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Abstract

We present two methods for post-processing thermoplastic fused filament fabrication (FFF) parts
in efforts to create suitable low vacuum vessels. We compare ABS-CF, PC, PC+ABS, PAHT-CF, and
PPS-CF filaments with and without post-processing. This study finds polycarbonate FFF parts to be
suitable for vacuum applications with leak requirements in the 10~* — 107> mbar - 1- s~! range after
treatment with methylene chloride.
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1. Introduction

Additive manufacturing (AM) has become a highly available, consumer-ready solution for rapid
prototyping and manufacturing functional parts. With both benchtop machines and industry solutions
available, high quality custom parts can be made quickly in cost effective manners. Additionally,
AM allows for complicated internal geometries which are impossible via traditional manufacturing
methods. Previous studies exploring the vacuum compatibility of materials for AM have determined
a variety of materials and methods to produce both material extrusion (MEX) [1-5], and vat pho-
topolymerization (VPP) parts [6-8]. Studies have shown plastic VPP parts, some metal MEX parts,
and high performance fused filament fabrication (FFF) polymers to be compatible with high and
ultra-high vacuum [3,6,8]; however, study of consumer level FFF filaments in vacuum systems is
limited. Mayville et al. [7] present a method for manufacturing polypropylene (PP) KF flanges via FFE,
and find PP a suitable solution for manufacturing scientific hardware more affordably than traditional
methods. Additionally, Domingues et al. [3] include preliminary analysis of consumer level filaments
in their identification of high performance polymers suitable for ultra-high vacuum applications.

The FFF process builds parts by laying thin layers of material atop one another. The use of a
nozzle for deposition causes imperfect layers (i.e. lines are not perfectly rectangular), often resulting in
parts with high porosity and rough surface finishes [9-11]. These types of issues are often resolved
with surface treatments like Vacseal in high vacuum systems. Though Vacseal has been shown to be
an effective sealant for ABS parts [2,12], most FFF plastics cannot withstand the curing temperatures
(> 260 °C) of these products [13]. Gordeev et al. show that print parameters and geometry have major
effects on the sealing properties of FFF parts [10], and Mayville et al. [7] explore the effects of infill
overlap and heat treatment in vacuum applications. Additionally, surface finish is often improved
at the hobbyist and consumer level via solvent smoothing [14,15]. Solvent baths have been found to
improve interfacial and interlayer bonding on FFF parts, though cause minimal changes to internal
structure [16]. Previous work on the production of vacuum viable FFF vessels include AL-Hasni and
Santori [1] and Mayville et al. [7], in which polylactic acid (PLA) and polypropylene (PP) vessels were
successfully tested to the mtorr range.

One interesting use of FFF is the MOLLER experiment [17], which will run at Jefferson National
Accelerator Facility in Newport News, VA, USA, and use FFF to manufacture 300+ Cherenkov
detectors. The collaboration has deemed FFF to be a reliable, affordable, and robust solution for
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their needs. The nature of Cherenkov detectors requires that parts and assemblies be insusceptible
to light at a minimum and require highly specialized geometries to position fused silica radiators in
regions of interest while directing light to photo-multiplier tubes in shielded regions via reflective light
guides. A dedicated study [18] has determined that the vast majority of the Cherenkov detectors in the
MOLLER experiment can meet their requirements with air as the medium in the reflective light guides.
However, in one application for the experiment involving movable Cherenkov detectors to scan the
scattered particle profile, the relative size of the small, fused silica radiator to the long air light guide is
such that the signal from the fused silica can be contaminated by Cherenkov and scintillation light
produced in the air of the light guide. Evacuation of the light guide to a low vacuum would reduce
this contamination but requires development of techniques for manufacturing FFF parts which can
hold low vacuum environments.

This study presents a method for producing vessels suitable for low vacuum applications via
FFF and compares the performance of a variety of readily available filaments before and after post-
processing. The methods presented require only “off-the-shelf” machines and materials, and methods
can be expanded to outfit benchtop vacuum systems or produce highly specialized parts such as
custom flanges or vessels with internal geometries for use in low vacuum. The authors intend to
use the methods discussed in a specialized scanning Cherenkov detector subsystem in the MOLLER
experiment. In contrast to previous works, this study focuses on consumer level materials and methods
for FFF manufacturing of vacuum viable vessels.

2. Materials and Methods

2.1. Material Extrusion Manufacturing
2.1.1. Vacuum Vessel Design

Small vacuum vessels (3.3 cm? internal) were designed with a KF-16 fitting. The vessel (seen in
Figure 1) was designed with no sharp edges and walls thick enough to accommodate 2 perimeter
passes (i.e. 2 internal perimeters and 2 external perimeters for a total of 4 perimeter passes) and 1 mm
of sparse infill when printed. These considerations help to avoid concentration of stress when the
vessel is under pressure and adhere to many of the recommendations presented by Gordeev et al. [10].
The mating surface KF-16 fitting was printed on the build plate to ensure the smoothest and flattest
mating surface possible. This decision required vessels to be printed with support material to prevent
sagging and promote good layer adhesion for the top region of the vessel. The .step file for this vessel
is provided at https:/ /github.com/dvalmassei/FFF_for_LV_apps_data.

To achieve consistency between test vessels, prints were conducted on a “by print” basis. This
means that while multiple parts were completed within the same print, the machine would construct
only one part at a time, then move to a new location and begin another. Because there must be room
for the print head to maneuver around each part, vessels are spread far apart on the build plate. This
method ensures consistent cooling times between layers of test vessels independent of the number
of parts printed on a build plate, which is required to ensure similar crystallinity and polymer chain
ordering between layers [19]. Vessels were printed with 0.2 mm layer height, 0.42 mm line width, and
100% rectilinear infill with 2 perimeters. Infill overlap was also varied to change porosity, similar to
Mayville et al. [7]. Toolpaths and .gcode were generated by Bambu Studio Version 1.10.1.50 [20].
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Figure 1. Test vessel cross section technical drawing [mm].

2.1.2. Filament Calibration

All parts were printed on the Bambu Lab X1E [21]. Prior to printing test vessels, temperature and
flow rates for each filament were adjusted by printing an open cube with wall widths equal to two
line widths. Flow and temperature were adjusted until the average of the four walls met the expected
width and prints completed without stringing. Before each print, an automatic bed leveling procedure
and flow dynamics calibration are also performed as per the manufacturer.

2.2. Post-Processing
2.2.1. Solvent Smoothing

Solvents are often used to smooth FFF parts after printing [15,16,22]. For most hobbyist materials,
this is achieved by exposing the parts to a bath of acetone or isopropyl alcohol (IPA) vapor for a
varying amount of time depending on many factors, such as material type, solvent temperature, and
desired smoothness. For this study, parts made from acrylonitrile butadiene styrene (ABS) filaments
were processed using a liquid acetone bath [23] and polycarbonate (PC) parts were smoothed with
methylene chloride (MC) [24]. Parts were fashioned on wire hooks and then submerged in the solvent
bath for ~ 5 seconds. Parts were then hung near a fan to promote quick evaporation of excess solvent
and limit dimensional changes.

2.2.2. Heat Treatment

Some of the chosen thermoplastics require dangerous solvents. For these plastics, a heat gun
was used instead to melt the outermost layer of plastic as in Mayville et al. [7]. In practice, the heat
gun was set to the maximum temperature and held ~ 2 cm from the part’s surface until the surface
looked similar to an ABS part exposed to an acetone vapor bath. Sobolak and Potowniak [25] and
Pazhamannil et al. [26] suggest that such treatment can increase durability of FFF parts.

2.3. Calibration

The “system” is described in Figure 2 and includes a rotary vane vacuum pump and ~ 10" of 3/8”
plastic tubing. The system is calibrated with a Yor-Lok cap on the sample arm. A 10 minute evacuation
is performed, followed by a 10 minute isolation from the vacuum pump to obtain Figure 3. The base
leak rate, Q, is found by fitting the evacuation curve (i.e. 15 < t < 600 s) to an exponential of the

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.0770.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 November 2025 d0i:10.20944/preprints202511.0770.v1

40f11

form P(t) = Ae /b 4 Py, where the characteristic time b = s%f with v the volume of the system, the
€

effective pump speed S, and the base vacuum pressure Py. Then,

py= 2 M)

Seff
Given b = 151.9 s and the volume of the system (v = 0.711), Seg = 4.7 x 10731 s~ 1. Then the base
leak rate can be calculated using Eqn. 1. The base leak rate Q; = (22.323 mTorr) (4.7 x 10731-s71) =
1.4 x 10~* mbar-1-s71.

>

Test
Vessel

Figure 2. Vacuum diagram for test vessel setup (left) and image of vacuum system in the lab (right). All

connections are 1/8” Yor-Lok fittings, except KF-16 flanges at the sample and the convectron.
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Figure 3. Plot of vacuum pressure vs. time for a 10 minute evacuation on vacuum system with Yor-Lok cap on the
sample arm, followed by 10 minute of isolation from the vacuum pump.

3. Results

Three test vessels were printed in each of five filaments: 3DXTech’s Acrylonitrile Butadiene
Styrene with Carbon Fiber (ABS-CF) [27], Bambu Lab’s Polymide-based PAHT-CF [28], Polymaker’s
Polycarbonate-Acrylonitrile Butadiene Styrene blend (PC-ABS) [29], Polymaker’s PolyMax Polycarbon-
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ate (PC) [30], and Polymaker’s Fiberon Polyphenylene Sulfide with 10% Carbon Fiber (PPS-CF) [31].
Each of the chosen filaments is advertised by the manufacturers as an option for creating functional
parts, is readily available for consumers, and require the FFF machine only to have high tempera-
ture printing capabilities and an enclosure. Vessels were then left in lab conditions for at least 20
days to allow for absorption of moisture from the air before undergoing the same measurement
and fitting described in 2.3. The leak rate for each sample Qs is calculated from Eqn. 1, using the
base pressure Py from the exponential fit of the evacuation curve, the effective pump speed S, and
the base leak rate Q;, where the effective leak rate is Q = Q; + Qs because the sample vessel is in
parallel with the base system. After initial measurements, test vessels were post-processed depending
on solvent compatibility and left exposed to lab conditions for at least 20 days before the second
measurements. Evacuation and leak curves for each sample can be found in Appendix A and the raw
data at https://github.com/dvalmassei/FFF_for_LV_apps_data [32]. The average leak rate derived
from the evacuation curve of each sample is shown in Figure 4, where each sample contributes a
single non-processed and processed curve (except PPS-CF). A table of these results is also available
in Appendix B. The reported leak rate is the mean derived from the exponential fits of 10 minute
evacuation curves where each sample contributes a single point (each filament typically contributes 3
samples) and have been assigned the standard error. Two of three PAHT-CF test vessels with 90% infill
overlap had large voids prior to post-processing, so only one result is shown in Figure 4, explaining
the lack of error bar.

Leak Rate — ARSACE

n T T I T T T I T T T T I T N ABS+CF+AcetoneBath
1 3 PAHT+CF

. PAHT+CF+HeatTreat
~ B pC

. PC+MCBath

~ 0.01 EEE PCIABS

S BN PCiABS+AcetoneBath
é BN PPS4CF

1073

104

-5
10 50 75 90

Infill Overlap

Figure 4. Average leak rates with standard error derived from exponential fits of 10 minute evacuation curves for
ABS+CF, PAHT+CEF, PC, PC+ABS, and PPS+CF. Results are shown for both non-processed and post-processed
samples where ABS+CF and PC-ABS samples were solvent smoothed in acetone, PC samples were solvent
smoothed in methylene chloride, and PAHT+CF samples were heat treated.

4. Discussion

Prior to treatment, engineering grade filaments (i.e. PAHT-CF and PPS-CF) produced parts with
the lowest leak rates. This is likely due to the increased print temperatures and the necessity for heated
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and enclosed printers, leading to better inter-layer adhesion than filaments which cool quickly. These
filaments withstand higher temperatures without degrading and without warping when allowed
to cool slowly. Under similar conditions, prints with other filaments would fail, prohibiting them
from benefiting from the slow layer cooling times. However, due to the chemical resistant nature of
engineering grade filaments, they are bad candidates for post-processing. Heat treatment of PAHT-CF
increased the leak rate in the test vessels and PPS-CF was insusceptible to either heat treatment or
readily available solvents. Due to the cost and difficulty of manufacturing parts from either PAHT-CF
or PPS-CF, this study finds them unsuitable for larger applications.

Additionally, evidence suggests that increased infill overlap decreases leak rate, which is likely
due to a decreased porosity. While increasing infill overlap too much leads to faulty prints, 90% infill
overlap produces suitable and reliable parts from most filaments. Furthermore, parts with higher
infill overlap lead to smaller error in the leak rate, implying that higher infill overlap leads to greater
consistency and uniformity across parts.

With leak rates falling mostly in the range 107> — 10~* mbar - 1-s~!, ABS-CF and PC can be
suitable for low vacuum applications. Prior to post-processing leak rates for all samples of ABS-CF
and PC fell between 10~* mbar - 1-s~! and 1072 mbar - 1 - s~!. The hybrid PC+ABS samples leaked
at a rate of (9.0 £0.2) x 103 mbar - 1- s~ 1. The leak rate for PC+ABS improved by about a factor
of 3 after post-processing, but the increased error in all three tested infill overlap settings suggests
the exposure to a solvent compromises these vessels. After processing ABS-CF and PC in baths of
acetone and methylene chloride respectively, leak rates fell to ~ 10~# mbar - 1-s~!. PC with 90%
infill overlap treated in a bath of MC produced the most vacuum tight test vessels with a leak rate
(3.3+£0.2) x 1072 mbar - 1-s~1. All three tested infill overlaps also produced measurements with
< 10% error for PC, suggesting a high level of reproducibility.

5. Conclusions

Of the five thermoplastics tested in this study, PC is found to be the most suitable for vacuum
application. The author recommends printing with 2 perimeters, 100% rectilinear infill, 0.42 mm line
width, 0.2 mm layer height, and 75% infill overlap to promote success. Parts should be designed to
accommodate 2 interior and 2 exterior perimeters and at least 1 mm of infill. These considerations
ensure there is plenty of material to limit large voids. Under these conditions, vessels can be expected
to have leak rates of (4.4 40.2) x 10~° mbar -1-s~!, though can be reduced to (3.3 £ 0.2) x 10> mbar -
1-s7! by increasing infill overlap to 90%. The long term stability and scalability of the presented
methods is currently under investigation on the 1 liter scale with the scanning Cherenkov detector
subsystem developed for the MOLLER experiment.
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Abbreviations

The following abbreviations are used in this manuscript:

ABS Acrylonitrile Butadiene Styrene
AM Additivie Manufacturing

CF Carbon Fiber

FFF Fused Filament Fabrication

IPA Isopropyl Alcohol

MC Methylene Chloride

MEX  Material Extrusion

PAHT High Temperature Polyamide

PC Polycarbonate
PLA Polylactic Acid
PP Polypropylene

PPS Polyphenylene Sulfide
VPP Vat Photopolymerization

Appendix A. Evacuation and Leak Curves by Sample
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Figure A1. Evacuation and leak curves for each tested sample.
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Appendix B. Leak Rates by Filament Type
Appendix B.1. Unprocessed Leak Rates

Table A1. Leak rates for unprocessed samples.

Filament  Infill Percentage Unprocessed Leak Rate  Std. Dev Error

50 3.013E-03 9.137E-04 5.275E-04
ABS+CF 75 2.204E-03 1.038E-03  5.993E-04
90 2.750E-03 1.323E-03  7.640E-04
50 1.880E-04 2.408E-04 1.390E-04
PAHT+CF 75 2.595E-04 1.573E-04 9.081E-05
90 2.144E-05
50 8.306E-03 3.183E-03 1.838E-03
PC 75 1.863E-03 3.514E-04 2.029E-04
90 1.332E-03 9.535E-04 5.505E-04
50 1.089E-02 9.284E-04 5.360E-04
PC+ABS 75 8.962E-03 1.301E-03 7.509E-04
90 9.022E-03 3.365E-04 1.943E-04
50 1.553E-02 3.287E-03 1.898E-03
PPS+CF 75 6.412E-03 4.137E-03  2.389E-03
90 4.412E-04 1.456E-04 8.404E-05

Appendix B.2. Post-Processed Leak Rates

Table A2. Leak rates for post-processed samples.

Filament  Infill Percentage Post-Processed Leak Rate  Std. Dev. Error

50 1.368E-04 7.799E-05 4.503E-05
ABS+CF 75 9.721E-05 2.073E-05 1.197E-05
90 8.349E-05 4.999E-06 2.886E-06
50 2.144E-04 2.337E-04 1.349E-04
PAHT+CF 75 1.120E-03 1.281E-03 7.394E-04
90 2.344E-04 2.759E-04 1.593E-04
50 6.755E-05 6.369E-06 3.677E-06
PC 75 4.411E-05 7.079E-06 4.087E-06
90 3.342E-05 3.174E-06  1.833E-06
50 4.457E-04 5227E-04 3.018E-04
PC+ABS 75 1.872E-04 1.638E-04 9.457E-05
90 3.198E-03 4.333E-03  2.502E-03
50
PPS+CF 75
90
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