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Fused filament fabrication (FFF) is one of the simple and cost-efficient methods of additive manufacturing
(AM) of complex objects which has widespread applications in various industries. Developing 3D printing
materials is one of the main challenges that scientists are dealing with in this method. Currently, the
materials used for 3D printing are amorphous polymers and semi-crystalline polymers that behave simi-
larly to amorphous polymers in the melting process. This is because of the less shrinkage of amorphous
thermoplastic materials compared to semi-crystalline polymers which facilitate printing. Since semi-crys-
talline polymers exhibit better mechanical characteristics compared to amorphous polymers, these mate-
rials must be used in the FFF process as well. However, it must be noted that printing these materials is
difficult as they show high shrinkage. Particularly, this can be seen by the weak adhesion of the first layer to
the bed and the layers’ adhesion to each other as a result of high shrinkage. Therefore, this paper aims to
assess the feasibility of printing objects from semi-crystalline polymers made of polyoxymethylene (POM).
The parameters under study include raster angle, nozzle temperature, filling pattern, filling percentage, and
fan mode. The experiments showed that due to high shrinkage, it is not possible to print semi-crystalline
parts the same as the parts made of amorphous polymers. However, these parts can be printed by changing
the printing direction. Moreover, it is observed that under a specified direction, without the fan, low nozzle
temperature, low filling percentage, and 0/90 filling pattern, the semi-crystalline parts are printed more
easily. Finally, the mechanical properties of the standard printed samples were evaluated, and the maxi-
mum tensile strength, flexural strength, and compressive strength are 11.5, 28, and 8 MPa, respectively.
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1. Introduction

Additive manufacturing (AM) methods are used in various
industries for the production of conceptual models, rapid
prototyping and even functional parts (Ref 1). Generally, in
AM, the three-dimensional (3D) model is sliced into two-
dimensional layers and will be printed layer-by-layer (Ref 2, 3).
Due to the essence of the manufacturing process in AM, it is
possible to produce a part with a complex geometry without the
need for jigs and fixtures, and additional tools, by reducing
manufacturing’s time and cost (Ref 4). Among AM methods,
the fused filament fabrication (FFF) method has been more
developed due to its simplicity and cheapness (Ref 5, 6). In the
FFF process, the thermoplastic filament is melted and then
extruded through a nozzle. Acrylonitrile butadiene styrene
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(ABS) (Ref 7), polylactic acid (PLA), high impact polystyrene
(HIPS) (Ref 7), polycarbonate (PC) (Ref 7), polypropylene (PP)
(Ref 8), polyether ether ketone (PEEK) (Ref 9), polyetherimide
(PEID) (Ref 10), polyethylene terephthalate glycol (PETG) (Ref
11), polyamide (PA) (Ref 12), polyethylene (LDPE, HDPE)
(Ref 13), Poly(methyl methacrylate) (PMMA) (Ref 14),
polycaprolactone (PCL) (Ref 15), polyoxymethylene (POM)
(Ref 16), etc. are some the neat thermoplastic polymer materials
that have been used in the FFF process. Thermoplastic
materials are divided into two categories: semi-crystalline and
amorphous materials (Ref 17). A shrinkage phenomenon
occurs in the cooling cycle in both categories but the amount
of shrinkage is extremely high in semi-crystalline polymer
materials (Ref 18). Shrinkage in the FFF process can affect the
dimensional accuracy of the part as well as deformation of the
printed part in the form of warpage, delamination, cracking,
damage to the created supports, and even cause the part to be
unprintable (Ref 19). The FFF process is simple and it is
possible to print complex parts. However, the surface quality,
dimensional accuracy, and mechanical and thermal properties
of the parts printed by this process are highly dependent on
printing parameters such as nozzle temperature, ambient
temperature, bed or substrate temperature, layer height, nozzle
diameter, extrusion width, air gap, build direction, part
orientation, raster angle, filling pattern, filling percentage,
printing speed, and filament material (Ref 20). Therefore, much
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research has been conducted on the effect of these parameters
on the various properties of the printed product (Ref 21, 22).
Also, extensive research has been done to improve the
mechanical properties of printed products by improving the
mechanical properties of the used materials (Ref 23). In this
context, it is possible to mention the addition of fillers (metal
particles, chopped glass, and carbon fibers) (Ref 24-28),
nanomaterial (Ref 26), heat treatment after the process (Ref
29), using ultrasonic waves (Ref 30, 31), etc. Also, extensive
research has been done on the use of continuous fibers (glass,
carbon, and Kevlar) to strengthen the printed parts (Ref 32-35).
On the other hand, less research has been done on printing parts
with widely used semi-crystalline materials such as PE, PP, and
POM.

Generally, in the FDM process, the “bed or substrate”
consists of glass or metal materials coated with some type of
adhesive (glue). A critical problem for semi-crystalline printing
in FFF 3D printing is the lack of adhesion between the
thermoplastic materials on this substrate. Initial attempts were
made to print PE onto substrates at different temperatures,
resulting in poor adhesion (Ref 25). Alternatively, Nabipour
et al. (Ref 25) used a thin sheet of PP as a bed for printing PE-
based composites. PP is a semi-crystalline thermoplastic with
the most similar properties to PE but with a higher melting
point, which served as a coating on the bed to supposedly allow
the adhesion of the molten PE material to the substrate (Ref 24,
25).

PP used in the production of various parts with good
mechanical properties and low production costs. Carneiro et al.
(Ref 8) evaluated the influence of the parameters such as raster
orientation, layer height, and infill percentage on the mechan-
ical properties of neat PP and glass-fiber-reinforced PP. Zhang
and Gao (Ref 36) improved the printability of PP random
copolymer by adding short glass fibers and ethylene propylene
diene monomer. Polyakov et al. (Ref 37) investigated the
biocompatibility of high-performance semi-crystalline poly-
imide samples printed via an FFF 3D printer.

POM is an engineering thermoplastic that has exclusive
properties such as low friction and high impact resistance (Ref
38). POM is commonly used in various industrial applications
such as gears and bearings. It also has high rigidity, excellent
wear resistance, good chemical resistance, etc. However, POM
has usually processed by injection molding and extrusion
methods. The potential for using POM for parts fabricated with
FFF is significant for both industrial applications and niche
prototyping needs, but to date, this has received little attention
in the literature (Ref 38). Muro-Fraguas et al. (Ref 39) used an
atmospheric pressure air plasma treatment to a polycarbonate
(PC)-printing base for increasing the adhesion of POM to the
PC base. The results show an increase in adhesion of up to 45%
is achieved. Wang and Yeh (Ref 40) printed POM samples
successfully and stated that the raster orientation has a great
influence on the tensile strength of specimens. Lebedev et al.
(Ref 41) investigated thermophysical, rheological and morpho-
logical properties of carbon nanotube/POM composite for
usage in AM. Tian (Ref 38) characterized the 3D-printed POM
samples in order to investigate the impact of infill direction on
elastic, viscoelastic, and shear properties. In this work, ABS
glue (solved ABS in Aston) was used between the samples
being printed and the build plate. Akhoundi et al. (Ref 11)
succeeded in the printing of POM/Continues glass Giber
composite material and evaluated its mechanical properties.
They also stated that by using the neat POM filament, problems

were raised due to the high shrinkage of neat POM and the
desirable part could not be printed.

As stated before, the bulk of studies investigated amorphous
polymers, and less attention has been paid to the development
of semi-crystalline polymers for printing. Therefore, this study
aims to assess the feasibility of printing parts from semi-
crystalline POM polymers which exhibit high shrinkage
compared to amorphous polymers and it is troublesome to
print parts using these materials. To do so, the effects of five
parameters, i.e., the raster angle, nozzle temperature, filling
pattern, filling percentage, and the fan mode (off, on) on the
feasibility of printing parts are studied by heat transfer
viewpoint.

2. Amorphous and Semi-crystalline Polymer
Materials

Thermoplastic polymers have long molecular chains that are
aligned together by weak van der Waals intermolecular forces
(Ref 17). When these materials are affected by heat, their
intermolecular forces weaken and make them soft and flexible,
and finally melt when the heat goes beyond a certain
temperature. Thermoplastic polymers were categorized into
two groups: amorphous and semi-crystalline (Ref 42). Table 1
shows a general comparison of the properties of semi-
crystalline and amorphous polymeric materials. In general, it
can be said that semi-crystalline polymers have more advan-
tages for mechanical applications compared to amorphous
polymers.

One of the main differences between amorphous and semi-
crystalline polymers is the amount of shrinkage of these.
Amorphous polymers exhibit a slight volume change during
solidification due to their irregular structure; meanwhile, semi-
crystalline polymers have a greater reduction in volume due to
the formation of a semi-crystalline structure (Ref 17, 43). The
typical volume reduction of amorphous and semi-crystalline
polymers is shown in Fig. 1.

The FFF process is one of the simple processes for
manufacturing complex parts made of polymers (Ref 44).
Generally, amorphous polymers are used for printing parts due
to low shrinkage. Due to the advantages of semi-crystalline
materials in comparison to amorphous materials, it is necessary
to use this type of polymer in the FFF process. Figure 2 shows a
printed cubic piece made of amorphous and semi-crystalline
polymer. As can be seen, it is not possible to print parts with
semi-crystalline polymer (with the same printing conditions for
both types of materials). The main reason for this is the high
shrinkage percentage of semi-crystalline polymers.

Table 1 general characteristic of amorphous and semi-
crystalline polymers

Amorphous polymers Semi-crystalline polymers

Without melting point (glass tran- ~ With melting point
sition)

Usually transparent

Low shrinkage

Low chemical resistance

Low wear and fatigue resistance

Usually opaque

High shrinkage

High chemical resistance

High wear and fatigue resistance
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Fig. 1 Shrinkage in amorphous and semi-crystalline polymers
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Part Fill Style = +45
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Fig. 2 Rectangular cubic printed parts with the amorphous (PLA)
and semi-crystalline polymers (POM): (a) low nozzle temperature
and fill percentage, (b) high nozzle temperature and low fill
percentage, and (c) high nozzle temperature and fill percentage

3. Materials, Methods, and Equipment

POM filament with a diameter of 1.75 mm purchased from
Gizmo Dorks Company was used as feedstock, 3D printer
Quantum 2020 (Tran) with table dimensions of 195 x 195 x 200
was used to print samples, and Simplify 3D software was used
to slice and generate G-code. The used FFF printer has a blower
fan for better sample cooling, and the fan speed can be set up to
255 rpm. To check the tensile, flexural, and compressive
mechanical properties, the samples are printed according to
ASTM D638 type 4, ASTM D790, and ASTM D695 standards,
respectively, and mechanical tests are performed using the
SANTAM-20 (Tehran, Iran) device with a load capacity of 20
KN. For all tests, five samples were printed from each standard
sample and the average of the results was reported.

Journal of Materials Engineering and Performance

4. Design of Experiment to Examine the Possibil-
ity of Printing Semi-crystalline Parts

A rectangular cubic part with dimensions of 20 x 20 x
10 mm was selected to investigate the feasibility of printing this
part with POM using the FFF process. Since the shrinkage of
semi-crystalline polymers has a direct relationship with the
percentage of crystallization, therefore, the parameters were
selected to study the feasibility of printing the part, which is
related to the crystallization structure of the part. One of the
important parameters that affect the crystallization percentage is
the cooling rate of the printing part. Therefore, the parameters
of nozzle temperature, filling percentage, fan modes, filling
pattern, and printing direction of the part were selected as
investigation parameters. Figure 3 shows the selected directions
for printing the part and the filling pattern. The purpose of
modes II and III is to reduce the contact surface and, as a result,
reduce the cooling rate. It should be noted that in the tests when
the fan is on, the fan starts working from the third layer in all
experiments. The considered levels for the parameters are given
in Table 2. 114 experiments were done with these levels of
parameters and with three-time repeats in each experiment.
Also, constant process parameters are shown in Table 3.

5. Results and Discussion

The performed experiments (printed samples) are shown in
Fig. 4(a), (b), and (c). As can be seen, by changing the printing
direction, the possibility of printing semi-crystalline parts
provided that the process parameters are selected correctly,
increases. The results of the experiments will be discussed in
the following.

5.1 Printing Direction of Parts

As mentioned in Sect. 2, the shrinkage of semi-crystalline
polymer materials has a direct relationship with the cooling
rate. As a result, it is very important to investigate the heat
transfer of the deposited rasters. Figure 5 shows the heat
transfer in the rasters of the first and secondary layers. It is
assumed that (q;) is the convection heat transfer of the
environment and the rasters, (q,) is the conduction heat transfer
between the raster and the raster, and (q5) is the conduction heat
transfer of the rasters and the printer bed. The total heat
transferred from the raster to the ambient environment in the
first layer and second layers are determined according to Eq 1
and 2 (Ref 45):

0, =4q,+4,+4, (Eq 1)

O, =dq1 +2¢, (Eq 2)

where Q, and Q, are the heat transfer of the rasters placed in
the first layer and the nth layer, respectively. Since the heat
transfer that occurred between the raster and the raster is less
than the raster and the bed (g, < qj3), it can be concluded that
the heat transfer of the raster in the first layer is more than the
next layers. As a result, the rate of shrinkage amount in the first
layer is higher than in the next layers. This shows that the initial
layers are of great importance and the process parameters
should be selected in such a way that the shrinkage in the first
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Fig. 3 Printing orientation and printing patterns: (a) three printing orientation and (b) two filling printing patterns

Table 2 Levels of investigation parameters

Parameters Levels
Temperature, °C 210-225
Fill percentage, % 30-100
Filling pattern =+ 45-0/90
Fan mode On/Off
Built orientation I, 1I, and III

Table 3 Constant parameters in printing process

Parameters Levels
Dimension of 3D printing bed, mm 195 x 195 mm
Printing speed, mm/s 30

Bed temperature, °C 90

Number of counters 3

Fan speed 127

Nozzle diameter, mm 0.4

Layer height, mm 0.02

layer is reduced and the semi-crystalline part can be printed.
Assuming that the material is elastic can be concluded from the
relationship between strain and expansion of the material (Eq 3)
(Ref 46) and the relationship between stress and strain (Eq 4)
and (Eq 5) (Ref 46):

e =oAT (Eq 3)
o=Ee (Eq 4)
F = AEaAT (Eq 5)

where ¢ is the strain, o is the expansion coefficient, AT is the
temperature change, E is the elastic modulus, ¢ is the stress, 4
is the cross-sectional area of raster and F is the force produced
by material shrinkage. According to Eq 5, it can be concluded
that a large decrease in temperature or high heat transfer causes
more force, and if this force is greater than the adhesive force of

between the raster and the table or between the raster and the
raster, it causes the deposited layer to be plunked from the
printer table or from the previous layer.

Figure 6 shows the first layer of the three directions of the
experiment. As can be seen, direction I exhibit higher heat
transfer compared to the other directions. Therefore, as there is
a higher AT, the force created from the decrease in temperature
is more intense than in the other two directions. On the other
hand, in the direction I, in addition to more decrease in
temperature, the layers adhere together. Therefore, the force
related to the newer layer affects the older one, consequently
weakening the older layer’s attachment, and finally resulting in
the detachment of the last layer from the bed. However, heat
transfer in directions II and III are the same, and there is no
interaction between the layers as they shrink independently.
The results of the other experiment also confirm this observa-
tion that directions II and III show superior performance over
the direction I. Among directions II and III, direction III
displays better results because the layers are not suddenly
deposited on the support. In direction II, a layer of semi-
crystalline polymer material is deposited on the surface. The
shrinkage of this layer ruins the support and fails the printing
process. However, in direction III, there is a gradual increase in
the volume of the layers.

5.2 Printing Direction Il

Under this printing direction, three sample items made of
semi-crystalline polymers are printed under 30% filling per-
centage when the fan mode is off. Therefore, it can be
concluded that turning the fan on leads to an increase in
shrinkage and detachment of the layers from the bed as there is
an increase in AT and filling percentage. The filling percentage
increases because of the increase in the volume of the material
required for printing. The three printed samples are presented in
Fig. 7. The shrinkage in the first layers can be clearly observed
which is one of the drawbacks of the printing parts in this
direction. It is found that the shrinkage under 225 °C and =+ 45
direction (Experiment 11) is more than the similar sample with
0/90 printing direction. This point reveals that the tool’s path
also affects the shrinkage, and the £ 45 direction yields a
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Fig. 4 Printed samples with (a) printing direction 1, (b) printing direction II and (c) printing direction III
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Fig. 4 continued

higher shrinkage. This result can be extracted from the
comparison of the first and second columns of Fig. 4(b) with
the third and fourth columns of Fig. 4(b), respectively. Another
defect in the printed part with direction II is the very high
surface roughness of the bottom of the part (the first layer of the
part) in which, in addition to the effect of the support on it, the
rasters are separated from each other due to high shrinkage in
this layer (Fig. 7b).

5.3 Printing Direction Il

Five sample items are printed with the printing direction I1I
which is the best condition for printing of semi-crystalline
parts. The results under this direction were similar to the results
from direction II. Fan off mode, 0/90 filling pattern, and a lower
filling percentage facilitate the printing process. By comparing
the first eight experiments with the second eight experiments
(Fig. 4c¢), it can be concluded that the increase in temperature is
not advantageous to printing semi-crystalline parts since an
increase in temperature leads to an increase in AT and
according to Eq 5, increases the force related to the layer’s
shrinkage. Therefore, the printing process gets cumbersome.
Another drawback of the increase in temperature is deteriora-
tion in the surface roughness of the object at the region where it
attaches to the support (Fig. 8a). This happens as a result of the
decrease in viscosity of the semi-crystalline materials with an
increase in temperature. When the nozzle moves from the left

Fan = On

Part Bl Style = XCS'
Fan = On

n

1% (18)

support to the right one to deposit the layers, due to the low
viscosity of the material, the layer does not detach from the
nozzle tip and stretches over the surface of the object. This
leads to deterioration in the surface of the object. This
drawback can be avoided by modifying the nozzle’s path. It
should be noted that at low temperatures (Experiments 1 to 3
and 5 in Fig. 4c), this issue does not exist.

Two other faults also can be found in the printed objects,
i.e., delamination and molten pool (Fig. 8b, c). The delamina-
tion occurs by turning the fan on, and the molten pool (in the
upper section of the part) is created when the fan is off.
Delamination occurs due to the cooling effect of the fan, when
the layers’ shrinkage forces surpass the adhesion force between
adjacent layers, and they get separated from each other. On the
other hand, the fan off mode and a decrease in the cross-
sectional area of printing lead to the deposition of excessive
material on the layers, and due to the lack of enough time for
solidification, the molten pool are created. However, with an
efficient cooling system, molten pools will be avoided.
Therefore, to remove the molten pools, the fan must be on,
and to avoid delamination, the velocity of the fan must be
controlled.

In Fig. 9, the item is printed under the controlled velocity of
the fan. In this case, the fan is turned on for the last layers and
gradually its velocity is increased until the last layer which the
fan was under full load operation (Fig. 9b). As can be seen, the
part is printed without any faults such as delamination, molten
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Fig. 5 Heat transfer in rasters: (a) first layer and (b) next layer

Workpiece

pool, and deterioration in surface roughness at the support
region. It should be noted that under this printing direction,
there is no sign of the rough surface and contraction in the first
layers of the object, which exist with direction II (defects in
Fig. 7).

The dimensions of the final printed part (Fig. 9) are given in
Table 3. The dimensions of length, width, and height are the
average dimension of four different points of the piece. As can
be seen, the maximum error is 1.42% in the length and height
of the piece.

6. Evaluating the Mechanical Properties
of the Printed Samples

After investigating how it is possible to print semi-
crystalline parts with a very high shrinkage percentage, the
mechanical properties of the printed samples can be evaluated.
All samples are printed with optimal conditions as shown in
Fig. 9. The maximum tensile strength, flexural strength, and
compression strength are equal to 11.5 £+ 1.1, 28 4 2.3, and
8 £ 1.7 MPa, respectively. The reason for the low tensile
strength compared to the previous literature (Ref 38) is that
with the direction of printing, the rasters are not aligned with
the load and the low tensile strength is obtained. The direction
of the rasters in other tests did not have much effect and the

S rn

Ul
000000 Q00080000

QU=aq:1+42+q3
Orientation |

Qu=aq:1+qs

Orientation 11

Qu=q:1+q3
Orientation 111

Fig. 6 Heat transfer in the printing direction of the part: (a) Printing direction I, (b) Printing direction II, and (c) Printing direction III

Ex| eriment ‘ 1 ‘ Exienmcnt i‘)i
(a)

(b)

Experiment (11)

Fig. 7 Defects created in the printed part with direction II: (a) shrinkage in the primary layers and (b) low-quality surface finish of the first

layer (subsurface of the part)
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the fan on mode, and (c) molten pool with the fan off mode
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Experiment (1)
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Fig. 8 Defects in the printed parts with direction III: (a) inappropriate surface smoothness at high temperature, (b) delamination of the part with

Fig. 9 Printing of a semi-crystalline part with optimal conditions: (a) printing direction, (b) fan speed increase curve, and (c) printed part

obtained values are consistent with the results obtained in the
previous literature.

7. Conclusion

Printing parts from semi-crystalline materials using the FFF
method is difficult due to the high shrinkage that they exhibit as
compared to amorphous polymers. Therefore, this study aims at
investigating the printing of these materials. The printing
direction is one of the critical parameters that affect the printing
process of these materials. With proper printing direction, it is
possible to print semi-crystalline parts. In this paper, three
different directions are studied, and under each direction,
various parameters such as the temperature of the nozzle, the
fan mode, the filling percentage, and the filling pattern are
investigated. To investigate the printing direction, the parts are
printed on the bed (direction I), support (direction II), and
smallest edge of the object (direction III). It is observed that any
part can be printed in the first direction as a result of the high
shrinkage force in layers. Under the second direction, three
samples are printed, and all of them suffer from the high surface
roughness and high shrinkage in the first layers. The parts that
are printed under the third direction suffer from faults such as
delamination, molten pool, and deterioration in the surface
roughness. Nevertheless, under this direction, with proper
modification of the process parameters, the flawless semi-
crystalline part is printed. The maximum dimensional error for

this printed object is 1.41% along its length. Under all three
printing directions, the fan off mode, 0/90 filling pattern and
low filling percentage facilitate the printing process of the semi-
crystalline object.
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