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As a result of the layer-by-layer deposition characteristics of Additive Manufacturing
(AM) processes, fabricated parts exhibit limiting qualities and have yet to achieve the
requirements for end-use applications. Specifically, the use of AM-fabricated parts in fluid
pressure applications is limited due to part porosity as well as non-optimized building variables
(e.g., build orientation and material properties). In an effort to extend the use of AM in more
applications involving fluid pressure, parts manufactured with Fused Deposition Modeling
(FDM) were sealed with a variety of sealants and tested under applied pressure. Eleven sealants
with diverse chemical properties were applied to multiple geometries of FDM-fabricated
pressure caps through brushing or vacuum infiltration. The caps were installed on pressure
vessels and subsequently tested while safety precautions were taken to avoid catastrophic failure
(i.e., exploding) caused by pressure differentials. Results of the testing provides a sealing
method using BJIB TC-1614 that enables FDM-fabricated parts to withstand pressures up to ~276
kPa (40psi) through brushing and ~138 kPa (20 psi) through vacuum infiltration. Other
noteworthy sealants (Minwax Sanding Sealer, Minwax Polyurethane Oil Based, PRO Finisher
Water-Base Polyurethane) that are readily available to consumers and easy to apply (i.e. no
mixing ratios to follow, long working times) also had notable results by withstanding pressures
up to ~207 kPa (30 psi). In addition, an analysis on dimensional changes was performed to
determine the absolute difference between as-built and surface-treated parts. Parts that were
infiltrated with BJB TC-1614 showed less dimensional changes (average absolute change of
0.104 mm) than parts that were brushed (average absolute change of 0.231 mm) however one-
part sealants had smaller dimensional changes (maximum absolute change for one-part sealants
of 0.065 mm for infiltration and 0.171 for brushing) with noteworthy results in pressure testing.
Benefits of filling voids within FDM-manufactured parts enables end-use applications such as
hermetic housings for biomedical devices and pipes/covers for thermodynamic systems such as
heat exchangers.

1 Introduction

Fused Deposition Modeling (FDM), developed by Stratasys, Inc. (Eden Prairie, MN), is a
solid freeform fabrication or Additive Manufacturing (AM) technology that can potentially build
end-use parts through the deposition of materials layer-by-layer without the need for part-
specific tooling or molds, which reduces the cost and lead-time for low-volume production.
Production-grade thermoplastic materials such as acrylonitrile butadiene styrene (ABS), methyl
methacrylate acrylonitrile-butadine styrene (ABSi), polyphenylsulfone (PPSF), polycarbonate
(PC), and other blends of ABS (ABS-M30, ABS-M30i, ABS Plus, PC-ABS) are available for
use with FDM technology [Chua ef al., 2003]. Parts produced by an FDM 400mc (Stratasys,
Inc., Eden Prairie, MN) exhibit an accuracy of +0.127 mm (0.005 inch) which is useful for
building high resolution parts [Chua ef al., 2003]. Although FDM technology has been used in a
variety of end-use part applications [Wohlers, 2005], parts produced by FDM cannot be used in
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fluid pressure applications because they are generally porous [Agarwala ef al., 1996; Bellini et
al., 2004]. In addition, the FDM building process produces moderately strong bonds between
layers; however, voids at these locations poses a safety hazard. That is, parts exposed to elevated
fluid pressures can give rise to a pressure differential and produce catastrophic failures (e.g.,
exploding).

Sealing of FDM parts is useful in applications such as low pressure heat exchangers (100-
150 kPa) for air dehumidification and waster recovery [Kuppan, 2000], hermetic housings for
biomedical devices such as difibrillators or pacemaker [Nagl and Lechleitner, 2005] as well as
some advanced applications for low pressure tanks that are resistant to impact and are able to
withstand corrosive environments [Koppert and Beukers, 2000; Rashilla, 1993]. Implementing
FDM-manufactured parts in such applications requires a post-process that eliminates voids and
reinforces the bonds of FDM layers to produce an impermeable, end-use part with reduced safety
hazards.

Sealing options (brushing, solvent dipping, infiltration, raster modifications, vapor
smoothing, dipping, and painting) have been used to seal parts with apparent porosities useful in
applications of high strength and where wear-resistant surfaces are needed [Bunshah, 1994, Lee
et al., 2004]. Previous research has shown vapor smoothing to improve surface finish of FDM-
manufactured parts, and although work needs to be conducted to investigate its efficacy for
sealing, vapor smoothing does not appear to affect part dimensions (mean difference between
after and before smoothing of 0.028 mm) [Espalin et al., 2009]. Another method used for
sealing is vacuum infiltration wherein a porous part is exposed to a fluid in a vacuum allowing
the fluid to fill the pores within the part. Manufacturing facilities not equipped with vacuum
chambers may implement a simple brushing method to directly apply sealants by using foam or
bristled brushes.

In this study, two sealant application methods (vacuum infiltration and brushing of
sealants) and eleven sealants were explored to fill air gaps left by the FDM manufacturing
process. Experiments were conducted to determine if the post-process enhanced the FDM-
manufactured parts to further allow for fluid pressure applications while minimizing dimensional
changes caused by the sealant and/or application method. Protocols developed in this study can
be used as guidelines at the manufacturing level and results can aid FDM users in properly
selecting a sealant/infiltrant.

2 Materials

ABS-M30 (Stratasys, Eden Prairie, MN), was used with an FDM 400mc system to
produce test parts described in section 3. ABS-M30 is a popular option for consumers because
of its increased strength compared to regular ABS (25-70% stronger) and its range of available
colors (ivory, white, black, dark grey, red, blue) [Chua et al., 2003; Wohlers, 2011]. Various
sealant materials were used and are described in Table 1.

3 Methods
3.1 Design of multi-feature test part

Pressure caps and vessels are designed to hold fluids at pressures different than
atmospheric pressure. Design of pressure vessels and caps vary and common shapes include
spheres and cylinders [Spence et al., 1994] which were included in the multi-feature test part for
this study. Prominent features that were implemented included cylindrical pressure vessels and
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Table 1: Densities of tested sealants and typical applications

Sealant Density (g/cm°) Typical Applications
DEFT Clear Brushing Lacquer 0.90 Finish for interior wood surfaces.
IPS Weld-On 3 Cement 133 Cementing acrylic aqd other plastics; used in display items,
containers, house wares, etc.
Minwax Sanding Sealer 0.85 Seals interior wood surfaces.
Minwax Oil Base Polyurethane 0.86 Protects interior wood surfaces.
PRO Finisher Water-Base Polyurethane 1.00 Coating hardwood floors and other interior wood surfaces.
Thompson's Multi-Surface Waterproofer 0.81 Protects and seals wood, brick and concrete.
) Seals porous to semi-porous material surfaces like plaster,
BJB TC-1614 A/B 114 wood, graphite and SLS models.
Hysol E-30CL 1.10 Bonding, small potting, lamlnatlpg glass, ceramics, metals,
and plastics.
Stycast W19 + Catalyst 9 1.09 Impregnates wrapped coils; gmall device potting; surface
coating.
West Marine Penetrating Epoxy 093 Seals dry-rotted wood: repair tra}nsoms, decking, stringers
and molding.
. Coating and bonding applications in extremely warm and/or
West System 105 Resin + 209 Hardener 1.15 humid conditions for fiberglass, composite materials, and a

epoxy

variety of metals.

their end caps, 90 degree elbows, and other design options such as square pressure containers

and semi-cylindrical features.

The final design of the multi-feature test part is portrayed in

Figure 1 and includes an example application for each feature.

Variable feature thicknesses were used to evaluate the effect of sealant permeability on
part performance during pressure testing. A detailed view of the multi-feature test part and its

corresponding thicknesses is portrayed in Figure 2.

&
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90 degree fitting

»

spherical end cap

square pressure
container

semi cylindrical
pressure vessel

Figure 1: Multi-feature test part design
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The post on the top of the large
dome and the squares attached
to the small domes are solid.

The base thickness is
0.33 cm.

The large dome
thickness is 0.64 cm.

The four square reference
geometries and elbow features
range in thickness: 0.20 cm,
0.25 cm, 0.30 cm, and 0.35 cm.

The small domes range
in thickness: 0.43 cm,
0.48 cm and 0.53 cm.

Figure 2: Top view of multi-feature test part thicknesses

3.2 Vacuum Infiltration

Test parts were submerged in the sealant and exposed to a vacuum environment (0.375
torr) as shown in Figure 3 via an MCP 4/04 vacuum casting system (MTT Technologies Ltd.,
Whitebridge Way, Whitebridge Park, England). All tests and application of sealants were
performed at ambient room temperature. Vacuum infiltration is a process which consumes a
large portion of infiltrant depending on part size and area of infiltration. To avoid material
waste, the manufacturer-recommended sealant work times and mixing ratios were used. An
infiltration study was performed on small test specimens (76.20 X 19.05 X 3.18 mm) and their
cross-sections were observed through the use of a stereo microscope to verify the part was being
infiltrated with each sealant. Based on this initial infiltration study, candidate sealants were
identified for vacuum infiltration of the multi-feature test part in Figure 1. These sealants
included Minwax Sanding Sealer, Polyurethane Oil Based, BJB TC-1614 epoxy, Stycast W19 +
Catalyst 9 epoxy, and West System 109 + 209 Hardener epoxy.

A separate infiltration study was performed on 2.54 cm cubes whereby each cube was
submerged in the infiltrant and exposed to a vacuum for durations of 1, 3, and 6 minutes. The
aim of this study was to determine the time required to infiltrate each test part by using the
following rate of infiltration equation [Zhou et al., 2004]

%
X

where ¢ is the time (s) for total infiltration, V), is the volume of porosity (cm’), and X is the rate of
infiltration (cm’/min) of the sealant into the FDM part. The volume of porosity, V,, was
calculated by determining the difference in mass between the CAD model, or ideal test part with
no porosity, and the actual test part. For the CAD model, the mass was calculated by multiplying
the volume of the part (given by SolidWorks CAD software) by the density of the material,
ABS-M30 (1.04 g/cm?®) [Wohlers, 2011].

t =
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Figure 3: Infiltration Procedure

The mass of porosity, m, was calculated by subtracting the mass of the real part from the mass of
the ideal part. Finally, the volume of porosity was calculated by using the following:

my
Vp=7

After determining the total infiltration time, the multi-feature test part was vacuum infiltrated
(Figure 3) for the calculated total infiltration.

3.4 Brushing

A brushing method was tested that can be implemented by consumers with limited
resources in which vacuum infiltration is not possible. Foam brushes were used over bristled
brushes because they produce parts with better esthetics and minimized dimensional changes
while also being able to absorb excess material where needed. Brushing was performed on the
entire surface of the multi-feature test part with all 11 sealants. As noted in Figure 4, sealants
can be classified as a one-part sealant (Minwax Sanding Sealer, Thompson’s WaterSeal,
Polyurethane Oil Base, Polyurethane Water Base, DEFT Clear Wood Finish lacquer, IPS Weld-
On 3 Cement), two-part epoxy (BJB TC-1614 epoxy, Stycast W19 + Catalyst 9 epoxy, West
Marine penetrating epoxy, West System 109 + 209 Hardener epoxy), or a special case such as
Hysol E-30HP which is a two-part epoxy that can be used directly with a mixing nozzle.

3.2 Testing for dimensional changes and performance under fluid pressure

Dimensional changes of the test part were evaluated by using a SmartScope Flash 250
coordinate measuring machine (Optical Gauging Products, Inc., Rochester, NY) to measure
selected features before and after sealants were applied. A fixture (Figure 5) was fabricated to
enable quick and easy registration of the parts so that accurate and repeatable measurements
could be obtained. Vertical and horizontal locations along the top of the multi-feature test part
were measured and include 33 total measurements.

189



One-Part Two-Part Hysol
Sealant Epoxy E-30 Cl1

Figure 4: Brushing application procedure

An aluminium-6061 test fixture (Figure 6) was manufactured using a HAAS Super Mini
Mill 2 Computer Numerical Control system (Haas Automation, Inc., Oxnard, California). The
fixture, along with the surface treated test part, was submerged in water and attached to a
compressed air source that supplied a prescribed pressure at a rate of 6.9 kPa/min (1psi/min) and
held at 276 kPa (40 psi) for at least 5 minutes. Safety concerns pertaining to a catastrophic
failure due to the pressure differential were taken into account by applying the above mentioned
pressure rate. A failed test part or feature was denoted by leaking and air bubble formation.
Conversely, a successful test part or feature was denoted by the lack of bubble formation and a
confirmation test was performed the next day to ensure the part’s sealed conditions remained
unchanged.

Figure 5: Coordinate measuring machine fixture and setup
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Figure 6: Fixture for pressure testing
4.0 Results
4.1 Vacuum infiltration

The 76.20 by 19.05 by 3.18 mm (3 by 0.75 by 1/8 inch) samples were cut and its cross-section
was observed using a stereomicroscope as seen in Figure 7. A successful infiltration of the small
test part was noted by the lack of the FDM material beads as in Figure 7 c, e, f, h, and 1.
Conversely, unsuccessful or partial infiltration was noted when FDM material beads were clearly
evident as in Figure 7 b, d, and g. Polyurethane Water based sealer was not tested for infiltration
due to its freezing behavior under vacuum caused by its chemical composition. Hysol E-30CL
was also not tested for infiltration due to its high viscosity

Figure 7: Cross-sectional view of vacuum infiltrated test parts, a) No infiltration (benchmark), b)
Thompson’s WaterSeal Multi-Surface Waterproofer, ¢c) Minwax Sanding Sealer, d) DEFTClear Brushing
Lacquer, ) BJB TC-1614 A/B, f) Stycast W19+Catalyst 9, g) West Marine Penetrating Epoxy, h) West
System 105 Resin+209 Hardener epoxy, i) Minwax Oil Based Polyurethane (note that c, ¢, f, h, and i show
evidence of infiltration)
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(10,500 cP). Finally, IPS Weld-on 3 was not used as an infiltrant in this study due to its fast
drying time (1 min), but is suggested for other application methods like dipping. Based on the
results from Figure 7, the infiltration time was determined for the following candidate infiltrants:
Minwax Sanding Sealer, Polyurethane Oil Based, BIB TC-1614 epoxy, Stycast W19 + Catalyst
9 epoxy, and West System 109 + 209 Hardener epoxy.

Volume of porosity for the multi-feature test part was found to be 11.51 cm?,
corresponding to 5.96% of the total volume (202.17 cm?®). The rate of infiltration, X, varied
according to the density and viscosity of each sealant. The time required to infiltrate the cubic
test parts is described in Table 2.

4.2 Performance under fluid pressure

Figure 8 presents the performance of each sealant/infiltrant with the corresponding
application method. Pressures of 138 — 207 kPa were withstood when two coats were brushed
using Polyurethane Oil Base, Polyurethane Water Base, Minwax Sanding Sealer, Stycast W19 +
Catalyst 9 epoxy, or West System 105 + 209 Hardener. This pressure range was also achieved
with the vacuum infiltration of BJB TC-1614. The maximum tested pressure, 276 kPa, was
withstood by the multi-feature test part when brushed with two coats of BJB TC-1614. It is
worth noting that the average dimensional change for brushing two coats of BJB TC-1614 was
0.231 mm.

As previously mentioned, a failed test part or feature was denoted by leaking and air
bubble formation. To ensure safe testing conditions, none of the parts were allowed to
experience catastrophic failure (i.e., exploding). The majority of failure sites for the multi-
feature test part included locations where geometry changes occurred (e.g., a flat surface
transitioned to a round surface). Figure 9 shows the formation of bubbles at multiple locations
where dissimilar surfaces intersect. Future work can include the incorporation of a fillet feature
at such intersections made from a sealant such as epoxy. Since most failures occurred randomly
throughout geometry changes, a definite conclusion cannot be made on whether the feature
thicknesses had an influence on the failure of the parts under pressure. Like previous studies,
that identify occurrence of stress concentrations at radiused corners due to apparent road
discontinuities at such geometric transitions, [Ahn ef al., 2002] this study provides evidence of
prominent failure occurrence where geometries change drastically.

Table 2: Infiltration times as determined with cubic test parts for each infiltrant

Volume of Rate of . _Total_
Sealant porosity, V, infiltration, X mI;:;reat_lron
(cmd) (cm3/min) (miﬁ)
Minwax Sanding Sealer 11.73 0.62 18.9
Polyurethane Oil-Base 11.73 0.33 35.51
BJB TC-1614 11.73 0.29 40.41
Stycast W19 + Catalyst 9 11.73 0.41 28.59

West System 105 + 209 Hardener 11.73 0.26 45.08
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Figure 8: Results for performance of multi-feature test part under fluid pressure

4.3 Dimensional changes caused by surface treatment

Through both infiltration and brushing, excess sealant can accumulate at certain features
that can significantly alter part dimensions. The following figure shows a summary of the results
obtained by the coordinate measuring machine. The average dimensional change is defined as
the absolute difference between the non-treated part and the brushed/infiltrated part averaged
over 5 features. Overall, parts that were infiltrated showed less dimensional changes (average
absolute change of 0.064 mm) than parts that were brushed (average absolute change of 0.073
mm and 0.139 mm when one coat or two coats of sealant were applied, respectively).

typical lack
of bubble
formation at
continuous
surfaces

typical bubble
formation at
intersection of
dissimilar
surfaces

Figure 9: Surface-treated, ABS-M30 part under fluid pressure
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Figure 10: Dimensional changes (note not all materials were vacuum infiltrated)

5 Conclusions

Manufacturing end-use parts using FDM has not been possible for fluid pressure
applications due to part porosities, air gaps, and voids. Improving such build defects may allow
FDM technology to be used for applications where fluids are applied at low pressures including
hermetic housings for biomedical devices such as pacemakers and pipes/covers for
thermodynamic systems such as heat exchangers. Vacuum infiltration and brushing were
explored with the use of six sealants (DEFT Clear Brushing Lacquer, Minwax Sanding Sealer,
Minwax Oil Base Polyurethane, PRO Finisher Water-Base Polyurethane, Thompson's WaterSeal
Multi-Surface Waterproofer) that are readily available to consumers at hardware stores and six
industrial sealants (IPS Weld-On 3 Cement, BJB TC-1614 A/B, Hysol E-30CL, Stycast W19 +
Catalyst 9, West Marine Penetrating Epoxy, West System 105 Resin + 209 Hardener epoxy) that
are primarily used by industrial companies for specialized repairs.

In this study, post-processing a multi-feature, FDM test part (made of ABS-M30) with
BJB TC-1614 had notable results: individually, brushing and vacuum infiltration allowed the test
part to repeatedly hold a fluid pressure for at least 5 minutes at pressures of 276 kPa and 138
kPa, respectively. The mean absolute difference between the non-treated part and the
brushed/infiltrated part caused by the application of BJB TC-1614 was minimal (0.231 mm for
brushing and 0.104 mm for infiltration). This dimensional change can be controlled through user
application during brushing and vacuum infiltration. A chart (Figure 8) was developed that can
be used by consumers to select appropriate application techniques corresponding to available
sealant options. This study suggests FDM customers can build end-use parts for low pressure
applications by applying one of the procedures explored in this research. Ease-of-use needs to be
considered as well as sealant cost, drying/working times, aesthetics, as well as envinronmental
and health risks when needed. Epoxies were more expensive and their work times need to be
followed as compared to one-part sealants such as Minwax Sanding Sealer which is ready to
apply and has a long work time. When precaution is taken, all sealants produced desirable
aesthetic results however West Marine Penetrating Epoxy had notable accumulation during the
drying process and produced unappealing surfaces. Epoxies generally had the greatest change in
dimension while one-part sealants had the least with some noteworthy results as seen in
Figurel0. When a part is to be used rapidly, epoxies dry within 5 hours with notable sealants
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like BJB TC1614 that were able to be used after 2 hours, however other noteworthy sealants
such as Minwax Sanding Sealer and polyurethanes required at least 24 hours to completely dry
making them unsuitable for rapid use and quick processing. Environmental and health risks also
need to be taken into consideration as some sealants require special safety precautions during
processing (e.g. fume hoods, safety equipment) as well as precautions needed for specific end-
use applications (e.g. FDA approved, biomedical). It is to be noted that sealant performance and
dimensional changes may vary from user to user. Precautions should be taken when using FDM-
manufactured parts in fluid pressure applications as voids may give rise to catastrophic failures
such as exploding. FDM consumers may apply multiple coats to seal their FDM parts, however
multiple coats was not explored in depth for this study.

Future Work

Although not captured by dimensional measurement data, sealant material tended to
accumulate during drying/curing at corners, edges, crevices, and the test part’s base. To combat
sealant accumulation, a rotary arm can be used to continuously move the part as it dries, giving
the final product an even and esthetically appealing surface. Employing this method to achieve
evenly distributed surface coatings can allow for multiple sealing coatings while minimizing
dimensional changes. Other sealants with different properties can be explored including off the
shelf sealants which may be ideal to consumers with short wait times.

In this study, pressure was applied gradually; however, many applications require
endurance of instant pressure which should be the focus of future work. Additional work should
also determine a sealant’s maximum working pressure and lifetime in various conditions such as
exposure to ultraviolet light, dry/humid environments, and cyclic fluid pressure loading. For
tests involving instantaneous and high fluid pressures, special precautions should be taken since
FDM-manufactured parts may fail catastrophically due to voids developed by the build process.

Optimizing FDM-building variables (e.g., build orientation, thermoplastic material, raster
modifications, air gaps between rasters and contours) can directly impact part sealing
[Thrimurthulu et al., 2004] and have shown to directly affect mechanical properties where
radiused surfaces are present [Ahn et al., 2002]. Therefore, a design of experiments including
multiple factors and levels should be created that determines the influence of the various FDM-
building parameters on a part’s performance under fluid pressure. Additionally, other promising
sealing methods such as electroplating, vapor smoothing, and dipping in solvents may be
investigated to determine their efficacy. Ease-of-use needs to be documented as different
methods require special processing techniques and hardware making some methods more ideal
than others. Optimized building parameters should then be used concurrently with successful
sealing/infiltration methods — using a single sealant or a combination of sealant and/or
application methods — to fill voids within FDM-manufactured parts that will enable end-use
applications in high fluid pressure environments. FDM materials other than ABS-M30 should
also be tested to determine if sealing/infiltration behavior and dimensional changes vary due to
the thermoplastic composition.
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