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Abstract. This paper investigates the mechanical behavior of 3D-printed Polyethylene
Terephthalate Glycol (PETG) before and after exposure to low and extreme-low
temperature. Before printing, melt shear viscosity of the PETG was investigated as a
function of temperature and shear rate to evaluate its flowability. 3D-printed PETG
specimens with four different patterns (full, circular, honeycomb, and strip) were
subjected to deep cryogenic treatment for 24 h, and thermal annealing cycles at —40°C.
Tension tests were performed to evaluate the mechanical properties of the 3D-printed
samples before and after thermal treatments. Experimental results show that mechanical
properties of the 3D-printed samples have a close relationship with the printing pattern.
The honeycomb specimens exhibit the highest specific strength (tensile strength/ weight)
among the other 3D printing patterns. No statistical significant alterations of mechanical
properties are observed after exposure to thermal annealing cycles at —40°C, indicating
that this material may be successfully used to manufacture parts that will be exposed to
low temperatures during operation. The mechanical properties of the cryogenically
treated samples decrease significantly as compared with the un-treated samples for the
same printing conditions. However, depending on the printing pattern, the 3D-printed
PETG samples maintain at least 75% of its untreated mechanical properties after the
cryogenic treatment.

Key words: cryogenic, mechanical properties, additive manufacturing, Polyethylene

Terephthalate Glycol copolymer.

1. INTRODUCTION

In the last years, due to the ability to fabricate complex, lightweight objects
with unique properties and functionality [1-5], the 3D printing technologies have
been playing a key role in several industries such as automotive, aerospace and

! Center of Excellence Polymer Processing, “Dunarea de Jos” University of Galati, 47 Domneasca,
800008, Galati, Romania

2 «politehnica” University of Bucharest, 313 Splaiul Independentei, Bucharest, Romania

*Corresponding author: Catélin Fetecau, catalin.fetecau@ugal.ro

Ro. J. Techn. Sci. — Appl. Mechanics, Vol. 64, N° 1, P. 21-41, Bucharest, 2019



22 F. Stan, N.-V. Stanciu, I.-L. Sandu, C. Fetecau, A. Serban 2

defense, and others including healthcare. For instance, in 2016, revenues from
automotive applications amounted to over $3.9 billion, and about $2.4 billion from
aerospace and defense applications [6,7], while the additive manufacturing industry
grew 25.9% corporate annual growth rate (CAGR) to $5.165 billion in 2015 [7].
According to the latest market analysis reports, the demand on 3D-printing is on
significant rise. The global spending on 3D-printing, which includes hardware,
materials, software, and related services, is expected to exceed $14.0 billion in 2019,
an increase of 23.2% over 2018, and reach $23.0 billion in 2022 with a five-year
CAGR of 18.4% [8]. Moreover, considerably high revenues from medical and dental
applications are also expected in the next years. For dental and medical support
objects, including tissue, organ and bone printing, a five-year CAGR exceeding 21%
is predicted in 2019 [8].

The 3D-printing technologies are primarily used in prototyping, product
development, and innovation in the automotive industry, aerospace industry, medical
industry etc. [9, 10]. However, in the last years, the 3D-printing technology has also
been applied to create real-life applications, from athletic shoes to vehicle interiors,
and from apparel to personalized medical devices. The 3D-printing technology is
also a desirable option when one need to replace parts (spare parts) from discontinued
equipments or devices since the old technical drawing is simply converted into a
CAD file and printed, resulting a part that is cheaper, stronger and lighter that the
original one. With home 3D printers available at reasonable prices, another trend
that becomes more and more striking over the years is the use of 3D-printing in
schools, public libraries and homes that will have a large impact on creativity and
innovation [11, 12].

Regardless of the applications, a good design of a 3D-printed part is to have
excellent quality with minimal anisotropy [1-5]. However, mechanical properties,
including mechanical anisotropy (part-to-part and intra-part variations) pose the
largest problem in manufacturing with 3D-printing [13—16]. The mechanical properties
of 3D-printed parts (stiffness, tensile strength, stress and strain at break) can be
affected by a number of factors, including the filament properties (density, molecular
weight, type and quality, etc.), the AM process parameters (bed and extrusion
temperatures, printing orientation, layer size, infill pattern and%, cross-section
area), and post-processing (method and time) [17-23]. Residual stresses, which are
developed due to the thermal expansion or contraction during 3D-printing, also
influence the strength of 3D-printed parts [24-27]. Thus, it is very difficult to
control the mechanical properties of the 3D-printed part and predict how it would
behave given a certain mechanical load.

The question as to what material property should be considered for designing
a 3D-printing part now arises. In general, in the absence of standards for 3D-printing,
it is recommended to design the 3D-printed part such that the load in the part is
aligned with the strongest orientation of the printed material [4, 28]. However, for
practical applications, the weakest property of the 3D-printed part may be considered
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for design factor (what the part is required to be able to withstand), but it would be
best if the relationships of processing parameters and mechanical properties can be
fully understood [17, 18, 29, 30].

Due to distinct advantages over conventional fabrication techniques, 3D-printing
technologies promise solutions for aerospace field for which components with a
combination of lightweight and high mechanical properties for extreme loading
conditions are continuously sought [31].

Understanding the mechanical behavior of 3D-printed parts from very low to
very high temperatures is particularly important for space applications, since they
must function through a broad operating temperature range, from very low to high
temperatures. For example, the temperature in the International Space Station
ranges from —157°C to 121°C [32]. On the other hand, due to possible evolution of
the micro-structure during the exposure of plastics to low or high temperatures (e.g.
plastics will generally become stronger, stiffer and more brittle in cryogenic
temperature [33], and display reduced strength and elongation after long term
exposure to elevated temperature) it is important to know not only the required
strengths for each application, but also the mechanical properties of the 3D-printed
parts after long-term exposure to various environmental conditions (e.g. residual
mechanical properties). Most of the research papers focus on mechanical properties
of 3D-printed components at room temperature and how they are affected by various
process parameters [17-19, 34-37]. Only few papers reports on mechanical properties
at cryogenic temperatures [38—40] or realistic environmental conditions [41].
Preservation of mechanical properties of 3D-printed structures after exposure to
extreme environmental conditions plays an important role in the design to
manufacturing parts by 3D-printing for space applications; unfortunately, no studies
are available on the mechanical behavior of 3D-printed structures after exposure to
low and extremely low temperature (cryogenic temperature).

Thus, this research is focused on mechanical properties of 3D-printed PETG
parts after exposure to low, —40°C, and extreme low, —196°C, temperatures. Before
printing, the PETG filament was characterized in terms of melt shear viscosity, to
evaluate its flow features during printing, and mechanical properties. To study the
effect of cryogenic treatment on the mechanical behavior of the PETG, 3D-printed
specimens were subjected to deep cryogenic temperature by quench method. In
addition, 3D-printed specimens were subjected to low temperature thermal annealing
cycles at —40°C. The influence to residual mechanical properties is discussed.

2. MATERIALS AND METHODS
2.1. Material for 3D printing
The material considered in this research is a glycol modified version of

Polyethylene Terephthalate (3DXNano™ ESD-Safe PETG, 3DXTECH, USA) with
a surface resistance of 10 to 10° Ohm [42].
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PETG is designed for use in 3D-printing applications that require electrostatic
discharge protection and a high level of cleanliness. For this material, the
recommended printing temperature is 230 to 260°C [42].

2.2. Filament characterization

Melt flow index. To study the influence of temperature on the PETG flow
behavior, the melt flow index (MFI) of PETG was measured using the Melt Flow
Index Tester (CEAST Model 7021-7022, Instron, USA) with an applied load of
2.16 kg (MFL,) at 235, 245 and 255°C, respectively, and the results were expressed
in grams per 10 min (three times per sample). In addition, the MFI was measured
with a mass of 5 kg (MFI;s) at 255°C, and the MFIs/MF], ratio was referred to as
the melt flow rate (MFR).

Melt shear viscosity. Melt viscosity is a key parameter to consider when
setting process parameters for 3D-printing. Therefore, the viscosity of the PETG
was measured under a temperature range of 235 to 255°C, to evaluate its flow
features during printing. A high pressure capillary rheometer (Rheograph RG75,
Gottfert, Germany) was used for the measurement of melt shear viscosities at low
to medium shear rates (50 to 2000 s™). This rheometer was equipped with three round
capillaries with 1 mm diameter and length of 10, 20 and 30 mm, respectively. The
PETG filament was cut into small pellets of 2 mm length and, before testing, the
pellets were vacuum dried in oven at 80°C for 4 h.

Mechanical testing. PETG filament specimens of 100 mm length were directly
cut from the PETG filament spool. A universal testing machine (Testometric
AT 350, UK) with a 5000 N load cell was used to test the mechanical properties of
the PETG filaments. Each filament specimen was fixed in the pneumatic griping
system with a 50 mm gap. The test was carried out with a standard crosshead speed
of 5 mm/min [43]. At least eight filament specimens were tested and analyzed.

2.3. 3D-printing of the PETG specimens

Specimens have been printed using the commercial 3D printer (X400 printer,
3D German RepRap) from a single spool of PETG filament with an initial diameter
of 1.75 mm through a circular nozzle with diameter of 0.4 mm. The geometry of
the specimens is presented in Fig. 1 (ISO 527 — type 1BA [43]). The 3D model of
the specimens was modeled using Inventor software, exported as a stereolithography
(STL) file, and sliced using the “Cura 15.02.1” software [44].

In order to investigate the effect of cross-section/pattern on the mechanical
behavior of the 3D-printed specimens, in this research, four different patterns were
considered [45], as shown in Fig. 2 (left to right): full, circular, honeycomb, and
strip.
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Fig. 1 — Geometry for tensile testing of 3D-printed parts (units in mm).
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Fig. 2 — 3D view of specimens used for measurements of the mechanical response.

For the full cross-section, three printing directions (direction of material
bead/road relative to the loading of the part) were considered 0, 45, and 90°,
respectively, to investigate the influence of the layer orientation on the mechanical
properties of the printed samples (Fig. 3). Prior to 3D-printing of specimens, a
study on the sensitivity of the material to the printing parameters was conducted,
especially the melt temperature and platform temperature. Several specimens were
manufactured using different printing parameters and tested to measure their
mechanical properties and to observe any features.

The ranges investigated were 240 to 260°C for the extrusion temperature, 60
to 80°C for the bed temperature, and 0.1 to 0.2 mm for the layer height. The optimal
printing parameters were determined as 255°C for the extrusion temperature, 70°C



26 F. Stan, N.-V. Stanciu, I.-L. Sandu, C. Fetecau, A. Serban 6

for the bed temperature, 0.14 mm for layer height, and 20 mm/s for the deposition
speed. The fill percentage was set at 100% for all samples. Each sample was
printed flat (lying in the X-Y plane, as shown in Fig. 3), individually, at the same
position on the printing bed. All samples were printed using two wall-line counts
with 0.4 mm wall thickness, 0.14 mm layer height (in the Z direction, Fig. 3), and
0 mm air gap. The height of the top and bottom layers was nearly equal for all
specimens.
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Fig. 3 — Printing direction relative to the loading of the specimen: 0°, 45° and 90° (left to right).

2.4. Characterization of 3D-printed specimens

Cryogenic treatment. To study the effect of cryogenic treatment on the mechanical
behavior of the PETG, selected 3D-printed specimens were subjected to deep cryogenic
temperature (DCT) by quench method (QM). The schematic diagram showing the
configuration of the QM is presented in Fig. 4. In the QM, the 3D-printed samples
were submerged in liquid nitrogen environment (LNT, —196°C) and maintained for
24h. In order to minimize the thermal shock and prevent micro-cracking from rapid
cooling and direct contact with the liquid nitrogen, the 3D-printed samples were
placed into an in-house design container, which in turn was placed into the cryo
chamber. After the soaking period, the container was removed from the cryo chamber
allowing the natural rate of worm-up to room temperature (RT, 23 + 2°C).

Thermal annealing. Selected 3D-printed specimens were also subject to
thermal annealing in a climatic test chamber (VC*7018, Votsch Industrietechnik
GmbH). This consisted of a gradual cooling from RT to a temperature of —40°C
with a cooling rate of 1°C/min, a dwelling phase of 6 h and slow heating (1°C/min)
to the room temperature. The annealing thermal cycle was repeated three 3 times,
as shown in Fig. 4 (e.g. TA).

Mechanical tests. The untreated as well as the thermally treated specimens
were tested in tension using the Testometric universal mechanical testing machine.
All tests were performed at room temperature. Load and displacement were
continuously measured throughout each test. The load was applied at a standard
crosshead displacement of 5 mm/min [43]. At least five 3D-printed specimens were
tested and analyzed.
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Fig. 4 — Schematic representation of the quench (QM) and thermal annealing (TA) methods.

The load-displacement curves were transferred into engineering stress-strain
curves based on the nominal dimensions of the samples, including the CAD effective
cross-section area.

Young modulus was calculated as the slope of the stress-strain relationship
between 0.0025 and 0.005 strain, following ISO 527:2012 [43], while the tensile
strength is given as the maximum tensile stress. The specific tensile strength was
also calculated as the ratio between the tensile strength and the corresponding mass
of specimen [45].

3. RESULTS AND DISCUSSION
3.1. Rheological properties of PETG filament

Table 1 summarizes the MFI for the PETG filament. The results show that
the MFT increases with increasing melt temperature, indicating that the printing
capability would improve with increasing melt temperature. As shown in Table 1,
the value of the MFI, = 12.39g/10 min at 255°C is 4.6 times as the value of
MFI, = 2.67 g/10 at 235°C. On the other hand, the PETG has a MFR (MFIs/MFI,
ratio) of 1.64 at 255°C, indicating its suitability for 3D printing.

Table1
Melt flow index of PETG filament

Temperature [°C] | Mass [kg] | MFI [g/10 min]

235 2.67
245 2.16 3.77
255 12.39

255 5.0 20.35
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Figure 5 shows the double log-log plot of apparent shear stress vs. apparent
shear rate for different melt temperatures. It can be seen that the PETG behaves
like a pseudo-plastic liquid, i.e., a straight line can be drawn over at least two to
three decades of shear rate. Thus, the apparent shear stress as a function of apparent
shear rate was described by a power law [46]

T=Kqj" (1)
where K is the consistency index (the larger the K the more viscous the melt), and

n is the power law index (N < 1 for shear thinning). The power law parameters,
calculated using the linear regression, are listed in Table 2.
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Fig. 5 — Apparent shear stress versus apparent shear rate (log-log) for PETG.

Table2

Power law parameters

Temperature [°C] K [Pas"] n R?
235 4675.20 0.620 0.994
245 3207.01 0.647 0.993
255 1920.88 0.663 0.999

Figure 6 illustrates the melt shear viscosity as a function of reciprocal
absolute temperature (1/T), for different shear rates. For every shear rate examined,
the Arrhenius type dependence on temperature was observed, thus the activation
energy for flow was determined from the slope (E, /R, with E, — activation energy
and R— gas constant) of the Arrhenius plot (solid lines in Fig.6). At low shear rates
(1,000 s! and under), the PETG flow activation energy (80.42, 77.80, 69.97, and
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72.26 k J/mol for 50, 75, 250 and 1,000 s, respectively) decreases nonlinearly
with increasing shear rate, suggesting a change of the flow mechanism as a result
of structural modification of the PETG melt (change in the polymer structure).
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Fig. 6 — Temperature dependence of apparent melt shear viscosity.

Figure 7 presents the melt shear viscosity (Bagley and Rabinowitsch-Weissenberg
corrections applied) as a function of shear rate during capillary extrusion of PETG
for different melt temperatures, in a bi-logarithmic scale. In the investigated
temperature range, the melt shear viscosity decreases linearly with increasing shear
rate, indicating non-Newtonian flow behavior (shear thinning behavior, n < 1)
nearly the entire range of the shear rate domain.
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Fig. 7 — Melt shear viscosity of PETG at different melt temperatures.
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3.2. Mechanical properties

Prior to tensile testing, all printed samples were individually inspected,
weighted and measured to evaluate the printing accuracy (Table 3). The
measured dimensions of the 3D-printed specimens were compared with
nominal CAD dimensions. It is important to note that no major, visible defects
were observed.

For the full cross-section, Table 3 shows a negligible effect of printing
orientation on the specimen weight (less then 1% reduction in weight when the
printing angle is changed from 0 to 45 and 90°). On the other hand, Table 3
indicates a substantial reduction in weight of approximately 50%, 35% and 35%
for the honeycomb, circular and strip pattern specimens, respectively, as compared
to 0° raster orientation (which is considered the base line).

The thickness of the 3D-printed samples is undersized except for circular
pattern, which is oversized, as shown in Table 3. The undersizing of thickness is
related to the thermal shrinkage of the roads during the printing process, and
adhesion between the roads [47, 48]. As shown in Table 3, shrinkage tends to be
smaller as the printing angle changes from 0°, to 45° and 90°. Taking the 45° and
90° for examples, due to the fact that the roads are shorter as compared with 0°,
the contraction of the previously printed rods is restricted by the current road.
The process continues as further layers are printed. However, the 3D-printed
PETG samples shrink maximum 6%, although this varies depending on the
printing pattern. The 45° samples have far less shrinkage (~2%).

Table 3

Dimensions of the 3D-printed samples

Pattern/Cross-section
Property Strip Honeycomb Circular Full 0° Full 45° Full 90°
Weight [¢] 076020008 0.580+0.002 07600902 | 1 1760:004 | | 17920004 | | 1720004
Thickness | 9120043 1.90%0.074 2. 054%0-024 1.880033 1.960019 1.91%0034
[mm] . . . . . .
Fj;‘r]mkage 435 4.17 -2.69 6.12 1.90 430
0

Figure 8 shows optical images of the 3D-printed specimens at three different
printing orientations, both in-plane (X-Y) and out-of-plane (thickness, X-Z) directions.
Figs. 8a and 8b show roads that were not well adhered to the adjacent roads in the
in-plane, but well fused roads out-of-plane. Moreover, for the 45° raster orientation
(Fig. 8b), between every other road there was a gap and the previously printed
layer can be seen.
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For the 90° orientation, Fig.8c shows well fused roads both in the in-plane
and out-of-plane directions. This is because for 90° orientation the printing path is
shorter compared to 0° and 45° orientations and the polymer does not cool down
before the next road is printed next to it. In summary, good quality printing process
was produced with well fused out-of-plane roads and some inconsistently fused
(non-contacting roads) in-plane roads.
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Fig. 8 — Optical micro-graphs (front X-Y, and thickness X-Z faces) of 3D-printed samples.
Solid layers are oriented (a) 0°, (b) 45° and (c) 90° from the longitudinal axis.

Figure 9 shows the representative engineering stress-strain curve determined
for the as-received PETG filament. PETG filament displays ductile elastic-plastic
behaviour with a stiffness of 1626 + 53.5 MPa and tensile strength of 43 + 0.16 MPa.

To highlight the effect of printing direction on the mechanical properties, we
compare, in Fig. 10, engineering stress-strain response under tension of the
3D-printed PETG for 0° and 90° printing directions. All 3D-printed samples
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display a ductile behavior in tension, with small difference up to the maximum
stress, between 0° printing direction (the blue curve), and 90° printing direction
(the red curve). However, the tensile ductility of 90° specimens was 110% less in
comparison to the 0° specimens.
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Fig. 9 — Engineering stress—strain curve for PETG filament at 5 mm/min.
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Fig. 10 — Engineering stress—strain curve for PETG filament at 5 mm/min.
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Figure 11 shows the effect of the cross-section/pattern on the engineering
stress—strain curves measured for the untreated 3D-printed samples. It can be seen
that the 3D-printed samples with strip pattern (red curve) exhibit the highest tensile
strength, while the specimens with circular pattern (green curve) display brittle
behavior with substantial reduction in tensile strength and elongation at break
(tensile ductility of only 2%).
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Fig. 11 — Effect of pattern on the engineering stress-strain curves of the untreated
3D-printed PETG samples.

The tensile response of circular, honeycomb, and strip pattern specimens was
brittle, with average tensile ductility of order 2, 4 and 5%, respectively (Fig. 12). The
0° and 45° specimens, on the other hand, display a ductile elasto-plastic response with
necking and tensile ductility of order 120% and 90%, respectively. Specimens with 90°
printing orientation experienced a moderately ductile fracture (tensile ductility of order
10%) since failure occurs mainly in inter-raster fusion bonds [49], as shown in Fig. 12.

H l

Fig. 12 — Fracture mode of 3D-printed PETG samples.

Compared to tensile strength of the PETG filament (Fig.9), the 3D-printed
parts showed higher or comparable tensile strength except for the circular pattern,
which exhibited much smaller tensile strength (about 20% lower). Taking 45° or 90°
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printing orientation for examples, no significant difference in tensile strength
between the PETG filament and 3D-printed samples is observed. This is most
likely due to the high extruder temperature that created significant thermal bonding
between roads and layers causing very good fusing [41].

Figure 13 shows the effect of thermal treatment on the mechanical properties
of 3D-printed PETG specimens. The corresponding mechanical property values
(the average and standard deviation of a set of five specimens) for each printed
configuration are summarized in Tables 4 to 6.

It is important to note that while the stiffness and tensile strength were fairly
similar between the specimens with the same batch (number of replicates), there
was a large amount of variability in the strain at break, especially for the 45° pattern.
However, the variation between specimens with the same batch was slightly higher
for the cryogenically treated specimens than the untreated and thermally annealed
specimens.

For the un-treated full cross-section parts (UT), when comparing the printing
orientations, as shown in Fig. 13a and Table 4, it is observed that the Young modulus
and the tensile strength for 0° orientation is only 2—3% higher than for 45° or 90°
orientations, with no significant reduction in the weight. Furthermore, it is observed
that the honeycomb pattern gives similar elastic modulus (2368.25 £+ 23.65 MPa) to
the circular and strip patterns (2353.50 + 18.30 MPa and 2321.60 + 27.76 MPa,
respectively), but with approximately 25% weight reduction. The tensile strength
of the specimens with circular and honeycomb pattern is significantly smaller than
that of the specimen with strip pattern. The strain at break was highest for 0°
orientation and decreases constantly when it is changed to 45° or 90° orientation.
The samples with strip, honeycomb, and circular pattern have the lowest strain at
break, which correspond to a percent of approximately 2, 4 and 5%, respectively.

The same general trend (qualitative and quantitative) holds for the 3D-printed
specimens that undergone thermal annealing (TA) cycles at 40°C. As shown in
Fig. 13, for the six patterns, the thermally annealed and untreated 3D-printed
specimens were almost identical in their mechanical behavior, with very similar
mean Young modulus, tensile strength and tensile strain at break.

For thermally annealed specimens, the Young modulus and tensile strength
have relatively consistent results for the three printing orientations. More specifically,
the Young modulus of the specimens with 0° orientation (2042.85 + 46.99 MPa)
was slightly higher than that of the specimens with 45° (1991.78 + 51.29) and 90°
(1979.88 £ 56.20 MPa) orientation. This corresponded to a percent difference of
maximum 3%. Changing the printing orientation from 0°, to 45° and 90° has no
effect on the tensile strength of the thermally annealed 3D-printed samples. The
variation between specimens was about 2.5%.

For the cryogenically treated (CT) samples, it is observed that the raster
orientation has a significant effect on the Young modulus and tensile strength, as
indicated by the stiff slope in Figs. 13a and 13b, respectively. When comparing
the raster orientations, Table 6 shows a substantial reduction in Young modulus,
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of 10% and 25% for printed material in 45° and 90° orientations, respectively, as
compared with 0° orientation. The same general trend holds for tensile strength.

Table 4
Overview of mechanical properties of the untreated 3D-printed samples
Cross-section/ | Young Modulus | Tensile Strength Strain at Specific strength
Pattern [MPa] [MPa] break [MPa/g]

Full 0° 2068.43 £45.53 47.82+1.35 1.2120 £ 0.0002 40.66
Full 45° 2043.97 +26.89 46.55+1.49 0.9000 +0.238 39.72
Full 90° 2022.53 £23.67 46.66+1.13 0.0973 +£0.018 39.98
Circular 2353.50 +18.30 3430+2.12 0.0176 +0.002 45.13
Honeycomb 2368.25 £23.65 4225+1.53 0.0386 +0.009 72.59
Strip 2321.60 £27.76 51.01 £0.71 0.0503 +0.009 67.12

Table5

Overview of mechanical properties of 3D-printed samples after thermal annealing

Cross-section/ | Young Modulus Tensile Strength Strain at Specific strength
Pattern [MPa] [MPa] break [MPa/g]
Full 0° 2042.85 +46.99 46.35+2.62 1.2380 +0.009 39.41
Full 45° 1991.78 £51.29 4734 +£2.01 0.5790 £ 0.167 40.39
Full 90° 1979.88 +56.20 4720+ 1.36 0.0780 +£0.012 40.45
Circular 2258.53 +£113.77 36.21+1.24 0.0200 +0.002 47.64
Honeycomb 2333.58 £34.16 41.72 £ 1.11 0.0578 +0.008 71.68
Strip 2315.43 +£23.40 49.83 +1.24 0.0494 +0.008 65.57
Table6
Overview of mechanical properties of 3D-printed samples after cryogenic treatment
Cross-section/ | Young Modulus | Tensile Strength Strain at Specific strength
Pattern [MPa] [MPa] break [MPa/g]
Full 0° 1970.40 +43.01 43.74 £ 1.54 0.2645 +£0.035 37.19
Full 45° 1791.58 £10.49 37.94+1.58 0.0422 +0.004 32.37
Full 90° 1579.98 +£32.54 28.86 + 1.68 0.0247 +£0.002 24.73
Circular 2017.50 £171.26 46.62 +£1.82 0.0502 +0.006 61.34
Honeycomb 1902.83 £ 147.47 3548 +£1.14 0.0636 +0.018 60.96
Strip 1927.85 +£51.54 43.16+£2.53 0.0696 +0.006 56.79

The tensile strength of the 3D-printed specimens decreased from 43.74 + 1.54 MPa
to 28.86 £ 1.68 MPa with increasing printing angle from 0° to 90°. This corresponded
to a percent difference of approximately 35%. The tensile strength of cryogenically
treated parts was the largest in samples with circular pattern (46.62 + 1.82 MPa),
while the full-cross section specimens with 90° orientation exhibits the smallest
value (28.86 = 1.68 MPa) as shown in Fig. 13b and Table 6.
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Fig. 13 — Effect of thermal treatment on the mechanical properties of 3D-printed PETG samples
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The tensile strain at break of the cryogenically treated samples followed a
similar qualitative trend with the untreated samples. The strain at break of the
cryogenically treated samples was the largest for the 0° orientation (~26.5%) and
decreased asymptotically when the printing orientation changed to 45° (~ 4%)
and 90° (~2.5%), as shown in Table 6 and Fig. 13c. The samples with circular,
honeycomb and strip patterns, on the other hand, have comparable strains at
break (approximately 5 to 7%).

3.3. Statistical analysis

To study the impact of the cryogenic or annealing treatments on the mechanical
properties of the 3D-printed PETG specimens, and facilitate the comparison
between different sets of experiments, the data were statistically analyzed using the
ANOVA and t-test at a standard confidence level of a= 0.05 [50].

The annealing treatment at —40°C has no statistically significant effect on the
Young modulus, tensile strength, and strain at break of the 3D-printed PETG,
independently of the printing pattern (all p-values greater that any reasonable o).

Statistical analysis of experimental data indicates that the cryogenic treatment
has a significant effect on the Young modulus regardless of the printing pattern
(since all p-value < a, there is evidence for a difference in Young modulus between
the cryogenically treated samples and untreated samples).

Furthermore, the cryogenic treatment has a significant influence on the
tensile strength at 0.05 significance level (all p-value < o), except for the specimens
with honeycomb pattern, for which the data do not provide enough evidence to
claim that the cryogenic treatment has a significant effect on the tensile strength
(the t-test statistics is —2.35, with p-value of 0.078 greater that a).

Finally, based on statistical analysis it was concluded that the cryogenic
treatment has a statistically significant impact on the tensile strain at break of the
3D-printed specimens with 0° (p-value = 0.001 < a), 90° (p-value = 0.030 < o), and
circular (p-value = 0.001 < o)) pattern. However, there is no statistical evidence for
a difference in strain at break between the cryogenically treated and untreated
samples with 45° (t-stat = —3.60, p-value = 0.172), honeycomb (t-stat = 1.81,
p-value = 0.130 > ), and strip (t-stat = 2.63, p-value = 0.058 > o) pattern.

4. CONCLUSIONS

In this paper, the mechanical properties of 3D-printed PETG after exposure to
low, —40°C, and extreme low, —196°C, temperatures were investigated. 3D-printed
PETG specimens with different printing patterns were subjected to low and extreme-
low temperature by quench method and thermal annealing cycles, respectively.
Tension tests were carried out to evaluate the mechanical properties (stiffness,
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tensile strength, and elongation at break) of 3D-printed specimens before and after
thermal treatments. Based on the experimental results, within the limits of this
study, the following conclusions can be drawn:

(i) The selected set of printing parameters produced good quality 3D-printed
PETG parts with no visible defects.

(ii) The 3D-printed PETG samples maintain good mechanical properties after
thermally annealing cycles at —40°C (100% of mechanical properties of the un-
treated samples), indicating that this material can be used to manufacture parts that
will be exposed to low temperatures during the operation.

(i) The mechanical properties of the cryogenically treated samples were
generally lower (~10 to 25% depending on the printing angle/pattern) than those of
the un-treated and thermally annealed samples. Specimens with 0°, 45° and 90°
printing orientation were more sensitive to the cryogenic treatment than those with
circular honeycomb and strip patterns.

(iv) The honeycomb, circular and strip patterns allow reaching low weight
with a remarkably improved specific strength compared with 0°, 45° and 90° full
cross-sections.

(v) From these results, the honeycomb pattern is advised for manufacturing
parts that experience low temperature in-service, as it enables an ultra low weight
with high mechanical properties.

However, the effect of deep cryogenic treatment on the mechanical properties
of the 3D-printed samples need further investigations in order to develop a baseline
for the mechanical properties of cryogenically treated samples, that would be very
beneficial for design purposes, in the absence of test standards.
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