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Abstract

Purpose — This work studies the mass loss of 3D printed materials at high temperatures. A
preconcentration and analysis technique, static headspace gas chromatography-mass spectrometry
(SHS-GC-MS), is demonstrated for the analysis of volatile compounds liberated from fused
deposition modeling (FDM) and stereolithography (SLA) 3D printed models under elevated
temperatures.

Design/methodology/approach — A total of seven commercial 3D printing materials were tested
using the SHS-GC-MS approach. The printed model mass and mass loss were examined as a
function of FDM printing parameters including printcore temperature, model size, and printing
speed, and the use of SLA post-processing procedures. A high temperature resin was used to
demonstrate that thermal degradation products can be identified when the model is incubated under
high temperatures.

Finding — At higher printing temperatures and larger model sizes, the initial printed model mass
increased and showed more significant mass loss after thermal incubation for FDM models. For
models produced by SLA, the implementation of a post-processing procedure reduced the mass
loss at elevated temperatures. All FDM models showed severe structural deformation when
exposed to high temperatures, while SLA models remained structurally intact. Mass spectra and
chromatographic retention times acquired from the high temperature resin facilitated identification
of eight compounds (monomers, crosslinkers, and several photoinitiators) liberated from the resin.

Originality/Value — The study exploits the high sensitivity of SHS-GC-MS to identify thermal
degradation products emitted from 3D printed models under elevated temperatures. The results
will aid in choosing appropriate filament/resin materials and printing mechanisms for applications
that require elevated temperatures.
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1. Introduction

Three-dimensional (3D) printing technologies, also known as additive manufacturing, has
spurred considerable excitement and created tremendous opportunities for a number of research
fields within the analytical sciences (Au et al., 2016; Carvalho et al., 2018; Hearn, 2017; Kalsoom
etal.,2018; Lietal.,2020; Su et al., 2015; Wang and Pumera, 2021; Weigel et al., 2021; Weisgrab
et al., 2019). Advantages of 3D printing include rapid prototyping (Campbell et al., 2012;
Macdonald et al., 2014), structural design customization (Srinivasan et al., 2017), and low cost
fabrication (Chan et al., 2016; Kahl et al., 2019). Various material options including plastics (Blok
et al., 2018; Valino et al., 2019), resins (Borrello et al., 2018; Guerra et al., 2019; Warr et al.,
2020), and metals (Hong et al., 2020; Wang et al., 2021) provide the potential for highly versatile
3D printing in a wide range of applications. In addition, 3D printers have also been commercialized
and remodeled into desktop formats (Moseng, 1992), making 3D printing technology more simple
and affordable for educational (Ford and Minshall, 2019) and home-use purposes (Rayna and

Striukova, 2016).

To date, a number of 3D printing mechanisms such as selective laser sintering (Awad et
al., 2020), selective laser melting (Hong et al., 2020), and inkjet 3D printing (Basak et al., 2020)
have been developed. Among the 3D printing methods, fused deposition modeling (FDM) and
stereolithography (SLA) are the most popular in the additive manufacturing industry. FDM, also
known as fused filament fabrication, is comprised of one or several printing nozzles, a vertical
movable print bed, and a material feeder. The nozzle moves above the print bed and heats to a
specific temperature, causing the filament to soften. The filament(s) are then pressurized by the
heated nozzle and extruded onto a print bed. After completing the first layer of printing, the print

bed moves downward and the next layer begins printing on the initial layer. Once printing is



complete, the model can be simply removed from the build plate without additional post-
processing procedures (Mwema and Akinlabi, 2020). Advantages of FDM printing are its rapid
printing speed and cheap filament materials, which typically cost approximately 50 USD per spool.
SLA printers, on the other hand, employ a UV light source that polymerizes the resin in a layer-
by-layer fashion from the bottom of a resin tank. As opposed to FDM printing, SLA printed objects
are composed of a single resin material and are often considerably more expensive. Nevertheless,
they possess a smooth surface and are highly detailed due to the small contact area of the highly-
precise laser (Borrello ef al., 2018), and have a high degree of strength and rigidity since the layers
are connected by crosslinked polymers. Even though FDM printers have the ability reach a
minimum printing layer thickness of 10 micrometers, most desktop FDM printers can only achieve
a thickness of 100 micrometers, whereas commercial SLA printers can easily get down to 25
micrometers per layer without concerns of extrusion nozzle clogging. Because SLA and FDM
possess their own advantages and disadvantages, it is important for users to decide which benefits

are more suitable for their desired application.

The global SARS-CoV-19 pandemic led to the wide-spread manufacturing of 3D printed
masks and respirators due to shortages in traditional personal protective equipment (Choong et al.,
2020). Despite the numerous aforementioned benefits of 3D printing technologies, previous
studies have highlighted numerous safety concerns of 3D printed products due to strong odors that
emanate from them (Chan et al., 2020; Even ef al., 2019). Common 3D printing materials may be
incompletely polymerized, leading to uncured resin being trapped inside the formed polymers and
subsequent production of volatile organic compounds (VOCs) when exposed to high temperatures.
Several studies have reported the emission of odor/odorless VOCs from 3D printers during the

printing process (Even et al., 2019; Potter et al., 2019; Stephens et al., 2013; Zhang et al., 2019).



However, few studies have examined VOC emission from the thermal degradation of 3D printed
objects under elevated temperature conditions. Wan et al. reported the use of thermogravimetric
analysis to mimic the nozzle heating process and determine total VOCs (TVOCs) of 3D printed
objects (Ding et al., 2019). However, the composition and identity of compounds emitted from the
filaments still remains largely unknown. Bernatikova ef al. evaluated ultrafine particles and VOCs
from the decomposition of FDM filaments during printing (Bernatikova et al., 2021). Qualitative
analysis of TVOC:s released during the FDM printing process were measured by a photoionization
detector equipped with a datalogger, while gas chromatography-mass spectrometry (GC-MS)
coupled with thermal desorption tubes was used to analyze air samples collected from the confined
3D printing system. The setup required the construction of a confined system covering the 3D
printer. Additionally, thermal desorption tubes have the disadvantage of slow sample collection
and low precision, often requiring long sampling durations to acquire enough sample for analysis.
Moreover, since the printing nozzle and bed are both required to heat during printing, the collected
thermal decomposition products may originate from both the nozzle and model, making it
challenging to identify the exact source of VOC emission. Therefore, alternative techniques that
consolidate heating and sample extraction while possessing short analysis times, high sensitivity,
and capability of identifying the composition of thermal decomposition and/or degradation

products are needed.

Static headspace sampling (SHS) is a well-established technique for the analysis of VOCs
from liquid/solid sample matrices (Alvarado and Rose, 2004; Rodinkov et al., 2020). SHS involves
incubation of a sample sealed in a vial within a temperature-controlled oven resulting in the release
of thermal degradation/volatilization products to the headspace of a sealed vial. A sampling needle

and injector is used to penetrate the septum on the sealed cap, withdraw a fraction of the gaseous



headspace, and transfer the sample to the inlet of a gas chromatograph (GC) where the analytes
are separated and analyzed. Flame ionization (FID) (Badaro ef al., 2021) and electron capture
(ECD) (Russo et al., 2021) detectors can be coupled with SHS-GC analysis, but they are limited
since they often do not provide information that can assist in structural elucidation of the volatile
molecules. The coupling of MS with SHS-GC permits the trace analysis of volatile molecules as
well as the ability to structurally characterize volatile impurities to identify odor-causing
compounds (Fuller et al., 2020). contaminants (Cardador and Gallego, 2017), or residual solvents

in pharmaceutical products (Yarramraju et al., 2007).

In this study, we demonstrate the coupling of SHS with GC-MS to analyze VOCs released
directly from 3D printed objects produced by FDM and SLA and its utility for testing the thermal
stability and robustness of 3D printing materials at elevated temperatures. A total of three FDM
filaments and four SLA resins were chosen based on their recommended high temperature
applications from the manufacturer and their thermal stability. To investigate the amount of VOCs
emitted from 3D printed materials at various elevated temperatures, SHS was used for accurate
control of incubation conditions allowing the mass reduction of the models to be determined. All
3D printed materials examined in this study were observed to exhibit shape deformation and/or
color changes after thermal analysis at temperatures ranging from 100 °C to 240 °C. Finally, we
demonstrate the potential of using GC-MS in the qualitative determination of thermal
degradation/decomposition products originating from 3D printed materials using the National

Institute of Standards and Technology (NIST) mass spectral library.

2. Experimental

2.1 Reagents and materials



Commercial SLA resins (clear FLGPCLO04, high temperature FLHTAMO2, castable wax
FLCWPUOI, flexible 80A FLFLGRO02) were purchased from Formlabs Inc. (Somerville, MA,
USA). FDM filaments (red acrylonitrile butadiene styrene (ABS), transparent copolyester+
(CPE+), transparent polycarbonate (PC)) were purchased form Dynamism Inc. (Chicago, IL,
USA). HPLC grade isopropanol (99%, IPA) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Headspace glass vials (10 mL), headspace caps, and a manual vial crimper were purchased

from Agilent Technologies, Inc. (Santa Clare, CA, USA).

2.2 Methods

2.2.1 Production of 3D printed models

The 3D printed model used throughout this study was designed by Autodesk Inventor
Professional 2021 software from Autodesk Inc. (Mill Valley, CA, USA) and had the dimensions
of 5mm x 5 mm x 5 mm (L x W x H), as shown in Figure S1. The design was saved and then sent
to two software slicers, Ultimaker Cura (Geldermalsen, Netherlands) and Formlabs Preform
(Somerville, MA, USA) to set up the printing parameters. FDM printing was carried out using a
Ultimaker3 printer (Geldermalsen, Netherlands). The printing parameters included a layer height
of 0.15 mm, printing speed of 60 mm/sec, and printing temperature of 235 °C for ABS, 270 °C for
CPE+, and 280 °C for PC. SLA prints were performed on a Form3 printer (Somerville, MA, USA).
The parameters included a layer height of 100 um for the clear, high temperature, flexible 80A,
and castable wax resins. FDM and SLA printing parameters were saved as 3D printer compatible
files and then sent to the 3D printers. Following printing, all SLA models were washed with IPA
in Form Wash obtained from Formlabs Inc. As suggested by the manufacturer, clear resin models
required 10 minutes, high temperature resin models required 6 minutes, flexible 80A resin models

required 20 minutes, and castable wax resin models 5 minutes of IPA wash. The clear and flexible
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80A resin models required 15 and 10 minutes, respectively, of thermal and UV curing at 60 °C in
Form Cure from Formlabs Inc. Models produced from the high temperature resin required
conditioning at 80 °C for 120 minutes in Form Cure and additional 180 minutes at 160 °C in the
vacuum oven. Castable wax resin models were fully dried by a lint-free wipe after the IPA wash

and used without further curing.
2.2.2  Static headspace gas chromatography-mass spectrometry

The mass of printed models was initially obtained on a Mettler-Toledo microbalance
(Columbus, OH, USA). An Agilent Technologies 7697A headspace sampler (HS) coupled with an
Agilent Technologies 7890B gas chromatograph (GC) equipped with an Agilent Technologies
5977A mass spectrometer (MS) employing electron ionization was employed throughout this
study. 3D printed models were placed into a headspace sample vial, manually sealed with
headspace caps using a vial crimper, and placed on the tray of the headspace sampler vial rack. HS
oven temperatures were varied from 100 °C to 240 °C in 20 °C increments and all vials were
incubated at the respective temperature using an equilibrium time of 20 minutes. A 1 mL sample
loop was employed in the static headspace sampler and set at 250 °C. A volume of 1.0 mL was
sampled using a 30 psi vial pressure and 20 psi loop pressure. The transferline connecting the
headspace sampler and GC was set at 250 °C to prevent sample condensation. A prosteel metal
capillary tubing (1 meter long with 530 um inner diameter (I.D.)) was employed as the transfer
line. All chromatographic separations were carried out using a Rtx-5MS capillary column (30 m x
250 pm I.D., df = 0.25 pm) from Restek (Bellefonte, PA, USA). The GC injection temperature was
maintained at 250 °C with a total flow rate of 9 mL min-!, septum purge flow of 3 mL min™!, and
a 5:1 split ratio. The GC inlet pressure was held at 11.639 psi to maintain a column flow rate of 1

mL min’!. Helium was used as the carrier gas for all separations. The employed GC temperature



program was as follows: initial temperature of 40 °C and held for 20 minutes, 10 °C/min ramp to
100 °C, followed by a 2 °C/min ramp to 120 °C, and a 15 °C/min ramp to 300 °C, and finally held
for 15 minutes. The MS source was set at 230 °C in the EI mode with a scan range of 45-300 m/z.
All chromatograms and mass spectra were acquired using MassHunter software from Agilent
Technologies (Santa Clare, CA, USA). After SHS analysis, all models were removed from the

headspace vials and their final mass acquired using a microbalance.

3. Results and discussions

3.1 Effect of headspace oven temperature on mass reduction of 3D printed models

In this study, four SLA resins (clear, high temperature, flexible 80A, and castable wax) and
three FDM filaments (ABS, CPE+, and PC) were examined. A microbalance was used to weigh
the models before and after the samples were subjected to the SHS-GC-MS system. The thermal
stabilities of all prepared models were evaluated and compared by determining the mass reduction
of each model after incubation at different temperatures. All models were incubated for 20 minutes

in the HS oven at 100 °C, 120 °C, 140 °C, 160 °C, 180 °C, 200 °C, 220 °C, and 240 °C.

The mass reduction for each model was calculated using equation 1:

Mass reduction (%) _ (initial model mass—final model mass) % 100 (Eq. 1)

initial model mass

where the initial mass of the sample (in grams) is measured before placing the sample in the
headspace vial, and the final mass of the sample is measured upon removing the sample from the
vial after HS analysis. The relationship between mass reduction and the employed headspace oven
temperature is shown in Figure 1. All studied materials exhibited a mass reduction when exposed

to elevated HS oven temperatures. At 240 °C, the mass reduction of SLA materials decreased in
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Figure 1 Mass reduction of 3D printed models after they are subjected to headspace oven

temperatures of 100 °C, 120 °C, 140 °C, 160 °C, 180 °C, 200 °C, 220 °C, and 240 °C for 20 mins.

The mass of all models was taken before placing them into the 10 mL HS vials. All models were

allowed to cool after heating and carefully removed from the vials to obtain the final mass. The

green line represents SLA castable wax resin, brown line is SLA flexible 80A resin, light blue line

represents SLA clear resin, dark blue line is the SLA high temperature resin, black line represents

FDM polycarbonate (PC) filament, pink line represents FDM acrylonitrile butadiene styrene (ABS)
filament, and red line represents FDM copolyester+ (CPE+) filament. The inset enlarges the

response for HS oven temperatures ranging from 180 °C to 240 °C to allow better comparison of
all materials in the high temperature zone.

the following order: castable wax > flexible 80A > clear > high temperature resin. The castable
wax resin model exhibited an average mass reduction of 2.474 % with a standard deviation (STD)
of £ 0.136 %, the flexible 80A resin exhibited an average mass reduction of 2.354 % (STD: £

0.232 %), the clear resin exhibited an average mass reduction of 0.801 % (STD: + 0.038 %), and



the high temperature resin exhibited an average mass reduction of 0.132 % (STD: + 0.014 %).
Percent relative standard deviation (RSD) values of 5.36%, 9.86 %, 4.79 %, and 11.76 %,
respectively, were obtained for these models. Among all SLA materials, the high temperature resin

exhibited the highest thermal stability and lowest mass loss at elevated temperatures.

At 240 °C, the mass reduction of FDM materials decreased in the following order: ABS >
CPE+ > PC. ABS produced an average mass reduction of 0.364 % (STD: = 0.017 %) and CPE+
exhibited an average mass reduction of 0.102 % (STD: + 0.014 %). The RSD values for these two
materials were 4.60 % and 12.31 %, respectively. The PC filament showed essentially no mass
difference before and after a 20 minute incubation at 240 °C. Therefore, among all FDM materials,

the PC filament showed the highest temperature stability by possessing the lowest mass reduction.

3.2 Examination of printing parameters on initial model mass and mass reduction for FDM

materials

A number of printing parameters can be modified when using FDM 3D printers. These
include increasing or decreasing the model’s printing size either proportionally or non-
proportionally on a 3-dimensional axis, adjusting the printcore temperature within a certain
temperature range depending on the material, and varying the printing speed to enhance printing
time efficiency. However, depending on the settings, the amount of filament extruded from the
printcore can also vary which can directly affect the mass of the printed model. To investigate this
in more detail, parameters including size of printed models, printing temperature, and printing
speed were systematically varied and studied. Since the ABS filament exhibited the lowest thermal
stability (i.e., highest mass reduction) among all FDM materials, it was used in subsequent sections
as tuning its printing parameters would be expected to produce more obvious effects on mass

reduction.
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3.2.1 Influence of sample size

Printing dimension errors exist on all 3D printers regardless of the printing mechanism.
However, due to differences in the design and actual print dimensions, a trial-and-error approach
is commonly employed to obtain a more accurate dimension for final models. Because adjustments
to the printing dimension are among the most important printing parameters, it was examined in
this study. Printed models comprised of white ABS filament were printed as large (5 mm, 5 mm,
10 mm; L x W x H), medium (5 mm, 5 mm, 5 mm; L x W x H) and small (5 mm, 5 mm, 2.5 mm;
L x W x H) sizes. As shown in Figure 2(a), the average mass of the large, medium, and small
models were 0.7055 g (STD: £+ 0.0016 g), 0.3692 g (STD: + 0.0075 g), and 0.2027 g (STD: +

0.0021 g), respectively, with RSD values of 0.02 %, 2.13 %, and 1.04 %.

Average mass reductions of the large, medium, and small models were 0.075 % (STD:
0.006 %), 0.036% (STD: 0.003%), and 0.023 % (STD: 0.003%), respectively, with RSD values of
8.46 %, 8.02 %, and 12.4 %. These results indicate that as the initial model mass increases, a larger
mass reduction is measured. Dimension discrepancies between the setup in the modelling software
and the actual printed model have been reported in previous studies using FDM (Akbas et al.,
2020). Therefore, a trial-and-error approach is often applied to applications that require precise

dimension control.

3.2.2  Effect of printcore temperature

Printcore temperature is a critical parameter that must be carefully optimized to obtain
high-quality printed models. Ideally, a suitable range of printing temperatures for a specific
material should be provided by the manufacturer. However, several factors such as the surrounding

room temperature and the print bed temperature can affect the optimal printcore temperature.
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Figure 2 Mass reduction as a function of (a) size (small, medium, large) of model, (b) printing
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at a headspace oven temperature of 200 °C for 20 mins and calculated based on Equation 1. The
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the relation between initial model mass by adjusting different setting parameters.
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When the printcore temperature is set too low, filaments are not able to be smoothly extruded.
Conversely, high printcore temperatures can lead to extra softness of the filament. Therefore,
optimization of the printcore temperature is often needed and may influence the initial model mass.
In this study, ABS filament was extruded at printcore temperatures of 235 °C (lowest suggested
temperature), 265 °C (highest suggested temperature), and 280 °C (maximum printcore
temperature). Triplicates of each printed model were incubated at 200 °C for 20 mins. As shown
in Figure 2(b), the average masses of the printed models yielded the following order: 235 °C <265
°C < 280 °C. Initial model masses of 0.3528 g (STD: £+ 0.0075 g; RSD: 2.12 %), 0.3920 g (STD:
+0.0013 g; RSD: 0.33 %), and 0.3970 g (STD: £+ 0.0015 g; RSD: 0.38 %) were obtained when
printing with printcore temperatures of 235 °C, 265 °C, and 280 °C, respectively. This
demonstrates that high printcore temperatures result in more filament being extruded; however,
extrusion of extra filament during high temperature printing can influence the smoothness of the

model surface.

The average mass reductions of models printed at printcore temperatures of 235 °C, 265
°C, and 280 °C were 0.036 % (STD: £+ 0.0028 %), 0.038 % (STD: £ 0.0038 %), and 0.040 % (STD:
+0.0038 %), respectively. RSD values of 8.01 %, 9.93 %, and 9.38 %, respectively, were obtained
from the corresponding printing temperature. This trend also agrees with the order obtained
previously with the initial model mass in that the initial model mass is not significantly influenced

by the printing temperature.

3.2.3 Analysis of printing speed

One of the main features distinguishing 3D printing from traditional manufacturing
processes is the requirement of relatively short printing times. Increasing the printing speed can
often shorten the overall printing time, resulting in time and energy savings. Since newly extruded
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filaments require time to attach to the bottom layer, a fast moving nozzle may result in the model
lacking form and structural integrity. Therefore, a compromise between the printing speed and

printing time is often needed depending on the ultimate application.

In this study, models printed with white ABS filament extruded at a printing speed of 30
mm/s, 60 mm/s (default), and 120 mm/s were examined. Models were subjected to a HS oven
temperature of 200 °C for 20 mins. Figure 2(c) shows that as the printing speed increased from 30
mm/s to 120 mm/s, the average initial model mass decreased in the following order: 30 mm/s > 60
mm/s > 120 mm/s. The average initial model masses yielded values of 0.3711 g (STD: + 0.0023
g), 0.3528 g (STD: + 0.0075 g), and 0.3440 g (STD: £ 0.0133 g) while printing at speeds of 30
mm/s, 60 mm/s, and 120 mm/s, respectively, with RSD values of 0.62 %, 2.16 %, and 3.86 %. It
can be expected that the faster moving extruders do not allow enough time for the filament to

properly attach to the previous layers with less material being extruded.

Upon varying the printing speed, the average mass reduction decreased in the following
order: 30 mm/s > 60 mm/s > 120 mm/s, with values of 0.0592 % (STD: + 0.0024 %), 0.0336 %
(STD: + 0.0029 %), and 0.0272 % (STD: £ 0.0026 %), respectively, and RSD values of 4.10 %,
8.01 %, and 9.76 %. These results are consistent with previously discussed results regarding

printed mass and mass reduction.

3.3 Comparison of mass reduction for raw FDM filament and printed models

Thermal stabilities of raw ABS, CPE+, and PC filaments, as well as printed models
produced from these filaments, were evaluated by examining the mass reduction at a HS oven
temperature of 200 °C. The raw filaments were cut into several short 0.2-0.5 cm segments from

the unprinted filament spool and then placed into headspace vials. Figure S2 shows a comparison
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between the mass reduction of the FDM raw filaments and the models after their incubation at a
HS oven temperature of 200 °C for 20 minutes. For all types of FDM materials, the mass reduction
values of printed models are smaller than the raw filament. ABS models exhibited an average mass
reduction of 0.0339 % (STD: + 0.0075 %) whereas the raw filament produced an average mass
reduction of 0.2662 % (STD: + 0.012 %), with RSD values of 2.01 % and 4.75 %, respectively.
CPE+ models showed an average mass reduction of 0.0617 % (STD: + 0.0046 %) with the raw
filament exhibiting an average mass reduction of 0.1542 % (STD: + 0.010 %), with RSD values
0f7.43 % and 6.34 %, respectively. The mass reduction of printed PC models was nearly negligible;
however, the raw PC filament exhibited a mass reduction of 0.1139 % (STD: £+ 0.0037 %) with a
3.26 % RSD. These results are to be expected since raw filaments are heated by the extruders once
during the printing process to form the printed model and indicate that a significant amount of
thermal degradation/decomposition products are released from the material during printing and

varies depending on the material.

3.4 Effect of post-processing procedures on mass reduction for SLA materials under high

temperature conditions

Unlike FDM, models printed by SLA involve an extensive post-processing procedure that
typically consists of a solvent bath and further thermal and/or UV light curing processes to
eliminate any uncured liquid resin. Standard post-processing procedures are often recommended
by the manufacturer for each specific resin and improper post-processing procedures can lead to
nonuniform structural composition or poor mechanical properties of the final models (Hardiman,
2019). In this study, the post-processing procedures were evaluated to observe their effects on the

mass reduction of the final printed model. Two different post-processing modifications were
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explored for the high temperature and flexible 80A resins and include eliminating both the

washing/curing post-processing procedure and eliminating only the curing process using UV light.

Models obtained immediately after SLA printing are said be in a “green state” as their
structure is more fragile and brittle than in their final form after UV curing (Hardiman, 2019). Due
to their weaker material properties, green state models are usually treated with wet sand paper to
smoothen the surface followed by further post-processing procedures to attain their optimal
mechanical and thermal properties (Horvath and Cameron, 2020). The mass reduction of printed
models was studied both in green state and after treatment with standard post-processing
procedures, including washing and curing processes. Green state models printed by high
temperature and flexible 80A resins were cleaned by lint-free wipes to remove any residual resin
attached to the models. Standard post-processing procedures for each material were based on the
manufacturers’ suggestions prior to being subjected to a HS oven temperature of 200 °C for 20

mins.

As shown in Figure S3, models treated with the standard post-processing procedures
exhibited less mass reduction than green state models after incubation at 200 °C. It can be expected
that some thermal decomposition/degradation products may be released during the thermal curing
process. As shown in Figure S3(a), mass reduction values of 0.7961 % (STD: £ 0.012 %) and
0.3007 % (STD: + 0.015 %) were obtained for models subjected to standard post-processing
procedures as well as models not subjected to the standard post-processing procedures,

respectively, with RSD values of 1.55 % and 4.93 %.

The high temperature resin has been suggested by the manufacturer for use under elevated
temperature applications; therefore, less mass reduction from the model is expected. As shown in
Figure S3(b), nearly negligible mass reduction values of 0.0352 % (STD: + 0.0020 %) and 0.029

16



% (STD: £ 0.0016 %) were obtained for models with and without standard post-processing
procedures, respectively. The results reveal that higher thermal stabilities of the models generally

be obtained after they are treated with post-processing procedures.

UV light curing is an important step in the post-processing procedure as it enhances the
thermal properties of the materials by further polymerizing trapped uncured resin layers in the
models.(Cheah et al., 1997) Although immersing the green state model into an IPA bath can
remove uncured resin, unreacted layers confined in the cured polymer can ultimately lead to
fragility of the models (Hardiman, 2019). Therefore, the recommended time and curing
wavelength for UV light exposure is dependent on the type of material and is often provided by

the manufacturer.

A comparison was made between models that were and were not exposed to UV light
during post-processing procedures. As shown in Figure S4(a), models prepared from the flexible
80A resin that were not exposed to UV light experienced a mass reduction of 0.6064 % (STD:
0.0314 %, RSD: 4.92 %), whereas models subjected to a UV light curing step experienced a mass
reduction of 0.3007 % (STD: £ 0.0014 %, RSD: 5.18 %). In the case of the high temperature resin
shown in Figure S4(b), a trivial mass reduction of 0.0332 % (STD: £+ 0.0023 %, RSD: 6.78 %) was
obtained for models not exposed to UV light whereas models subjected to UV light curing

experienced a mass reduction of 0.0292 % (STD: + 0.0016 %, RSD: 5.53 %)).

It has been discussed previously that the flexible 80A resin model produced a larger amount
of thermal degradation/decomposition products than the high temperature resin after incubation
under high temperature conditions. Due to its lower thermal stability, the flexible resin models
exhibited a more significant mass reduction with respect to curing with/without UV light during

the post-processing procedure. As expected, UV light treatment enhances the thermal stability of
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the materials by further curing the resin that was not fully polymerized. Therefore, a lower mass

reduction should be expected when treating models with UV light for all SLA materials.

3.5 Heat induced deformation of 3D printed models

FDM printing involves a melt extrusion method that requires thermoplastics as printing
materials, which have been widely applied in injection molding within the manufacturing industry
due to its softening property and tendency to become flexible at high temperatures (Miwa ef al.,
2017). Therefore, models printed by FDM can be expected to undergo some distortion. After SHS-
GC-MS analysis, all models subjected to the various headspace oven temperatures were collected.
As shown in Figure 3, FDM models exhibited signs of structural deformation, which may make
them less desirable for users who require a model to maintain its structure within a high
temperature environment. On the other hand, SLA printing results in the formation of thermoset
polymers after polymerization of the resin. Thermoset polymers have been widely used in
applications within the aerospace and automotive industry that require high dimensional stability.
Due to molecular crosslinking, thermoset polymers form irreversible chemical bonds after
exposure to UV light. The packed crosslinks also cause the thermoset polymer to not soften under
high temperature and to retain a rigid structure or directly breakdown before reaching their melting
temperature. As shown in Figure 3, SLA models remained structurally intact. However,
discoloration can be observed from the transparent SLA models after incubation under high
temperature conditions where they gradually became darker as the incubation temperature was

increased.
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Figure 3 Structural deformation of 3D printed models after being heated at a headspace oven
temperature of 100 °C, 120 °C, 140 °C, 160 °C, 180 °C, 200 °C, 220 °C, 240 °C (from left to right)
for 20 mins. The models include (a) FDM filaments (ABS, PC, CPE+) and (b) SLA resin (clear,
high temperature, castable wax, flexible 80A).

3.6 Identification of thermal degradation products by SHS-GC-MS using high temperature resin

The proprietary nature of the various commercial 3D printing materials results in some
ambiguity regarding their chemical composition. Commercial 3D printing materials often contain
various additives such as monomers, crosslinkers, dyes, modifiers, plasticizers, and UV light

stabilizers. Efforts have been undertaken to use various analytical methods to understand and
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identify thermal decomposition/degradation products released during the printing process and
from printed models when they are heated (Ding et al., 2019; Rastogi et al., 2020). In this study,
SHS-GC-MS was applied to identify possible decomposition/degradation products due to its high
sensitivity, accuracy, and high preconcentration of volatiles during sampling. The sensitivity of
SHS-GC-MS is shown in Figure S5 using the PC filament, which has previously been shown to
produce the lowest mass reduction of the models when incubated at 200 °C for 20 mins. While the
mass reduction was nearly negligible from the previous method, several significant peaks can still
be observed by using the SHS-GC-MS approach. Among all tested materials, the high temperature
material exhibited high structural rigidity and relatively high temperature tolerance during thermal
analysis. Therefore, this material was chosen to demonstrate the feasibility of SHS-GC-MS to
identify small amounts of thermal decomposition/degradation products when the model is

gradually heated.

To qualitatively evaluate thermal decomposition/degradation products in the high
temperature resin, several high response peaks can be observed in the total ion GC chromatogram
after the model was incubated at 200 °C, as shown in Figure 4. Among these peaks, a total of eight
volatile compounds were identified as possible photoinitiators, monomers and crosslinkers by
matching the obtained mass spectra with the NIST mass spectral library (de Almeida Monteiro
Melo Ferraz et al., 2020; Ziolli and Jardim, 2003). Figure S6(a) and (b) show the alignment of the
mass spectra obtained from the high temperature resin during SHS-GC-MS and from the database.
The peaks were found to align with at least an 80 % match to the mass spectra from the database
and are shown in Table 1. Commercial standards of these compounds were purchased and
subjected to GC-MS analysis allowing for the retention times of the commercial standards to be

matched with compounds identified from the library search. Retention times of the identified
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Figure 4 GC-MS total ion chromatogram of the high temperature resin obtained after incubating
the sample at a headspace oven temperature of 200 °C for 20 mins. Chemical structures are noted
for peaks with probabilities over 80 % by matching the obtained mass spectra of the compounds
with the NIST mass spectral library.

compounds generally matched the standard within 0.1 minutes due to the length of the transferline
between the SHS sampler and GC-MS system. As shown in Figure 4, ethyl methanesulfonate
extracted from the 3D printed model exhibited a retention time of 23.0 minutes, whereas the ethyl
methanesulfonate standard produced a retention time of 22.9 minutes. A 96.2 % probability of peak
alignment matched the mass spectrum obtained from the NIST mass spectral library. The analyte
1,3-dioxolan-2-one exhibited a retention time of 24.5 minutes and has been reported as a
commonly used monomer for UV light polymerization reactions by undergoing a ring opening
reaction (Xu et al., 2019). The retention time of the commercial standard was 24.4 minutes with a

93.3 % match to the NIST mass spectral library. The compound 4-propan-2-yloxybutan-1-ol
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Table L. Identification of unknown compounds from thermal degradation of the high temperature
resin model (SLA) after incubation at a HS oven of 200 °C for 20 mins. Retention times of thermal
degradation compounds were acquired from analytes that underwent degradation from the 3D
printed model and were injected by the SHS sampler. Retention times of commercial standard
were acquired by direct injection. Probabilities are acquired by matching peaks between the mass
spectrum obtained from the thermal degradation/decomposition products and the mass spectrum
from the NIST mass spectral library.

R‘:)t:ltlltl:::nt;ne Retention time | Qbserved
Chemical . of commercial base Probability®

Compound name? . | degradation/de b a o

formula .e standard peak (%)
composition . (m/z)
product” (min) (min)
Ethyl methanesulfonate | C3;HsOs3S 23.0 22.9 79 96.2
1,3-Dioxolan-2-one C;H40; 24.5 24.4 88 933
4-Propan-2-
yloxybutan-1-ol C7Hi602 27.1 N/A 45 82.3
[(E)-4-Formyloxybut- | = ¢ 11 6, 27.8 N/A 54 95.4
2-enyl] formate
2:4,6-Trimethylbenzoic | o vy o, 39.9 39.9 146 81.9
acid
Diethoxyphosphorylbe | ¢ 1y 0:p 41.0 41.0 158 96.4
nzene
(1-
Hydroxycyclohexyl)- Ci3Hi1602 43.2 43.2 99 93.3
phenylmethanone

Anthracene-9,10-dione | Ci4H3O» 45.5 45.5 208 82.7

aData acquired from the Agilent Mass Hunter software.
bData obtained from National Institute of Standards and Technology (NIST) mass spectral library.

N/A: No commercial standard available.

extracted from the 3D printed model exhibited a retention time of 27.1 minutes and a 82.3 %
probability match. The analyte [(E)-4-Formyloxybut-2-enyl] formate produced a retention time of
27.8 minutes, and a 95.4 % match to the mass spectrum from the NIST mass spectral library. The
compound 2.,4,6-trimethylbenzoic acid was identified at a retention time of 39.9 minutes and is a

common photodecomposition product from UV photoinitiators after polymerization (Scarsella et
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al.,2019). The retention time of the 2,4,6-trimethylbenzoic acid standard was 39.9 minutes with a
81.9 % probability of mass spectrum peak alignment with the NIST mass spectral library. The
compound 1-hydroxycyclohexylphenyl ketone is a common UV light photoinitiator used in resin-
based additive manufacturing industry (Cheah et al., 1997). A 93.3 % of probability was obtained
for this compound by alignment to the mass spectrum of the NIST database. Finally, the compound
9,10-anthracenedione is commonly used with an amine co-initiator to perform a type-2
photoinitiation (Dadashi-Silab ef al., 2016). Retention times obtained from both the 3D printed
model and the standard were found at 45.5 minutes with an 82.7 % probability by alignment to the

mass spectrum from the NIST mass spectral library.

4. Conclusions

This study demonstrates SHS-GC-MS as a simple and sensitive preconcentration method
to analyze thermal degradation products produced from 3D printed models under high temperature
conditions. The use of the SHS-GC-MS approach enables precise temperature control with the
SHS oven to enable emission and preconcentration of thermal degradation products from the 3D
printed models and identification of these compounds from chromatographic retention times and
mass spectra. The mass loss of models in relation to adjustments of FDM printing parameters (size,
printcore temperature and printing speed) and SLA printing post-processing processing procedures
on the tested material was measured in this study. The mass loss was found to increase as larger
sample sizes and faster printing speeds were set for FDM printing whereas the mass loss increased
without proper treatment of SLA 3D printed models. In addition, deformation of the models was
also found to be dependent on different 3D printing mechanisms under various incubation
temperatures. While FDM printed models tended to deform under high temperature, SLA printed

model remain structurally intact even after incubation at 240 °C. Lastly, the identification of the

23



thermal degradation produced from 3D printed models under high temperatures was enabled by
mass spectral alignments. Using the high temperature resin, mass spectra of thermal degradation
compounds emitted from the high temperature model were aligned to the standard mass spectra
from the NIST mass spectral library. The SHS-GC-MS approach holds great potential in
identifying thermal degradation compounds emitted from commercial 3D printing materials with

unknown composition.
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