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Abstract

Open-source scientific hardware based on affordable fused filament fabrication (FFF) 3-D
printing has the potential to reduce the cost of research tools considerably. So far, development
has focused on tools that do not require compatibility with vacuum environments. Highly porous
3-D printed plastics require surface treatments to mitigate their outgassing, and in this study we
explored the outgassing reduction from 3-D printed black-colored acrylonitrile butadiene styrene
(ABS) and polycarbonate (PC) using a commercial vacuum sealing resin as well as atomic layer
deposited (ALD) aluminium oxide (AlOy). The outgassing properties of uncoated plastics could
not be measured due to a too high level of outgassing, which was attributed to their high porosity
and high specific surface area. However, both the commercial resin and the ALD coatings
reduced the extent of outgassing from both ABS and PC, which enabled their comparison by
residual gas analysis (RGA). Remarkably, the outgassing performance achieved with ALD AlOy
was superior to the performance of the commercial vacuum resin across a temperature range of
40 to 100°C for both plastics, despite the uneven coverage of the plastic surface with AlOx.
Results indicated that both ABS and PC could be made compatible with at least moderate
vacuums using ALD AlOy. Thus, the fabrication of laboratory vacuum tools can be realized with
affordable 3-D printed plastics. However, further studies on the physical mechanisms behind the
outgassing reduction and the durability of the coatings are required.

Keywords: Atomic layer deposition, aluminium oxide, outgassing, vacuum compatibility, 3-D
printed plastics

l. INTRODUCTION



Additive manufacturing (AM) methods allow for rapid prototyping of designs and producing
complex geometries that are not easily accessible by other manufacturing methods. In recent
years, AM has facilitated the development of various open-source research tools, and especially
affordable fused filament fabrication (FFF)-based 3-D printing shows great potential in
laboratories in the fabrication of low-cost, customized, and high-quality scientific instruments [1-
3]. Generally, these bespoke tools can reduce the cost of scientific equipment by 90-99%
compared to commercial equipment, which has already created considerable value for the
scientific community [4,5]. Examples of such tools include chemical mixers [6,7], microfluidic
devices [8-11], and mass spectroscopy equipment [12], which highlights the various fields in
which laboratories can benefit from open source scientific hardware.

Despite their promise, only a few short studies on using 3-D printed components in vacuum
environments have been published [13-17]. Studies by Gans et al. [13] and Povilus et al. [14]
mention that both the high porosity of FFF plastics and their lack of mechanical strength might
pose issues in a vacuum. During the printing process, small voids and inclusions can form in the
component, which can trap atmospheric gases. These gases can slowly leak into the vacuum
environment, which increases the pressure in the vacuum vessel and renders the component
incompatible with low-pressure applications. Other concerns in using plastics in vacuum
environments are the high vapour pressure of the material itself, which can lead to significant
amount of outgassing, and their limited thermal conductance. These issues have been discussed
in previous studies [13, 15, 18, 19]. A potential approach to mitigate outgassing from 3-D printed
plastics is to coat the component with metal layers [16] or by commercial vacuum sealing resins
[17].

Atomic layer deposited (ALD) AlOy is a potential material for outgassing reduction, as layers
that efficiently limit gas diffusion [20] can be deposited even at low temperatures [21-23] on
various polymers [24]. ALD films have been demonstrated as viable layers for increasing the
performance of polymers in space applications, such as protecting plastics from degradation [18]
and potentially reducing outgassing of plastics at elevated temperatures [19]. In this study, we
explore the mitigation of outgassing from affordable and easily printable FFF plastics using
vacuum resins or thin inorganic aluminium oxide (AlOyx) coatings prepared by in house ALD.
Specifically, we investigate the worst-case scenario using black pigmented plastics whose
coloring agents can add to outgassing. The ultimate aim of these experiments is to create a
toolkit for an open-source fully 3-D printable ALD tool, capable of producing high-quality ALD
films for contamination-sensitive applications.

Il. EXPERIMENTAL

The investigated commercial 3-D printed materials were acrylonitrile butadiene styrene (ABS),
which is one of the most common FFF plastics, and polycarbonate (PC), which is one of the
highest strength plastics commonly available for standard FFF-based 3-D printers [25]. The
plastics were coated with either a commercial vacuum sealing resin or ALD AlOy, and the
reduction of outgassing was compared using a residual gas analysis (RGA) tool. Black 3-D
printed plastics were used to explore the limits of outgassing reduction, as a large number of
concentrates used for black colouring are based on carbon black, which is a known outgassing



agent [26]. The thermal and vacuum history of all samples were carefully matched to each other
to provide an accurate analysis of the outgassing properties of the plastics.

A. Sample preparation

3-D models of rectangular samples with the dimensions 5 mm X 5 mm x 2 mm and 30 mm x 30
mm x 1 mm were designed using OpenSCAD [27]. Uncoated 5 mm X 5 mm X 2 mm samples
were used in surface area analysis, while the 30 mm % 30 mm X 1 mm were coated and used in
outgassing studies. The samples were printed with an open source Lulzbot Taz 6 FFF-based 3-D
printer (Aleph Objects, Loveland CO) using commercial 3-D printing filaments of ABS and PC.
The ABS filament was obtained from IC3D (Ohio, USA), and PC (PC-Max) from Polymaker
(Shanghai, China). The printer and slicing settings were determined with the Cura slicing
software (21.08 Lulzbot edition), and the samples were printed with 100% infill using the
printing parameters described in Table 1. PV A-based glue was applied to the printing bed before
printing PC to decrease the adhesion between the samples and the printing bed. The residual glue
was removed from the PC samples with particular care by wiping them with water-damped
disposable laboratory wipes. After printing, both ABS and PC samples were handled with nitrile
gloves and cleaned by consecutively wiping them with lint-free wipes damped in water and
isopropanol.

TABLE 1. Essential printing parameters of the ABS and PC samples, defined using the Cura software.

Layer Shell Bottom/top Print Top/bottom . Minimal
. . . . Print7 BedT .
Plastic height thickness thickness speed speed °C] °C) layer time
[mm] [mm] [mm] [mm/s] [mm/s] [s]
ABS 0.18 1.0 1.05 50 30 245 95 15
PC 0.15 1.0 0.9 50 30 255 100 20

The first sets of 30 mm x 30 mm x 1 mm ABS and PC samples were treated with a commercial
silicone-based high vacuum leak sealing resin (Vacseal [28]), which was cured at 95°C for 24
hours [17]. The resin was applied to the top, bottom and sides of the samples using a brush. The
second sample set of the same dimensions was coated with ALD AlOy using a Picosun R-100
top-flow ALD tool with trimethylaluminum (TMA) and deionized water as precursors. The
reactor temperature was 80°C, which was below the glass transition temperature of both ABS
(~105°C) and PC (~110°C) [29]. The reactor pressure was ~20 mTorr in a constant N, flow.
TMA and water were dosed into the reactor from external containers kept at room temperature
using pneumatic valves with pulse lengths 0.2 and 0.5 s, respectively, with 5 s purging steps
between the precursor pulses. The samples were placed on top of silicon wafers used as monitor
samples and coated with 300 cycles of AIOx per run in three consecutive runs, labelled
depositions I, II, and III. Since the 3-D printed samples have high surface roughness there was
some gas flow between the monitor wafer and the bottom of the plastic sample. The use of the



monitor samples for film thickness characterization is further explained in the next section. Third
sample set was made by applying the vacuum resin to the side facing the Si wafer during the
deposition of some of the ALD-coated samples and curing them at 95°C at 24 hours. Uncoated
samples were used as a reference set.

The vacuum histories of all samples were matched to the ALD-coated samples by placing the
resin-coated and the reference samples in a vacuum chamber in ~20 mTorr pressure at 80°C for
the duration of the ALD runs (~5 h). This sample pre-treatment was done to ensure that each
sample had the opportunity to outgas and dehydrate before characterization. All sample sets and
their corresponding coatings and pre-treatments are summarized in Table 2.

TABLE 2. Sample types and methods of pre-treatment. All samples were prepared for both ABS and PC.

Sample set ALD coating Pre-treatment Resin applied  Resin curing
Resin-coated None 80°C at 20 mTorr for 5 h All sides 95°C for 24 h
ALD-coated 900 cycles AlOy at 80°C None No None

Resin- and ALD-coated 900 cycles AlO, at 80°C None Bottom side 95°C for 24 h

Reference None 80°C at 20mTorr for 5 h No None

B. Characterization

The specific surface area of 3-D printed ABS and PC was determined using Brunauer-Emmett-
Teller (BET) theory [30]. The nitrogen adsorption and desorption properties at liquid nitrogen
temperature (77K) were investigated from one hundred pieces of the 5 mm X 5 mm x 2 mm
samples using a Micromeritics ASAP 2000 instrument. PC and ABS samples were cryofractured
and coated with conducting Pt:Pd in a 80:20 ratio, and scanning electron microscope (SEM)
images were acquired with a Hitachi S-4700 field emission SEM (FE-SEM) to investigate the
polymer cross-section microstructures. The same equipment was used for energy-dispersive X-
ray spectroscopy (EDX) to identify the spatial distribution of elements in the micrographs. Depth
profiling using X-ray photoelectron spectroscopy (XPS) was conducted using a PHI 5800
photoelectron spectrometer (Physical Electronics, Minnesota, USA) to check for carbon
contamination in the deposited inorganic film.

A bespoke quadrupole residual gas analyser (RGA) setup, shown in Figure 1(a), was used in the
outgassing experiments. The load lock region of a Riber molecular beam epitaxy system was
connected to a roughing and turbo pump to create an isolated chamber capable of holding a
vacuum of 107 Torr. A Transpector Inficon gas analysis system was installed on an available
flange. A sample heater capable of reaching 100°C was mounted in the chamber and used to test
the outgassing of the samples at 10°C increments, from base temperature (>36°C) until 100°C.
Baseline partial pressure data using the RGA was gathered without a sample loaded at each
temperature set point to characterize the inherent species present in an empty chamber. Samples
were stored in a sealed desiccant container for a minimum of 24 hours prior to RGA analysis.
Each sample was placed in the vacuum chamber at a base pressure of 1.7 to 2.3 x 107 Torr for



12 hours before initiating the measurement. The partial pressures for species with 1 to 100
atomic mass units (AMU) were recorded using a TWare32 gas analysis software at the specified
temperatures.

The data for each measurement was normalized using Eq. (1) to isolate the quantity of outgassed

species:
(PPM)
Po
PP = PpE (D
M
()

where

PPy is the partial pressure of the molecular mass of interest,
Py is the chamber pressure during the run,

PPIE is the partial pressure of the molecular mass of interest during the baseline run

(without sample),
PE is the chamber pressure during the baseline run.

Due to the variation in base pressure during each run, the partial pressure in both the numerator
and the denominator were divided by the base pressure during that run. The noise level of the
partial pressure measurement was approximately 10™° Torr, so data below this limit was
discarded.

During the ALD depositions, 4-inch silicon wafers (Okmetic, n-type, 300 pm, 2-5 Q/cm, double-
side polished, 100 orientation) were used as monitor samples to facilitate the characterization of
film growth in the ALD runs. Initially, a 30 mm x 30 mm piece of a similar Si wafer was placed
on top of a monitor wafer to study how the geometry of the samples affect the film growth. A
schematic explaining the sample positioning inside the ALD reactor is presented in Figure 1(b).
One 3-D printed plastic sample at a time was placed on a monitor wafer, and the samples were
coated with 300 cycles of AlOy per run in three consecutive runs (runs I-1II). The monitor wafer
was changed for each individual run to observe if the increasing film thickness on the plastic
sample would influence the outgassing in such a degree that changes could be seen in the
properties of the ALD film. Therefore, the plastic samples had 900 cycles of AIOy on them after
all the runs, while all monitor samples had only 300 cycles on them. The difference between
each monitor sample was that the thickness of the AlOx on the plastic sample placed on top of
the wafer was different.

ALD film thickness and density were determined from the monitor samples using X-ray
reflectometry (XRR) (PANalytical X Pert) in four areas per wafer to study how the potential
outgassing from the plastic pieces would influence the growth rate and density of the AlOy film
on silicon. This provides indirect information on the amount of outgassing from the plastics, as
volatile compounds potentially perturb the precursor flow over the samples. The thickness map



was created with an ellipsometer (J.A. Woollam M2000UT) scan of full wafer area giving better
thickness data compared to the XRR analysis. Additionally, a J.A. Woollam V-VASE
spectroscopic ellipsometer was used at angles 65°, 70° and 75° (wavelength = 300 to 900nm in
steps of 10nm) to determine refractive index at certain selected points which were shown to have
similar thickness.

Gate valve for
turbo pump 3-D printed samples

Inside the ALD reactor

RGA

= XRR measurement

Heated wire
feedthroughs

Sample bed

Monitor wafer

TMA

source

Thermocouple Resistive sample heater
for temperature
feedback

(a) (b)

FIG 1. (a) Modified load lock of MBE system showing sample heater, polymer sample and RGA. (b) 3-D printed 30
mm x 30 mm x 1 mm plastic samples were placed on a silicon wafer inside the ALD chamber. The yellow lines
mark the locations where the ALD AlOx film thickness and density were measured with XRR. The thickness of the
AlOx film was also mapped across the whole monitor wafer with ellipsometry.

lll. RESULTS

Thickness measurements on the monitor Si wafers confirmed that the presence of both ABS and
PC made the AlOy film grow non-uniformly. In the reference deposition, in which the 30 mm x
30 mm silicon piece was on top of the monitor wafer, the film thickness ranged from 39 nm
(further away from the precursor inlets) to 46 nm (directly after the inlets). During the initial
depositions on ABS and PC samples, a more severe disruption of the film growth on the monitor
wafers compared to the square silicon sample was observed. Pictures of the wafers and the
respective thickness maps are shown in Figure 2, and it was observed that the AlOy film did not
grow uniformly on the surface of the monitor wafer. There was higher growth in the area near
the TMA inlet and lower on its opposite side. Around the edges of the plastic samples, highly
irregular growth that was limited around and below the samples was observed. With each
consequent step of the deposition, the uniformity of the film on the monitor wafer improved
slightly, which suggested changes in the outgassing, the surface properties of the plastic, or
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introduction of new alumina nucleation sites that contribute to the outgassing barrier properties.
XRR measurements on the monitor samples revealed that film density remained essentially
constant (values) among the four measurement areas for both ABS and PC in all monitor wafers.

ABS
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FIGURE 2. Photographs and ellipsometry maps of the monitor wafer after each sequential (I-III) ALD run for ABS
and PC. The thickness maps close to the plastic sample position are not accurate because of uncontrolled film
deposition. The non-uniformity of the deposition is clear in both photos and ellipsometer maps. The thickness scale
[nm] is on the right of each map.

Characterization of the 3-D printed plastics revealed that both materials were highly porous.
Based on the BET analysis, the specific surface area of uncoated ABS was 0.91 m%/g, while for
PC it was 1.08 m%/g. SEM images of the cryofractured ABS and PC cross sections are shown in
Figure 3. The average pore diameter in PC was approximately 500 nm, while the pore size
distribution in ABS was much larger, ranging from the nanometer to the micrometer range.



Based on the SEM images, it was estimated that the pores accounted for approximately 28% of
the volume of the ABS sample, while for PC ~56% of the volume comprised of pores. When
uncoated ABS and PC samples were loaded into the testing chamber and pumped down, the base
pressure of the system did not get down to a level low enough for the RGA to function.
Therefore, the need for reduction of outgassing from both ABS and PC was evident in order to
use them in vacuum applications.

2 um; . RS % § :.7. { Box <A - v >

v

FIGURE 3. SEM micrographs of cryo-fractured cross-sections of uncoated 3-D printed (a) ABS and (b) PC, showing
porous structures.

Coating the plastics with an approximately 7 um thick layer of the commercial vacuum resin
smoothened the surfaces substantially, as seen for the resin-coated PC sample in Figure 4(a). The
resin had partially penetrated the porous surface, and the pore size seemed to increase towards
the bulk of the sample. SEM images of the PC surface show both surface cracks and point
defects on the resin layer (Figure 4(b) and 4(c)), which indicated that the application of the resin
and the curing process were not optimal to achieve perfect surface coverage.

T_.

Surface of the sample

Resin layer

Polycarbonate
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FIGURE. 4.(a) Cryo-fractured cross-section of 3-D printed PC sample, coated with the commercial vacuum resin. The
image shows partial penetration of the resin into the pores of the plastic. Pore size was smaller close the surface of
the sample than in the bulk. (b) PC surface showing cracks in the vacuum resin. (c) Accumulation of resin on the PC
surface with the inset showing a magnified view of resin clusters.

SEM images and EDS analysis of the ALD-coated plastics revealed that the AlOy coating was
fully conformal on the surface of PC, whereas the surface of ABS exhibited regions devoid of an
oxide coating (Figure 5). ALD layers on both polymers were found to include 3-D growth, with
clusters of AlOy appearing to grow vertically from the film surfaces (Figures 5 and 6). EDS
confirmed the composition of the observed particulates to be a majority of Al and O, suggesting
that they were monocrystals or polycrystals of AlOy. The particles had a diameter of 1-2 um. The
presence of particulates suggests that the layer-by-layer reaction sequence characteristic to ALD
growth was interrupted. It is possible that TMA and water molecules desorbed from the
polymers reacted with each other in the gas phase, subsequently precipitating, or free water
vapor pre-emptively reacted with TMA adsorbed to the polymer surface during the precursor
stage of the ALD cycle.

FIGURE 5. SEM image of (a) PC ALD coating (BSE image), (b) inset image of hole in PC ALD coating, (c) ABS
ALD coating (BSE image), (d) inset image of hole in ABS ALD coating.

The presence of fracture in the ALD layer on the PC samples is telling of the layer’s uniform
mechanical properties and contiguousness. No fractures were noted in the ALD on the ABS
sample’s surface, - which further
exemplifies the : . non-contiguous
nature of the . film as shown in

Figure 5, havin sizeable gaps in
thfuﬁlm, ¢ Accumulated AIO, —— ¢¢ &ap




FIGURE 6. SEM image of a strand of PC, coated with 900 cycles of AlO,. Instead of growing as a uniform film, the
AlOy had accumulated on the plastic surface as micron-sized particles and whiskers.

Subsurface crystallites of AIOy were observed in both polymers, contained mostly within a depth
of 5 um relative to the ALD coating/polymer interface. Due to the small size of the pores in each
polymer, it was difficult to determine if a direct association between subsurface crystallites and
pores existed, but the size of the crystallites in the PC sample seems to corroborate this
possibility.

Sub-surface AlO,
crystallites

Sub-surface AlO,,

crystallites
5 pm ¥ .

FIGURE 7. Backscattered SEM cross section images of (a) black ABS with ALD coating and (b) black PC ALD
coating. Note the presence of sub-surface AlO, crystallites, identified via EDS. An example EDS line scan path is
presented in the sub-set image for the black ABS image.

Both ALD-coated polymers showed sub-surface agglomerates of AlO, with similar penetration
depth of Al and O, as determined from EDS line scans (Figure 8). Line scans locations were
chosen to avoid subsurface crystallites, in order to sample the bulk subsurface composition. The
presence of subsurface Al Ka and enhanced O Ka signal is assumed to result from the presence
of subsurface AlOj crystallites, dispersed finely in the matrix (distinct from the agglomerates
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shown in Figure 7). The higher O Ka signal in the PC sample relative to the ABS sample at
increasing depths from the coating surface reflects the presence of O in the structure of the
polymer. Another notable difference between the EDS line scans is the continual increase in C
Ka signal with depth from the ALD layer, as we go deeper into the sample.
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Figure 8. Depth profiles of C, O, and Al Ka signal from EDS line scan (left: black ABS, right: black PC). Depth
measured as linear distance from the maximum Al Ka signal position (assumed to be the centreline of the AlO,
coating). Line scans were taken with an accelerating voltage of 15 kV and each elemental Ko profile is normalized
to the maximum intensity within the sampling length.

After coating the samples and the preparation procedures, the outgassing from all samples was
analysed with the RGA setup. For resin- and ALD-coated ABS and both resin-containing PC
samples, the summed partial pressure of all outgassing species increased with temperature. This
led to a substantial increase in total chamber pressure, and a very high filament current was
registered at temperatures over 80 °C for resin-coated ABS, over 50°C for resin- and ALD-
coated PC and over 60°C for resin-coated PC. In order to protect the RGA from damage, data
collection from these samples was terminated at the aforementioned temperatures.

The sum of the normalized partial pressures from 1 to 100 AMU for each temperature are
presented in Figure 7a) for ABS and b) for PC. For both plastics, the outgassing level of the
ALD-coated remained the lowest at all temperatures. The outgassing from the resin-coated ABS
was the highest of all ABS samples until 60°C, after which the resin- and ALD-coated sample
showed a sudden increase in outgassing. Above 70°C, the outgassing from resin-coated ABS
started to decrease, but the outgassing level was still higher at 100°C than that of the ALD-
coated samples. Similar to ABS, the resin-coated PC samples showed the highest outgassing
level, and the outgassing from the resin- and ALD-coated samples was between the level of
resin-coated and ALD-coated samples. At certain temperatures the resin- and ALD-coated
samples exhibited outgassing higher than resin-coated samples. Since the coating was applied to
the backside manually and great care was taken to ensure it does not overlap the ALD coating on
the front, parts of it may have been accidentally applied too thick, leading to higher outgassing
seen at elevated temperatures.
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FIGURE 9. Sum of the normalized partial pressures for each temperature for (a) ABS and (b) PC. Due to a high
amount of outgassing from samples with the resin, the outgassing could not be measured at all temperatures with
limits indicated with dashed lines. Estimate for the pressure that was too high for the RGA measurement is indicated
in the graphs as the grey area. The outgassing from the ALD-coated samples remained low throughout the studied
temperature range. The acceptable partial pressure value is determined by the end user’s application.
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Comparison of the outgassing properties of all samples was done at 50°C to highlight the
influence of the coatings. Figure 8 presents the normalized partial pressure of outgassing species
with molecular mass ranging from 1 to 100 AMU at 50°C from all sample sets. The partial
pressures of the outgassing species from the resin-coated samples were lower than from uncoated
reference samples, but compared the other coatings the resin-coated samples had the highest
amount of outgassing. Resin- and ALD-coated samples registered intermediate outgassing
pressures. This was especially evident at molecular masses >50 AMU. The overall outgassing
level of ALD-coated samples was noticeably and consistently lower than from the samples that
had resin on them.
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FIG. 10. A comparison of outgassing characteristics of coated ABS (a) and PC (b) samples at molecular masses 1 to
100 AMU at 50 °C, showing a consistently low value for the ALD-coated samples.

IV. DISCUSSION

3-D printed polymers are known to have high porosity due to voids present in the microstructure
[31-33]. While the presence of these voids can be exploited to tune mechanical properties for
various biological applications [34], the high porosity and specific surface area of both 3-D
printed ABS and PC posed a challenge for their use in vacuum applications, as the uncoated
polymers had such a high level of outgassing that the RGA measurements could not be
conducted. The pores in the material had the potential to trap atmospheric contaminants that
likely escaped in the presence of vacuum. Coating the 3-D printed plastics with either a
commercial vacuum sealing resin or ALD AlOy reduced the outgassing to a level that was
measurable with the employed setup. Resin-coated ABS exhibited a lower total amount of
outgassing compared to PC. The higher porosity and higher specific surface area of PC
potentially contributed to higher adsorption of ambient gases, resulting in serious outgassing of
atmospheric contaminants under vacuum. The resin did not provide a uniform and durable
coverage of the plastic surfaces, seen as cracks on the PC surface. This effect was seen to a
comparatively lower extent in ABS due to its lower porosity.

A potential explanation for the decrease of pore size at the surface is the curing procedure, as at
95°C the plastics could have softened even below the glass transition temperature. SEM
micrographs of the surfaces coated with the vacuum resin showed cracking, which appeared
when the solvent was driven off using a baking process at elevated temperature to cure the resin.
This cracking was attributed to the possible large thickness of the resin, due to which it could not
be cured effectively. Hence, when the solvents were drawn out, the polymer potentially
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contracted and clusters of the resin could be seen on the surface. This problem may be mitigated
by gradually heating the sample to eliminate the possibility of thermal shock.

Based on the deposition on a 30 mm X 30 mm Si sample on top of a monitor wafer, it was
concluded that the physical presence of the sample in the middle of the deposition area
influenced the film uniformity. Based on previous studies, even minor changes to the sample
placement inside the reactor can affect the gas flow on top of the wafer [35]. In the course of the
AlOy depositions, it was observed that the plastics disrupted the growth of the film. The species
that outgassed from the plastics were likely parts of both ABS and PC polymer chains. These
hydrocarbons speculatively adsorbed to the substrate surface of the monitor Si wafer during
deposition, preventing TMA molecules from reaching the active surface OH-sites. This reduced
the film thickness across the wafer. On all the four sides of the chamber, there were inlets with a
constant flow of N, carrier gas that moved the outgassed products all over the chamber,
disrupting the deposition more the further from the precursor inlet. A higher growth area did not
appear in front of the water inlet suggesting that the water reaches further away from the inlet
compared to TMA. On the other hand, uncontrollably rapid growth was observed in the initial
deposition in areas that were in contact with the plastics. A likely explanation for this is the
adsorption of water during the water pulse into the porous structure of the plastic, and its
subsequent release during the TMA pulsing steps. TMA molecules reacted with the higher
excess water molecules around the plastic in the gas phase. The gradual release of water led to
high film thickness localized to the edges of the plastics and reducing the film uniformity. The
presence of water vapor during the TMA pulse also explains the formation of the AlOy clusters
that were deposited on the surface of the plastics. As these particulates can be difficult to remove
from vacuum systems, their formation should be suppressed by lengthening the purge step in the
ALD process when coating porous substrates.

Despite the non-optimal ALD process, the uniformity of the film that was deposited on the
monitor wafer improved with increasing AlOy thickness on the plastic. This can be attributed to
the reduction of outgassing and lower amount of water adsorption to the surface of the plastic,
which was seen as reduced amount of uncontrolled growth around the edges of the sample. The
physical presence of the plastic likely played a role in decreasing the uniformity of the film away
from the precursor’s inlets, but its effect was difficult to detect in these depositions, since the
outgassing and water absorption likely had a larger influence on the film uniformity in the initial
depositions. However, in run III, the disruption of precursor flows due to the physical shape of
the sample might have started to influence the film uniformity.

The outgassing characteristics were the least favourable for the resin-coated samples. However,
it should be noted that the resin did reduce the outgassing enough for both materials to be
measured by the RGA. Intermediate outgassing characteristics were observed for the ALD-
coated samples that also had vacuum resin on them. It was speculated that although the resin is
meant for vacuum applications, its incomplete curing can cause continued outgassing. The resin
manufacturer [36] states that the recommended curing temperature of this product is 200°C, and
room temperature curing, while possible, is not recommended. Since the plastics would melt at
such a high temperature, curing was done at 95°C, which was below the glass transition
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temperature of both plastics. This may have been insufficient for this purpose, as the amount of
outgassing continued to decrease from resin-coated ABS at temperatures above 70°C. In addition,
as the resin was applied to the plastic samples using the brush provided by the manufacturer, it is
probable that a too thick layer was deposited, leading to insufficient curing.

The solvents in the vacuum resin potentially continued to outgas during the RGA tests. While the
precise composition of the sealant was not available, the concentration of xylene was the highest
in the proprietary mixture [37], other constituents being ethylbenzene and toluene. As a
preliminary test, the known mass spectrums of p-xylene, ethylbenzene and toluene [38] were
compared to the partial pressure data obtained from resin-coated ABS and PC samples. The
highest peak at molecular mass 91 AMU was matched to all three of these compounds. In
addition, a minor peak at 67 AMU was also matched to xylene. This indicated the need to
sufficiently cure the sealant to drive off solvents before use in a vacuum environment. With the
curing protocol used in this study, the commercial vacuum cleaning resin is not recommended as
a coating to prevent outgassing of FFF-based 3-D printed vacuum components. Instead,
substantial outgassing reduction from 3-D printed plastics could be obtained with ALD AlOQx,
even with a non-optimal growth process.

The collected outgassing data indicated that ABS had better overall outgassing characteristics
than PC, as the resin-coated ABS samples had consistently lower normalized partial pressure
values for outgassed species with molecular masses in the range of 1-100 AMU than PC. One of
the NASA standard metrics to quantify outgassing is water vapour regained (WVR) [39]. 3-D
printed ABS has a higher WVR value (0.25%) compared to PC (0.14%) [40]. In fact, it has been
reported that at least 80% out of all gas absorbed in ABS is water vapour [41] and that most
water vapour selectively outgasses in the mTorr pressure range [42-43]. In this study, all
outgassing data was collected below 1 mTorr, indicating that ABS had dehydrated more
effectively. The presence of other gases in PC, such as CO,, CO and H, [44], and their slow
removal rates may have contributed to its undesirable outgassing characteristics. However, the
ALD AlOy coating significantly reduced the amount of outgassing from both materials, enabling
the use of plastics with beneficial thermal tolerance but poor outgassing properties in vacuum
systems operating in the mTorr range.

While the coatings may serve as adequate barriers against outgassing, any defects in the coating
will allow volatile organic compounds as well as particulate carbon black to escape and
potentially contaminate the vacuum system. Hence, more detailed characterization of the
outgassed species of ALD-coated FFF plastics is required to ensure that the plastic parts used in
a vacuum chamber would not contaminate the system. Uncoloured 3-D printed plastics would be
preferable materials for vacuum components.

The reason why the ALD-coated samples remarkably exhibited the lowest level of outgassing
can potentially be attributed to the reduction of surface area and water adsorption capability by
the AlOy clusters seen in the SEM images. However, the exact mechanism for outgassing
reduction by ALD AlO4 was not unveiled in these studies, and this issued is to be addressed in
further studies. The density of the ALD AlOy films was constant from run to run with or without
the plastic inside the reactor. This was an indirect indication that the outgassed species were not
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incorporating into the film during the growth. XPS measurements on the AlOy films showed that
carbon had only incorporated into the top ~5 nm of the film, which was attributed to atmospheric
contamination present in all samples. This, in turn confirmed that the outgassed hydrocarbons
from the plastics did not react chemically with the precursors used in this process. This was
verified by measuring the refractive index at certain spots with similar thickness. In areas with
thickness ~20nm, the refractive index was found to be =3 at 600nm.

The printing parameters for these materials may be altered to reduce the porosity of the printed
components. Some degree of over-extrusion coupled with heat treatments could provide a
smoother surface, which would be less prone to outgassing and vapour absorption. Apart from
ALD coated ABS and PC that have potential for use in vacuum environments [40], ALD coated
polypropylene (PP) may also be utilized in 3-D printed vacuum processing tools because of its
chemical inertness [29], cleanroom compatibility [45] and higher crystallinity [46].

More work is required to confirm the physical mechanisms behind the reduction of outgassing,
and in future experiments focusing on this, a PID controlled heater could be used in the vacuum
system to keep the ramp rate consistent across all the ten-degree increments. In addition, a spacer
could be used to elevate the sample during outgassing tests so that the distance between the
sample and the RGA is reduced. Further studies are also needed to determine the long-term
stability of the outgassing reduction using ALD coatings, as the underlying 3-D printed plastic
and AlOy have different thermal expansion coefficients. Repeated thermal cycling from low to
high temperature can lead to fracturing of the ALD film and impair the outgassing properties of
the plastic.

V. CONCLUSIONS

The reduction of outgassing from affordable FFF-based 3-D printed ABS and PC using a
commercial vacuum sealing resin and an inorganic ALD AlOy coating was demonstrated,
providing a basis for using commercial 3-D printed plastics in vacuum applications. Resin-
coated ABS had better outgassing properties than resin-coated PC, which was attributed to the
lower porosity and specific surface area of ABS compared to PC. However, an ALD AlOy
coating with thickness in the order of hundreds of nanometres was shown to significantly reduce
the outgassing from both ABS and PC. The 3-D printed plastics disturbed the growth of the ALD
film potentially due to outgassing and precursor adsorption into the sample surface, but their
influence gradually reduced with increasing ALD coating thickness. Outgassing analysis showed
that inorganic ALD AlOy coatings effectively reduced outgassing from both ABS and PC, even
with uneven and non-conformal coverage of the plastics. The vacuum sealing resin was not as
effective as the ALD coatings in reducing the outgassing, likely because a non-optimal curing
process had to be used due to the limited thermal resilience of the 3-D printed plastics. The
results presented in this study provide a clear basis for using affordable FFF-based plastic
components in vacuum chambers.
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Highlights:

e Low cost 3D printing not used for vacuum systems

e Surface treatments on 3-D printed components to mitigate outgassing explored
e Atomic layer deposition provides barrier coating to reduce outgassing

e Vacuum compatible open-source scientific hardware is presented.
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