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Development of Pure Poly Vinyl Chloride (PVC) with
Excellent 3D Printability and Macro- and Micro-Structural
Properties

Davood Rahmatabadi, Kianoosh Soltanmohammadi, Mohammad Aberoumand,
Elyas Soleyman, Ismaeil Ghasemi, Majid Baniassadi, Karen Abrinia, Mahdi Bodaghi,*
and Mostafa Baghani*

Unmodified polyvinyl chloride (PVC) has low thermal stability and high
hardness. Therefore, using plasticizers as well as thermal stabilizers is
inevitable, while it causes serious environmental and health issues. In this
work, for the first time, pure food-grade PVC with potential biomedical
applications is processed and 3D printed. Samples are successfully 3D printed
using different printing parameters, including velocity, raster angle, nozzle
diameter, and layer thickness, and their mechanical properties are investigated
in compression, bending, and tension modes. Scanning electron microscopy
is also used to evaluate the bonding and microstructure of the printed layers.
Among the mentioned printing parameters, raster angle and printing velocity
influence the mechanical properties significantly, whereas the layer thickness
and nozzle diameter has a little effect. Images from scanning electron
microscopy also reveal that printing velocity greatly affects the final part’s
quality regarding defective voids and rasters’ bonding. The maximum tensile
strength of 88.55 MPa is achieved, which implies the superiority of 3D-printed
PVC mechanical properties compared to other commercial filaments. This
study opens an avenue to additively manufacture PVC that is the second
most-consumed polymer with cost-effective and high-strength features.

1. Introduction

Additive manufacturing (AM) or 3D printing is a newly emerged
fabrication method that can produce complex geometries without
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molds, considerable material waste, and
heavy peripherals.[1–3] This technique is
based on the deposition of 2D sliced layers
on top of each other to create a 3D object.[4,5]

The intrinsic latitude of the AM technique
has brought unique practicality for manu-
facturing particular customized samples in
the biomedical, automotive, aerospace, con-
struction, and food industries. Fused Fila-
ment Fabrication (FFF) or Fused Deposition
Modeling (FDM) technique as a subset of
the material extrusion method is the most
developed and promising technique for
thermoplastics AM.[6,7] FDM method works
on an easy basis of extruding semi-molten
filament using G-code-driven movement to
produce a part.[8–10] Several commercialized
engineering thermoplastic filaments have
developed as the FDM feedstock like PLA,
ABS, HIPS, PETG, PA6, TPU, etc.[5,8,9,11–13]

But, there are demands on a larger vari-
ety of consumable thermoplastic feedstock
with a wider diversity of mechanical, op-
tical, thermal, and intelligent properties,

to make FDM one of the most reliable thermoplastic manufac-
turing techniques.

Polyvinyl chloride (PVC) is a transparent and commonly amor-
phous thermoplastic.[14–16] Cost efficiency, excellent mechanical
properties (stiffness and impact strength), chemical resistance,
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and durability make PVC to be one of the most used commercial
plastics in the world in the construction, electrical, automotive,
medical, and packing industry.[14,16–18] PVC can be processed via
most of the melt processing techniques, such as extrusion, in-
jection, and blow molding regarding its high melt viscosity.[14]

Pure PVC is plasticized mostly by the addition of phthalate es-
ters (PAEs) up to 10% for the rigid form to 70% for the soft form,
to provide a wide variety of flexibility.[16,19] However, PVC has
some drawbacks as tremendous thermal degradation (yellowing)
close to its processing temperature at 170 ◦C that can be extended
to higher temperatures by the addition of thermal stabilizers.[14]

Besides, migration of the phthalate esters plasticizers has been
found to deteriorate the plasticization effect in addition to its haz-
ardous danger, at least for childcare tolls and food packing.[18,19]

In general, additives, average molecular weight, and their distri-
bution determine the final physical and chemical properties of a
PVC product.[18]

Even though PVC is usually introduced as an amorphous
polymer, there is a limited degree of crystallinity and ordered
structure within the commercial PVC microstructure making
its processing challenging.[20–22] Small Angle X-ray Scattering
(SAXS) and Small Angle Neutron Scattering (SANS) data have
also proved the existence of a poor crystalline network spacing
of ≈100 nm.[22,23] These less-ordered and well-dispersed crystal-
lites are connected by tie molecules, forming a network inside
the PVC sample regarding the molecular weight (chain length).
The higher K value (higher viscosity and molecular weight) of
PVC leads to a more effective 3D network because the longer
molecular chain can serve as tie molecules more efficiently.[24]

Therefore, the crystallinity and the resultant molecular network
of PVC make its rheological properties hard to compatible with
extrusion-based AM. Thus, lots of variables should be considered
for the 3D printing of PVC. To the best of the authors’ knowl-
edge, there are a few research works on the feasibility of PVC 3D
printing. For instance, Calafel et al.[25] investigated suitable rhe-
ological conditions for FFF 3D printing of the plasticized PVC
employing DINP from 10% up to 40 wt.% in which the final fila-
ment could be completely flexible. They failed to investigate the
mechanical properties. Nevertheless, they concluded that higher
nozzle diameters enhance printability with the aid of filament
buckling prevention. More rigid filaments with higher compres-
sive modulus withstand buckling employing lower nozzle diam-
eter. Shear thinning of PVC makes its rheological behavior more
suitable at higher shear rates (higher printing speeds) but higher
volumetric output flow leads to buckling. PVC filament print-
ability was examined at printing temperatures of 180 to 210 °C.
Although no buckling occurred at lower printing temperatures,
the existence of a tiny crystalline network causes clogging dur-
ing extrusion. Thus, a higher temperature below its degradation
point seems suitable for the 3D-printing of PVC. They also intro-
duced self-plasticized PVC-acrylate copolymers as suitable PVC-
based feedstock for 3D bio-printing.[26] Peñas et al.[27] introduced
Phase-Separated PVC-Acrylate Copolymers that can be printed
by screw-driven 3D printing but not FDM because of their high
melt viscosity. Singh et al.[28] manufactured a biocompatible fila-
ment composed of 70% PVC, 30%PP, and 40% Hap for FDM
3D printing with applications in scaffold porous structures[29]

and bio-sensing.[30] Lewenstam et al.[31] modified an FDM 3D
printer to directly print a pre-fabricated composite block of highly

loaded PVC by KCL salt, employing a piston and extrusion die.
Kumar et al.[32,33] prepared a magnetic composite of PLA-PVC-
wood dust-Fe3O4 for FDM 3D printing by addition of 25 wt.% of
PVC just to improve the flowability of the composite.

Limited operating temperature range, poor adhesion between
rasters, high melt strength, and buckling are issues with PVC 3D
printing by FDM. The extraordinary plasticization strategy was
utilized to address this issue in all previous cases, which deterio-
rates the superior mechanical properties of rigid PVC by mak-
ing the final product flexible as an elastomer. Although small
molecule plasticizers such as phthalate esters increase the tough-
ness and improve the rheological properties of PVC, their migra-
tion phenomenon affects the modified PVC’s long-term perfor-
mance and causes health problems.

Therefore, in this research, for the first time, food-grade pure
PVC has been successfully additively manufactured by control-
ling and adjusting printing parameters. It has both the advan-
tages of not overusing destructive and unsanitary additives and
obtaining the most superior macro-structural mechanical proper-
ties among the FDM printed samples with other commercial fila-
ments. The nozzle printing temperature of 200 °C was selected as
the main parameter while raster angle, layer thickness, printing
velocity, and nozzle diameter were also determined as variable
parameters to investigate the mechanical properties. The macro-
structural mechanical properties studies include tensile, flexural,
and compressive tests, as well as Scanning Electron Microscopy
(SEM) imaging. Finally, to elaborate on the importance of using
PVC in 3D printing, the results of tensile mechanical properties
were compared with available 3D-printed thermoplastics. The re-
sults of this research, as a comprehensive experimental work, can
attract attention to employing PVC for AM and expand the di-
verse applications of PVC 3D printing.

2. Experimental Section

2.1. Materials and 3D Printing

Nontoxic food-grade PVC granules prepared by Pishro Plast Be-
spar Co. with a K value of 65 were selected as the raw mate-
rial. The K value provides important information about the phys-
ical properties (mechanical and rheological) of PVC’s molecu-
lar weight, its distribution, and the related viscosity. Skillicorn
et al.[34] reported that the PVC with a K value of 65 has an inherent
viscosity of 0.88 dL g−1, Mn = 38.5× 103 g mol−1, Mw = 78.0× 103,
and PDI ≈2.

To print the final samples by FDM, first, a filament with a di-
ameter of 1.75 mm along with smooth surface was developed
using a laboratory-made single-screw extruder equipped with a
1.75 mm diameter circular die, with a length over diameter ra-
tio of 15 and stage temperature of 210 °C. The shear rate of the
extruder was set at 25 rpm using a servo-motor. After qualita-
tive and quantitative examination of PVC filaments, the printing
of samples began using a laboratory-made single nozzle FDM
3D printer. For the first time, several vital points were consid-
ered to print the samples due to the special conditions of PVC
printing. Because of the PVC’s poor adhesion on the printer’s
bed, PVC pipe glue was used to ensure the adhesion of the first
layer. The most important challenge in PVC printing is the choice
of printing temperature. As mentioned before, there is a very
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Figure 1. Definition of RA relative to loading and/or deformation direction for a) tensile and b) flexural tests.

Figure 2. Materials and equipment used: a) PVC granules, b) extruder, c) PVC filaments, printed samples of d) tensile, e) bending, and f) compression
tests.

limited operating temperature range whose cooperation with
other printing parameters such as speed, nozzle diameter, and
layer thickness affects the rheological behavior, bucking and qual-
ity of the manufactured parts. For this purpose, the constant noz-
zle printing temperature of 200 °C was considered for all sam-
ples, and to achieve the optimal mechanical properties, printing
speed, layer thickness, and nozzle diameter were manipulated
considering printability. It should be noted that this temperature
was the highest possible one for PVC printing and any increment
could cause thermal degradation (yellowing). The color change
and yellowing of some printed samples according to Figure 1 are
also due to this issue. Of course, it is possible to print at lower
temperatures (range 180–200 °C) under certain printing condi-
tions and parameters. However, lowering the printing tempera-
ture causes incomplete melting of PVC crystals and higher melt
strength, which manifests itself in different ways during print-
ing. They are listed as nozzle clogging, filament buckling, and
poor deposition.

All the samples were prepared with 100% infill density at
the platform temperature of 60 °C. Variable parameters are pre-
sented in Table 1. Figure 1 shows the definition of the Raster An-

Table 1. Selected PVC printing parameters range to investigate the effect of
Raster Angle (RA), Velocity (V), Nozzle Diameter (ND), and Layer Thick-
ness (LT) on mechanical properties.

Sample ND [mm] LT [μm] V [mm s−1] RA (̊)

Effect of RA 1 0.8 200 20 0

2 0.8 200 20 90

3 0.8 200 20 ±45

Effect of V 4 0.8 200 30 0

1 0.8 200 20 0

5 0.8 200 10 0

Effect of ND 1 0.8 200 20 0

6 0.4 200 20 0

Effect of LT 5 0.8 200 10 0

7 0.8 300 10 0

gel (RA) relative to the loading or/and deformation axis for two
tensile and flexural tests. Also, equipment, materials, and printed
samples for mechanical tests are presented in Figure 2.
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Figure 3. DMTA curve of the 3D printed PVC sample.

2.2. DMTA and SEM

Dynamic mechanical thermal analysis (DMTA) test was per-
formed to investigate the thermomechanical behavior and to
determine the different thermal zones of PVC. This test was
conducted by a dynamic mechanical thermal analyzer (Met-
tler Toledo, Switzerland) over a temperature range from −20 to
120 °C with a 5 °C min−1 heating rate and a constant 1 Hz fre-
quency using a cantilever 3D printed beam with the geometry of
40 × 10 × 1 mm under bending mode (ASTM D4065-01 stan-
dard).

Imaging was also performed using the SEM to evaluate the
bonding quality between layers. Before imaging, the samples
were immersed in liquid nitrogen and then coated with gold.
Imaging was performed using PhilipsXL30 Scanning Electron
Microscope (The Netherlands) with secondary electron imaging
mode.

2.3. Mechanical Properties

Uniaxial tensile, compression, and flexural tests were performed
on all seven groups of PVC samples presented in Table 1 to in-
vestigate the macro-structural mechanical properties and the ef-
fect of printing parameters. All the samples were successfully
printed except for the compression test sample for group 4. Com-
pression samples have smaller dimensions (10 × 10 × 10 mm)
than the bending and tension tests, and the printing time of each
layer is much shorter. With an increase in velocity (30 mm s−1),
this time becomes shorter, and the movement of the nozzle on
the uncooled layer causes the surface to get deteriorated. There-
fore, the bottom molten layer cannot support the next printing
layer, bringing about a lack of inter-layer adhesion. Tensile spec-
imens were printed according to the ASTM D638 type V stan-
dards. Due to the validity of the tensile test results, five sam-
ples were prepared for each sample code. After checking the re-
sults, the data with a difference of >20% compared to the av-
erage were removed, and then the average and standard devia-

tion using the STDEV.S function in Excel software were calcu-
lated and reported for each parameter. The compression test stan-
dard was ISO604:2002 that was used by Ratiu et al.[35]. A flexu-
ral test was conducted on samples printed in the dimensions of
50 × 10 × 3 mm using a three-point bending fixture equipped
with cylindrical supports with a diameter of 5 mm and center to
center distance of 30 mm. All the tests were performed, at a dis-
placement rate of 3 mm min−1, at room temperature. A universal
testing machine manufactured by Khallagh Sanat Atieh Peyman
Company equipped with an S-shaped load cell with an accuracy
of 0.1n was employed for testing.

3. Results and Discussion

3.1. DMTA

Figure 3 demonstrates the DMTA result of the 3D-printed PVC
sample. Tan 𝛿 peak represents the glass-to-rubber transition,
which ranges from 55 to 85°C with a central peak of 72 °C as the
glass transition temperature (Tg). The storage modulus shows a
constant decrease with an increase in temperature before show-
ing a steep decrease ≈55 °C, as the start of the glass-to-rubber
transition. According to the available literature, the addition of
essential additives to the PVC, like thermal stabilizer, fire retar-
dant, and plasticizer results in a continuous decrease in the stor-
age modulus with increasing the temperature that can also be
seen in Figure 3.[25,36] It makes the modified rigid PVC product
exhibit a vast range of stiffness before the main glass-to-rubber
transition.

3.2. Effect of Raster Angle

Figure 4 shows the results of uniaxial tensile, compression, and
flexural tests (stress-strain curves) for investigating the effect of
different RAs on mechanical behaviors. Also, the quantitative
results extracted from Figure 4 are presented in Figure 5 for
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Figure 4. Effect of raster angle on the mechanical behavior of PVC 3D
printed with FDM under a) tensile, b) compression, and c) bending
modes.

various mechanical parameter examinations. According to Fig-
ure 4, RA is a basic controlling printing parameter that can
be altered to achieve the desired mechanical properties. The ef-
fect of RA on mechanical behavior such as strength, elongation,
and elastic modulus under different loading modes is well ob-
served due to the orientation-dependent nature of mechanical
properties.[37,38] The best properties are obtained for the sample
with the RA in the same direction as the loading axis. The max-
imum effect of the RA has appeared in the tensile and flexural
modes. The bending deformation mode also has a tensile nature
of the longitudinal tension and compression in the top and bot-
tom region of the neutral axis, respectively, making the tensile
and bending behaviors have a relatively same trend as the RA
alteration.[39] The maximum tensile and flexural strengths are

Figure 5. Results of tensile, compression, and bending tests for different
raster angles.

77.27 and 201.49 MPa, respectively, for the sample with RA of
0̊̊, while for the sample with RA of 90, these values fall to 23.77
and 40.58 MPa, respectively. This considerable difference (3.25
and 4.97 times for tensile and bending modes) is due to the fail-
ure mechanism and the rupture start point. Sample 3 exhibits
lower deformation stress with an almost same failure strain and
broader and gentler post UTS stress drop than sample 1. It can be
deduced that sample 3 has a softer behavior than sample 1. The
lack of a distinct detectable yield point for sample 3 in both com-
pression and flexural tests can be introduced as another charac-
teristic of the softer failure. According to the literature, two types
of failure mechanisms, including failure in the raster and de-
bonding or open linkage in the fibers, are dominant in printed
PVC samples as well as other printed thermoplastics such as PLA
and ABS.[40–42] For sample 1 with the RA in the same direction as
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the loading axis, the rupture in the rasters causes the failure. In
fact, the rasters are stretched in the applied force direction and
their tearing causes failure in the sample. In contrast, for sam-
ple 2 with the RA of 90̊, the applied force is concentrated at the
raster interfaces, which are the weakest areas of FDM 3D printed
parts due to the presence of cracks and defects that resulted from
incomplete raster coalescence. Therefore, these factors cause a
de-bounding failure mechanism associated with a sharp drop in
the results of the tensile properties leading to the lowest amount
of the obtained mechanical properties for RA of 90 ̊. For the al-
tered RA of ±45, the failure mechanism is slightly different. As
a matter of fact, the strength and elongation are determined ac-
cording to the percentage and changing the angle of the accom-
paniment rasters. Therefore, the sample with an RA of ±45 has
lower and greater strength than samples 1 and 2, respectively.
Also, the highest amount of elongation (12.35%) was obtained
for sample 1. In fact, in sample 3, the rotation of the PVC rasters
in the tension direction delays the rupture and prevents sudden
and brittle failure, and increases the elongation. Thus, the elon-
gation for sample 3 (10.33%) with ±45 RA is more than sample
2 that is consistent with previous research.[39,43]

Figure 4b shows the uniaxial compression tests of samples
1–3. Samples 1 and 3 show distinctive yield stress and a subse-
quent stress-hardening. The yield stress of samples 1 and 3 is
62.29 and 46.45 MPa, respectively. Because of the out-of-plane
mode selection for the compression test, samples 1 and 2 have
the same raster angle relative to the loading direction. The na-
ture of compression makes the interlayer voids and cracks get
close in out-of-plane loading.[44] As a result, there is no detectable
macroscopic rupture regarding Figure 4b. On the other hand,
the possibility of stress concentration at the interface of the adja-
cent rasters due to printed layers expansion in out-of-plane com-
pression may have acted as the most destructive phenomenon.
These two competitive phenomena may result in an increase or
decrease in yield stress and elastic modulus by the dominance
of each. The compression-induced crack closure causes samples
to exhibit a detectable yield, and subsequent strain-hardening
occurs rather than sudden rupture without any particular yield
point of the tensile test. The lower compressive yield stress of
sample 1 than its tensile mode may result from a more concen-
trated yield at the raster’s interface (as weaker zones for stress
concentration) in each layer. Also, the higher compressive elas-
tic modulus may stem from the mentioned crack closure. De-
spite the tensile test, out-of-plane compression may justify the
lower compression modulus of sample 3 than its tensile mod-
ulus because of the absence of the raster rotation in sample 3.
On the other hand, opposite to the tensile test, the lack of direct
perpendicular deformation on the interface of adjacent rasters in
the compression test may have increased the compression yield
stress of sample 3. Figure 4c shows the results of the bending test
for different RAs that are consistent with the results of Figure 4a
for the tensile test. It may result from the same deformation na-
ture of the tensile of the bending test and it is consistent with
the reference.[37] The significant differences between tensile and
bending results can be summarized as the lower strain at max-
imum stress in bending as well as its higher maximum stress.
There is an excess intralayer shear stress development in bend-
ing while half of the sample thickness is under compression and
a similar phenomenon was observed in reference.[45] These men-

tioned significant differences between tensile and flexural defor-
mation modes cause higher strength with more brittle behavior
in bending than tension. These dissimilarities between tensile
and bending have also been observed and reported in the litera-
ture, see, e.g., Refs.[46, 47]. The most important defect in the 3D
printed parts is the high density of cavities, which its effects be-
come less visible. Also, the intralayer welding effect should be
considered in the case of intralayer shear stress development.

3.3. Effect of Velocity

The stress–strain diagrams of tensile, compression, and flexu-
ral tests for 3D printed PVC samples printed with three differ-
ent velocities of 10, 20, and 30 mm s−1 are shown in Figures 6
and 7. As in the previous section, the most remarkable different
effects of printing velocity are observed in the tensile and flexu-
ral tests since the resultant defects play a more pronounced role
in these loading modes compared to the compression. The ten-
sile strength ranges between 57.05 and 88.55 MPa for the three
samples, while it is between 60.29 to 66.7 MPa for compression
mode. According to Figure 6, sample 5 that is printed with the ve-
locity of 10 mm s−1, has the best mechanical properties in all the
loading modes. Generally, the lower printing speeds of 10 and
20 mm s−1 exhibit the most negligible influence, while it gets
harsher for printing speeds of 30 mm s−1 for all loading modes to
some extent. The major phenomenon followed by printing tem-
perature alteration is the deposited molten rasters’ temperature
and the related melt elasticity, well-affecting porosity size, as well
as rasters’ interfacial strength. The lower printing velocity causes
more completed melting of the filament, resulting in lower vis-
cosity and higher extrudate temperature. This circumstance can
cause better bonding or even fusion between layers and neighbor
rasters, respectively.[48] Thus, the printing speed of 30 mm s−1

seems to be the critical speed that significantly affects the 3D
printed part strength. By raising the velocity, the trend decreases
such that it is not possible to print the compression sample at the
velocity of 30 mm s−1. Also, according to Figure 6c, samples with
the velocity of 10 and 20 mm s−1 have almost similar properties,
which may be contributed to the simple non-curved geometry of
bending samples. So, it can be said that another determinative
factor in choosing the velocity of 3D printing of PVC samples is
the geometry complexity.

3.4. Effect of Nozzle Diameter and Layer Thickness

The effects of nozzle diameter (0.4 and 0.8 mm) on the mechan-
ical properties of the 3D printed PVC samples in tension, com-
pression, and bending are shown in Figure 6. Utilizing a lower
nozzle diameter needs a higher pressure for extruding the fila-
ment (see Ref. [25] for more details). To address this issue, viscos-
ity modification by increasing the printing temperature seems to
be the only option. The possibility of PVC-burning makes a lim-
itation on printing temperature increase due to the nozzle clog-
ging. Therefore, ND of 0.4 mm as a minimum suitable diam-
eter for investigation has been selected with the same printing
temperature of 0.8 mm nozzle. It is also recommended to use
a smaller nozzle diameter to achieve a more desirable and bet-
ter dimensional accuracy and surface roughness, which results
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Figure 6. Effect of velocity and nozzle diameter on the mechanical behav-
ior of PVC 3D printed with FDM under a) tensile, b) compression, and c)
bending modes.

in an unsuitable increase in the printing time, at least for large
structures. According to Figure 6b, the nozzle diameter does not
significantly affect the mechanical properties in the compression
mode. The two curves with different nozzle diameters are per-
fectly matched until the post-yield strain of 30%. The results of
mechanical properties illustrated in Figure 7 reveal that by in-
creasing the nozzle diameter from 0.4 to 0.8 mm, the yield stress
and the elastic modulus in compression mode change by 0.2%
and 2.41%, respectively. This ineffectiveness of ND is also ob-
served in Figure 6a,c in the linear region, indicating the same
elastic modulus in tensile and flexural loading modes. Moreover,
in Figure 6a, the tensile strength for the sample 3D printed using
a 0.8 mm diameter nozzle is greater. Employing a nozzle with a
higher diameter with the same layer thickness causes the output

Figure 7. Results of tensile, compression, and bending tests for different
printing velocities and nozzle diameters.

extrudate cross-section geometry to be more elliptical, making
the resultant voids smaller. Ghorbani et al. investigated the effect
of melt extrusion rate on mechanical properties, especially the ge-
ometry of cracks, and showed that with an increase in extrusion
rate, the geometry changes and their size decreases, while they
can be removed with a further increase in the extrusion rate.[49]

In addition, higher demanded pressure for extruding through a
narrower nozzle may be affected by the limitation of the rotating
extruder’s gears-induced pressure without the subsequent fila-
ment slippage. This may result in underfeeding and intensifying
defect formation. All phenomena mentioned earlier cause a sub-
stantial drop in mechanical behavior by considerable defects for-
mation and lack of sufficient interfacial contacts for samples 3D
printed with a 0.4 mm diameter nozzle.

Macromol. Mater. Eng. 2022, 2200568 2200568 (7 of 12) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 8. Effect of layer thickness on the mechanical behavior under a)
tensile, b) compression, and c) bending modes.

Figure 8 demonstrates the effect of layer thickness (200 and
300 μm) on mechanical properties. The same trend is observed in
all three loading modes. It is also found that the layer thickness of
200 μm has a significant advantage in mechanical properties. Ac-
cording to Figure 9, the yield stress, tensile and flexural strength
for the 200 μm layer thickness are, respectively, 1.16, 1.27, and
1.28 times higher than those with the 300 μm layer thickness.
These trends for PEEK,[50] ABS,[51] and PLA [52,53] have been ap-
proved by previous researchers.

3.5. SEM

Figure 10 exhibits the failure cross-section images of 3D-printed
PVC specimens printed with different printing parameters by

Figure 9. Results of tensile, compression, and bending tests for different
layer thicknesses.

material extrusion. As can be seen, all samples have voids be-
tween the adjacent rasters as well as intralayer ones and this is-
sue is unavoidable in 3D-printed parts by FDM. According to the
figures, these voids were formed during FDM printing in intra
and interlayer rasters. Internal voids can result from incomplete
neck growth between adjacent intra and interlayer rasters.[54–56]

In fact, ideally, the rasters should be completely merged, which is
not possible because the rasters cool down very quickly and com-
plete integration (crack growth) does not take place.[57] Therefore,
these cavities are present in all samples due to the rapid cooling
rate, incomplete melting, and differences in the thermal proper-
ties of the two successive layers. Furthermore, the amount, num-
ber, geometry, and size of these voids can be controlled by ad-
justing some printing parameters. Among the most important

Macromol. Mater. Eng. 2022, 2200568 2200568 (8 of 12) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 10. SME images for the failure cross-section of printed PVC specimens with different printing parameters: a–c) V = 10 mm s−1, ND = 0.8 mm,
and LT = 200 μm, d–f) V = 20 mm s−1, ND = 0.4 mm, and LT = 200 μm, and g–i) V = 10 mm s, ND = 0.8 mm, and LT = 300 μm.

parameters, melt strength, rheology, feeding rate, and its system
can be pointed out. Melt strength depends on raw material and
temperature. Rheology is also controlled by a combination of ve-
locity, temperature, and nozzle diameter parameters.[49,56] PVC is
printed at the constant temperature of 200 °C due to high melt
strength and limitations in high-temperature printing (burning
due to not using additives harmful to health and medicine) and
this factor increases the possibility of buckling during printing.
For this reason, using a lower velocity improves the melt flow
and feeding process and the results of the mechanical proper-
ties also confirm this. For this reason, the two groups that have
the biggest difference in rheology are selected for this evalua-
tion (lower speed and larger nozzle diameter and vice versa). Fig-
ure 10a–c is associated with the sample with 200 μm layer thick-
ness, 10 mm s−1 printing velocity, and the nozzle diameter of
0.8 mm. The lowest printing speed of 10 mm s−1 has improved
the melting procedure and the deposition of the extruded mate-
rial due to the higher temperature of the molten filament, reduc-
ing the probability of the defect forming. On the other hand, the
second sample (d–f) does not have an appropriate layer quality.
Figure 10d–f depicts the cross-section of the sample with dou-
bled printing velocity and halved nozzle diameter. The low qual-
ity of this group is due to high velocity (less opportunity to re-
duce melt strength), and smaller nozzle diameter (reduction of
feeding rate). As discussed earlier, the cross-section geometry of
the deposited rasters determines the contact interface with sur-

rounding rasters. Bigger cylindrical cross-section geometry leads
to a smaller interface, while a more elliptical cross-section can
result in the highest possible interface. The cross-section of the
deposited filament through a wider nozzle with the same layer
thickness is more elliptical than that of a narrower nozzle. Fur-
thermore, the effects of the mentioned underfeeding due to the
employing of a 0.4 mm nozzle are considerable. As shown in Fig-
ure 10d–f, the resultant voids are too large and in higher num-
bers. Besides, more completed interfaces have been formed be-
tween adjacent rasters by comparing the SEM images on the first
and second rows of Figure 10. As mentioned, in the FDM pro-
cess, the output volumetric flow and the extrudate’s rheological
condition, determining the final product’s quality, are controlled
using a combination of printing parameters such as nozzle tem-
perature, velocity, nozzle diameter, and layer thickness. Compar-
ing Figure 10g–i with (a–c) reveals that the layer thickness in-
creases by 50%, while the other printing parameters are kept con-
stant. As can be seen, the average size and portion of the porosi-
ties for the sample with a higher layer thickness seem to be higher
because of the cross-sectional geometry of the rasters. Hernan-
dez et al. used an experimental-modeling approach to investigate
the effect of layer thickness on the mechanical properties. They
simulated the cross-section of printed rasters as two half-disks
and a rectangle. Their results showed that increasing the layer
thickness increased the density of the void (≈decreased structural
density) and reduced the tensile strength.[58] Also, printing with

Macromol. Mater. Eng. 2022, 2200568 2200568 (9 of 12) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Table 2. Effect of 3D printing parameters on the mechanical properties of PVC.

Code Compression Tensile Bending

E [mpa] Ys [mpa] E [mpa] S [mpa] El [%] E [mpa] S [mpa]

Effect of RA 1 791.16 60.29 685.90 77.27 12.35 1292.50 201.49

2 626.23 51.32 422.30 23.77 5.89 506.86 40.58

3 285.50 46.45 368.56 33.09 10.33 498.05 64.85

Effect of V 4 * * 756.81 57.05 7.55 1118.3 167.70

1 791.16 60.29 685.90 77.27 12.35 1292.50 201.49

5 844.40 66.77 732.96 88.55 13.24 1336.6 201.61

Effect of ND 1 791.16 60.29 685.90 77.27 12.35 1292.50 201.49

6 810.27 60.172 671.14 61.06 9.21 1107.8 162.12

Effect of LT 5 844.40 66.77 732.96 88.55 13.24 1336.6 201.61

7 706.35 57.70 660.63 69.57 11.26 1024.5 157.13

higher layer thickness demands a higher output flow, leading to
a lower temperature of the deposited filament with higher melt
elasticity. This phenomenon results in a lack of complete diffu-
sion and coalescence of adjacent rasters as well as intralayer. The
poor interfaces act as a valuable site for crack propagation that is
responsible for failure as reported in Ref.[59].

3.6. Comparison of Mechanical Properties Results with Previous
Research

The effect of printing parameters on the macro-structural me-
chanical properties of 3D-printed PVC samples is summarized
in Table 2. As can be found, among the examined printing pa-
rameters, velocity, and raster angle play the most important roles,
while layer thickness and nozzle diameter have the least impact.
However, RA is determinative in all three loading modes; e.g.,
in the tensile and flexural, the difference in mechanical proper-
ties is very considerable. About the effect of velocity, under the
same conditions, increasing printing speed from 10 to 20 mm s−1

causes the tensile strength and elongation to decrease by 12.7%
and 6.8%, respectively. In addition, the effect of printing param-
eters varies in different loading modes because the defects and
void portion are more determinative in tensile and flexural tests
than in compression. Sample 5, which is printed with a velocity
of 10 mm s−1, raster angle 0̊, has the best mechanical properties
among all samples. Compared to the worst sample (2), this model
has the superiority of 3.77 and 4.98 times higher strength in ten-
sile and flexural strength, respectively. Table 3 compares the ten-
sile strength of 3D printed PVC with the tensile strength of other
commercial 3Dprinting filaments reported in previous research
works. As can be seen, the FDM feedstock collection clearly suf-
fers from the absence of a high-strength material like PVC for
FDM 3D printing technology. One of the main challenges in 3D
printing with FDM is the low strength of the produced samples,
getting most of the research in this field to focus on it. How-
ever, the proposed solutions for the use of new materials, post-
heat treatment, and fabrication of different composites (use of
fibers and nanoparticles) have produced new challenges. Accord-
ing to Table 3, the highest tensile strength achieved with PVC
is 88.55 MPa, which is at least twofold greater than that of all

Table 3. Comparison of mechanical properties of the present 3D-printed
PVC with other 3D-printed materials reported in the literature.

Material Input UTS Reference

PVC LT, V, ND, RA 88.55 This study

ABS ID, LT, RA 33.78 [60]

ABS IP, ID, LT 31.6 [61]

ABS RA, RW, O 34.07 [62]

PETG IP, LT, ID 30.25 [63]

PLA IP 15.4 [64]

PLA T, V, ID 45.27 [65]

PLA LT, V, T, ND 45.82 [66]

Nylon ID, V, LT 43.50 [67]

PEEK ND, T, LT 73 [68]

PEEK ND, V 74.24 [69]

PEEK T, LT 77 [50]

conventional and commercial thermoplastics used in FDM such
as ABS, PLA, PETG, and Nylon. It is a significant accomplish-
ment compared to other samples made of other materials in pre-
vious studies. In addition, the mechanical properties obtained for
PVC are even better than PEEK. Using PEEK is one of the solu-
tions for printing high-strength parts, which comes with a much
higher cost than other commercial filaments. The high price of
the raw material, the need for additional equipment, a higher ero-
sion rate, and more expensive printers due to the high printing
temperature for PEEK are some of the limitations can be found
this material. Therefore, the use of PVC can be one of the best
options to solve the problems with the low strength of the FDM
3D printed part without an additional cost.

4. Conclusion

In the present research, for the first time, food-grade, non-
modified PVC filament was processed and 3D printed by ad-
justing FDM 3D printing parameters. In fact, in this research,
without overusing f destructive and unsanitary additives such as
phthalate esters plasticizer, which is the first option to increase

Macromol. Mater. Eng. 2022, 2200568 2200568 (10 of 12) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

 14392054, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.202200568 by T

est, W
iley O

nline L
ibrary on [20/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.mame-journal.de

the processability of PVC, tensile, pressure, and bending test
samples were successfully printed. The effects of velocity, noz-
zle diameter, layer thickness, and raster angle were comprehen-
sively investigated, and the following outstanding results were
achieved:

(a) A wide range of mechanical properties was obtained under
the effect of printing parameters alteration as 23.77–88.55,
46.45–66.77, and 40.58–201.61 MPa for tensile, compres-
sion, and flexural strength, respectively. It shows the impor-
tance of FDM printing parameters, especially for PVC.

(b) The effect of printing parameters on mechanical properties
was greater in tensile and flexural loading modes. The differ-
ence between maximum and minimum tensile and flexural
strengths was reported at 3.73 and 4.97, respectively, while
this ratio was 1.44 in compressive mode. The most impor-
tant defect in the 3D printed parts is the high density of cav-
ities that are the source areas of crack growth and failure.
Their closure in compression makes their effects less visible
in comparison with tensile modes.

(c) Raster angle and printing velocity had the greatest effect on
the mechanical properties. Contrarily, the layer thickness and
nozzle diameter exhibited the least effect. These results are
consistent with previous research for other 3D printed mate-
rials. The RA changes the failure mechanism, while the ve-
locity directly determines the output flow volume, temper-
ature, and melt elasticity whereby the printing quality can
change.

(d) SEM results were consistent with mechanical properties. The
velocity and layer thickness showed a significant effect on the
cavities’ density, their sizes as well as portions, and the fusion
of the rasters.

(e) The maximum amount of tensile strength for the PVC
3Dprinted samples was obtained in terms of 10 mm s−1

printing velocity, 0.8 mm nozzle diameter, 200 μm layer
thickness, and the raster angle of 0. Also, the highest ten-
sile mechanical properties were obtained compared to other
FDM commercial filaments, such as ABS, PLA, PETG, and
PA.

(f) The printing methodology in this research can be one of the
simple and practical solutions to address the issue of the poor
strength of PVCs 3D printed parts by FDM.
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