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3D-printed poly(oxymethylene): Improving printability
via PMMA sacrificial substrates and characterization
of the mechanical and thermal properties
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The fabrication of poly(oxymethylene) by means of additive manufacturing is still a problematic
procedure due to the low adhesion with standard printing plates and extended warping. The use of
polymers as alternative substrates is an effective way, especially if their glass-transition temperature
is below the processing temperatures. Using poly(methyl methacrylate) sheets as sacrificial substrate,
standard samples of poly(oxymethylene) are successfully printed, a result achieved in the past only by
means of expensive and complex equipment. Furthermore, the mechanical and thermal properties of
poly(oxymethylene) upon UV aging up to 500 h are investigated. Our results demonstrate that aging
of 3D-printed poly(oxymethylene) causes chain scission and weakening of intermolecular bonds,
crystallization of part of the amorphous areas, and results in the embrittlement of the material. The
intermolecular structure of poly(oxymethylene) has been investigated by means of Fourier transform

infrared spectroscopy.

3D printing, or additive manufacturing (AM), is a fabrication
technique consisting in the sequential deposition of layers of
material to produce a final three-dimensional object. It presents
ground-breaking potential for the manufacturing of components
with arbitrarily complex geometries in a fast and affordable way,
especially when the required production volume is limited. 3D
printing has already been applied in several research and indus-
trial fields and its pool of materials and range of applications is
constantly expanding [1, 2]. Novel applications are emerging
thanks to the development of more efficient printing methods,
associated to the expiry of previously unexploited patents and
the reduction of the cost of the 3D printers [3]. Rapid and cost-
effective fabrication processes, resulting in accessible proto-
typing capabilities, have so far been the primary driver for the
adoption of AM techniques. However, thanks to the improving
effectiveness of the process and the increasing reliability of the
components fabricated by 3D printing, its use has been recently
extended to the production of final products, especially the ones
requiring customization at low cost, which represents one of the

main limitations of standard mass production techniques. AM

utilizes 3D model data as input parameters for the subsequent
processing, which can be based on a variety of methods—the
choice of which depends on the required material, geometry,
part size, performance, and surface finishing. Selective Laser
Sintering, Fused Deposition Modeling (FDM), Stereolithogra-
phy, and Inkjet Printing are currently among the most common
techniques [1, 4]. The large consensus gained by 3D printing
is mostly due to the advantages in the fabrication of complex
geometries with a high degree of precision, leading to the pos-
sibility of extensive personal customization and, thanks to the
intrinsic additive character of the technique, to a reduction of
waste. AM can be applied to a wide range of materials, including
metals, ceramics, polymers, and concrete. However, the set of
candidates for each material family is still rather limited. Fur-
thermore, each material class relies upon different 3D-printing
methods; for example, the most common technique for poly-
mers is FDM. This method is based on the continuous extrusion
of a hot plastic filament, which is deposited on a platform or
on top of previously printed layers. Thermoplastic behavior is a
fundamental feature for FDM 3D printing, as the material must

be able to re-solidify properly after melting at high temperature.



Mechanical properties are strongly affected by the thickness of
the deposited layers, by the deposition rate, and by the fila-
ment orientation, as well as by air gaps within the structure [5,
6]. Even if the thermoplastic material class is quite populated,
only less than 50 candidates are available for 3D printing. Quite
often, pure polymer products are used as mockups and con-
ceptual prototypes as they lack sufficient mechanical properties
and functionality [1]; fiber-reinforced composites and novel
materials are under development, currently facing several pro-
cessing challenges. Nevertheless, they are expected to broaden
the field of applicability of AM in the near future. On the other
hand, novel high-performance polymeric matrixes are under
investigation for their utilization with AM. Many of the most
high-performance polymers currently available for FDM 3D
printing require printing equipment, which are not economi-
cally accessible to the general public. For example, highly per-
forming materials such as Polyetherimide (PEI), also known by
its commercial name ULTEM, and polyphenylsulfone (PPSF)
require expensive machines characterized by a thermally con-
trolled printing chamber [7]. Indeed, the thermal deformation,
i.e., warping, induced by the printing process gradients present
in non-enclosed machines, generally prevents successful print-
ing of these high-performance materials [8]. Being able to print
similar compounds with low-end desktop 3D printers would
benefit the industry and research institutions with consider-
able cost reductions. Several studies have addressed the topic of
optimal adhesion between polymers and standard substrates in
FDM, but investigations on alternative substrates are still under
development with some notable applications [9-12].
Poly(oxymethylene) (POM) is an engineering thermoplas-
tic material that is driving increasing interest due to its excel-
lent mechanical properties and dimensional stability, and it is
primarily employed in the automotive industry. It has one of
the simplest chemical structures among polymers, consisting
of a backbone of repeating C-O bonds (Fig. 1a and b). It pre-
sents a helicoidal structure, and the polar group in the main
chain leads to a high melting temperature (170-180 °C) com-
pared to similar plastics. POM presents excellent mechanical
properties such as rigidity, toughness, and tensile strength
even at temperatures above 100 °C; furthermore, it is resist-
ant to most chemicals and organic solvents. Thermal degrada-
tion occurs at high temperatures, and total combustion of the
material is favored by its high content of oxygen atoms. POM
is primarily used to manufacture engineering components and
precision parts like gear wheels, eyeglass frames, bearings, and
fasteners, mainly because its low surface friction and dimen-
sional stability. Despite the aforementioned advantages, POM
is currently not available on the market as parts on demands,
and it is rarely supplied as 3D-printing filament. In fact, it is
not easy to 3D-print POM with consistent and reliable results,

mostly for two different reasons. The first one is related to the
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Figure 1: (a) Chemical formula of poly(oxymethylene) and (b) schematic
molecular structure for a single chain. (c) The 3D model of the
mechanical testing ASTM D638-03 type V dogbone sample and (d) the
adhesion campaign sample for evaluation of the adhesion over different
substrates. Dimensions are in mm.

self-lubricating behavior of POM, which hinders the adhe-
sion of the first deposited layer of material on the printing
bed. The second reason is related to the thermal shrinkage
of the material, which causes extended dimensional changes
during inhomogeneous cooling. At the current stage, printing
glues and ABS juice, as examples, are common choices to pro-
mote adhesion between the printing plate and the first layers,
while the dimensional change can be mitigated only by using
a heated chamber and appropriate printing bed temperatures.
These issues are the subject of current investigations, as they
strongly limit the applicability of poly(oxymethylene) as mate-
rial for FDM [13-15], thus, sensibly reducing the impact that
this material can have on innovative technological applica-
tions based on AM.

In this contribution, we analyze the mechanical and ther-
mal properties of 3D-printed POM samples after aging under
UV radiation and compare the mechanical response with that
of the bulk material manufactured by traditional techniques.
The mechanical and thermal properties, as well as the aging
behavior, have already been investigated for conventionally
produced POM; however, at the best of our knowledge, our
contribution is the first to address these topics for 3D-printed
POM. In general, investigation of the properties of 3D-printed
materials represents a critical point in the adoption of AM
by the industry, as there is still a lack of knowledge and of
reliable simulation models for predicting the functional and
structural behavior of 3D-printed parts, limiting the applica-
bility of AM and the extension of its available materials pool.
Furthermore, to obtain reliable and repeatable printed objects,

we propose a simple and effective way to promote adhesion
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Figure2: (a—e) Successive snapshots of the printing process on Pl film. Red circles in (b) and (c) indicate the first detachment spots on the edge of the
geometry. (f) Scheme of the temperature profile for the first 3 layers as a function of time. Horizontal lines represent the printing head temperature
(red) and the printing plate temperature (blue). After extrusion from the printing head, the material cools down and stabilizes at the bed temperature.
Upon deposition of a new layer, a small temperature spike on the previous deposited layers is expected. Dashed vertical line indicates the beginning
of the printing process. Comparing different layers, a temperature gradient is always present and it is responsible of the distortion during the cooling

of the layers.

between the printing base and the extruded material recurring
to poly(methyl methacrylate) (PMMA) as sacrificial substrate.
The production of 3D-printed POM parts is a hot topic for
the aerospace sector, where AM is obtaining ever-growing
attention for its potential to develop innovative production
systems for in-orbit manufacturing and for cost-effective
Small Satellite solutions [16, 17]. From this perspective, the
characterization of polymers (and specifically of POM) upon
aging is particularly important as in space applications the
atmospheric shield that masks the incoming sunlight radia-
tion is absent or limited. Being able to print POM by AM in
a reliable way and understanding the physical and chemical
aspects during its use is still an open research topic that can
contribute substantially to the future development of AM in
several industrial sectors. In addition, the ability to print with-
out having to resort to expensive machines with thermostatic
chambers would enable the use of this material to a wider
community thanks to a considerable cost reduction of the

production process.

Results and discussion
Improved printability of POM by FDM

In conventional FDM instrumentation, the heating plate is
usually made of glass, which allows good wettability thanks
to its high surface energy, and long-term durability thanks its

chemical stability. Other reasons for the choice of glass are that
it is easily cleaned and that the production of flat, smooth, and
thermally stable surfaces is cost effective. In our specific case,
the drawback is that POM does not establish strong bonds
with glass and, as soon as the deposition starts, the two mate-
rials detach due to warping. In order to investigate strategies
to improve the performance of 3D-printing POM, we per-
formed a set of experiments that involved the printing of the
simple geometry shown in Fig. 1d. Bare glass, PI tape (com-
mercial Kapton®), and PMMA sheets were used as substrates.
PI tape has been selected as it represents a common alterna-
tive to glass when adhesion is critical. On glass, detachment
occurred immediately upon printing of the very first layers.
The polyimide tape showed a positive effect on the adhesion;
however, detachment occurred anyway after deposition of a
small number of layers, and the mode of failure was similar to
that observed on the bare glass. The detachment typically starts
from the border of the printed part (see red circles in Fig. 2b
and c) and extends over the entire contact area after a few tenths
of a second, up to the point of complete detachment (Fig. 2d
and e)—leading to the failure of the printing. The deformation
is mainly caused by differential shrinkage due to the thermal
gradient among printed layers [18, 19]. As schematically illus-
trated in Fig. 2f, each layer of the printed part has a different
temperature; the differential cooling results in the build-up of

residual stresses, which can ultimately overcome the adhesion
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Figure3: (a) printing process on PMMA and (b) its completion. (c) Distribution of the attachment time as a function of the contact material: bare glass
fails immediately, Kapton® has an average time of 70 s before detachment, PMMA guarantees completion of the printing (110 s). (d) Completion

percentage as a function of the printing speed for samples on Kapton® tape.

forces, leading to detachment and subsequent warping of the
object and failure of the process [18].

Using PMMA sheets as substrates on top of the printing bed,
instead, considerably improved the performance of the process,
allowing completion of the printing (Fig. 3a and b).

For a quantitative evaluation of these observations, nine
printing experiments have been conducted for each of the sub-
strates (glass, P, and PMMA), recording the time required to
complete detachment. In case no detachment occurred during
printing, the recorded time was that of the completed print pro-
cess itself. The results are presented in Fig. 3¢c. The best adhe-
sion, as already mentioned, occurred with PMMA, which in our
experiment was the only substrate to guarantee completion of
the printing (110 s, on average, to finalize the geometry). For the
other two materials, detachment took place immediately for bare
glass, or after a short time for PI tape. For the latter, the average
time to detachment was 70 s, with a rather broad dispersion
(yellow bars in Fig. 3¢). The influence of the printing speed is
illustrated in Fig. 3d: reducing the speed has a beneficial effect
for samples printed on PI tape as the percentage of completion,
evaluated as the ratio between the time for detachment and the
time to successfully complete the printing, increases. Even if
there is an improvement, the percentage is still far from 100%.
Instead, PMMA substrate guarantees completion of the printing,
irrespective of the investigated printing speed.

A schematic representation of the distribution of tempera-
ture and stresses along the printed part is illustrated in Fig. 4a:
while the fused filament is deposited on top of the object, pre-
vious layers have already cooled down and a thermal gradient
arises within the structure. This causes the presence of in-plane
shear stresses within the printed part, which eventually result
in deformations [18]. As the glass-transition temperature for
Kapton® is in the range of 360-410 °C, no softening can occur
for the Kapton® substrate at the deposition temperature—
and even more so for glass. Therefore, neither glass or PI can
accommodate the thermally induced distortions (Fig. 4b and
¢) by deforming themselves [20, 21]; for these two materials, a
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Figure 4: (a) Thermal and stress distribution along the height of the
printed object for the first deposited layers. The first layer has already
cooled down, while the top layer has a higher temperature. This results
in a shear stress applied to the material, generating the warping of the
structure. (b) Part printed on bare glass. The negative effect of warping
is not reduced by any deformation of the plate and, thus, the contact
area between part and substrate is sensibly diminished during printing.
(c) Part printed on PI tape. Since Pl is well below its glass-transition
temperature, no deformation can occur and again the contact area

is reduced during printing. (d) Part printed on PMMA sheet. PMMA

can plastically deform and accommodate a portion of the warping,
maintaining an extended contact area between the substrate and the
printed part.

reduction of the contact area occurs up to the point of complete
detachment. The same effect is reported for thick POM samples
printed on PMMA: as the volume of the part increases, thermal
distortions add up. We have observed partial detachment while
printing sample of 5 mm or 10 mm thickness, indicating that
other solutions (like the use of a heating chamber, for example)
have to be applied to produce high-quality parts.

The improved printability with PMMA is related to the fact
that, since the printing material is deposited at high temperature
(240 °C) and the printing bed is kept at 100 °C, the PMMA sub-
strate is very close to its glass-transition temperature T, (105 °C
for atactic PMMA), resulting in an increased rubber-like behav-
ior of the substrate [22] and, therefore, a rather high deform-

ability [23-25]. Deformation of the substrate accommodates



TABLE 1: Bulk properties of POM copolymer material, as found in Granta® CES Selector database, compared to 3D-printed samples developed in this
study, respectively, without aging, after 100 h aging, after 500 h aging, and at 60 °C.

Mechanical property Conventional POM POMOh POM 100 h POM 500 h POMHT
Young's modulus (GPa) 2.9 1.6 (+0.1) 1.7 (£0.1) 1.7 (£0.1) 1.1 (+0.1)
Tensile strength (MPa) 69.0 55.1(+1.2) 54.4 (+1.1) 54.6 (+1.0) 40.9 (+3.4)
Elongation at break (%) 54.8 226 (+3.1) 19.2 (+1.0) 14.4 (+0.6) 21.9(+1.8)

In parenthesis, the standard deviation related to each measurement.

the warping tendency of the printed part, partially relaxing
the stresses generated by the thermal gradient, simultaneously
maintaining extended contact area, as schematically indicated
in Fig. 4d. From a different perspective, a portion of the strain
energy is dissipated by the plastic deformation of the substrate.
The fact that a shallow impression is left on the substrate after
removing the part (Fig. SI1) supports the twofold mechanisms
described here.

Furthermore, the adhesion in a polymer-polymer coupling
can benefit from the formation of interfacial interactions, such as
hydrogen bonding, promoted at high temperature by the small
rearrangements of the rubbery network chains [26]. Indeed,
this aspect is expected to be enhanced by the processing tem-
peratures, which are close to the glass-transition temperature of
PMMA. One further advantage of this solution is that, as soon as
the printing process is complete, the temperature drop weakens
the adhesion and the printed object is, therefore, easily removed
from the substrate, avoiding the common inconvenience of par-
tial welding between the printed part and the bed. While the
importance of the glass-transition temperature had previously
been considered for improving the adhesion during FDM [15,
27], the printed polymer-printing bed combination (here spe-
cifically POM and PMMA) to reach superior adhesion has not
been investigated before. It is worth mentioning that, while the
warping of the printed part is not avoided, the improved adhe-
sion enables completion of the printing. More investigation is
still needed, specifically in terms of the printed part geometry
and extension, especially for what concerns the ratio between
contact area and volume, since thermal gradients are critical
when considering distortions during printing; indeed, cooling
rate is strongly correlated to reducing the internal stresses [28].
Nevertheless, our results clearly indicate how the printing bed
material can have a great impact on the performance of the pro-
cess because of the thermomechanical interactions between the
part and the substrate. While glass has superior stability and
durability, it is seldom the optimal counterpart for the material
being printed, as in the case of POM. Implementing polymers as
novel single-use sacrificial substrates can improve the effective-
ness of FDM additive manufacturing for materials that cannot
be 3D printed with the current standard configurations, without

recurring to expensive and complex instrumentations.

Thermomechanical properties of 3D-printed POM
The mechanical properties of ASTM dogbone samples have been

tested under uniaxial tensile load and flexural load to evalu-
ate the ultimate strength, strain at rupture, and Young modu-
lus of the material. Reference values found in the literature are
reported in Table 1 and are considered as a benchmark in our
analysis. During our experiments, we have observed that the
mechanical properties of printed samples are lower compared
to the references; this is expected since it is well known that
the additive manufacturing technique negatively affects the
final properties of printed parts in most cases [29-31]. Young
modulus, tensile stress, and deformation at failure of samples
processed with different aging times are reported in Table 2 and
Fig. 5a-c.

The Young Modulus E at room temperature has been esti-
mated by 3-point bending test and resulted in 1.6 GPa without
any aging treatment; this value is almost half of the bulk elastic
modulus of conventionally produced POM, which on average
is 2.9 GPa. This difference is mainly due to printing condi-
tions (e.g., intra-layer filament bonding) which strongly affect
the mechanical properties [7, 29, 32]. Aging caused a limited
increase of elasticity modulus (1.7 GPa) for both 100 h and
500 h aging, probably due to the scission of molecular chains
and increase of density of the materials, as reported for organic
coatings [33]. This behavior is coherent with the increase of
crystallinity we have observed by thermal analysis atter aging.
The responses to UV aging have been investigated on ultimate
stress and strain at rupture too, indicating how POM can sustain
radiation without degradation of its strength but sensibly limit-
ing the plastic deformation before rupture. A slight modification

of its appearance has been observed, in accordance to typical

TABLE2: Thermal properties for POM samples at different aging time.

Aging time (h) Melting tem- Enthalpy of  Crystallinity (%)
perature (°C) fusion (Jg")

0 169.1 148.1 67.3

100 164.9 160.0 72.7

500 162.9 170.1 773

Crystallinity is evaluated considering the standard enthalpy of fusion for
POM copolymer, which is 220.0J g™
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Figure 5: Mechanical properties of POM samples a room temperature (before and after aging) and at 60 °C: (a) Young modulus, (b) tensile stress, (c)
strain at rupture. (d) DSC analysis of samples after different aging times. The height of the peak of the curve increases while its position decreases after
the aging, indicating a change in the thermal properties of the material, especially the melting temperature and the enthalpy of fusion. (e) Melting
temperature and percentage of crystallinity as obtained from DSC traces. Molecular rearrangement during aging causes a reduction of the melting
temperature and a concurrent increment in crystallinity. Lines between dots are guides for the eye. (f) FTIR spectra for samples at different aging time.

Except the increase of peak at 1093 cm™,

discoloration due to high-temperature deterioration, as reported
in the literature for the bulk material [34]. No sensible reduction
of the ultimate strength was detected upon aging treatment: the
observed values were roughly 14% lower than the reference for
conventional POM. The most substantial reduction is reported
for the elongation at break, where the experimental results
indicate a decrease of almost 40%. These results are consistent
with the reduction of ductility reported in the literature [35,
36], where degradation of POM by oxidation caused the embrit-
tlement of the material. During aging, two different responses
are possible: chain scission or crosslinking. It has been demon-
strated that POM incurs in polymer chain scission, resulting in
a decrease of the mean molar mass, which leads to embrittle-
ment [36, 37]. As observed for our samples, chain scission affects
the plastic deformation of the material, sensibly reducing the
strain at rupture, but does not significantly alter the ultimate
stress of the polymer [33, 34, 36, 38, 39]. Furthermore, hydrogen
bonds between chains are weakened. This, in association with
the decline in molecular weight (MW), is expected to lead to a
decrease in the mechanical properties, especially the deforma-

tion at rupture, as already indicated for other polymers [40].

no other major differences are detected.

We performed an analysis of the mass of samples before
and after the aging process, but no substantial difference
has been observed (results are reported in Fig. SI2). The
prolonged permanence at 60 °C under UV radiation expo-
sure did not cause a detectable mass loss, coherently with
the induction period observed previously for POM in air
and atmospheric pressure [37]. Bending at 60 °C led to an
elasticity modulus of 1.1 GPa, well below the values at room
temperature, indicating extensive softening of the material
(Fig. 5a). The Young modulus dropped to about 62% of the
room temperature value when tested at 60 °C, indicating the
low resistance to temperature of the material. This behav-
ior is caused by the contraction of the typical helical chain,
consisting of a sequence of C-O bonds, of POM: at higher
temperature, the conformation is more disordered and a con-
traction of the chain occurs due to skeletal torsional motion
[34, 41]. The marked influence of temperature on POM is
also observed in the ultimate tensile stress reduction: the
disordered state of molecular chains causes a limited resist-
ance, while no substantial increase in elongation, and thus in
ductility, is observed at 60 °C.



Figure 5d shows DSC traces at increasing UV exposure
time. As can be seen, aging is associated to an increase of crys-
tallinity in the material, as suggested by the higher enthalpy
of fusion of samples after the aging process. This can be due
to the event of post-crystallization during aging, as molecules
from amorphous regions can rearrange themselves in crystal-
lites with the concurrent reduction of MW and the weaken-
ing of bonds between molecules, as discussed before for the
mechanical properties [40]. The process of integration into the
crystalline phase of polymer segments derived from chain scis-
sion in the amorphous phase is known as chemicrystallization
[42]. The decline of molecular weight and the introduction
of photo-oxidation products are also associated to the reduc-
tion of the melting temperature, as indicated in Fig. 5e and
Table 2 from DSC analysis. A similar mechanism has been
recently observed in laser-sintered polyamide upon degrada-
tion via exposure to UV radiation [43]. The value of 169.1 °C,
furthermore, indicates that our starting material was a POM
copolymer (confirmed by manufacturer’s datasheet), as the
homopolymer presents a higher melting temperature [34]. The
crystallinity of POM is evaluated based on the heat of fusion
for 100% crystalline POM copolymer (220.0 J g™*). During
aging, an increase of 10% in crystallinity is reported, coher-
ently with our explanation of the degradation at molecular
scale of the material (Fig. 5e).

A slight color difference of the sample’s surface was observed
by visual inspection. To further investigate how the molecular
structure of POM changed as result to aging, we recurred to
FTIR analysis. No major change has been detected in the spec-
tra (see Fig. 5f). The two absorption bands at 2981 ¢cm™" and
2923 ¢cm™! are attributed to symmetric stretching of CH,, while
the band at 1469 cm™ is assigned to the bending vibration
of CH, groups. The 1383 cm™! band arises from the wagging
of CH,, while the band at 1236 cm™! is attributed to the CH,
twisting vibration. The spectra show an intense absorption at
1089 cm™ and 891 cm™! and a weak band at 1136 cm™": these are
attributed to the asymmetric stretching vibration of C-O-C
groups. The C-O-C symmetric stretching, instead, appears at
933 cm ™. The absorption band at 630 cm™" is assigned to the
O-C-0 groups bending vibration [44, 45]. Two crystal forms of
POM exist: orthorhombic and hexagonal. While the former is
more stable at low temperatures, the latter prevails because of its
low rate of conversion [34]. The hexagonal system consists of a
9/5 helical conformation, containing both folded-chain crystals
(FCC) and extended-chain crystals (ECC). The FCC and the
ECC structures may be clearly distinguished by Fourier Trans-
form Infrared spectroscopy, as this technique is highly sensitive
to morphological changes [34, 46]. In our spectra, the strong
intensity of the 891 cm™ vibration band indicates a high per-
centage of the ECC structure (see Fig. SI3). To the best of our

knowledge, this represents the first experimental observation of

the morphological structure of 3D-printed POM produced by
Fused Deposition Modeling. The percentage of ECC structure
remains high throughout our investigation, irrespective to aging
time. In addition, no major changes of the absorption bands
have been detected in the spectra, discarding the hypothesis of
an extensive variation in the chemical composition of the mate-
rial upon aging.

The thermal stability of 3D-printed POM has been evalu-
ated via TGA (Fig. 6). All samples present a residual mass
lower than 1.5% at 600 °C, indicating a complete degradation
and the absence of inorganic additives inside the material. Fur-
thermore, no major differences have been detected between the
pristine filament and the sample after printing, indicating that
the printing process does not affect the thermal stability of the
material. A sensible reduction of the degradation temperature,
instead, is reported upon aging. Specifically, after 500 h aging,
the onset temperature for degradation occurs at 265.2 °C and
the end temperature is 303.0 °C. For the pristine filament, the
onset temperature is 280.5 °C and the end point is 306.1 °C.
This behavior indicates an easier degradation of the material

upon heating.

Conclusions

In this contribution, we have demonstrated a simple and effec-
tive modification of the printing process to improve adhesion
of POM with the heating bed and to successfully complete the
fabrication of standard samples. The modification is based on
the utilization of PMMA, instead of bare glass or PI, as sacri-
ficial substrate. The high temperatures of the printing process
guarantee that PMMA is above its glass temperature, enhancing
fixation of the printed part on the plate. We have furthermore
investigated how 3D-printed POM reacts to different UV aging
times in terms of mechanical and thermal properties. While the
tensile stress and Young modulus present no variation, there
is a marked reduction of the strain at rupture, from 22.6 to
14.4%, mainly related to changes in the molecular weight and
molecular arrangement caused by aging. The mechanical prop-
erties of 3D-printed samples are lower compared to those of
conventional POM, principally due to the nature of the addi-
tive manufacturing fabrication process. Furthermore, the Young
modulus degrades sensibly at 60 °C, denoting the low resistance
of the material to high temperatures. Thermal analysis indicates
an increment in crystallinity on the 3D-printed samples, from
67.3 to 77.3%, coherently with the observed behavior during
mechanical tests, while IR spectroscopy shows no major changes
in the chemical composition after aging. Our observations indi-
cate that, upon increasing aging time, 3D-printed POM under-
goes the same molecular rearrangements as conventionally fab-
ricated POM, with an increase in crystallinity and a consequent

reduction of strain at rupture. The embrittlement of the material
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Figure 6: Thermogravimetric analysis of 3D-printed POM samples. Mass change upon heating of (a) pristine filament, (b) 3D-printed POM without
aging, (c) 3D-printed POM with 100 h aging, and (d) 3D-printed POM after 500 h aging. (e) Temperatures for the onset, mid-point (50%), inflection, and

end point of the thermal degradation.

is related to the scission of molecular chains and weakening of
intermolecular bonds, resulting in the degradation of molecular
weight distribution and triggering the rearrangement of amor-
phous areas into new crystallites. Finally, the intermolecular
structure of 3D-printed POM has been studied for the first time,
indicating a large portion of ECC configuration in the hexago-
nal phase, as already observed for the conventionally fabricated
polymer. All these results are expected to be helpful for laying
the basis for the industrial processing of POM by means of addi-

tive manufacturing.

Material and methods
POM filament

The filament used in this research has been provided by Capifil
under the trademark of Actifil 3D. It is worth noting that at the
time of preparation of this manuscript, POM filament is rather
difficult to find on the market, and even the most established

suppliers of 3D-printing raw materials do not offer this product.

Printer, samples geometry, and print settings

The mechanical testing dogbone sample geometry is based on
the American Society for Testing Materials (ASTM) standard

TABLE3: Main parameters for the 3D-printing process for ASTM dogbone
samples and for adhesion samples.

Parameter ASTM dog-

bone samples

Adhesion samples

Extruder temperature (°C) 240 240
Print bed temperature (°C) 100 100
Layer height (mm) 0.06 0.10
Initial layer height (mm) 0.27 0.27
Wall thickness (mm) 1.05 0.40
Infill density 100% 100%
Infill pattern Lines Lines
Print speed (mm s 50 50
Initial layer print speed (mms™") 30 30
Cooling fan 100% 100%
Brim width (mm) 8 0

D638-03 type V; the geometry of the samples used for adhe-
sion testing is a simple 20 x 5 x I mm slab. The samples, shown
in Fig. 1c and d, were designed using the software Dassault
Systémes Solidworks® 2017. The geometry was saved as.stl file
and exported to the 3D-printing pre-processor Cura 2.6.0. The

main parameters for 3D printing the ASTM samples and for



the adhesion samples are summarized in Table 3. The printer

used in this work is an Ultimaker® 2+.

PMMA sacrificial substrates and Kapton® film

As previously mentioned, POM presents weak adhesion to other
materials and undergoes a marked thermal distortion during
cooling; the combination of these two factors commonly leads
to partial or total detachment of the part during printing [13].
We investigated the effect of two different plastic substrates with
the aim of overcoming this issue: a 5 mm-thick poly(methyl
methacrylate) sheet and a Kapton® film. Both were fixed on top
of the glass printing bed. Kapton® was selected as a reference as
it is commonly utilized as an alternative material for the printing
bed. PMMA was selected for its ability to promote good adher-
ence to many materials and because of its rather low softening
temperature; thanks to the latter, the substrate is easily deformed
at typical printing temperatures, thus, promoting relaxation of
the stress induced by inhomogeneous cooling and hindering

detachment of the part from substrate during printing.

Mechanical test equipment

Uniaxial tensile and bending tests have been performed on a
Shimadzu AGS-X test machine equipped with a 10 kN load cell.
Ultimate strength and elongation at rupture have been evaluated
via tensile tests, while the Young modulus has been measured via
bending tests [47, 48]. The mechanical properties at 60 °C have
also been evaluated by using a heated chamber fitted to the same
instrumentation. Dogbone samples have been heated in an oven
at 60 °C for 30 min and then placed in the test chamber for 10 min
before starting the test. This procedure guarantees thermal equi-
librium inside the material and avoid any distortion due to tem-
perature gradients. Three samples for each experiment have been
prepared, and tests were conducted according to ASTM D638-03
for the tensile behavior and ASTM D790 for the flexural behavior.

Thermal test equipment

Differential Scanning Calorimetry (DSC) testing has been car-
ried out with a Netzsch DSC 200 F3 Maia instrument to inves-
tigate the thermal behavior of the material. 6 mg of material has
been collected from 3D-printed samples and heated inside alu-
minum crucibles from 25 to 210 °C with a rate of 10 °C-min~".
Thermogravimetric analysis (TGA) was performed on samples
in order to characterize their thermal stability. 6 mg of material
was heated using a Netzsch STA 409 EP instrument from 30 to

600 °C, with a heating rate of 10 °C-min~tin dynamic air.

Aging equipment

Accelerated aging experiments have been performed using
a Q-Sun Xenon test chamber Model Xe-1 manufactured by
Q-LAB. The chamber is equipped with a xenon-arc lamp emit-
ting radiation in the UV-IR range. The peak wavelength is
maintained in the range 340 + 10 nm. The condioning param-
eters have been selected according to the standard by Inter-
national Organization for Standardization (ISO) 4892-part 2.

During treatment, the temperature was kept at 60 °C.

Infrared spectroscopy equipment

A Thermo Nicolet Nexus 470 Fourier Transform IR spec-
trometer equipped with Avatar Diffuse Reflectance acces-
sory has been used for the measurement of FTIR spectra of
aged samples. The spectra have been collected in the range
400-4000 cm™%; the nominal resolution of the spectrometer

was 2 cm ™
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