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ARTICLE INFO ABSTRACT

Keywords: One of the main advantages of 3D printing lies in the fact that the desired object is constructed layer by layer,
Additive manufacturing enabling the production of complex geometries otherwise unfeasible with conventional manufacturing methods.
Fused filament fabrication To create these parts, the use of an auxiliary scaffold structure, made of either the same or a different material

Support removal
Polysulfone solvent
Ultem 9085

Mechanical performance

than the model, is usually mandatory to avoid structural collapse during fabrication. Such support materials
need to be chemically or manually removed after the part is manufactured. However, the removal process
can potentially damage the object and poses a problem when the part presents intricate or hidden cavities.
This study presents a time-effective, temperature-controlled methodology to dissolve the only commercially
available Ultem™9085 (Ultem) support material. The process to select a novel solvent and its effects on Ultem’s
mechanical performance in terms of compression, tensile and bending properties is addressed. At the same time,
the influence of the chemical post-process on Ultem’s flammability is evaluated, given that the FST (flame,
smoke, and toxicity) certification of this material is one of the most attractive properties for its applicability
in certain industrial sectors. Results are supported by optical and scanning electron microscopy. The outcomes
of this research are intended to provide practical recommendations for the use and scaling of the proposed
solvent by the industrial sector.

1. Introduction soluble or break-away support material, the latter being preferred for

simpler geometries or the base of the part, as manual extraction with

Additive manufacturing technologies have revolutionized the con- pliers or tweezers can be tedious.

cept of small batch production and end-user customization [1,2]. Par- The polyetherimide (PEI) Ultem™ 9085 (Ultem) is an engineering-
ticularly, fused filament fabrication (FFF) remains one of the most used grade thermoplastic used in FFF with an outstanding chemical and
and studied additive manufacturing methods to produce prototypes mechanical performance [10-13] that has gained recent interest for
and end-use products for a vast range of applications and industries its use in the transport and aerospace industries [14]. However, a
[3-6]. This fact can be attributed to its operational simplicity, cost- soluble support material is not yet commercially available. Ultem’s high

effectiveness compared to similar techniques, and the possibility of
working with high-performance and production-grade thermoplastics
and its composites [7].

The FFF process, also known as fused deposition modeling (FDM),
is based on the construction of physical objects by adding consecutive
layers of molten polymeric material, which is extruded in the form of a
filament deposited in the printing bed through a heated nozzle. The lay-
ered nature of this process enables the construction of complex-shaped
parts, unattainable with conventional methods such as subtractive man-
ufacturing [8]. To build overhanging or convex shapes, dual extruder
FFF printers use additional material to create scaffolds [9]. After the
manufacturing process is completed, the supports must be removed
either chemically or manually. Depending on the complexity of the
manufactured part, FFF materials’ suppliers recommend using either a

glass-transition temperature (around 180°C) [15] requires a support
material with similar thermal properties so that it can be processed in
the same heated printing chamber, thus limiting the utilization of other
commonly used soluble materials such as polyvinyl alcohol [16,17]. Up
to date, the only commercially available support material is a polymeric
blend whose main component is polysulfone (PSF), and that needs to
be removed mechanically [18].

The chemical structures of PEI and PSF present various similarities.
As can be observed in Fig. 1, the chemical structure of both monomeric
units contain a diphenyl propane surrounded by an ether group on
each side and a high proportion of aromatic rings. These semblances
justify their similar thermal stability and chemical resistance to a
wide range of organic solvents and diluted acids [19]. Moreover, both
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Fig. 1. Chemical structures of the main components of Ultem™ 9085 (PEI) and its
support material (PSF).

exhibit poor resistance to halogenated solvents and other substances
such as dimethylformamide and N-methyl-2-pyrrolidone [20,21]. Due
to its high compatibility, some authors have recently proposed their
joint dissolution and further combination to synthesize ultrafiltration
membranes to remove soluble azoic dyes [22].

Since there is a growing industrial interest to adopt Ultem as a
functional material for FFF parts, new strategies should be developed
to successfully and simply remove its support material. To the authors’
knowledge, the effect that solvents targeted at the dissolution of PSF
have on Ultem’s mechanical properties has not been addressed. In a
previous contribution made by the authors [23], 1-bromopropane and
toluene were preliminarily chosen as proper carrier solvents due to
their proven low interaction with Ultem during controlled periods.
Nonetheless, considering the aim to escalate the process at industrial
levels, toluene should be chosen as a preferred carrier solvent op-
tion since the use of halogenated solvents (such as 1-bromopropane)
ought to be avoided due to their proven linkage with the greenhouse
effect [24]. Regarding the other component of the proposed binary
mixture, 1,4-dioxane was previously identified as a potential solubilizer
for PSF. However, the presence of redeposited material after the immer-
sion of an Ultem part (without PSF) suggested the partial dissolution
of the model material, which supposedly remains unaffected. Despite
not resulting in a highly detrimental effect on Ultem’s mechanical
properties, this dissolution, together with the fact that PSF did not
completely dissolve after 4 h of treatment, motivated the research of
other alternative solvents.

In this regard, according to the consulted literature, aniline was
reported to dissolve PSF during the synthesis of ionic conductive poly-
sulfone composite membranes [25]. Unlike other proposed solvent can-
didates [23,26,27], aniline presents a significant potential to be used
for the selective dissolution of PSF. Furthermore, aniline’s miscibility
with toluene enables their combined use.

Accordingly, this work aims to present and experimentally validate
an optimized procedure for the dissolution of the PSF support material,
minimizing the treatment time and the affectation of Ultem’s mechan-
ical performance using aniline and toluene. To this purpose, first, the
choice of appropriate solvent composition and operational procedure
are supported by multiple laboratory analyses, including solubility
tests, infrared spectroscopy, viscosity measurements, flammability tests,
and through the evaluation of the compressive behavior of chemically
treated Ultem cellular solids with intricate shapes. Finally, the proposed
procedure is verified via the mechanical characterization of the treated
model material under tensile and bending test conditions.

2. Methodology

The approached methodology for the development of the present
work can be summarized in three main phases, as depicted in Fig. 2.

Aniline is a well-suited candidate for the dissolution of PSF since
pre-study experiments revealed a non-significant visual affectation of
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Fig. 2. Schematic of the methodology followed during the development of the present
study.

Ultem’s surface when it was exposed to aniline for controlled periods.
Thus, the first phase consisted of choosing an adequate solvent compo-
sition according to the solvent’s capacity to dissolve PSF selectively. For
that, the solubility of PSF in different dissolutions containing variable
volume percentages of aniline in toluene was assessed by fixing a
solution volume and gradually dissolving controlled quantities of PSF
until saturation. This experiment was performed at ambient laboratory
conditions and using a magnetic stirrer to aid in the dissolution process.

To obtain additional information on the kinetics of the dissolution
process emulating real process conditions, a second experiment was
performed introducing Ultem samples with complex geometries and
equal volumes of PSF as support material in equal volumes of solvent
mixtures containing different aniline percentages and recording the
time needed to achieve complete dissolution. It is worth noting that
the process conditions of this test included the use of an ultrasonically
agitated and refrigerated water bath with a constant media temperature
in the range of 0 to 2°C. This choice was determined by the fact that
some sort of agitation method is recommended by FFF manufactur-
ers during the support removal stage of soluble support materials to
facilitate the dissolution or detachment of support remains [28]. In
this context, ultrasonic agitation often provides a more homogeneous
result in comparison to conventional (mechanical) agitation. However,
it presents the challenge of overheating of the sonication media during
long agitation periods if the agitation equipment is not provided with
a temperature control system. In the present case, the temperature rise
associated with the agitation process resulted in unacceptable damage
of the Ultem parts. Therefore, the use of a cooling system based on the
continuous supply of crushed ice, as well as the permanent control of
the temperature of the media was key to ensure a desirable dissolution
of the PSF while keeping Ultem’s integrity.

Aniline’s selectivity towards Ultem and PSF was evaluated via atten-
uated total reflectance Fourier transform infrared spectroscopy (ATR-
FTIR), analyzing the composition of the remaining liquid after intro-
ducing a fixed mass of both materials in solutions containing variable
aniline percentages during a fixed immersion time.

Once the optimal composition was identified, a second phase con-
sisted in determining additional operational process parameters, such
as the recommended volume of solvent required to obtain complete PSF
dissolution in a fixed treatment time and temperature. In this regard, in
a previous contribution on the topic [23] 4 h were needed to achieve
almost complete PSF dissolution. Since the herein presented solution
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aims to be more time-effective, half of this time, namely 2 h, was chosen
as the maximum.

Because the viscosity of the PSF/aniline/toluene system is expected
to increase as a function of the amount of dissolved PSF, the kinematic
viscosity was chosen as a quantitative and reliable measure to control
the PSF content in the mixture. The creation of a calibration curve
could, in addition, help to understand if the solvent can be reused to
achieve the dissolution of another part’s support within the expected
time range.

The next studied step of the operational process consisted in de-
termining a suitable drying strategy for treated samples. Given the
toxicity of both toluene and aniline and their limited exposure ranges
in certain industrial environments [29,30], the need to completely dry
Ultem samples after the chemical treatment was considered essential.
According to the consulted literature [31,32], vapor pressures of pure
toluene and aniline at 25°C are 37 and 0.8 mbar, respectively. These
values were used to identify a pressure range needed to evaporate the
superficial residues of the solvents in a vacuum chamber.

In this regard, the effect of drying of samples in different pressurized
environments was discussed, firstly, in terms of Ultem’s flammability
to evaluate if it preserved its self-extinguishing capacity after the
treatment and, secondly, in terms of compressive mechanical perfor-
mance of chemically treated and dried Ultem cubic cells with complex
geometries. According to the manufacturers, Ultem complies with the
regulation 14 CFR 25.853 (a), Appendix F, Part I, Paragraph (a) (1) (ii),
regarding the time it takes to self-extinguish a flame applied vertically
at a certain distance for fixed periods. Nonetheless, this standard was
dismissed as it uses sections of parts of the aircraft components on a
real scale, and the present research does not aim to provide indications
for a specific component. Therefore, it was decided to follow the
UL-94V flame test standard procedure [33], which uses normalized
test specimens and allows a similar classification to the previously
mentioned standard.

Finally, a third phase was aimed at the experimental validation
of the proposed post-process by quantifying the treatment’s effect on
Ultem’s tensile and bending performance and corroboration of the
results through surface analysis of scanning electron micrographs.

3. Experimental procedure
3.1. Materials and solvents

The model material for the fabrication of the parts used in the
present investigation is PEI Ultem, and the selected support material
is PSF. A Stratasys Fortus 400mc professional FFF printer was used to
fabricate all samples using the printing settings detailed in Table 1.
The PSF used for the solubility and viscosity tests was obtained using
break-away support material from previous printing jobs to emulate the
morphology of a real-case scenario.

Cubic cellular solids used in solvent optimization and compression
tests were designed using nTopology, a design and simulation software
for geometry optimization that allows the creation of complex struc-
tures using sets of predefined cells. 20 x 20 x 20 mm? solid cubes were
modified to contain single unit Gyroid or Diamond cells as depicted in
Fig. 3. The choice of these unit cells was made due to the possibility
to print them with and without support scaffolds. The thickness of the
cell walls was fixed at 1.524 mm (the equivalent of two single contours
without infill). Nonetheless, in some compression tests, a thicker cell
wall (4.572 mm) was used to explore the effect of the wall thickness
and infill pattern on the mechanical performance after the chemical
treatment.

Regarding solvents, aniline and toluene were used with purity
grades higher than 99.5%. Their respective chemical structures are
presented in Fig. 4.
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Table 1

Summary of the printing process parameters.
Part orientation X-Flat
Part interior style Solid*
Support style Sparse
Infill raster angle +45°
Model and support tips T16
Slice height 0.254 mm
Number of contours 1
Contour width 0.508 mm
Chamber temperature 195°C
Model material extruder temperature 380°C
Support material extruder temperature 421°C

*To study the effect of the chemical treatment on different infill configurations and wall
thicknesses, some parts for compression tests were fabricated using a model material
sparse configuration with a 0.5 mm raster air gap. Others were printed without part
interior style as the wall had the thickness of two contour filaments.

(a) Diamond (b) Gyroid

Fig. 3. Schematic of the cellular solids selected for the study: Diamond (a) and Gyroid

(b).
CH, NH,

(a) Toluene (b) Aniline

Fig. 4. Chemical structures of toluene (a) and aniline (b).

3.2. Solubility and infrared spectroscopy analysis

The first experiment performed to assess the most adequate solvent
composition was the study of PSF’s solubility in different dissolutions
of aniline in toluene, fixing a solution volume of 30 mL and gradually
dissolving controlled quantities of PSF until saturation.

Secondly, FFF Ultem Gyroid cubes containing an approximate PSF
support volume of 2 cm3 were introduced in glass beakers containing
70 mL of solvent mixtures with different aniline percentages, and the
time needed to achieve complete dissolution using a low-temperature
(0-2°C) ultrasonic agitation system was recorded.

To investigate the solvent’s selectivity towards Ultem and PSF, a
fixed mass of both materials was introduced in solutions containing 20
and 50% of aniline, respectively, and the composition of the remaining
liquid after an immersion time of 2 h was analyzed by ATR-FTIR
(previous partial evaporation of the solvent to facilitate the detection
of dissolved polymer). Powdered forms of extruded Ultem and PSF
were also analyzed using this technique for comparative purposes. The
experiments were conducted using a Thermo Fisher Scientific Nico-
let™iS™10 infrared spectrometer. ATR-FTIR, in transmittance mode,
were obtained using a scanning resolution of 1 cm~! in the range of
wavenumbers from 800 to 2400 cm™!. Spectra were examined using
OMNIC™Spectra. As identified in the previously published work [23], a
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sharp, high-intensity peak at 1720 +30 cm™! corresponds to the stretch-
ing vibration of the carbonyl group (C=0) present in polyetherimides
and was chosen as Ultem’s characteristic peak. Two double peaks at
1140 +20 cm™! and 1325 +25 cm™!, corresponding to the symmetric
and asymmetric stretching of the sulfoxide group (S=0), were selected
for the identification of PSF.

3.3. Determination of the optimal PSF/solvent ratio

Ultem cellular solids with the same cell geometry but different size
and number of cells were submerged in equal volumes of solvent, and
the time needed for the complete dissolution of PSF, recorded. The
volume was then adapted until the PSF contained in all cases dissolved
under 2 h. Following this methodology, an approximate correlation
between the amount of PSF and the volume of solvent was found.

The relationship between the viscosity of the solvent-PSF system
and the amount of dissolved PSF was studied through the dissolu-
tion of controlled amounts of PSF and the subsequent measurement
of the kinematic viscosity using an Ubbelohde capillary viscometer
(measuring temperature of 25°C).

3.4. Samples drying method

The effect of three drying methods (air drying, drying in a vacuum
chamber at 30 mbar for 12 h, and drying in a vacuum chamber at
0.5 mbar for 12 h) was examined through two different analyses:
flammability and compression testing.

3.4.1. Flammability testing

To conduct the flammability tests, 3 sets of five rectangular-shaped
Ultem specimens of 127.0 x 12.7 x 3.2 mm> were chemically treated
for 2 h to remove the PSF support base, dried using each of the
three selected drying methods, and tested according to the standard’s
specifications. PSF was manually removed (break-away method) in an-
other set of specimens, while the final set was directly printed without
support as a control set. To perform the tests, specimens were vertically
mounted and placed above a Bunsen burner tube. A blue 1.9 cm high
flame was applied to the center of the lower edge of the specimen for
two periods of 10 s separated by a 30 s interval. The individual flame
time and the presence of drip particles that ignite were recorded for
each test.

3.4.2. Compressive behavior

Compressive tests were performed using a ZwickRoell Z030 uni-
versal testing machine equipped with a load cell of 30 kN. Recom-
mendations from the ASTM C365 standard [34] were followed with
a crosshead rate of 3 mm min~!. Tests were conducted until the
specimens fractured. Values of maximum supported load and stiffness
were reported. For each studied drying conditions, wall thicknesses and
geometries (summarized in Table 2), five specimens were tested in the
in-plane y-direction (parallel to the layer deposition direction), and five
in the out-of-plane z-direction (perpendicular to the layer deposition
direction). A total of 200 cellular solid cubes with an equivalent volume
of 20 x 20 x 20 mm> each were manufactured. It should be noted that
the dried specimens were first chemically treated for a period enough to
dissolve their support material using the previously identified optimal
solvent composition.

3.5. Microscope imaging

A JEOL JSM-6460 scanning electron microscope and an Olym-
pus DSX1000 high-resolution digital microscope fitted with a DSX10-
SXLOB1X lens (total magnification: 20X) were used to study the surface
morphology of pristine and chemically treated specimens. Due to the
non-conductive nature of Ultem, samples were gold-sputtered using a
sputter coater prior to scanning electron microscopy (SEM) imaging.
For the collection of SEM micrographs, a backscattered electron de-
tector, an accelerating voltage of 10 kV, a spot size of 50 nm, and a
working distance of 9 to 10 mm were selected.
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Table 2
Geometries and drying methods studied in the compression tests.

Evaluated geometries

Cell geometry Wall thickness Infill pattern Air gap

1.5 mm - -
Gyroid 4.5 mm +45° solid 0.0 mm

4.5 mm +45° sparse 0.5 mm
Diamond 1.5 mm -

Evaluated drying methods

Non-dried Air dried Vacuum chamber-dried for 12 h

Printed Break-away 30 mbar 0.5 mbar

without support removal

3.6. Tensile and bending tests

The effect of the selected solvent candidate on Ultem’s mechanical
properties under tensile and bending stresses was studied by chemically
treating standardized tensile and bending specimens (printed without
support) for 2 h.

The mechanical properties in terms of tensile modulus, tensile
strength, and strain at tensile strength were determined accordingly
to the ASTM D638 [35] standard (type IV specimens with a thickness
of 4 mm) using a ZwickRoell Z030 universal testing machine, equipped
with a load cell of 30 kN, and a MTS 634.12F-54 lineal extensometer
with a nominal length of 25 mm.

In the case of flexural properties, specimens having a cross-sectional
area of 4 x 10 mm? and a length of 127 mm were tested following
the ASTM D790 standard (three-point bending test, procedure A) [36].
The support span was fixed at 64 mm, and tests were executed until
a maximum value of flexural stress was reached. Flexural modulus,
flexural strength, and strain at flexural strength were reported.

All mechanical tests were conducted with five replicates.

4. Results and discussion
4.1. Solubility of the ternary system PSF/aniline/toluene

Solubility tests were initially performed to identify a saturation
point for each concentration to estimate PSF’s solubility. Nonetheless,
concentrations of aniline equal or superior to 20% showed increased
viscosity and dissolution time as the PSF content was increased, but no
precipitation or phase separation were observed after adding amounts
of PSF higher than the equivalent of 300 g L~!. Instead, a gel-like mix
of PSF-solvent was formed. The state of a solution containing 20% of
aniline after the solubility test is shown in Fig. 5a. On the contrary,
when the aniline content of the solvent mixture was lower than 20%,
the solution became cloudy even at concentrations lower than the
equivalent of 20 g L~1. Despite the fact that the added PSF softened, two
separate phases (a semi-solid and a liquid phase) could be identified.
Fig. 5b and c shows the state of a solution containing 10% of aniline
during and 30 min after the solubility tests.

The observed behavior of this system resembles a polymer/solvent/
nonsolvent ternary system, where PSF is the polymer, aniline the
solvent, and toluene, the nonsolvent. In these systems, specific concen-
trations of their components give a heterogeneous two-phase system,
while other concentrations result in a homogeneous system that evolves
into a gel state [37]. The practical implications of having such a system
are, firstly, that concentrations below 20% v/v aniline in toluene should
be avoided and, secondly, that higher concentrations are all capable of
dissolving high volumes of the desired polymer. Therefore, the choice
of the optimal aniline concentration (above the 20% limit) and the
life of the solvent should be determined by other factors, such as the
viscosity of the solution or the time needed to dissolve a certain amount
of polymer.
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(a) (b) (©
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Fig. 5. Representative sample of the state of a 20% to 100% v/v aniline in toluene
solution after the PSF solubility tests (a). State of a 10% v/v aniline in toluene solution
during (b) and after (c) the solubility tests.

Table 3
Time needed for different concentrations of aniline in toluene to dissolve the PSF of a
Gyroid 20 x 20 x 20 mm?’ cube.

Aniline percentage

Testing time[h:min] Final state of PSF

10 3:10 Not dissolved
20 1:15 Dissolved
30 1:15 Dissolved
40 1:15 Dissolved
50 1:15 Dissolved
60 1:15 Dissolved
70 1:35 Dissolved
80 2:15 Dissolved
90 2:50 Dissolved
100 3:10 Dissolved
(a) before (b) after
—

Fig. 6. Gyroid cellular solid before (a) and after (b) the solubility tests.

The time needed to dissolve PSF as a function of the aniline content
of the solvent was addressed by submerging ten Gyroid Ultem cubes
(printed with an approximate PSF content of 2 cm?) into ten different
solutions containing concentrations of aniline from 10 to 100% in
a refrigerated ultrasonic bath. Results of PSF dissolution times are
presented in Table 3 and a before and after photography of the test
specimens is depicted in Fig. 6. From this experiment, it was found that
the dissolving capacity of aniline is enhanced when it is mixed with
toluene in certain concentrations (from 20 to 60%) but decreases at
higher concentrations as the dissolving time increases. Another finding
was that, as reported in Miller-Chou and Koenig [38], polymers do
not dissolve instantaneously: the target polymer needs around 40 min
to start experiencing changes visible to the naked eye in the form of
swelling, followed by a rubbery state and a complete dissolution.

4.2. Solvent selectivity

The ATR-FTIR spectra represented in Fig. 7(a) and (b) show the
characteristic peaks of Ultem and PSF, respectively. ATR-FTIR spectra
of the remaining liquid of two solutions containing 20 and 50% v/v
aniline in toluene after equal masses of Ultem and PSF were submerged
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Fig. 7. ATR-FTIR spectra of pulverized Ultem (a) and pulverized PSF (b). Evaporated
ATR-FTIR of the remaining liquid from solutions containing a 20% v/v (c) or a 50%
v/v (d) aniline in toluene after 2 h of immersion of equal masses of Ultem and PSF.

in them for 2 h (Fig. 6(c) and (d), respectively) show the presence of
both Ultem’s and PSF’s characteristic peaks, which implies the total
or partial dissolution of the introduced polymers. Nevertheless, the
relative intensity of the Ultem peak in the solution containing a lower
concentration of aniline in comparison with the intensity of PSF’s peaks
is significantly smaller than in the more concentrated solution. In ATR-
FTIR, an increase in the peak intensity usually means an increase in the
amount (per unit volume) of the functional group associated with the
molecular bond. This implies that, although the time needed to dissolve
a fixed mass of PSF is the same whether the selected solvent contains
20 or 50% of aniline, Ultem remains less affected in the first case.
Adding such phenomena to the higher cost and the higher boiling point
of aniline (which hinders its elimination) justifies opting for a final
solvent composition containing 20% v/v aniline in toluene. Therefore,
this concentration was used in the next steps of the adjustment of the
process parameters and in the study of the affectation of the treatment
on Ultem’s mechanical performance.

4.3. Determination of the optimal PSF/solvent ratio

Taking as a reference the initial solubility tests (see Table 3), 70
mL were needed to fully immerse a 20 x 20 x 20 mm® Gyroid cellular
solids into the solvent and achieve complete dissolution of its PSF in less
than 2 h. Nevertheless, further experiments with bigger cellular solids
revealed that the volume of solvent in the first tests was overestimated,
as parts containing 25-30 cm?® of PSF require 275 to 300 mL of solvent
for the PSF to be dissolved in less than 2 h. Therefore, the final
relationship between the extruded PSF volume and the solvent volume
is of 1 cm? for every 10 mL, or the required solvent volume to submerge
the part, whichever is higher.

The plot in Fig. 8 demonstrates the increase in viscosity as a function
of the dissolved volume of PSF filament in 30 mL of solvent. The



A. Chueca de Bruijn et al.

60 °
y=0.850 +0.719¢" 0% .

< 501 '

2

Kinematic viscosity [mm™s
N
S
1

[ W
(=] (==}
1 1

—_
(=]
1
\
.

PSU per 30 mL of solvent [cm’]

Fig. 8. Kinematic viscosity of the PSF/solvent system at 25°C as a function of the
dissolved extruded volume of PSF.

choice of the filament volume as the measuring unit of the amount of
dissolved PSF was motivated by the fact that 3D printers provide this
information upon processing of the to-be-printed parts. The presented
calibration curve was performed by controlling the mass of PSF, which
was then converted into the equivalent extruded volume considering
a PSF density of 1.24 g cm~3. Since the optimal work region was
established at 1 cm® of PSF for every 10 mL of solvent (or 3 cm® for
every 30 mL), the maximum allowed viscosity has been established at
20 mm? s~!. Thus, the recommended work region is highlighted in gray
in Fig. 8.

4.4. Flammability tests

The time needed for the flaming combustion to be extinguished
upon removal of the heat source as a function of the drying method
is presented in Fig. 9(a). Results demonstrate that, independently of
the used drying method, no specimen burned for more than 3 s after
the first or second application of the test flame. Compared with the
pristine and vacuum-dried cases, air-dried samples present higher flame
extinction time due to flammable solvent residues, which corroborates
the need to introduce a drying or cleaning step after the chemical
treatment. It should also be noted that the flame extinguishing times for
the vacuum-dried samples are similar to the untreated ones and that no
detectable differences are observed between the use of a low vacuum
(30 mbar) or a high vacuum (0.5 mbar). Furthermore, in addition to
not detecting any specimens with persistent glowing combustion after
the second removal of the test flame, no flaming drip particles were
observed. Fig. 9(b) depicts the final state of the tested specimens as
proof that none of them burned up to the holding clamp.

Accordingly, the use of the proposed chemical treatment does not
significantly alter Ultem’s flame behavior if a drying step is added at
the end of the process, thus complying with the UL94V-0 certification.

4.5. Mechanical performance

4.5.1. Compressive behavior

Results on the performance of treated and untreated cellular solids
under compressive loads are presented in Fig. 14. The obtained values
for stiffness and maximum reached load in the out-of-plane (z) and
in-plane (y) directions of chemically treated specimens are presented
as percentages of change in comparison to the values obtained for un-
treated specimens whose support material was mechanically removed.
Cellular solids printed without support have also been tested and
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Fig. 9. Results from the flammability tests. Time for the applied flame to be
extinguished after the first and second exposures (a). Photographic proof of the state
of the Ultem specimens after the tests (b).

Fig. 10. Optical microscope images showing different finish of the same part printed
with support and chemically treated ((b) and (d)) or directly printed without support
((a) and ().

included in the comparison. However, it is worth mentioning that, in
most cases, it is not possible to avoid the use of support during the
manufacturing of complex FFF parts.

An aspect to note is that, when specimens are compressed in the out-
of-plane direction (Fig. 14(a-b)), the layers that conform the cellular
solid are compacted one against the other, meaning that the layer
union plays a minor role compared to when specimens are tested in



A. Chueca de Bruijn et al.

Fig. 11. SEM micrographs of the same region of chemically treated Ultem cellular
solids printed without support (a) and printed with support (b).

Fig. 12. SEM micrographs of the layer union of Ultem specimens. Images correspond
to a pristine sample (a) and a chemically treated sample without the presence of PSF
in the media (b).

Table 4
Mechanical properties of pristine and chemically treated Ultem specimens.
Pristine Treated Change

Tensile modulus [MPa] 2436 +1% 2354 +2% —-3%
Tensile strength [MPa] 61 +1% 56 +4% —-8%
Strain at tensile strength [%] 5.0 +4% 4.5 £10% -10%
Flexural modulus [MPa] 1923 +5% 1771 +5% -8%
Flexural strength [MPa] 85 +4% 75 2% -11%
Strain at flexural strength [%] 7.6 +5% 7.2 +4% —5%

the in-plane direction (Fig. 14(c—d)). In this last scenario, compressive
forces are targeted towards separating the part’s layers, creating normal
stresses supported by the layer unions.

In terms of compressive properties in the z-direction, higher values
are obtained when geometries are fabricated without a supporting
material compared to the break-away case. An explanation for this lies
in how the extruded material is deposited in some areas of the part
when no support scaffold is available. In this sense, optical microscope
images reveal apparent differences in the finish of parts printed with
(Fig. 10(b) and (d)) and without (Fig. 10(a) and (c)) support, which
could explain changes in the mechanical properties.

Another point that explains the lower mechanical performance of
the specimens with manually removed support material is the weaken-
ing of the inter-layer joints during the mechanical removal. In contrast,
the observed increase in the chemically treated specimens’ stiffness (an
average 20% in thinner-walled Gyroid and Diamond geometries and a
12% in the remaining cases) could be explained by the presence of a
thin PSF film on the surface of the chemically treated specimens (see
Fig. 11) which acts as an adhesive agent that hinders the cellular solid
deformation. Besides, these results denote no considerable differences
between the different drying methods.

Concerning compressive stiffness in the in-plane direction (y), the
no-support printing method results in poorer performance in most
cases, demonstrating the need to fabricate parts using support material
to enhance inter-layer bonding. Compared to the break-away method,
chemically treated parts exhibit a moderately higher stiffness, which
can again be explained by the residual support material that has
adhered to their walls. Regarding the maximum supported load, no sta-
tistically significant differences can be proved between the chemically
and the mechanically treated specimens. Despite presenting generally
higher average values, the standard deviation of the former group of

Polymer Testing 108 (2022) 107495

a) Tensile testin
20 ) g

——— Pristine

60- Treated

504

40-

Tensile stress [MPa]

20 1 ’

10- g

Strain [%]

b) 3-point bending testing
90

——— Pristine
Treated >
75

60

45+

30

Flexural stress [MPa]

15- :

0 T T T
0 2 4 6 8 10

Strain [%]

Fig. 13. Representative stress—strain curves showing the chemical treatment’s effect on
Ultem’s response upon tensile (a) and flexural (b) testing.

specimens partially overlaps with the latter group. This means that the
degradation of the model material caused by the prolonged contact
with the solvent, which has been observed to affect the part’s surface
adversely (see Fig. 12), is counteracted by the presence of deposited
PSF. Both effects result in equal or even lower overall affectation
compared to the mechanical damage caused by the manual cleaning of
the break-away specimens. Except in the case of the Diamond geometry,
the maximum load capacity of specimens printed without support in the
in-plane direction falls inside the range of the other studied cases. The
fact that this geometry’s mechanical performance declines as a result of
being manufactured without supports proves once again the need use
these auxiliary structures and justifies the importance of the presented
work.

4.5.2. Tensile and bending tests

Standard test specimens were treated using the optimal solvent com-
position and operational procedure and dried in low vacuum conditions
for 12 h. No PSF was present in the media to study the worst-case
scenario and avoid stiffening and reinforcement of the layer bonding,
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Fig. 14. Average change in the compressive properties (stiffness and maximum reached load) of Ultem cellular solids printed without support or chemically treated and dried

using three different methods compared to the manual support removal process.

as demonstrated during compression testing. Fig. 13 shows repre-
sentative stress—strain curves of reference (untreated) and chemically
post-processed Ultem samples under tensile and three-point bending
loading conditions. A schematic of the standardized specimens has
been added to the plots alongside a graphical representation of the
changes undergone by the part’s layers as the mechanical tests progress.
As demonstrated by the SEM micrographs in Fig. 12, both the outer
surface and the layer unions are affected by the presence of a chem-
ical agent. Nonetheless, because unions are usually less mechanically
robust, the chemical attack is more damaging to the existent joints
between coplanar filaments (intra-layer unions) and adjacent layers
(inter-layer unions) than to the filament itself. Additionally, mean
values for the obtained tensile and flexural properties of pristine and
treated specimens (tensile and flexural moduli, maximum stress, and

strain at maximum stress) are displayed in Table 4, alongside the
percentage change in these properties.

Overall, results show a moderate decrease in most examined me-
chanical properties due to Ultem’s prolonged contact with the solvent.
Most of the changes in properties fall within the experimental error
of the tests, which reinforces the feasibility of the proposed support
removal method. If longer exposure times are needed due to drastic
differences between the geometrical characteristics and support mate-
rial accessibility of the validated and the real parts, it would be suitable
to check that the mechanical performance remains within the expected
margins. Tensile modulus and tensile strength have suffered a lesser
decrease (3% and 8%, respectively, see Table 4) than the flexural
modulus and flexural strength (8% and 11%, respectively). Explanation
of this phenomenon lies in the fact that, during a 3-point bending test,
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the applied stress is supported by inter-layer unions to prevent sliding
of the layers as a result of the shear forces. Since these unions are
the most affected region by the solvent, changes are more pronounced
than in the tensile test. In this case, the applied stress is more balanced
between the filament and the unions during the initial stages of the test
(region I in Fig. 13(a)) and supported mainly by the filament at higher
strains (region II in Fig. 13(a)). The fact that this second region appears
earlier in treated specimens with weakened unions explains the reach
of the tensile strength at a slightly lower strain than the pristine case.

5. Conclusions

In this study, an efficient methodology based upon the use of
a toluene-based solvent capable of dissolving PSF (Ultem’s support
material) is presented. Solubility tests and infrared spectroscopy have
proven that adding a 20% v/v of aniline to the solvent is beneficial
for both the integrity of Ultem and the dissolution of PSF. In addition,
kinematic viscosity is found to be a reliable indicator of the amount of
dissolved PSF in the liquid media and, as such, a measure of the end of
life of the solvent.

In terms of operational procedure, a temperature-controlled, ultra-
sonicated solution of the proposed solvent can dissolve the equivalent
of 1 cm? of PSF per 10 mL of solvent under a maximum 2-hours period.
Besides, despite not having an influence on the mechanical properties,
the use of a vacuum chamber is demonstrated to be necessary to avoid
affectation of Ultem’s flame extinguishing capacity.

Optical and SEM imaging give insight into the differences ob-
served in the compressive, tensile, and flexural behavior of chemically
treated standard specimens compared to pristine counterparts. A thin
PSF film between Ultem filaments is considered to be responsible for
the enhanced stiffness of compressive specimens. Likewise, a pitting-
like chemical attack of the model material (especially in the filament
unions) due to the prolonged exposure to the solvent when no PSF
is available in the media explains the minor decrease in tensile and
flexural strengths.

In short, the proposed approach has proven to be effective in
dissolving PSF with reduced impact on the mechanical performance of
the model material.
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