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Introduction

Physical aging and evolution of mechanical
properties of additively manufactured
polyethylene terephthalate glycolf

Sierra F. Yost,® Jordan C. Smith, Christian W. Pester (2 € and Bryan D. Vogt () *

Near net shape manufacture via material extrusion (MEX) of thermoplastics tends to rely on glassy amorphous
polymers to avoid stresses generated from crystallization. Polyethylene terephthalate glycol (PETG) has
emerged as a high performance, low-cost feedstock for MEX. Crystallization in PETG is suppressed by the
inclusion of cyclohexane dimethanol (CHDM) as a comonomer, but CHDM increases the segmental flexibility
that can accelerate physical aging. Repeated thermal cycling during MEX printing can accelerate physical
aging. Here, we investigate the aging of three commercial PETG filaments with different CHDM content.
Thermal analysis demonstrated increased aging as the CHDM content in the PETG increased. Aging of addi-
tively manufactured PETG demonstrated that the process path during printing leads to a distribution of aging
behavior. The thermal history is spatially dependent, leading to differences in how the PETG ages between
layers and location within a printed layer. Additionally, this aging in the MEX printed PETG induced changes to
the ultimate tensile stress and elongation at break that are dependent on the filament source. Accelerated
aging based on time—-temperature superposition demonstrated embrittlement of the printed PETG after the
equivalent of 1 year of aging at 25 °C in all cases. However, an unusual increase in both strength and ductility
after aging for the equivalent of 30 days of aging at 25 °C was observed with some PETG. Although print con-
ditions are commonly optimized for mechanical performance, long-term aging behavior needs to be under-
stood to ensure reliability of additively manufactured durable goods through their expected lifetime.

good mechanical performance (like ABS).*” PETG is a modified
copolymer of polyethylene terephthalate (PET) where up to 50%

The properties of material extrusion (MEX) additive manufac-
tured (AM) thermoplastics depend strongly on the processing
parameters with optimization of printing conditions being a
common strategy to improve performance.”™ Generally this
optimization has focused on maximizing a mechanical prop-
erty, such as the elastic modulus' and has been reported for
many plastics produced by MEX, including common filaments
like poly(lactic acid) (PLA)® and acrylonitrile-butadiene-styrene
(ABS).»* However, these plastics have disadvantages in terms of
poor mechanical performance (PLA) or challenges in printing
(ABS). Polyethylene terephthalate glycol (PETG) has emerged as
promising plastic for MEX with ease of printing (like PLA) and
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of the ethylene glycol in the PET is replaced with 1,4-cyclohexane-
dimethanol (CHDM).*® The inclusion of CHDM disrupts the crys-
tallization in PET and leads to a reduction in viscosity,'® crystalli-
nity, melting temperature, and glass transition temperature rela-
tive to PET. The CHDM content impacts properties such as alkali
resistance, tensile strength, melting temperature, elongation at
break, and crystallinity."* For 3D printing, the CHDM content in
the copolymer is typically sufficient to fully suppress crystalliza-
tion, but the elongation at break and tensile strength of PETG are
reduced.”

The optimization of printed properties tends to be con-
sidered directly after printing. However, plastics are commonly
exposed to environments that can alter their thermomechani-
cal performance.'®'* Prediction of the influence of weathering
on the service life of plastics is critical to acceptance of new
materials and processes in durable applications like sealants"®
and coatings.'® Although most applications proposed for AM
plastics are not outdoors, reliability in manufacturing of
durable plastic goods requires consideration of polymer aging
during its service life.’” There are a plethora of external factors
that can impact plastic properties over their service life.'® For

© 2025 The Author(s). Published by the Royal Society of Chemistry
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example, cyclic stresses on AM PETG leads to softening of the
plastic to a greater extent than with AM ABS.'® Aging can entail
three different mechanisms: chemical, biological, and
physical.>*** Chemical aging involves a permanent change to
the molecular polymer structure, such as oxidation, chain scis-
sion, or cross-linking, as a result of the environmental
exposure.”>® For PETG, chemical aging depends on the copo-
lymer composition as this is chemistry dependent.?®™®
Extended exposure to UV-C required for sterilization reduces
mechanical performance of 3D printed PETG by nearly 30%
while increasing creep compliance to reduce stability of the
printed shape.>*® Other aging routes may impact the per-
formance of 3D printed PETG over the lifetime of the printed
part, but this area is under explored.

Physical aging is driven by the deviation from equilibrium
of glasses and the small but finite mobility of polymer seg-
ments at temperatures below the glass transition temperature
(Ty). This mobility promotes densification of non-equilibrium,
glassy polymers towards their equilibrium density. This small
but finite densification®*?* can lead to substantial changes in
mechanical performance. Unlike chemical and biological
aging that can be avoided by environmental considerations,
physical aging relies on finite thermal energy that slowly drives
the polymer towards its equilibrium density. For glassy
polymer products, some physical aging during their use is
inevitable; the impact of this aging without chemical changes
can lead to decreased mechanical performance long-term.>® As
comparative studies of PET, which is an analog to PETG,
demonstrated that weathering over 2 years can almost exclu-
sively be attributed to physical aging,*® understanding these
physical aging effects in AM PETG is the focus of this work.

Physical aging of polymers is impacted by a variety of
factors, including process history that controls the free
volume.**?"*? Physical aging can be considered in terms of
reduction in the free volume of the polymer, where the rate of
physical aging depends on the free volume present. Likewise,
residual stress in a plastic can alter the aging rate,*> but
applied stress can provide mechanical rejuvenation®® of the
glass to reverse aging.**° It should be noted that mechanical
rejuvenation is distinct from thermal rejuvenation,®® where
heating the polymer above the glass transition recovers the
initial properties of the plastic by equilibration in the melt.*!
The rate at which volume and enthalpy recover from non-equi-
librium on aging tends to be different from the recovery in
mechanical properties.®®

Additives within the plastic impact the aging rate,” which
increases complexity as additives are commonly included to
reduce stresses generated and improve the inter-road adhesion
in the optimization of filaments and pellets for MEX.*® These
additives depend on the manufacturer and could impact the
long-term performance as a result of aging. Similarly, printing
via MEX leads to non-equilibrium chain conformations®® and
residual stresses’® as a result of the rapid quenching of the
melt to maintain shape accuracy. These non-equilibrium con-
formations and stresses can lead to substantial aging of
polymer glasses.?® In general, physical aging of polymers tends

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to increase ultimate tensile strength and elastic modulus,
while simultaneously reducing the elongation at break.***

The relatively low T, and flexibility of the segments in PETG
make it prone to physical aging.**** During MEX processing,
the polymer melt is quenched through T, to solidify the part,
but this produces non-equilibrium conformations with higher
volume, enthalpy, and entropy than extrapolated values from
the equilibrium melt. Aging reduces free volume through den-
sification, but this slows the rate of physical aging as the
driving force (departure from equilibrium) is reduced.*” The
rate for physical aging depends on temperature with slow rates
far below T, due to limitations in the segmental mobility,
while aging slows as Ty is approached as the thermodynamic
driving force for aging is reduced.?® This temperature depen-
dence of the aging rate enables methodologies for accelerated
aging, where long-term evolution of properties of the plastic at
service temperatures can be predicted at shorter accessible
times through time-temperature superposition (TTS).**™*¢
Aging well below T, (T < Ty —20 °C) tends to be slow and
require long-term measurements to elucidate changes, while
temperatures too close to T, leads to non-Arrhenius behavior
and breakdown of TTS.*®*** However, intermediate tempera-
tures enable the evolution in properties from physical aging at
service temperatures over years to be predicted from TTS with
measurements on the order of hours.”® TTS has been success-
fully applied to PETG,**~*¢ but not for 3D printed objects.

Here we report on the impact of physical aging on the pro-
perties of 3D printed PETG using a series of commercial fila-
ments with varying CHDM content. The composition of the
PETG copolymer correlates with the rate of physical aging
determined from the thermometrically determined enthalpy
loss. The mechanical properties of these PETG materials after
3D printing were examined as a function of aging time based
on TTS determined from the thermometric measurements.
Aging led to embrittlement and generally an increase in the
tensile strength, but the aging induced changes were depen-
dent on the composition of the PETG. As processing history
impacts the aging behavior of other glassy polymers,*” we com-
pared the aging of PETG using two different printers: one
designed for glassy polymers, like PLA and ABS with a long
heating zone, and one designed for semicrystalline engineer-
ing plastics, like nylon and poly(ether ether ketone) (PEEK),
with a small heating zone. The results demonstrate additional
considerations for commercialization of additively manufac-
tured glassy plastic parts beyond printability and initial
mechanical optimization, where formulation and process
changes to improve these characteristics could have unin-
tended consequences for the long-term performance of these
parts through physical aging.

Experimental section
Materials

Three commercial PETG filaments were purchased from
Amazon: clear Overture (batch: A2309240165), red Hatchbox
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(no batch number provided), and blue Polymaker (batch:
200915927). Manual calipers were used to measure the dia-
meter of the filaments over 6’ of filament: 1.750 mm =+
0.011 mm for Overture, 1.738 mm + 0.008 mm for Hatchbox,
and 1.749 mm + 0.017 mm for Polymaker. These are well
within the manufacturer reported tolerances (1.75 mm =
0.05 mm). For comparison, poly (ether ether ketone) (PEEK)
filament (lot: 1130720229) with a 1.75 mm diameter was pur-
chased from Roboze. The PEEK filament diameter was
1.735 mm * 0.015 mm.

Material characterization

"H nuclear magnetic resonance (NMR). The composition of
the PETG copolymers was determined by solution 'H NMR
(Bruker AVIII-HD-500 MHz NMR). 3.0 mg of PETG was dis-
solved in 3.0 mL deuterated chloroform (Sigma Aldrich, 99.8%
purity) NMR measurements used 1.0 mL from the top of the
solution to avoid pigment from the filaments that sediments
in chloroform. Fig. S1f illustrates the "H NMR spectra for the
three PETG materials. The molar composition of copolymers is
listed in Table 1. End group analysis of the NMR spectra was
used to estimate the molecular mass (M,,) of the PETG in the
filaments (Table 1).

Differential scanning calorimetry (DSC). Thermal character-
ization of the PETG was performed using a TA Instruments
DSC 250 with a nitrogen (<2 ppm moisture, Linde) purge
(50 mL min™"). Prior to thermal analysis, the PETG was dried
in a vacuum oven overnight at 75 °C. The PETG (1.0-1.5 mg)
was sealed in Tzero aluminum pans. DSC measurements ana-
lyses were performed only on the second heating cycle and
later to avoid impact of the thermal history of the filament.
DSC thermograms were collected between 30 °C and 120 °C
with a heating rate of 10 °C min™" and cooling rate of 5 °C
min~'. T, of the PETG was determined using the midpoint
method in Trios software. Table 1 illustrates the T, for the
different PETG.

PETG aging was determined thermometrically using the
DSC 250 under N, flow of 50 mL min™'. Prior to measure-
ments, the PETG was dried overnight in a vacuum oven at
75 °C and approximately 1 mg of dried PETG was sealed in the
Tzero pans. The thermal history was erased by heating at 10 °C
min~" to 120 °C and holding at 120 °C for 3 min. The tempera-
ture was quenched to aging temperature (7;) of 40 to 65 °C at
5 °C min~" and held at the aging temperature for up to 48 h.
The enthalpy recovery from physical aging was determined
from integration of the heat flow greater than the baseline on
heating from the aging temperature to 120 °C at 10 °C min™".
This heating rate for the determining the enthalpy loss associ-
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ated with aging was selected to provide good resolution
without artifacts from thermal gradients.”® This enthalpy
recovery was measured as a function of aging time at the
different temperature and normalized to a master curve
through TTS assuming an Arrhenius relationship for the acti-
vation energy (E,) associated with aging. The shift factor, ar,
from TTS is related to E,, temperature for aging tested (T), and
Tief AS:

I

where R is the gas constant. The shift factor was determined
from plots of the enthalpy loss versus time with the horizontal
shift factors determined from the x-intercept following stan-
dard TTS protocols.

The local aging of PETG in a printed tensile bar (ASTM
D638 Type IV) was determined from collection of 2-5 mg from
four different locations on the specimen: the middle of the
grip section from (1) the layer that contacted the print bed and
(2) final printed layer as well as specimens from both top and
bottom layers in the middle of the gauge section of the printed
specimen. Due to the print path, each location experiences dis-
tinct thermal histories. These specimens were aged for
different times and the enthalpy recovery associated with
aging was quantified by on heating from 25 °C to 120 °C at
10 °C min~". The reference for the unaged sample was deter-
mined by holding the specimen at 120 °C for 3 min to erase
the thermal history, cooling at 5 °C min™" to 30 °C, and sub-
sequent heating to 120 °C at 10 °C min~'. The reported
enthalpy loss was calculated as the difference in the integrated
endotherms between the aged and erased thermal history
specimens

Small angle oscillatory shear (SAOS) rheology. Small angle
oscillatory shear (SAOS) measurements were performed on a
TA Instruments Discovery HR 20 rheometer in parallel plate
geometry with 25 mm diameter stainless steel plates and
1000 pm gap. PETG from the filaments (approximately 0.5 g,
dried overnight at 75 °C) were melted at 260 °C between the
plates with a gap offset of 5000 pm. Following melting, the gap
was set to 1000 pm and any excess material was removed. SAOS
measurements were conducted using a frequency sweep from
0.1 to 100 rad s~ with 1.0% strain amplitude at temperature
from 260 °C to 190 °C. TTS was applied to collapse the SAOS
data to a reference temperature of 240 °C using the TRIOS soft-
ware. This reference temperature is a recommended printing
temperature for all filaments examined. The SAOS data were
analyzed in terms of the storage and loss moduli (G', G") and

Table 1 Composition of the PETG samples and their glass transition temperature

Source Terephthalate (mol %) Ethylene glycol (mol%) CHDM (mol %) Molar mass (kDa) Ty (°C)
Hatchbox (H) 50 31.5 18.5 6.5 82.5
Overture (O) 50 29.0 21.0 7.1 76.2
Polymaker (P) 50 25.9 24.1 4.3 71.8
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loss factor (tan §) to compare the rheological characteristics of
the different filament materials.

3D printing. Two different printers were used to print ASTM
D638 type IV and type V tensile bars from the PETG filaments
for assessment of the aging. Creality Ender 3 3D printer
(Creality, Shenzen, China) is equipped with a long hot end
(27.8 mm hot zone) that includes a 0.4 mm brass nozzle and
used Cura Slicer for the g-code. The print bed temperature was
75 °C and a thin layer of glue (pen + GEAR, poly(vinyl acetate)
glue stick) was applied to the bed for improved adhesion of
the first printed layer of the PETG. Print speed for the Ender
was 3000 mm min ",

Roboze One + Xtreme (Roboze, Apulia, Italy) has a shorter
heated zone (12 mm) with a brass 0.4 mm nozzle. The Roboze
printer includes a heated drying chamber to minimize moist-
ure in the filaments. The PETG filaments were rewound on
metal spools that specifically fit the drier on the Roboze
printer. Filaments were dried at 75 °C overnight before use
and the filament remained in the drier at 75 °C during print-
ing to minimize exposure to atmospheric humidity. The
g-code was generated from simplify 3D. A print speed of
1200 mm min~" was used along with a polyetherimide bed
heated to 80 °C.

For both printers, a 0.2 mm layer height, a 100% infill
density, +45/—45° raster angles with a flat (x-y plane) build
orientation, and 240 °C extrusion temperature was used. The
nomenclature used for the printed samples is F(P)T where F
refers to the filament source (H for Hatchbox, O for Overture,
and P for Polymaker), P is the printer used (E for Ender and R
for Roboze) and T is the type of tensile bar printed (IV or V).
Due to difficulties printing PETG with the Roboze printer, only
the Overture PETG filaments were printed. ASTM type IV and
type V tensile bars were printed with +45/—45°, a flat (on the
xy-plane) build orientation, and 100% infill.

Digital reconstruction for dimensional accuracy. The struc-
ture of the printed samples was reconstructed from blue light
scanning camera (Polyga, HDI-C109) with a rotary table.
Images were captured every 20° over 180° in polyga
FlexScan3D software. The specimens were held on the rotatory
stage during the scanning using nonhardening model clay
(Sargent Art). The series of images from each scan were ana-
lysed through mesh generation to produce partial 3D images.
Multiple scans were taken (2x for type V and 4x for type IV) for
each specimen to fully render entire part. The meshes created
from the scans were compared to CAD files of the type V or
type IV tensile bars using GOM inspect 2019 software to gene-
rate false color representation of the dimensional accuracy.
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Scanning electron  microscopy. Scanning electron
microscopy (SEM, Thermos Scientific Apreo S) operating at a
beam current of 0.4 nA and a 10 kV voltage, and a working dis-
tance of 10 mm was used to characterize the cross section mor-
phology of printed type V tensile. Specimens were prepared by
cold (liquid nitrogen) fracture in the grip section and sputter
coated (Leica EM ACE600) with 6 nm of iridium to minimize
sample charging. Thermo Scientific Microscope Control soft-
ware (v. 13.9.1) was used to analyze the SEM images.

Accelerated aging for mechanical testing. Tensile bars were
aged at 60 °C for aging efficiency; this temperature maximized
aging rates in traditionally manufactured PETG.*® The aging
times at 60 °C were selected to be equivalent to aging at 25 °C
for 1 week, 1 month, and 1 year based on DSC measurements
from aging of the PETG from the filaments. Table 3 outlines
actual time used for accelerated aging at 60 °C for each
material in terms of equivalent aging time at 25 °C. Aging of
printed specimens was performed under vacuum at 60 °C.

Additionally, specimens at each print condition were aged
for 48 h at 60 °C for comparison on an absolute scale, which is
equivalent to 625.9 days, 750.7 days, and 261.9 days at 25 °C
for PETG from Polymaker, Overture, and Hatchbox filaments,
respectively. Five samples were examined at each aging time
for the different print sizes and filaments to provide statistics
in the mechanical measurements.

As exposure to humidity is typically unavoidable, the role of
moisture on aging of printed Overture PETG type V tensile
specimens was assessed using a Lunaire humidity chamber
(Lunaire Ltd, Williamsport, PA) at 60 °C and 80% relative
humidity The chamber regulated by an embedded Watlow
sensor. Specimens were aged for the equivalent of 1 month
and 1 year at 25 °C under dry conditions with times noted in
Table 3. Direct comparison to samples aged under vacuum
provided insights into the sensitivity of aging to humidity.

The tensile properties of the 3D printed PETG after various
aging protocols were determined using an MTS criterion
model 43 load frame equipped with a 50 kN load cell with the
force during the tensile measurement recorded using TW Elite
software. The design dimensions of the gauge of the tensile
bar were 3.18 mm x 2.00 mm and 6.00 mm x 4.00 mm for the
width and thickness of the type V and type IV tensile bars,
respectively.’® The width and thickness of the tensile samples
were measured using calipers and are listed in Table 2. An
MTS advantage video extensometer operating at 10 Hz was
used to quantify the extension of the tensile gauge region. The
crosshead speed was 0.097 cm min~", conforming to the strain
rate range for ASTM D638 standard.>®

Table 2 ASTM D638 tensile bar gauge width and height of printed samples as determined from calliper measurements

Hatchbox Ender (HE) Polymaker Ender (PE) Overture Ender (OE) Overture Roboze (OR)
ASTM D638 size  Width (mm) Height (mm) Width (mm) Height (mm) Width (mm) Height (mm) Width (mm) Height (mm)
Type V 3.58+0.10 1.88 £ 0.08 3.48 £0.12 1.88 + 0.04 3.58+0.16 1.86 + 0.06 3.13+0.11 2.02 +0.03
Type IV 6.62 + 0.11 3.76 + 0.06 6.54 + 0.07 3.79+0.16 6.58 +0.17 3.80 £ 0.05 6.00 + 0.05 4.00 +0.03

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Accelerated aging times at 60 °C for each PETG filament that
corresponds to desired aging times at 25 °C

Equivalent aging time @ 60 °C in h

Targeted aging

time (z,) @ 25 °C Polymaker Hatchbox Overture
1 week 0.5 1.3 0.4
1 month 2.3 5.5 1.9
1 year 28.0 66.9 23.3

Results and discussion

Rheology defines the printability of plastic filaments,”" but
stresses from crystallization can delaminate and/or warp the
print to prohibit production of the desired part.’'”?
Amorphous plastics overcome the stresses of crystallization
but brittleness is a common issue. The segmental flexibility in
PET provides toughness, but it is semicrystalline and can be
challenging to print;>* inclusion of >16 mol% CHDM as a
comonomer is known to inhibit crystallization in PETG.** 'H
NMR demonstrates that three commercial PETG filaments
contain >16 mol% CHDM and DSC thermograms confirm the
lack of crystallization in these PETG filaments (Fig. S1 and
S2f). CHDM increases flexibility of the polymer chain and T,
decreases as CHDM content increases as determined from
DSC (Table 1). The molar masses (M,) of the PETG were esti-
mated from "H NMR end group analysis to be greater than the
entanglement molecular weight (M, = 3.5 kDa)>* for all the
filaments examined (see Table 1). Entanglements are required
to provide mechanical strength to the printed part, but the
rate of aging can be dependent on M,.*>”° The differences in
molecular mass and CHDM composition in the PETG copoly-
mers impact the flow characteristics of the melts during
printing.

Fig. 1 illustrates the rheology of the different PETG at the
recommended extrusion temperature, 240 °C. At high fre-
quency, the storage and loss moduli are similar for all three
PETG samples examined. However, the storage modulus of the
Hatchbox is approximately an order of magnitude lower than
the other two PETG at low frequencies despite its higher molar
mass than the Polymaker filament (see Fig. 1a). As shown in
Fig. 1b, the loss modulus is relatively consistent for the three
filaments examined, but Hatchbox consistently exhibits the
lowest loss modulus. The loss factor as shown in Fig. 1c pro-
vides some insights into rheological behavior of these PETG.
All three PETG samples show a peak in tan é as a function of
frequency. As the rheological measurements are performed
well above T, but below the typical melting temperature for
PET (250-260 °C), this peak could be indicative of crystalline
tendencies in the PETG,”” despite the thermal analysis indicat-
ing that the PETG is non-crystalline. Chain orientation
induced by shear flow can lower barriers to crystallization.>®
The frequency dependence of the peak on the PETG source is
consistent with this being related to crystalline tendencies as
the peak moves to higher frequency as the concentration of

938 | RSC Appl. Polym., 2025, 3, 934-947
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Fig. 1 (a) Storage modulus, (b) loss modulus, and (c) tan § at 240 °C for
the different PETG filaments as determined from SAOS.

CHDM in the PETG increases. CHDM reduces the potential for
crystal-like association of chains due to its steric hinderance,
so higher frequencies are needed as CHDM content is
increased. The sharp increase in storage modulus at high fre-
quencies, in particular for the Hatchbox PETG shown in
Fig. 1a, is another indicator of reinforcement through some
crystal-like associations strengthening the melt. The simi-
larities in the rheological and thermal behaviors of the PETG
filaments are not surprising as the same print conditions can
be used to fabricate additively manufactured parts but the
subtle differences in their rheology point to dynamic differ-
ences that may impact aging.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Physical aging of PETG

Fig. 2 illustrates the temperature dependence of physical aging
of the Overture PETG as determined from the enthalpy on
heating through T, after aging between 0 and 48 h. At 40 °C,
the thermograms from DSC only change marginally even after
the PETG is aged 48 h as shown in Fig. 3a. This is consistent
with literature for other glassy polymers where T, —20 °C is
commonly the lower limit for meaningful observed changes in
the enthalpy in a reasonable experimental timeframe.>**?
Increasing the temperature to 50 °C (Fig. 3b) changes in the
thermograms on aging, where relaxation of the glass leads to
densification and reduces the enthalpy. This enthalpy is recov-
ered on heating through T, where integration of the heat flow
around T, provides insights into the extent of physical aging.
The aging rate increases further with temperature up to 60 °C
(Fig. 3c). Further increases in temperature does not increase
the rate of the enthalpy recovery as much because the driving
force for aging (undercooling and deviation from equilibrium)
is reduced (Fig. 2d).

Integration of the thermograms quantifies the enthalpy loss
during aging. A denser, more energetically favorable confor-
mation due to densification during aging leads to a detectable
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increase in the endotherm associated with the glass transition.
Fig. 3a illustrates the integrated enthalpy as a function of
aging time at temperatures from 40 °C to 65 °C for the
Overture PETG. As the temperature increases, the enthalpy
recovery increases more at the same aging time, which demon-
strates the acceleration of aging of the PETG with temperature.
These data exhibit similarities in features but shifted in time
based on the aging temperature. Similar qualitative aging is
observed for the other two PETG filaments as shown in
Fig. S3-S6.1

TTS is used to collapse these data to a single master curve.
Fig. 3D illustrates the horizontal shift factors for the collapse
of the enthalpy recovery for the Overture PETG. These data
demonstrate the expected Arrhenius behavior for the tempera-
ture-dependence of physical aging."**® The temperature
dependence of the shift factors is an effective activation energy
for the glass transition, which is analogous to the activation
energy for aging.®® Similar collapse of the enthalpy recovery
data through TTS is observed for the other two PETG filaments
with the temperature dependence of the shift factors for the
Polymaker and Hatchbox PETG shown in Fig. S4 and S6.f The
activation energy (E,) determined from the TTS Arrhenius plot
was 113 kJ mol ', 125 k] mol™, and 154 kJ mol™' for

b) }0.05 Wig Overture PETG aged at 50°C |
c
3
3
3
w [
S & |
T [d
1 r 2hr 3hr ]
L4 hr 5hr 6 hr ]
12hr 18 ‘ . . heating—
76 78 80 82 84 86 88 90
Temperature (°C)
d) 005 Wig Overture PETG aged at 65°C |
C
s
3
K=y
T
®
]
I
1 2 hr 3hr
L4 hr 5hr 6 hr g
12hr 18hr 24 hr heating—

76 78 80 8 84 8 8 90
Temperature (°C)

Fig. 2 DSC thermograms for Overture PETG when aged at (a) 40 °C, (b) 50 °C, (c) 60 °C, and (d) 65 °C. A constant heating rate of 10 °C min~* was

used in all cases.
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Fig. 3 (a) Enthalpy loss for Overture PETG as a function of time at

different aging temperatures and (b) the Arrhenius fit of the shift factors
at a reference temperature of 60 °C. The dashed line is a fit to the temp-
erature dependence of the shift factors.

Hatchbox, Polymaker, and Overture, respectively. This acti-
vation energy does not scale with molecular weight, T, or the
CHDM content. This suggests that the undeclared additives in
the PETG filaments likely impact the temperature dependence
of aging. At temperatures closer to T,, the Overture PETG
aging appears to equilibrate, leading to an intersection of the
enthalpy loss curves in the samples aged at 60 °C and 65 °C.
Accelerated aging was performed at 60 °C due to ease in asses-
sing a broad range of enthalpy recoveries (aging states).

The measured thermograms were collapsed through TTS
for each PETG sample. Fig. 4 illustrates the master curve for
aging using a reference temperature of 25 °C. The noise in the
enthalpy recovery is associated with the quality of the
Arrhenius fit for the shift factors; as T, is approached, alterna-
tive temperature dependencies can sometimes better describe
the data such as the William-Landel-Ferry (WLF) equation.®'
With the limited temperature range examined, the goodness of
the fit of the shift factors was not significantly improved by in
the inclusion of additional parameters in the WLF equation,
so the Arrhenius fit was used to predict long term aging of the
PETG. Polymaker contains the highest CHDM content
(Table 1) and ages the fastest. As the CHDM in the PETG
decreases, so does the effective aging rate determined from
TTS as shown in Fig. 4. This composition dependence on
aging might be expected due to the increased segmental mobi-
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Fig. 4 Master curve at 25 °C for the aging of the PETG. TTS was used to
collapse aging data at elevated temperatures to the equivalent aging at
25 °C.

lity imparted by the CHDM in comparison to ethylene glycol
segments in the PETG.

Influence of printer selection on mechanical properties and
aging

Although optimization of process conditions is commonly
examined for 3D printing,' variations between printers that
impact the quality and performance of additively manufac-
tured parts are rarely described in the literature. Printer selec-
tion impacts precision of the gantry and thermal history based
on details of the environment. The Overture PETG filament
was selected for direct comparison of printing with Creality
Ender 3 and Roboze One + Xtreme printers. These two printers
differ in their customer base with the Creality Ender 3 being a
starter printer for the hobbyist and Roboze One + Xtreme
being designed to print high performance engineering plas-
tics, such as filled nylon and PEEK, in commercial rapid proto-
typing operations.

Fig. 5 illustrates 3D scans of the printed PETG with the two
printers. The data are presented in false color to demonstrate
the deviations from the CAD design with green illustrating the
regions of highest fidelity. The thermal history and imposed
stresses on vitrification of the printed plastic are impacted by
the size of the part.®” The thickness of the larger type IV
tensile bars (Fig. 5a) printed with the Ender is greater than the
design with the largest deviations at the transitions between
the gauge and grip regions of the dog bone. The smaller type V
bar (Fig. 5b) shows more limited deviation from the model
with the Ender printer. The direct drive in the Roboze printer
provides improved accuracy to the parts for both the type IV
(Fig. 5¢) and type V (Fig. 5d) tensile bars when compared with
those printed with the Ender. However, there are clear print
path features visible near the perimeter in Fig. 5d, which
suggests imperfect welds during printing at the edges, despite
the more accurate printer.

These features formed with the Roboze printer can be
explained by the target for plastics to be used with the printer.
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Fig. 5 False color 3D scan of Overture ASTM D638 type IV tensile
testing printed on the (a) Ender 3 and (b) Roboze 3D printers, and
Overture ASTM D638 type V tensile bars printed on the (c) Ender 3 and
(d) Roboze 3D printers. The top of each sample is the upper image, and
the part of the sample that touches the build plate is the bottom image
in each pair. The Roboze printer was used to print PEEK in (e) type IV
and (f) type VASTM D638 tensile bars. (g) Color bar legend for parts a—f.
Photos of grips region of type 4 tensile bars after aging for the equi-
valent of 1 for (h) Ender 3 and (i) Roboze prints.

The Roboze printer was designed around printing PEEK,
which requires high temperatures and crystallization control.
To minimize degradation, the length of the hot end is mini-
mized, which is approximately 1.2 cm. The viscosity of PEEK
rapidly decreases once the crystals melt to enable facile print-
ing with the type IV tensile bar being more accurate (Fig. 5e)
with PEEK than PETG (Fig. 5c). There is a small bend in the
type V tensile bar printed with PEEK in the gauge region
(Fig. 5f), which is associated with the crystallization stresses
slightly warping the sample.

The glass formation region,®® which is critical to the accu-
racy in printing of the PETG, extends well beyond T, and thus
the longer time in the melt in the longer hot end (approxi-
mately 2.5 cm) of the Ender 3 printer may improve heat trans-
fer to homogenize the temperature of the melt and develop the
flow before it exits the hot end. This more homogenous temp-
erature will improve initial flow of the PETG and lead to less
obvious roads when examining on the top printed surface as
shown in Fig. 5. This also enabled faster optimal print speed
(3000 mm s~ for the Ender 3 versus 1200 mm s~ ' for the
Roboze printer) and lower optimal bed temperature (75 °C
versus 80 °C). Attempts to print faster with the Roboze printer
failed to generate a cohesive part.

Despite the same extrusion temperature, the morphology of
the PETG differs significantly between those printed with the
Roboze and Ender printers as shown in Fig. 6. The printed
roads appear to be consolidated better at the perimeter
(Fig. 6a) than the center of the tensile bar (Fig. 6b) with the
Roboze printer. This morphology typically occurs when the
printed polymer solidifies quickly.** Here, the shorter heated
zone in the Roboze printer could limit heat transport leading
to extrudate that is cooler than the set temperature.®®
Conversely, the tensile bars printed with the Ender printer
show the printed road structure at the perimeter (Fig. 6¢) while
the center of the tensile bar is mostly consolidated except for
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Fig. 6 SEM cross section micrographs of the grips region of O(R)V at (a)
perimeter and (b) interior of the tensile bar and analogous micrographs
for O(E)V at (c) perimeter and (d) interior of the tensile bar.

some diamond voids associated with the non-rectangular
extrudate from the hot end.

These distinct morphologies lead to significant differences
in their mechanical performance. Fig. 7 illustrates representa-
tive engineering stress-strain curves from tensile measure-
ments using printed PETG from Overture filaments with the
two printers. Without significant aging (1 day), the specimens
printed with the Ender yielded and underwent ductile yielding
(Fig. 7a), while the specimen printed with the Roboze was
brittle and failed at low stress and strain. This significant
difference in the performance results from the details of the
printer; the print parameters (higher bed temperature and
lower print speed) for the Roboze printer favor improved
mechanical performance based on prior examination of print
parameter optimization, but the shorter hot end appears to
lead to weak interfaces between the printed roads (Fig. 6b).

The stress-strain curves for additional printed samples of
the Overture filament after physical aging are shown in the ESI
in Fig. S71 through S9 for type IV tensile bars and Fig. S10 and
S11t for type V tensile bars. The aging of the ductile PETG
printed with the Ender results in an increase in the ultimate
tensile stress but a reduction in the ductility with the strain to
break reducing significantly after effectively one year of aging.
At long aging times, an increased strain hardening was
observed for the Ender-printed PETG, but aging had limited
impact on the stress-strain behavior of the brittle parts
printed with the Roboze printer.

Quantification of the mechanical properties as a function
of aging time provides insights into how physical aging
impacts PETG performance. Fig. 8 illustrates how the elastic
modulus, ultimate tensile strength (UTS), and strain at break
change under accelerated aging for the Overture filament with
both printers. The elastic modulus for the printed PETG is sig-
nificantly higher with the Ender printer, which is consistent
with void defects within the printed structure for the speci-
mens produced with the Roboze printer (Fig. 8a). The voids
can be seen via SEM imaging in Fig. 6. However, the modulus
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Fig. 7 Representative stress—strain curves as a function of aging time
equivalent at 25 °C for the Overture PETG when printed with (a) Ender
or (b) Roboze printers.

does not appreciably change on aging. Similarly, the UTS is
lower with the Roboze printer (Fig. 8b), but the UTS tends to
increase with aging. This is consistent with densification of
the PETG during aging. Interestingly, the UTS for the PETG
printed with the Ender printer increased consistently with
longer aging, similar to the enthalpy recovery measured for the
Overture filament (Fig. 4), while the PETG printed with the
Roboze exhibited limited aging effects. These results demon-
strate that aging of 3D printed parts is dependent on the pro-
cessing details and optimization of print parameters for a
given material is not necessarily globally applicable due to
design differences in printers that impact polymer process
history.

Aging also tends to reduce the ductility of the printed PETG
(Fig. 8¢c). The large variance in the strain at break results from
the stochastic nature of defects that determine failure and the
high potential for defect inclusions in MEX printing resulting
from the part being comprised effectively of weld lines®® and
interstitial voids from limited plastic flow after printing.®’
However, the influence of the printer selection is greater than
aging when considering the mechanical properties. The
tensile samples printed on the Roboze printer exhibit lower
mechanical properties when compared to those printed on the
Ender 3 with the greatest reduction in the elongation at break.
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Fig. 8 Role of printer and aging on the (a) Elastic Modulus, (b) UTS, and
(c) elongation at break for printed Overture PETG. The aging is reported
as equivalent time at 25 °C based on TTS from the filament.

These differences can be ascribed to reduced interlayer
adhesion with the Roboze printer, where interlayer adhesion
impacts elongation more than other mechanical properties in
3D printed parts.®®°°

Influence of printing process on aging

In addition to changes in morphology from the details of the
print processing, the thermal history of the printed parts is
complex due to repeated thermal cycling as plastic is extruded
from the hot end next to or on top of previously printed layers.
This acts to repeatedly heat local regions for short times.”® The
print path determines the local thermal history as the time
between passes of the hotend determines the extent of
cooling. The nature of the print path leads to repeated heating
and cooling of printed regions that can produce residual stres-
ses and induce local aging in the part as it is printed. These
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heating and cooling rates’" can be significantly greater than
the baseline 5 °C min™" used for producing the unaged glass
in the DSC experiments (Fig. 2). This thermal historyis spatially
heterogenous due to the nature of the printing process and
could lead to localized differences in aging behavior. Small
pieces of the printed PETG were removed from the bottom layer
(many hotend passes) and top layer (no interlayer passes) in
both the gauge (consistent long time between passes with the
hotend) and grip (short time between passes on turning) to
probe differences in the aging behavior using the same acceler-
ated aging conditions at 60 °C (Table 3). The locations of the
specimens probed by the DSC of the tensile bars are shown
schematically in Fig. 9d. The enthalpy recovery after aging was
determined by DSC as shown in Fig. S12f for Polymaker,
Fig. S1371 for Overture, and Fig. S14t for Hatchbox PETG.

Fig. 9 shows the enthalpy loss upon aging of material taken
from four locations of a printed ASTM type IV tensile bar for
the 3 different filaments. In this case, bottom refers to the
layer printed onto the heated bed, and top refers to the last
layer of the print. There are several trends that emerge from
analysis of the data. First, the enthalpy recovery at intermedi-
ate aging times tends to be greater for the bottom of the speci-
men. This behavior is consistent with the thermal history
associated with heating and cooling from the adjacent passing
of the hot end during the print process that effectively starts
accelerated aging. Second, the gauge region tends to exhibit
higher enthalpy recovery than the grip region of the tensile bar
at the equivalent of 1 week and 1 month aging at 25 °C. This
behavior indicates that the aging of 3D printed plastic parts
depends locally on the print path details.

Polymaker PETG, which ages the fastest among the three
filament sources, experiences the greatest change in enthalpy
at short aging time (Fig. 9a). This behavior is consistent with
the temperature history associated with the print path accelerat-
ing aging of the PETG. There is a larger change in enthapy with
Polymaker as it ages faster and thus the elevated temperature
exposures during printing act more aggressively to densify the
PETG glass. The enthalpy recovery of the top gauge region
appears similar to that for the unstressed state (Fig. 4). However,
the enthalpy loss after aging of the printed samples for the equi-
valent of 1 year appears to be slightly lower than expected. This
could be associated with the residual stresses from the print.
Printed Overture PETG samples (Fig. 9b) show limited change
in the aging at 1 week but there is a general increase in the
enthalpy recovery at 1 month in comparison to the unstressed
sample (Fig. 4). Hatchbox PETG (Fig. 9c) ages slower but com-
parison to the unstressed state indicates a significant accelera-
tion in aging (enthalpy loss) as a result of the print process.
Interestingly after the equivalent of a year of aging, the enthalpy
loss of the 3 printed samples are similar despite the large differ-
ence found in the unstressed state (Fig. 4).

Influence of filament source on aging and mechanical
properties

Although the printer selection had a more significant impact
on properties than physical aging for the Overture PETG as
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Fig. 9 Enthalpy recovery determined from DSC thermograms on PETG
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Polymaker, (b) Overture and (c) Hatchbox PETG. The location of where
the sample was removed from the tensile bar is show in (d), where the
colors correspond to the aging data shown in (a—c).

shown in Fig. 8, the tensile strength was found to increase but
the PETG embrittles on aging of the printed parts. Fig. 10 illus-
trates representative stress strain curves for the Hatchbox and
Polymaker filaments as a function of aging time and specimen
size using the Ender 3 printer. Additional stress-strain curves
are included in Fig. S151 through Fig. S18f for these PETG
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Fig. 10 Representative stress—strain curves for Polymaker (a) type V, P(E)V and (b) type IV P(E)IV as well as Hatchbox (c) type V, H(E)V and (d) type IV,
H(E)IV, as a function of effective aging time at 25 °C based on enthalpy recovery.

specimens at different aging times. The elastic modulus and
UTS are only marginally impacted with the tensile bar size
selection (type IV vs. type V bars). However, the elongation at
break is significantly reduced for the type IV specimens, where
failure tends to be nucleated from defects in the printed speci-
mens. Defect probability is increased by the larger size of the
gauge,”” but the increased time between adjacent roads in the
print also reduces the interlayer adhesion.®?

Physical aging of the printed PETG generally leads to an
increase in the UTS and a reduction in the strain at break. The
extent of these changes is dependent on the filament source.
Similar to the Overture PETG, the strain at break for the
Polymaker PETG reduces on aging of the type V specimens for
the equivalent of 1 year at 25 °C (Fig. 10A). Fig. 10B illustrates
that the larger type IV specimens printed using the Polymaker
filament exhibit an increase in the tensile strength and reduction
in the elongation post yield after aging. In contrast, the type V
specimens printed with Hatchbox PETG (Fig. 10c) exhibit almost
no reduction in elongation until more than 1 year of aging. This
effect does appear to be dependent on the size of the specimen,
where the strain at break decreases on aging the Hatchbox PETG
with a type IV dog bone. This size effect could be related to the
defect probability which increase in a large specimen, but the
thermal history is also impacted by the specimen size and this
can impact the intralayer weld strength.®

944 | RSC Appl. Polym., 2025, 3, 934-947

When comparing between the filament sources, differences
in aging appear to be related to the CHDM content in the
PETG; Polymaker has the highest concentrations of CHDM
(Table 1) and exhibits the greatest reduction in elongation on
aging (Fig. 10a); Overture PETG contains an intermediate
CHDM concentration and the ductility of the printed speci-
mens only decreases some on aging (Fig. 6a); Hatchbox PETG
contains the least CHDM and exhibits a minor reduction in
ductility on aging (Fig. 10c). These differences illustrate that
enthalpy recovery does not directly correspond to the physical
aging in the mechanical properties as has been reported for
other plastics from traditional manufacturing."” However for
3D printed specimens, the aging is impacted by details of the
processing for the Hatchbox PETG where differences in the
aging are observed dependent on the selection of the tensile
specimen size (Fig. 10c and d).

Fig. 11 provides a summary of the changes in mechanical
properties on aging of the printed PETG for the Ender printer
with both type IV and V tensile specimens. The elastic
modulus in general does not statistically change with aging
(Fig. 11a).”® The modulus for the Overture PETG is the most
consistent across specimen size and aging times. While there
is a small trend towards increasing modulus with aging time
with the other two PETG, the changes are small. The tensile
strength tends to increase with aging with the type V tensile
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Fig. 11 Impact of aging on (a) elastic modulus, (b) ultimate tensile
strength, and (c) strain at break for the different filament sources.

specimens, while there is more variability in the UTS with the
type IV tensile specimens (Fig. 11b). The effect of aging on the
UTS is much weaker for the Hatchbox PETG, which is consist-
ent with this PETG being more resistant to physical aging.
Aging tends to reduce the strain at break (Fig. 11c) but there is
high variability, likely due to the stochastic nature of defects
that lead to failure. These results demonstrate that the influ-
ence of aging on the tensile properties of printed PETG is
dependent both on the sourcing of the PETG filament and the
part size.

It is important to note that the aging does not scale with
molecular weight of the PETG (Table 1). The observed differ-
ences in the aging rate are correlated with the CHDM content.
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CHDM also impacts Tg, so the quench depth is greater for the
Hatchbox at the same temperature when comparing to the
other PETG, which would be consistent with a reduced aging
rate. The inclusion of CHDM also acts to increase molecular
mobility, which also would accelerate aging. TTS** was used
for accelerated aging at 60 °C to achieve the equivalent of 1
week, 1 month, and 1 year of aging at 25 °C shown in Table 3,
but the printing process leads to a distribution of aging in a
single part due to complex thermal history that depends
spatially on the print path. These effects may be involved in
the changes in the mechanical properties of the PETG not
tracking directly with the enthalpy recovery determined from
the filament materials. These experiments demonstrate the
potential role of physical aging under controlled conditions on
the long-term performance of additively manufactured plastic
parts. However, humidity could lead to degradation in PETG”*
or facilitate structural re-arrangement to accelerate aging.
Initial experiments at 60 °C, 80% relative humidity (Fig. S19
and S207) demonstrated no statistical change in the mechani-
cal properties of printed PETG after aging in a humid environ-
ment in comparison to the same printed PETG aged in
vacuum. Designs for durable plastic products produced with
additive manufacturing should consider how these products
age, which may be dependent on design and print details that
impact the thermal history.

Conclusions

Physical aging of additively manufactured PETG results in
changes in the mechanical properties. This aging is dependent
on the composition of the PETG copolymer, in particular the
CHDM concentration. Through examination of the enthalpy
recovery in three commercial PETG filaments, the rate of aging
increases as the CHDM concentration in the PETG copolymer
increases. This dependency was attributed to increased seg-
mental mobility of the more flexible CHDM monomer. The
tensile properties of the 3D printed PETG depend on the fila-
ment sourcing, size of the test specimen, and the printer used
in the manufacture. These differences are associated with the
segmental dynamics that control the quality of the intra- and
inter-layer adhesion and the associated thermal history for the
part. The aging as determined by enthalpy recovery is spatially
dependent within the 3D printed part and a distribution of
aging behavior was observed for a single part where the
bottom aged faster than the top. The aging of the 3D printed
PETG tends to increase the tensile strength and reduce the
ductility, but the extent of these changes depends both on the
filament sourcing, where higher CHDM concentration in the
PETG results in larger changes in the mechanical properties,
and the details of the printing process, where stresses devel-
oped from the thermal history can accelerate the aging. These
results demonstrate the potential pitfalls associated with
optimization of process parameters for PETG and other glassy
plastics as the mechanical performance will depend on the
selection of printer, the sourcing of the filament through addi-
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tives and composition in case of copolymers, and the expected
lifetime of the functional part where physical aging can lead to
premature embrittlement if not carefully examined.
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