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Abstract: Access to vacuum systems is limited because of economic costs. A rapidly growing ap-
proach to reduce the costs of scientific equipment is to combine open-source hardware methods with
digital distributed manufacturing with 3D printers. Although high-end 3D printers can manufacture
vacuum components, again, the cost of access to tooling is economically prohibitive. Low-cost
material extrusion 3D printing with plastic overcomes the cost issue, but two problems arise when
attempting to use plastic in or as part of vacuum systems: the outgassing of polymers and their
sealing. To overcome these challenges, this study explores the potential of using post-processing
heat treatments to seal 3D printed polypropylene for use in vacuum environments. The effect of
infill overlap and heat treatment with a readily available heat gun on 3D printed PP parts was
investigated in detail on ISO-standardized KF vacuum fitting parts and with the use of computer
vision-based monitoring of vacuum pump down velocities. The results showed that infill overlap and
heat treatment both had a large impact on the vacuum pressures obtainable with 3D printed parts.
Heat treatment combined with 98% infill reliably sealed parts for use in vacuum systems, which
makes the use of low-cost desktop 3D printers viable for manufacturing vacuum components for
open scientific hardware.

Keywords: 3D printing; additive manufacturing; vacuum systems; post-processing; sealing; vacuum;
thermal processing

1. Introduction

Access to vacuum systems has been limited because they are expensive scientific re-
search instruments [1]. One now decade-old [2,3] promising method of reducing costs [4,5]
and thereby improving access [6] to scientific equipment is to use open-source hardware
methods. In this approach, which can be used to outfit entire labs [7], scientists co-develop
custom scientific hardware and then share their design files with an open-source license [8].
Then, other scientists can digitally manufacture components or entire scientific experimen-
tal apparatuses with tools such as 3D printers [9,10]. This approach proved particularly
effective at overcoming supply chain issues during the COVID-19 pandemic [11]. The abil-
ity to digitally manufacture plastic parts is widely accessible with fused filament fabrication
(FFF), as it is the most widely available form of additive manufacturing [12,13]. A recent
review found the average scientific open hardware device would save over 88% compared
to retail costs and over 92% if 3D printing was used [14]. Using 3D printed plastic parts for
final product production instead of prototyping has become increasingly popular and can
even be seen in consumer products [15-17].

Although plastic is a perfectly suitable material for many applications in one atmo-
sphere, two problems arise when attempting to use plastic in or as part of vacuum systems:
(1) the outgassing of polymers and (2) their sealing. Vacuum systems have historically
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not utilized polymer parts except for use in gaskets. Polymers outgas volatile compounds
trapped in them when under vacuum [18-20]. Previously, the commercially available FFF
polymer with the least outgassing was found to be polypropylene (PP) [18].

To produce a vacuum chamber using FFF plastic components, however, is a non-
trivial application of 3D printing. FFF polymers have been used in vacuum systems as an
insulator [21] and to produce vacuum-sealable surfaces [22]. Sealing ABS FFF parts with
VacSeal was shown to significantly reduce outgassing [23-25]. VacSeal is a commercially
available silicone-based resin designed to seal leaks in high and UHV vacuum systems [26].
The lowest temperature curing protocol recommended by the manufacturer is 240 °C for
100 h, which is not compatible with commonly accessible FFF polymers.

Sealing these parts is crucial for vacuum systems as they need to be able to hold a high
enough vacuum for challenging applications that are vacuum-dependent such as semi-
conductor processing [24]. Sealing problems are encountered when attempting to use FFF
polymers as there is porosity between each of the printed layers [25,27-29]. Altering print
parameters was shown to be an effective method to reduce this porosity and seal an FFF
part for positive pressures [27,30,31]. Eleven hardware store and industrial sealants were
tested [25] for positive pressures. VacSeal has been shown to be an effective sealing method
for 3DP parts in negative pressures [24] but has poor outgassing properties [18,23]. Stere-
olithography is capable of producing pore-free and vacuum-compatible parts [29,32-34]
but is not capable of printing PP parts. Therefore, there is a need for a method to seal 3D
printed PP for use in vacuum systems.

This study explores the potential of using post-processing heat treatments to seal
FFF-processed PP for use in vacuum environments. The effect of infill overlap and heat
treatment with a heat gun on FFF PP parts was investigated in detail. PP was chosen for its
outgassing properties [18], chemical compatibility [35] and accessibility as a commercially
available FFF polymer. KF flanges are ISO-standardized vacuum fittings that provide a
vacuum seal by compressing a rubber O-ring between two mating surfaces; here, KF parts
were tested for vacuum sealing before and after heat treatment. The results are presented
and discussed in the context of using low-cost open-source FFF 3D printing to manufacture
custom scientific vacuum components.

2. Materials and Methods

In order to test the viability of the 3D printed parts for vacuum applications, sealing
tests were performed with a 3D printed KF40 to KF16 adapter. This was to demonstrate
the utility of a functional vacuum part. To do this, the experiments used a /2 hp Alcatel
rotary vacuum pump and a Convectron vacuum gauge. The adapter test print samples
were fabricated, heat treated and then monitored for their performance under vacuum.
An open-source computer vision process was used for datalogging information from the
analog vacuum gauge. The combination of 3D print process parameters and the heat
treatment were compared to each other and non-heat-treated samples.

2.1. Sample Design

The rendering and 3D printed test part are shown in Figure 1. The adapter was
designed with a 2.5 mm wall thickness to accommodate for 0.5 mm, and the width of the
extruder nozzle [36] of the infill given print walls was 1 mm. All the 3D printed components
were designed using OpenSCAD [37], a script-based OS 3D modeling program. The designs
are available in the Open Science Framework [38].
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(a) (b)

Figure 1. (a) OpenSCAD rendering and (b) photograph of parts designed for sealing tests.

2.2. Fabrication

They were then printed using an open-source RepRap-class [39-41] FFF 3D printer:
Lulzbot Taz 6 [42] with an Aerostruder [35,43] and an unpigmented Ultimaker PP fila-
ment [44]. The basic print settings used are shown in Table 1.

Table 1. 3D printing process parameters.

Setting Value Setting Value
Layer Thickness 0.18 mm Flow 102%
Line Width 0.5 mm Retraction Distance 4.5 mm
Z Seam Random Print Speed 50 mm/s
Infill 100% Minimum Layer Time 12s

To prevent part warping, a sufficiently large brim was added [45] and was 45 mm for
this part. Additionally, bed adhesion was ensured with the application of clear PP packing
tape or Ultimaker adhesion sheets [46]. The adhesion sheets have the added benefit of
lasting multiple prints without needing replacement. The following methods were tested to
seal the PP parts shown in Figure 2: 0, 25, 50 and 98 percent infill overlap settings, printing
one part at a time with three replicates and printing three and nine parts at once for a total
of 15 replicates. In Figure 2, the outer shell is shown in red and the inner shell is shown in
green; yellow paths represent the infill lines in the 3D print.
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0%

25%

Figure 2. Renderings from Cura Lulzbot showing difference in G-code for overlap percentages. The
outer shell is shown in red and the inner shell is shown in green; yellow paths rep-resent the infill
lines in the 3D print.

2.3. Heat Treatment

Then, the following heat treatments were applied. Heating parts in an oven was
unable to seal the parts without causing deformation. Using a heat gun on its lowest fan
speed, where the temperature measured at the gun’s nozzle was ~400 °C, allowed parts
to be sealed and max out the roughing pump during exploratory experiments. To test
this sealing method, the aforementioned heat gun settings were applied to the 3DP parts
for ~55 s. This time was chosen as it was the time required to see a visible change in the
3DP part’s surface. Heat was applied to the interior of the part and the KF40 surface for
~45 s, with the remaining time spent heating the KF16 surface. This process is shown in
a video demonstrating the visible change during sealing heat treatment [38]. Screenshots
of this process are shown in Figure 3, and the first and last pictures are before and after
sealing, respectively.

Figure 3. Snapshots from video demonstrating visible change during sealing heat treatment. First
and last pictures are before and after sealing, respectively (see Full_Sealing.mp4 video in [38]).

2.4. Vacuum Testing

Each part was tested for vacuum before and after heat treatment with the setup shown
in Figure 4. The pressure displayed on the vacuum gauge was recorded with a web
camera during pump down. The recording/experiment lasted ten minutes unless either
the pressure had stabilized for at least 5 min or the vacuum gauge was bottomed out. The
recording was used to generate more accurate pressure readings and pressure versus time
plots with an automated computer vision-based gauge reading system [38]. An example of
the output from this system is shown in Figure 5.
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Figure 5. Sample frame from computer vision-based gauge reading system [38] (blue—dial circum-
ference detected with Hough circle transform; yellow—gauge arrow pointer detected with grayscale
threshold; red—middle part of the arrow pointer; green—direction to the arrow pointer according to
the calculated angle of inclination).
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The automated gauge reading system is based on Hough transforms [47-50] and
grayscale thresholding. The Hough circle transform was used to detect the visible dial
circumference in the image frame and then calculate its center point. To solve this prob-
lem, the standard cv2.HoughCircles() function of the OpenCV (Open Source Computer
Vision) library was utilized [42]. Appropriate function parameters were selected exper-
imentally. Since the arrow pointer stands out in contrast to the background of the dial,
pointer detection was performed based on grayscale segmentation with the empirical
threshold values.

The detected coordinates of the center of the dial and the middle part of the pointer
allow for calculating the direction and inclination angle of the pointer. Considering the non-
linearity of the sensor scale, conversion of the pointer inclination angle into pressure units
was performed on the basis of a preliminary prepared lookup table containing 85 reference
values. When processing a video sequence, the inclination angle of the arrow pointer
and the pressure corresponding to it are calculated for each frame and recorded in a table
file. Knowing the frame rate (frames per second) from the video description, the number
of frames is then converted into units of time, which allows for visualizing the pressure
dynamics on the timeline (Figures 6 and 7).
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Figure 6. Pressure versus time graph showing last minute with anomalies for 0% overlap parts
printed nine at once after heat treatment.
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Figure 7. The sealing rate for a fully heat-treated, sealed, 98% overlap part printed nine at once.

The pressure reached by each infill overlap percentage before and after heating was
averaged over the last minute in [38]. A 95% confidence interval was used to produce the
error bars in the results. The value contributing minute had to be corrected for some of
the samples which had anomalies during the last minute of measurement; an example is
shown in Figure 6. The value contributing minute was manually selected over a plateau in
the data. For fully sealed samples that did not have a full minute of plateau such as that
seen in Figure 7, the final pressure was considered to be zero. The final pressure for each
set of experimental conditions was recorded and plotted with errors for each 3D printing
process parameter variation.

3. Results

As can be seen by the results summarized in Figure 8, the infill overlap had the greatest
impact on the relative sealing of the PP parts for vacuum use. This impact was so great,
in fact, that graphs a and b for Figure 8 were separated as the impact of heat sealing is
not visible for 50 and 98% infill overlap on the scale of 0% overlap. As shown in Figure §,
increasing the overlap percentage reduced the minimum pressure achieved by an untreated
part. Increasing the overlap percentage from 0 to 25% and from 25 to 50% reduced the
minimum pressure by a factor of 10. Heat treatment, however, also improved the sealing.
Heat treatment more than halved the minimum pressure reached by each overlap. The
best results were obtained with the highest overlap and heat treatment. Parts printed with
98% infill overlap and sealed after heat treatment had an average, for the 15 repeats, of
0.4 mTorr, with a 95% confidence interval of 0.2 mTorr.
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Figure 8. Final pressure reached for each infill overlap percentage before and after heating with 95%
confidence intervals. Right graph has excluded 0% and 25% infill overlaps for ease of reading.

4. Discussion

The results of this study show that PP parts can be 3D printed on a low-cost desktop
FFF-based printer and have adequate sealing for low-vacuum applications. The thermal
post-processing demonstrated in this study can now be added to the other finishing/post-
processing methods for 3D printed polymers [51,52]. It has also overcome the high heat
limitations of sealing FFF parts with VacSeal [23-26]. The results showed that 3D printed
plastic could be used for vacuum components themselves, which goes beyond simply
having them in a vacuum environment [53]. Specifically, this process provides substantial
opportunities to push this method of manufacturing open hardware for scientific work
on vacuum applications [54] for both testing and vacuum processing beyond what has
been done before. For example, the ability to utilize custom 3D printed parts in cleanroom
environments is also supported [55]. In addition, the process provides an opportunity to
radically reduce the costs for vacuum equipment because both higher-cost metal and the
necessary machinery could be eliminated. The approach is obviously not adequate for all
applications (e.g., those with higher-temperature processing and nothing that approaches
the 400 °C used here for post-processing).

This study also has several limitations. While some parts were fully sealed after
printing alone, this study found that this is not a reliable way to make a vacuum part. This
can be seen in that such parts contributed to the averages for 25% overlap after heating,
50% before and after heating and 98% after heating; the results were not reliable, as can
be seen from the confidence interval. This is most likely due to the not fully sealed parts
introducing higher values and thus error into the data. The results were all improved
with heat treatment, despite the errors observed, and thus, the method investigated here
provides a way to increase the reliability of 3D printed vacuum components. It should
be pointed out that the results could be improved for 25% and 50% overlaps with the
application of a second heat treatment, which may seal the parts better. For this reason,
the heat treatment was kept as consistent as possible. Additional heating could have
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decreased the minimum pressure reached by the part. The results for 98% overlap (and
any other set of prints) before could be improved by replacing the nine parts printed at
once with multiples of three at once or one at a time. All the 98% overlap parts printed
three at once and one at a time were fully sealed before heating. The average pressure
for 98% overlap parts printed one at a time with three replicates at once and with three
replicates for six replicates was 0 mTorr, whereas the average for nine printed at once was
18 mTorr. Clearly, printing multiple parts on the same plate created less continuous layers
and allowed for more porosity. It can thus be recommended that for vacuum sealed parts,
98% overlap should be used with heat treatment as shown here for a highly reliable sealed
part compatible with vacuums with a very low error in the measurements. Further testing
would be needed to investigate the role of heat treatment duration and printing multiple
parts at once. In addition, the focused thermal processing shown in this study could be
compared to the results of whole part annealing [56]. Specifically, an oven or furnace
operating at high temperatures could be used to seal the polypropylene parts if a method
can be determined to prevent the deformation observed in the initial trial experiments of
this study (e.g., with mechanical constraints from a material with a high melting point).
This may have an impact on the variations that come from the uneven application of the
heat gun, but future work is needed to determine whether this would be beneficial or
detrimental to the parts’ performance, as the heat gun allows for real-time optimization of
the treatment for a given area.

Similar to how computer vision is being used to monitor 3D printing to detect er-
rors [56-58] or correct them [59], this user skill with a heat gun could be incorporated into
an artificial intelligence system in the future to adapt to the optical changes in the material
as the heat treatment is underway. By comparing images of 3D printed layers undergoing
heat treatment from a camera with G-code-based reference images of an ideal process
generated with a physics-based rendering engine (i.e., Blender) [60], optimal sealing could
be achieved, and the same synthetic images could be used to train an artificial intelligence
system to automate the process. This would enable spot heat treatment to be incorporated
into smart additive manufacturing for both conventional 3D printing and that specific to
vacuum components. This process could then be optimized for a specific part (e.g., small
component artifacts may need less heat treatment than thick, larger ones) using compu-
tational intelligence (CI) in general and particle swarm optimization (PSO) algorithms in
particular that have already shown to be useful in 3D printing process parameter optimiza-
tion [61]. Lastly, other slicing techniques could be investigated (e.g., concentric ring printing
for the outer layers, purposely over-extruding or ironing each layer after deposition).

This sealing method could be applied to more complex designs to construct a vacuum
system, such as one for atomic layer deposition (ALD) [1,18] or another chemical vapor
deposition process. Thus, rather than having a single vacuum component, as demonstrated
here, many (if not all) of the core components for a vacuum system could be fabricated with
3D printing and thermal treatment. The results of this study demonstrated that the treated
thermal parts could maintain a vacuum, which could then be coated with a process such as
ALD. This system could then be coated using itself to produce parts with improved vacuum
properties, i.e., lower outgassing [18,23]. Thus, for example, the interior of a 3D printed and
thermally sealed vacuum chamber could be coated with a high-vacuum-compatible ALD
layer. Then, it could operate as a conventional ALD chamber for a wide range of materials,
including those not compatible with the initial plastic materials.

The sealing method tested here has applications outside of vacuum systems at positive
pressures. A sealed PP FFF vessel could be integrated into an open-source bioreactor [62] or
utilized as chemical labware [10,23]. Although this study focused on PP for its outgassing
and chemical properties, other FFF polymers” mechanical properties could be improved by
increasing interlayer bond strength with heat treatment [63,64]. Incorporating a small heat
gun into an FFF printer’s extruder carriage has the potential to produce sealed or stronger
FFF parts without post-processing. Further work is needed in this area to optimize the
process parameters and slicing for such a tool head.
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5. Conclusions

Optimizing infill overlap settings increased the vacuum that a 3D printed PP part
was capable of holding. Printing FFF parts with 98% infill was able to significantly reduce
the minimum vacuum pressure a part was capable of holding. Utilizing a heat gun set
to ~400 °C for ~55 s to seal the FFF surface exposed to vacuum was found to be effective
and improve the minimum vacuum pressure achievable. This heat treatment combined
with 98% infill reliably sealed the part for use in vacuum systems, which makes the
use of low-cost desktop 3D printers viable for manufacturing vacuum components for
scientific hardware.
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