Shape machine used is not heated and fabrication was performed at
room temperature [93].

Vaganov and coauthors’ printed PEIs display the combination of
high crystallinity in powder form with a lengthy crystallization kinetics
after melting. This is, perhaps, the ideal pairing of polymer properties
for PBF. Slow crystallization kinetics reduces residual stress build-up,
thereby reducing warping during the coalescence and cooling step of
PBF. This behavior is easily achieved with amorphous polymers; how-
ever, it is achieved at the expense of the crystallinity needed for se-
lectivity during energy input via laser scanning. Vaganov and co-
authors’ PEIs exhibit the rare combination of these inherent polymer
properties promoting printability.

5.5.2. MatEx

MatEx based printing of Ultem has been quite successful as material
warpage resulting from crystallization from the melt does not interfere
with the process. Ultem 9085 was successfully printed using a Fortus
400 mc MatEx printer to investigate its dynamic loading properties
[126]. The printed parts had significant surface roughness which af-
fected the tensile properties. The authors suggested the use of chemical
smoothing of the parts that resulted in increase of tensile strength and
ultimate strain by 16 % and 24 % respectively in the + z-axis build
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direction. The improvement in properties were probably due to a de-
crease in external notches after treatment which smoothed the print
surface.

The effect of processing and different print orientations on the
mechanical properties of Ultem 9085 was studied in greater detail by
Zaldivar et al. [127]. They used the print settings similar to those used
by Fischer & Schoppner [126]. A key finding from their results was that
the parts printed with an orientation that permitted the layup of ex-
truded fibers along the load direction showed better mechanical per-
formance than those printed with fibers in the orthogonal-to-load di-
rection. Depending upon the print direction the parts could achieve
46-85 % of the properties obtained by injection molding Ultem 9085.
Similar work with Ultem 9085 filaments investigated the effect of layer
orientation and build direction on the mechanical properties of the
printed parts using a Stratasys Fortus 450mc printer [128]. The re-
searchers found that the 0°-layer orientation and edge build direction
resulted in parts with maximum tensile strength. They attribute this to
increased layers along the width of the parts and tightly packed struc-
ture in the direction of tensile testing. The effect of different solvent
treatments on the mechanical properties of 3D printed Ultem 9085
parts was investigated by de Bruijn et al. [169]. The goal of the study
was to identify a solvent that can successfully dissolve support materials
without significantly affecting the printed part properties (tensile and
flexural). A recent study examined the development and characteriza-
tion of composite PEI (Ultem 1010) filaments for MatEx based AM for
applications in thermal protection systems [170]. Although the re-
searchers were able to get accurate filament dimensions required for
MatEx, they did not look into the mechanical properties of the parts
manufactured using the technique.

Additively manufactured Ultem 1010 is another promising material
for high temperature applications but limited knowledge about the
creep behavior and availability have restricted its widespread use [73].
However, there are some literature available for MatEx of Ultem 1010.
Taylor et al. investigated the flexural properties of Ultem 1010 parts
through a full factorial design of experiments (DOE) and optimized the
print parameters [171]. The experimental findings were corroborated
with three dimensional non-linear thermomechanical finite element
modeling [171]. Further, the fracture toughness of MatEx processed
Ultem 1010 parts has been optimized with respect to build orientation
and raster angle by employing a similar DOE approach [172]. Defects in
intra-& interlayer bonding as well as individual raster were the main
causes of failure of the printed samples. Han et al. designed a laser
system for Ultem 1010 that heated up the extrudate prior to deposition
on the printer bed [173]. The laser assisted heating resulted in an in-
crease in interlayer bonding, which was attributed to improved healing
at the interface. The effect of print temperature and print orientation on
the material properties of Ultem 1010 has also been investigated and
parts with ~80 % of the injection molded properties were obtained
[162].

Carbon nanofiber filled composites of Ultem 1000 has been printed
using a custom built MatEx printer capable of handling heat resistant
thermoplastics [125]. The researchers looked into the effect of CF
loading on the mechanical properties of the nanocomposite and they
found that at 1 wt% loading the properties of the MatEx printed com-
posite parts were similar to those obtained using injection molding. The
properties of the composites were higher than that for pure Ultem 1000
due to the reinforcement provided by the nanofiber orientation along
the filament [125]. Ultem 9085 and Ultem 1000 along with their
composites with chopped CFs have been studied in MatEx to produce
components for aerospace applications [124]. MatEx printing resulted
in a significant reduction (~50—67%) in the length of the CFs (known
as fiber attrition) present in the composites. Therefore, it is important to
achieve an optimum fiber loading that can assist the stress distribution
and improve the heat transfer while retaining their intrinsic dimen-
sions. Addition of CFs was also found to lower the tensile strength of the
filled Ultem 1000 composites which the authors attribute to the
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formation of a porous matrix in the composite due to entrapped
moisture within the filament and degradation occurring inside the li-
quefier of the printer [124]. The higher melt viscosity of Ultem 1000
composites meant that it had to be printed at 420°C rather than at 375°C
which was used for Ultem 9085. The higher processing temperature led
to an enhanced volumetric expansion of the water trapped within the
filament thereby increasing the porosity of the system further. There-
fore, the polymer flow characteristics can also significantly affect the
part properties after print. Recent work has investigated CNT reinforced
Ultem 1000 composite filaments as a potential material for MatEx
[174]. The composites had uniformly dispersed and aligned CNTs in the
PEI matrix which improved their tensile strength; however, during melt
compounding the length of the CNTs reduced due to exposure to high
shear stresses [174].

Because the temperatures at which PEI are generally processed and
conventionally manufactured are different from that required in MatEx,
it is important to study the effect of the MatEx parameters on the part
strength of PEI and understand how the properties change when it is
subjected to such processing conditions. Wu et al. looked into the effect
of printing temperature on the strength of the interlayer bonding in 3D
printed thermoplastic polyimide parts [175]. They found that with in-
creasing the printing temperature from 320°C to 335°C resulted in an
improvement in interlayer bond performance due to increased inter-
layer bonding area since the cooling rate was lower at higher tem-
peratures and thus more time was needed for the bonds to consolidate.
Printing at temperatures higher than 340°C resulted in poor quality
prints due to poor interfacial bond strength as the viscosity increased
drastically, possibly due to crosslinking reactions, that eventually lead
to materials foaming. The process parameters needed to produce parts
for widespread applications in the industrial sectors was obtained from
this study.

Ajinjeru et al. established the proper processing conditions in MatEx
for PEI (Ultem 1000) using thermal characterizations techniques [176].
Rheological results on PEI and short carbon-fiber reinforced PEI com-
posites at different temperatures and shear rates revealed that the
processing conditions had a profound impact on the flow behavior of
the polymer melt and a comprehensive understanding is required to
further optimize the printing process. Increase in CF loading in the PEI
matrix resulted in an expected increase in complex viscosity. The au-
thors anticipated the actual viscosity of the composites during the
printing process at steady state to be lower than the reported values due
to the alignment of the CFs in the direction of shear. The results from
this study showed that an extrusion temperature of 400°C, where the
complex viscosity reduced by ~50 %, can be used BAAM of CF re-
inforced PEI under a shear rate of ~100s~'. Also, the flow behavior
and viscosity of CF reinforced ABS was found to be in the vicinity of PEI
and it was postulated that both the materials can be printed successfully
using BAAM, although there remained scope for further work on this
topic.

Recent work has focused on fabrication of PEI filaments for MatEx
by blending it with polycarbonate (PC) to produce an immiscible blend
[177]. The incorporation of PC in the PEI matrix lowers the viscosity of
the blend which makes it easier to process in the extruder. However, the
researchers only explored the potential of such blends in MatEx by
analyzing the thermal properties and did not actually print with them
[177]. They also recommended to investigate PEI/PC blends in pre-
sence of a suitable compatibilizer to further assist processing.

Based on the promised usefulness of MatEx printing with PEI, the
government institute America Makes led a program towards under-
standing the behavior of Ultem 9085 when printing using a Stratasys
Fortus 900mc [178]. Knowledge gained from the project will aid in the
understanding of part-to-part variation, build-to-build variation, and
printer-to-printer variation. Each of these components are key to cer-
tifying additively manufactured Ultem, thereby expanding the potential
of high-temperature polymers in AM.
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6. Machine capabilities

Modifications to standard machine design are made for both PBF
and MatEx printing technologies in order to accommodate the addi-
tional challenges of printing high-temperature polymers. As previously
discussed in Section 4, some of the properties perceived as benefits for
end-use applications add to the challenge of processing. This section
provides an overview of published research regarding printer-centric
solutions or processing techniques to manage the high-performance
properties of high-temperature polymers during printing.

6.1. Machine capabilities in PBF

While each of the three sub-functions are present in all technologies
classified as PBF, only the original Polymer Laser Sintering technology
includes a heated build chamber. It is therefore unsurprising that no
high-temperature polymers have been reported as printed using either
High-Speed Sintering or Multi-jet Fusion. Published literature empha-
sizes the importance of the chamber temperature is not only for
melting, but for minimization of thermally induced stress [179]. If the
stress is too great, it will cause the part to warp out of plane, potentially
leading to part failure. Therefore, there is still an emphasis in printing
high-temperature polymers at bed temperatures near the melting tem-
perature of the polymer, i.e., 285-350 °C for PPS, PEEK, and PEK. A few
notable exceptions are Niino and coauthors who have shared results
concerning printing PEEK [86] and PPS [92] at 200 °C, and Chatham,
et al. reporting printing PPS at 230 °C [34].

Although much of the more recent high-temperature polymer
printing has focused on using the EOS P800 with its high-temperature
build chamber, it is worth noting the earlier successes with printing
high-temperature polymers at lower temperatures on what might be
considered a standard machine. These researchers report compensating
for their inability to heat the polymer with the build chamber by in-
creasing the optical energy supplied via laser scanning. Based on the
optical energy density equation (Eq. 9), one observes the positive re-
lationship between laser power and total energy density and the inverse
relationship between scan speed and energy density [180].

P

Ep=—-———
D dp X hg X v

)
where Ep, is energy density, Py, is laser power, d; is diameter of the laser
beam, hy is hatch spacing, and v is beam speed. A slower beam speed
results in more total energy and is therefore a potential alternative
avenue to investigate for printing high-temperature thermoplastic
polymers. Decreasing the hatch spacing so that the beam diameter
makes multiple passes over the same area and increasing laser power
are other ways to increase the total optical energy delivered by the
machine during fabrication. However, this is dependent on the thermal
conductivity, CTE, and crystallization kinetics of the polymer as re-
coating comparatively cold powder overtop of a freshly scanned laser
may introduce severe thermal gradients leading to residual stress and
out-of-plane warping. Further research is needed to determine if this
processing technique can be generalized for all high-temperature
polymers.

Ghita and coauthors report that the EOS P800 was the only com-
mercially available PBF machine capable of printing high-temperature
polymers, as it is the only machine able to reach temperatures in excess
of 350°C [87]. One custom built machine was made by placing an
additional heater in the central build area of an existing EOSINT 380
[156]. The modifications allowed the build chamber to reach 250 °C.
These researchers successfully used their modified commercial machine
to print PEEK despite this being nearly 100 °C cooler than using an EOS
P800.

Fish and coauthors describe their process of designing and con-
structing a machine to print PEEK and PAEK [181]. The laser AM pilot
system (LAMPS) team increased the processing temperature

14

Additive Manufacturing 34 (2020) 101218

approximately 200 °C from the “standard” machines for polyamide
printing. The LAMPS has higher power heating elements and additional
insulation to enable the build surface temperature to approach the
melting temperature of PEEK. In their publication, Fish et al. comment
that radiation-based heating of the build surface leads to poor tem-
perature consistency across the build volume as it unduly emphasizes
the temperature at a specific area. The LAMPS team designed the ma-
chine to inhibit convection inside the build chamber to promote con-
sistent temperature across the chamber [181].

A second priority for the LAMPS team was to minimize feed tem-
perature exposure for powder longevity [181]. A challenge with all
thermoplastic polymers is molecular weight stability over time. The
polymer’s molecular weight tends to become less stable the longer it is
held at temperatures above its T,. Therefore, powder reuse can be a
more prominent concern when printing high-temperature polymers
than when using the standard polyamide. In addition, high-temperature
polymer powders are often significantly more expensive, therefore a
long lifespan of continued reuse would be of great benefit. The LAMPS
design team isolates the feed powder from the build area through a
drop feeding system instead of piston feed. They claim that a drop
feeder is easier to insulate and helps to rapidly heat powder through
natural convection as the polymer powder drops into place. The drop
height was designed so that the new powder layer is very nearly the
same temperature as the powder in the build area. This is important,
else the presence of relatively colder powder can result in warp and
failure inducing thermal gradient [179].

One of the expenses in building a high-temperature PBF machine is
the importance of maintaining an inert atmosphere inside the printer.
The rubber gaskets and seals that create a gas-tight chamber must be
rated for use at the extreme processing temperatures. The inert en-
vironment is critical for polymers to avoid thermo-oxidative degrada-
tion during the manufacturing process [181].

6.2. Machine capabilities in MatEx

The first description of a MatEx AM system having the capability to
handle thermoplastic materials that need to be processed at high tem-
peratures was reported in a 2004 patent disclosure [182]. The inventors
described printing inside a chamber heated above the solidification
temperature of the material that is being printed to address the issues
arising from stress build-up and thereby reduce the part warpage and
distortion. By controlling the build environment temperature, parts can
be printed from materials that stress relax at relatively high tempera-
tures. Precautions such as insulating the motion controllers that helped
to dispense material on the printer bed were taken so that the high
environmental temperature cannot have a detrimental effect on the
service life of the controllers. Further work on the details of the printing
method using high temperature materials was done by the same group
[183].

With the rapid development of MatEx printers for high temperature
materials, several manufacturers currently advertise machines that
have the desired capability. Table 5 lists some of the MatEx based
commercially available printers along with their build volume, com-
patible high temperature thermoplastic materials as well as specifica-
tions like the maximum temperature of extruder, print bed and build
chamber. Most of these printers have been designed to print high
temperature thermoplastic materials like PEEK, PEI, and CF reinforced
composites of the same material. The heated chamber in the printers
helps to ensure adequate adhesion between the printer bed and the first
layer of material deposited as well as enhanced interlayer adhesion
which minimizes part deformation and delamination during the course
of the printing process.

Other than using commercial MatEx machines, academic research
has led to the designing of different custom-built printers that are sui-
table for high temperature thermoplastics as well. Vaezi and Young
[116] had designed two different MatEx based systems (syringe and



A. Das, et al.

Additive Manufacturing 34 (2020) 101218

Table 5
Commercially available MatEx printers suited for high temperature materials.
Printer Build volume (mm) Max. extruder temperature Compatible Max. print bed temperature Max. build chamber Country
(°C) materials (°C) temperature (°C)

AON 3D AON-M2 457 X 457 X 635 470 PEEK, PEI, PPS, 200 120 Canada
PPSU

Apium P220 145 x 135 x 148 520 PEI, PEEK, 160 180 Germany
PEEK + CF

Cincinnati SAAM HT 200 x 190 x 240 500 PEEK, PEI, 250 110 USA
PEEK + CF

Dynamical Tools HT 45 450 x 300 X 300 500 PEEK 200 200 Spain

Hyrel 3D System 30 225 x 200 x 200 450 PPS 80 55 USA

IEMAI Magic HT Pro 310 x 310 x 480 450 PEEK, PEI 170 120 China

INTAMSYS FUNMAT HT 260 X 260 x 260 450 PEEK, PEI, PPSU 160 90 China

miniFactory Ultra 330 x 180 x 180 470 PEEK, PEKK, PEI 250 250 Finland

Oo-kuma 200 x 200 x 185 480 PEI, PEEK, 120 Turkey

KATANA PEEK + CF

Qualup Qu3 HT 300 x 250 x 300 500 PEKK, PEEK, Ultem 275 275 France

Roboze One + 400 300 x 300 x 200 500 PEEK 130 Italy

Rokit 3Dison AEP 230 x 200 x 200 400 PEI 160 Korea

Stratasys Fortus 400mc 914 x 600 x 914 225 PEI, PPSU 225 USA

Tractus3D T650P 170 x 170 x 285 450 PEEK, PEI 175 65 Netherlands

VeraShape VSHAPER 260 x 260 x 185 430 PEEK 150 Poland

Pro

filament based) capable of printing PEEK. They modified an UP 3D
printer such that the extrusion and printer bed temperature reached
460°C and 130°C respectively. An ambient temperature of 80°C was
maintained to help with the relieve stress build-up using heating lamps.
Yang et al. [109] independently developed a novel temperature con-
trolled MatEx system that was used to print PEEK. This system had
greater operational flexibility as the extrusion temperature could be
varied from 360°C to 500°C and the ambient temperature from 25°C to
200°C depending on the material. In addition, the machine had the
capability of performing post-printing heat treatments which had a
favorable effect on the mechanical properties of the PEEK printed parts.

PEEK (Victrex 450 PF grade) filaments were printed by MatEx using
a nozzle diameter of 0.4 mm with an optimized print speed of 20 mm/s;
nozzle temperature of 400°C and printer bed temperature of 100°C
[110]. A novel screw extrusion system capable of printing at 380°C was
designed to print PEEK using pellets instead of filaments thereby
eliminating a pre-processing step in MatEx [184]. The basic principle of
this system was similar to the syringe-based system reported by Vaezi
and Young [116]. In a recent study by Arif et al., PEEK was printed by
MatEx using a benchtop Indmatec HPP 155 device with extruder nozzle
of 0.4 mm; a print temperature of 410°C and build plate temperature of
100°C [117].

MatEx based printing using carbon nanotube filled PEEK had also
been investigated using a MendleMax v2.0 printer from Maker’s Tool
Works [118,119]. As the machine had a simple operating procedure,
the authors modified the extrusion head with an E3D online V6 all
metal hot-end. Also, the print bed was custom built with aluminum to
get to higher temperatures (300°C) than what the commercial machine
offers. Processing PEEK was further facilitated since this system had
stainless steel tubing rather than the commonly used PTFE lining that is
prone to abrasion. Printing with PEEK/CF composites has also been
reported with a custom-made FDM Z2 3D printer which has an extru-
sion temperature of 380°C and a bed temperature of 95°C [185]. The
nozzle of the printer was modified appropriately to include a proper K-
type thermocouple which could withstand the high processing tem-
peratures of PEEK. A recent study investigated the effect of extrusion
speed, nozzle diameter, extrusion multiplier, and printing speed on the
filament dimensions after extrusion through the nozzle using an in-
house printer having a nozzle temperature of 360°C [186]. The build
volume of this printer (300 x 300 x 200 mm?) is comparable to some
of the commercially available high temperature 3D printers listed in
Table 5.
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Zawaski and Williams recently developed a novel inverted MatEx
system to print engineering thermoplastics at significantly lower costs
than the commercially available MatEx printers [187]. The advantage
of the inverted system is two-fold; firstly, it protects the electrical
components from getting damaged at high print temperatures and
secondly, it helps to entrap heat in the build chamber thereby mini-
mizing thermal fluctuations. The system was able to maintain build
temperatures around 400°C and the authors demonstrated the applic-
ability of this design by printing both tensile bars and complex geo-
metries polyphenylsulfone (PPSF).

Another high-performance thermoplastic polymer PPS has been
successfully printed by MatEx using HYREL System 30 from the com-
pany HYREL 3D [131]. The printer can handle a maximum extrusion
temperature of 450 °C and the build plate as well as the chamber
temperature can be modified during the printing process. PPS and PEKK
as well as their composites with CF were printed with a customized
Solidoodle 3 printer modified with a E3D V6 all metal hot-end [138].
The printing temperature for pure PPS and PEKK was in the range of
280 —290°C and 390 —400°C respectively.

Thermoplastic polyimide has also been printed by MatEx using a
custom-built 3D printer with a print temperature of 320 —340°C; but
since it is an amorphous polymer that does not suffer from the warpage
issues the print chamber temperature was kept at 25°C [175]. A mod-
ified Lulzbot Taz 4 3D printer with a high temperature hot end has been
used to print high quality warp free parts from Ultem 1010 [188]. The
extrusion nozzle temperature was in the range of 345 — 375°C while the
bed temperature was varied from 155 —200°C. Infrared heating lamps
were also installed inside the printing chamber in order to have better
control over the part temperature during the print. Using a similar
Lulzbot Taz 6 system equipped with environmental heating Gilmer
et al. [189] printed single road width walls from Ultem 1010 filaments
at 350°C with a bed temperature of 200°C.

7. Challenges in printing with high temperature engineering
thermoplastics

7.1. PBF challenges

The challenges facing the field of high-temperature polymer PBF
can be grouped into machine-related and polymer-related challenges;
although, these are linked. The machine challenges are, for the most
part, shared by all high-temperature polymer processing. These
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challenges include the need to heat certain areas of the machine while
insulating critical areas, such as electronics housing and the operator’s
viewport. In PBF, there is also the need to insulate, or at least maintain
a cooler temperature, of the feed powder until it is time for spreading
across onto the build piston. This is perhaps more challenging than
molding processes where the timescale of the process is shorter, as is
the case for injection molding, or else all the charged polymer powder is
used, as is the case with rotational molding. In PBF, the desire to re-
claim and reuse the unfused powder in future builds is reportedly more
difficult with most these high-temperature polymers than with poly-
mers like nylon-12. The key properties for successful PBF manu-
facturing are dependent on the time a polymer is held above its T,.
Additional studies concerning powder lifespan are needed for each
chemically unique polymer. The work leading to the commercialized
PEKK co-polymer affects powder lifespan by reducing T,, and therefore
the required processing temperature [37]. However, similar effects may
be realized through including photo-absorbing additives [190] or
viscosity modifiers to more efficiently and selectively coalesce particles
without altering the chemical structure of particles in the feed or sur-
rounding cake. This may also be achieved through innovative ideas on
how to mechanically insulate feed powder during processing and design
more chemically robust polymers for the long timescale of PBF pro-
cessing are needed.

Another machine-related topic for future work is understanding
when to use the heaters and when to use the laser beam to supply the
energy needed to melt and fuse the polymer powder. This topic for
future investigation is not specific to high-temperature thermoplastics,
but it has potentially greater significance for their processing. The
ability to supply a greater percentage of energy optically instead of
thermally will aid in prolonging the lifespan of unfused powder by
keeping the powder at a lower temperature throughout the build. This
is due to the inherent greater selectivity of energy delivery of a laser
beam as compared to heaters. Relying on the laser beam to a greater
extent also enables PBF printing of high-temperature polymers on less
expensive machines that were originally developed to print polyamides.
A statistical design of experiments focusing on delivering the same
amount of total energy through different combinations of optical and
thermal component energy for each high-temperature polymer would
reveal the interplay between each energy type and evaluate feasibility
of relying on optical energy in manufacturing.

Conversely, further exploration may confirm that high build
chamber temperatures are required for geometrically accurate pro-
duction and reduced warping arising from differential thermal stresses
between the heated melt-pool and relatively cooler surrounding
powder. The HSS and MJF technologies increase heater selectivity by
jetting photothermal ink into the powder bed. Future research is needed
to determine if these inks may be effective at locally raising tempera-
ture to enable complete coalescence. The inherent trade-off for these
technologies is loss of purity in your final part.

The authors purport that the primary material related challenges to
printing high-temperature polymers via PBF are (i) powder manu-
facture and (ii) consistency in published reporting. Producing powdered
polymers is also a challenge for industries like rotational molding and
powder coating. However, the primary property in those industries is
size. PBF adds the complexity of solid-state powder flow during the
recoating sub-function. This imposes not only size requirements, but
also requirements preferring spherically shaped powders. One ad-
vantage high-temperature polymers have over materials like poly-
amides is their high T, makes it easier to produce powders through
grinding. The work of Berretta and coauthors is leading the field in this
topic [191]. They explored the commercial PBF grade PEK powder,
HP3, as well as two commercial grades of PEEK, Victrex 150 PF and
450 PF, that were not marketed as “PBF-grade.” They report that non-
PBF grades were not optimized for flowability in the machine, but were
optimistic of future refinement enabling high quality printing.

Finally, an awareness of the PBF materials development literature is
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critical for this field to continue to advance. As people are aware of the
work of Vasquez, et al. in their energy melt ratio [32] and consistently
report all relevant process parameter values, the opportunities for
synthesis of guidelines for structure-property-process-property re-
lationships will increase. These are the pieces of fundamental polymer
manufacturing science that will drive the expansion of the PBF material
catalog. In turn, the increased variety of materials will provide addi-
tional opportunities for expanded industrial applications as the material
selection process approaches that of mainstream manufacturing
methods, like injection molding.

7.2. MatEx challenges

The commercially available high temperature polymers for proces-
sing in MatEx are all modified to a certain extent. For example, many of
the Ultem grades are a blend of PEI and PC while filaments of PEEK
invariably contain different additives that impact the crystallization
mechanism. Unfortunately, these compositions are only known to the
manufacturers and hence the print conditions that work for these ma-
terials often fail for neat polymers.

Moreover, printing high temperature engineering thermoplastics
using MatEx require printers that are equipped to handle them. These
printers do exist (e.g. HYREL, Stratasys) as listed in Table 5 but their use
has been limited due to complications associated with machine certi-
fication, print precision, repeatability, and build size. For example, the
optimal environmental temperature as reported in a recent study for
printing PEEK [109] can only be reached by those printers in Table 5
with high-temperature environment chamber. However, it is still dif-
ficult to consistently maintain high temperature (> 250°C) during
printing of the high temperature engineering thermoplastics. The ma-
chine limitation can only be addressed by designing better configura-
tions that allow for easy monitoring and control of parameters during
the MatEx process. Currently, MatEx technology has limited capability
to monitor and control the temperature profile inside the nozzle during
the print, although significant progress has been made recently to track
changes in pressure and temperature by innovative nozzle designs and
better thermal characterization techniques [192-195]. The cost of in-
corporating the additional functionalities required for high temperature
polymers into a printer is a significant limitation [196]. Finally, some of
the high temperature printer designs have been patented and have in-
tellectual property restrictions which has prevented their widespread
use. Therefore, the main challenges faced by the researchers are access
to machines that are compatible with the high processing temperatures
of the materials.

The reduction in mechanical properties of MatEx processed parts is
particularly unacceptable when producing parts from high temperature
engineering thermoplastics that require to have excellent mechanical
properties under high thermal loads. The larger thermal gradients and
corresponding CTE mismatch aggravates the problems for high tem-
perature thermoplastics compared to polymers that are processed at
lower temperatures when printing parts of any significant size.
Fitzharris’ work with PPS shows the CTE is that material property that
results in the largest impact on part warpage and thus residual stresses
[165]. Increasing the print speed or layer height can decrease the
warpage by decreasing the thermal gradient within a layer [197] and
increasing the environment temperature increases the bonding [198].
Finally, the part geometry also influences the time between layers.
Longer time between layers causes the layers to cool and significant
pauses between layers can cause the part to fail sooner [199].

The thermal profile during printing is of importance as it controls
the residual stress build-up and interlayer bonding in the part. Since
most of the high temperature engineering polymers discussed in this
review are semi-crystalline which exhibit a high degree of crystallinity
and high shrinkage coefficient, processing these materials using the
MatEx technique is challenging as the contraction in volume during the
print can have an adverse effect on the geometric and dimensional
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accuracy of the printed parts [200]. Researchers have been successful in
addressing these problems by printing on a heated printer bed and
modifying the environmental conditions inside the printer chamber
[43,201].

Fillers are often incorporated to counter some of the CTE mismatch
in MatEx for high temperature engineering thermoplastics. They im-
prove the mechanical performance of materials as well as reduce
shrinkage and warpage by either controlling the crystallization kinetics
or by relieving trapped residual stresses. Recently efforts have been
directed at fabricating nanocomposite filaments, where the fillers are
generally carbon-based materials like carbon fiber [202] graphene
[203,204] or CNT [205], for application in MatEx due to their excellent
mechanical, thermal and electrical properties. Love et al. demonstrated
how the addition of CFs can greatly reduce warping of printed parts by
increasing the thermal conductivity and reduced CTE [206]. The
change in these parameters aids in minimizing the thermal gradients
within printed parts, thus reducing uneven shrinkage/warpage. Love’s
findings, although not directly performed on high-performance ther-
moplastics, this work shows the importance of providing solutions for
printing high performance thermoplastic materials which have un-
favorable CTE and thermal conductivities.

8. Conclusions

In the current review article, the current state of the art for high-
temperature (i.e., traditional processing temperature > 250 °C), ther-
moplastic polymers in the MatEx and PBF modes of AM have been as-
sessed. Commercially available printers utilizing both the MatEx and
PBF technologies can process high-temperature engineering polymers,
along with specialized versions that have been modified to serve spe-
cific research purposes. Thermoplastic processing generally follows a
heat-and-reform paradigm to overcome the high viscosity of high-
temperature polymers; therefore, most alterations to machine designs
involve insulated chambers that efficiently heat the polymer to remove
barriers to flow (e.g., crystalline regions and high viscosity) and mini-
mize thermal gradients that induce residual stress inside the part as it is
formed. This must be achieved while simultaneously protecting the
sensitive electronics that enable precise manufacturing. Control over
the temperature distribution during the print is important to achieve
the best possible mechanical properties and maintain dimensional ac-
curacy.

Although physics-based understanding and implementation of both
PBF and MatEx are emerging, most studies continue to look at the effect
of print parameters on printed part properties and evaluate “print-
ability” by trial and error. The currently identified key properties for
both AM techniques, as well as the impact of structure features common
to high-temperature polymers on these “printability” related properties,
are discussed in this paper. Due to AM’s layer-wise paradigm, key
polymer properties for suitable AM feedstock will include properties
traditionally associated with bulk processing (e.g., melt viscosity at a
given shear rate) and properties traditionally associated with adhesion
science (e.g., surface energy). In addition, the elements of discrete and
layer-wise heating render many steady-state approximations of polymer
properties less useful. We know from adhesion mechanics that differ-
ences in properties like stiffness and thermal expansion between
bonded materials introduce residual stresses that may result in failure.
Similar failure may occur in AM with polymers demonstrating a strong
temperature dependence in these properties if the difference in tem-
perature between adjacent layers is above a critical value. This typifies
the challenge exacerbated by high temperature polymers that force
large temperature gradients.

The selection of polymer families investigated in the AM literature
are those of industrial relevance to the early adopter industries of de-
fense, aerospace, automotive, and biomedical. Most research groups
and related publications studying AM of high-temperature polymers
focus on the poly(arylene ketone) family, including PEEK, PEKK, and
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PEK. The PEI family, including Ultem, is the second most investigated
polymer for MatEx due to its importance in aerospace and selection by
America Makes as the test-case for round robin study on AM viability.
Because PEI polymers are typically amorphous, there has been very
little work published on PEI in PBF. AM of PPS has been reported in the
literature for both PBF and MatEx techniques; however, it is currently
the least studied of the high-temperature polymer families identified as
printable.

Current research opportunities are limited by the availability of
high-temperature machines and AM-grade high-temperature polymer
feedstock; however, publications in this area should increase as addi-
tional polymer suppliers and machine manufacturers enter the field. For
example, the authors expect to see an increase in publications of
printing PPS by PBF with Toray releasing a “laser sintering grade” PPS
powder for purchase and as more laboratories obtain access to ma-
chines like the EOS P800. A similar expectation exists for filled polymer
systems. While pellet-fed extrusion systems, like BAAM, can use the
existing composite polymers for injection molding supply chain, com-
posite feedstocks are less readily available for filament-based extruder
systems and PBF.

High temperature engineering polymer composites have the po-
tential to meet industrial needs for part performance; however, addi-
tional understanding must first be gained on the interplay between AM
process physics and polymer physics before scientific breakthroughs
can be realized for more complex systems. Further research must be
performed in investigating the fundamental polymer properties and
modifications to develop a predictive capability that can ensure suc-
cessful processing of high temperature engineering thermoplastics in
AM. Advancements in the understanding of polymer behavior during
AM, including in situ morphology development and rheological beha-
vior, are the next step toward effective quality control programs and
informing computer aided engineering (CAE) simulation software.
These are the types of advancements needed to transition AM of high-
temperature engineering polymers into an industrial-scale production
reality.
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