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Abstract

A high-performance polymer (Polyether ether ketone, PEEK) blended with a commercial low-temperature
polymer (Polyamide 12, PA-12) was fabricated using a low-temperature selective laser sintering 3D printer.
Different post-processing heat treatments were implemented after fabrication to tune the thermal and
mechanical properties of printed blends. The specific mechanical modulus of the blend was increased up
to 79% in comparison to printed PA-12 samples with heat treatment. Additionally, the thermal resistance
of the treated blends greatly exceeded the properties observed using PA-12 alone. This research proposes
a methodology to fabricate and engineer high-performance polymers using desktop SLS printers through a
secondary lower melting temperature material and heat treatments.

Introduction

Since its initial commercialization, additive manufacturing (AM) has become a must-have tool in multiple
emerging and legacy industries. AM, or 3D printing, is a technology in which complex geometries are built
in a layer-by-layer fashion. Although initially utilized as a rapid prototyping tool, AM has steadily gained
attention as a technology that could use to fabricate functional end-product components due to its reduced
times of fabrication, as well as the geometry design freedom that it provides [1-3]. However, AM has not
yet been fully implemented as a mass-manufacturing tool in many industries due to two main drawbacks
that go hand-in-hand: material selection and manufacturing equipment capabilities [4,5].

AM equipment can be generally classified in two categories: “desktop” printers and industrial/research
grade machines. While AM desktop printers are now readily available and easy to use, they are designed
for manufacturing materials with properties below the industrial standard [6]. The materials conventionally
printed using desktop printers are polymers with low melting points and mechanical properties not generally
suitable for structural applications. This is partially due to the temperature limitations observed in
conventional desktop printers, which operating at temperatures below 300 °C [4]. However, high-
performance materials usually require processing conditions above this temperature. AM machines that
can manufacture high-performance materials such as ceramics and metals are currently available [7], yet
they are prohibitively expensive to acquire and operate in many low-cost settings.

High-performance polymers (HPP) are a material class that aims to alleviate current manufacturing
limitations by providing mechanical properties similar to those observed in metals and ceramics but at much
lower processing temperatures and cost [8]. One of the most prominent HPP groups is the PAEK
(Polyaryletherketone) family [9]. PAEK is a family of semi-crystalline thermoplastics with high-
temperature stability and mechanical strength, suitable for materials required to sustain variable
environments, and thus crucial in industrial and medical applications [10,11]. Among the PAEK family,
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one of the most prominent members is PEEK (Polyether ether ketone). PEEK can be used for load-bearing
applications due to its remarkably high strength (240 MPa), impact resistance, and fatigue resilience [12].
The molecular structure in PEEK is a linear chain of hundreds of monomer units with a remarkably high
molecular weight and chain length that ranges from 20,000-120,000 g/mol [13,14]. PEEK’s molecular
properties are characteristic of superior impact resistance and polymer bond strength due to increased
entanglement of the polymer chains.

Additionally, the length and composition of the molecular chain result in unique attributes in the polymer,
most notably its thermal resistance at temperatures exceeding 200 °C and high dimensional stabilitydue to
low moisture absorption [15]. Furthermore, the chemical structure of PEEK exhibits resistance to chemical
and radiation damage, compatibility with many reinforcing additives (such as glass and carbon fiber), and
superior strength compared to some low-cost tooling metals [16]. PEEK has also been demonstrated to be
highly compatible for biomedical applications, including prosthetics, porous scaffold, and replacement
bone, and has been posed as a great candidate to replace metals in the bio-implant industry [10-12].

While PEEK properties rival those found in metals for several applications [17], most of its manufacturing
is still being done through conventional techniques [11,16]. The processing temperatures required to
manufacture PEEK above what typical desktop printers can achieve. Injection molding of PEEK typically
requires barrel and nozzle temperatures in the region of 400 °C[18]. In addition to these high-temperature
requirements, PEEK components also need to have uniform temperature distributions to achieve consistent
properties. Due to these thermal processing limitations, PEEK components are fabricated using special
tooling and molding, currently inhibiting their implementation into applications where custom dimensions
and shapes are required [19]. Although the high thermal and mechanical performance of PEEK have made
it highly attractive, some of these inherent properties have limited its manufacturability through AM
technologies.

Recently PEEK fabrication has demonstrated progress in using AM machines; this has only been done
using industrial-grade equipment that can operate at the high temperatures required for PEEK processing.
This leads to similar limitations to those observed in the AM of metals and ceramics [20]. There is an
industrial and research need to develop methods for PEEK components to be fabricated using low-power
desktop low-cost 3D printing solutions. In this work, we have studied the feasibility of fabrication through
Selective Laser Sintering (SLS) AM of a PEEK—Polyamide-12 (PA-12, Nylon) blend using a low-power
SLS printer (Sinterit LISA). The PA-12 was employed as a binder to PEEK powder in the SLS process. A
custom post heat-treatment method was employed to improve the mechanical and thermal properties of this
blend. Ideal heat treatment conditions were determined, and the ability to 3D print high-performance
polymers using low-power equipment was demonstrated.

Methods
Materials

Laser light from diode laser source is reflected instead of being absorbed by the powder [21] during printing
process. To increase the laser absorbability of powder, carbon-coated PA-12 powder (average particle size
of 50 um, Sinterit) was blended with PEEK powder (average particle size of 75 um, Polyclean
Technologies). The two powders were mechanically mixed in a PEEK: PA-12 at a 70:30 volume ratio to
create the printing feedstock.
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Fabrication process

The newly prepared feedstock was used to manufacture Type V tensile specimens with dimensions
described in ASTM D-638. The orientation of the specimen during the printing process is shown in Figure
1. In order to reduce overhang and part dragging during fabrication, a sacrificial base was added and
attached to the tensile specimens using cylindrical pillars with a diameter and height of 2mm. The
fabricated structures were detached from the sacrificial base using a sharp blade. The tensile specimens
were fabricated using a Sinterit LISA SLS 3D printer, and the utilized printing parameters are shown in
Table 1. It is important to note that this machine has a maximum chamber temperature of 190 °C and a laser
power of 5W. A Laser Power Multiplier parameter was utilized to increase the time spent by the laser in a
single point. Those parameters are selected to output maximum energy density considering the high melting
temperature of PEEK.

Roller direction

Sacrificial base

Detachable supports

Figure 1. Schematic of printing model and orientation during fabrication.

Table 1. Utilized printing parameters for the PEEK:PA-12 mixture.

Parameter Value
Laser Power (W) 5
Laser Power Multiplier 2.5
Scan Speed (mm/s) 500
Layer Thickness (mm) 0.125
Chamber Temperature (°C) 180
Z Shrinkage (%) 90
Hatch Distance (mm) 0.36
Energy Density (J/mm®) 0.222

Post-processing

In order to overcome the previously discussed manufacturing limitations, PEEK-PA12 composites were
initially fabricated then post-processed to obtain a pure PEEK part. PA-12 would first act as a printing aid
and become the matrix for PEEK particles, as shown in the first stage of Figure 2. Once composites were
printed, a heat-treatment process was introduced to use PA-12 as a liquid phase sintering aid. This liquid
phase sintering step occurs during stage two, shown in Figure 2, allowing for PEEK particles to rearrange
as PA-12 melts due to exposure to high temperatures. During the third stage of the heat-treatment process,
only PEEK particles remain, interparticle mass diffusion and densification of the component is promoted
through prolonged exposure to high temperatures. Finally, the component is cooled down and retrieved.
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Three tensile specimens were randomly selected and placed in a boron nitride powder bed inside an alumina
crucible for uniform heating throughout printed coupons. The crucible was then subjected to an
atmospheric pressure in air and different sintering profiles determined by the design of experiments. A
sintering temperature of 365 °C was used for all profiles. Atmosphere and sintering temperature remained
consistent to ensure PA-12 degradation, which was determined through preliminary thermogravimetric
studies. A Taguchi design of experiment was implemented to determine ideal heat-treatment parameters
for this polymer blend. The parameters studied for this purpose were heating rate (HR), sintering time (ST),
and cooling rate (CR). HR and CR dictate the material and mechanical properties of thermally treated
PEEK samples [22,23]. The HR stage was expected to influence sintering uniformity throughout the
samples and sintered density of samples, as well as sintering temperature of PEEK. Meanwhile, CR was
expected to influence the crystallinity and therefore the mechanical properties of the PEEK-containing
components. ST was expected to have an influence on PA12 residual concentration and sintered density.
Table 2 shows the different parameter levels used of each of these parameters.
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Figure 2. Schematic of sintering profile and geometrical evolution of the fabricated parts during this
sintering process.

Table 2. Sintering profiles utilized for this study.

Sintering Profile Sintering Time (ST) Heating Rate (HR) Cooling Rate (CR)
[min] [°C/min] [°C/min]
111 1 1 1
122 1 10 10
211 60 1 1
222 60 10 10
312 120 1 10
321 120 10 1
412 960 1 10
421 960 10 1
Green Body (GB) Samples tested as printed, no heat treatment performed.

Here, 1% digit of Sintering profile indicates ST (1* digit value: 1=1min, 2=60min, 3= 120min, 4= 960min)
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27 digit of Sintering profile indicates HR (2™ digit value: 1=1°C/min, 2=10°C/min)
3 digit of Sintering profile indicates CR (3™ digit value: 1=1°C/min, 2=10°C/min)
Characterization

Mechanical characterization was performed using an INSTRON 5866 load frame, a non-contacting video
extensometer, and a modified ASTM D-638 procedure. The specimens were tested at a displacement rate
of 0.lmm/min instead of the standard Imm/min to accommodate the samples’ shrinkage due to heat
treatment. Thermogravimetric analysis (TGA) was carried out using TGA-55 from TA Instruments. TGA

characterization was performed by heating samples up to 700 °C at a 10 °G/in rate in an air atmosphere.

Finally, the morphology of the specimens after heat treatment was characterized using Field Emission
Scanning Electron Microscope S-4800 from Hitachi High-Tech America Inc. In order to obtain high
resolution images, gold sputtering was performed before performing SEM characterization. A conductive
layer of metal using gold on the sample through gold sputtering was generated that inhibits charging,
reduces thermal damage, and improves the secondary electron signal that is required for topographic
examination in the SEM. 108 Auto/Se sputter coater (TED PELLA, Inc, CA, USA) was used to perform
gold sputtering. For gold sputtering 0.3psi nitrogen flow was confirmed, and 10micron of gold-sputtered
thickness was deposited on SEM samples.

Results and Discussion

The density of the different samples was obtained by measuring the weight and external volume of the
samples after their respective heat treatment processes were performed. These densities are shown in Figure
3. A density of 0.9 g/cm?® was obtained for the untreated PA-12 sample using the previously described
printing parameters. In contrast, the untreated PEEK/PA-12 polymer blend (Green Body) samples
exhibited a marked decrease in density at 0.58 g/cm?®. This is an indication that although the theoretical
density of PEEK is higher than that of PA-12, PEEK particles were not sintered during the printing process
due to the temperature and power limitations of the 3D printer. However, once heat treatment
postprocessing was introduced, higher densities were achieved. During this thermal post-processing the
PA-12 inside of the samples melted, allowing for a geometrical reorganization of the PEEK particles,
decreasing the volume of the parts and increasing its density. In addition to this geometrical reorganization,
PEEK particles are expected to coalesce at the temperatures introduced during the heat treatment. The
density of the samples was observed to increase as longer heat treatment conditions were introduced for up
to a sintering time of two hours. However, when the specimens were exposed to longer sintering times (16
hours), a decrease in density was observed. This decrease in density contrasted with the samples treated
for two hours and is believed to be due to two competing phenomena: while higher densities are expected
to be achieved as a result of PEEK particle coalescence under prolonged exposure to temperature, the PA-
12 present in the blend samples would simultaneously degrade and evaporate, resulting in increased
porosity. Therefore, in terms of density, the ideal heat treatment condition for the prepared polymer blend
was 321 (ST 120 minutes, HR 1 °C/min, and CT 10 °C/min).

85UB017 SUOWWOD 8AIIER1D 8|qedljdde ays Aq peusenob ae Ssoile VO ‘88N JO S3INJ 104 A%Iq1T8UIIUO A1 UO (SUORIPUOD-PUR-SUBIALIOD A 1M ARIq 1 BU1|UO//S1Y) SUORIPUOD PUe SWLB | 83 35S *[7202/60/E0] U A%IqIT8UIIUO AB|IM ‘UOIRULIOJU] [DIULOS L PUY DLIIUSIOS JO 80110 Ad 06225 dde/z00T 0T/10p/uiod Ao 1M Aseiqifeutjuo//sdny wo.j papeojumod ‘€2 ‘220z ‘829v260T



0.90

0.75

0.58

Density (g/cm?3)

PA-12 111 122 211 222 312 321 412 421  Blend GB

While all samples survived the various heat treatment process and density characterization, not all samples
were strong enough to be mechanically characterized. The polymer blend without any heat treatment, as
well as the samples with longer heat treatment processes, 412 and 421, exhibited brittle failure at very low
loads or while handling. The mechanical properties of the remaining samples were normalized using their
densities. A summary of these specific mechanical properties is shown in Figure 4. Untreated PA-12
printed samples exhibited a specific tensile modulus of 0.57 MPa-m?/kg. As previously stated, the presence
of PEEK powder in the polymer blend results in lower densities and mechanical properties to those of
untreated PA-12. However, these properties could be recovered or even improved using thermal
postprocessing. Notably, the sintering time was found to have a positive effect in mechanical properties as
longer times were introduced up to a holding time of two hours. Samples that were held at the sintering
temperature for one minute exhibited an average specific modulus of 0.44 MPa-m’/kg, followed by samples
exposed at sintering temperature for one hour at 0.50 MPa-m?/kg, and by samples held for two hours, which
achieved the highest average specific tensile modulus at 0.73 MPa-m*/kg. Meanwhile, samples exposed to
a sintering time of 16 hours were mechanically weak and exhibited a brittle behavior; it is believed to be
caused by the burnt-out of PA-12 binder in the sample. The amount of PA-12 remaining in the samples
was characterized through thermogravimetric analysis and is shown in Figure 5.
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Figure 4. Mechanical properties of fabricated samples under different heat treatment processes.
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Based on the TGA data shown in Figure 5, several phenomena can be observed. First, it was noted that the
samples subjected to no heat treatment (Blend GB), or to a brief heat treatment (122, 222) exhibited two
marked temperature ranges where the considerable mass loss was present. This behavior can be better
observed using the slope of this thermogravimetric characteristic, shown in Figure 6. Additionally, these
samples with little to no thermal exposure (Blend GB, 122, and 222) exhibited a mass loss peak at a
temperature of °G as well as a wide peak in the temperature range of 585-625 °C. The first mass loss peak
matched the thermal characteristics of PA-12, while the second, boarder peak is commonly observed in
PEEK. Although the heat treatment processes were designed to eliminate PA-12 from the samples,
considerable amounts of this material remained in the specimens regardless of sintering time. The
remaining PA-12 is expected to have a significant impact on the overall properties of the fabricated polymer
blend structures. Therefore, PA-12 content in the various samples was quantitatively determined by heat
treatment in air at 425 °C, given that the degradation shifts from PA-12 to PEEK around this temperature.
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Figure 5. (a) TGA of the polymer blends with different heat treatments (b)1 to 30% weight loss in
thermogram.
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Figure 6. Differential thermogravimetric properties under different heat treatments.

The amount of PA-12 remaining in the different samples is shown in Figure 7 (a). Significant discrepancies
between the amount of PA-12 lost during the TGA studies and that in the original blend were observed.
The blend without any heat treatment exhibited a PA-12 mass loss of only 13.68% instead of the expected
24.7% from the original 70:30 volume blend ratio. It is believed that polymer blending occurred as a result
of higher miscibility obtained in the materials due to the 3D printing process and the heat treatment induced
by the TGA experiments [24, 25]. Additionally, PEEK and PA-12 have been shown to have some
compatibility [26]. Lower PA-12 concentrations were observed for samples that were heat treated for
longer periods, as expected based on the thermal properties of this material. Despite the prolonged exposure
to thermal degradation conditions, PA-12 was still present in all polymer blends after heat treatment. Based
on thermal and mechanical characterization, it was found that a residual PA-12 concentration of about 5.62
+ 0.77 wt.% was ideal to achieve high mechanical properties based on the sintering profiles that exhibited
the highest response. Higher PA-12 concentrations would inhibit a proper mechanical load transfer to
PEEK material thus lower PA-12 levels are believed to provide higher specific mechanical properties,
which could be achieved through long exposure to heat treatment. However, excessive heat treatment
sintering time was also found to degrade the overall thermal properties of PEEK, as shown in Figure 7(b).
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Figure 7. (a) amount of PA-12 remaining in the samples after heat treatment, (b) impact of heat treatment
in thermal degradation temperature (burn-out temperature, BOT) of PEEK.

Finally, SEM characterization was performed in an effort to correlate the mechanical and thermal properties
with the microstructure of the different material systems. The images of these different samples are shown
in Figure 8. An ideal morphology would be similar to that depicted in the pure PA-12 sample, where
boundaries between the polymer particles are fused together. Although voids can be observed in the sample,
the polymer is interconnected, as shown in Figure 8(a). In contrast, PEEK particles embedded in the PA-
12 matrix could be observed in the GB samples, as shown in Figure 8(b). An evolution of the microstructure
was observed as a function of the heat treatments in Figure 8(c-i). First, it was seen that the PA-12 matrix
melted and wetted the PEEK particles to create a uniform, yet still heterogeneous, polymer composites, as
shown in Figure 8 (c-h). It was also seen that the samples with the higher mechanical properties exhibited
a better mixing of their components, Figure 8 (¢) and (h), where it was more difficult to see the individual
particles of PEEK in the PA-12 matrix. Finally, individual PEEK particles could be observed as a result of
the decomposition of PA-12 in the samples that were exposed to prolonged heat treatments, as shown in
Figure 8 (g) and (i). Based on these results, it is believed that the use of different heat treatments may
promote polymer alloying or better miscibility [27,28] of different polymeric materials to create a polymer
blend that exhibits the high thermal and mechanical properties of the high-performance engineering
polymer and the low-energy manufacturability of PA-12.
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Figure 8. SEM images of (a) PA-12, (b) blend green body, (c) 111, (d) 122, (e) 211, (f) 222, (g) 312, (h)
321, and (i) 412.

Conclusion

We have demonstrated that the use of a low-melting point polymer can be used as a printing and sintering
aid to fabricate high-performance polymers in desktop selective laser sintering printers. It was shown that
properties of the low-melting point polymer PA-12 could be both matched and improved by a blend with
its high-performance polymer counterpart PEEK despite its introduction of manufacturing disadvantages
when proper heat treatments are performed. In this work, an increase of 79% in the specific mechanical
properties of the printed and heat-treated polymer blend when compared to the pristine low-melting point
polymer. This is believed to be caused by polymer blending as a function of the atmosphere and sintering
temperatures. These results were further validated by the disappearance of the thermogravimetric peak
related to the low-melting point polymer in samples where this material remained present. These results
were further validated using SEM characterization, where homogeneous morphologies were observed for
the polymer blend samples with the highest mechanical properties. The reported methodology can create
many new research opportunities for SLS as it can be employed for virtually any other high-performance
polymer using a low-temperature SLS printer with the correct selection of a matrix polymer and optimized
thermal postprocessing.
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