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INVESTIGATING MARINE ENVIRONMENTAL
DEGRADATION OF ADDITIVE MANUFACTURING
MATERIALS FOR RENEWABLE ENERGY APPLICATIONS

Paul Murdy', Joshua O’Dell!, David Barnes', James R. McVey?, Christopher Rumple?
! National Renewable Energy Laboratory, Golden, Colorado

2 Pacific Northwest National Laboratory, Sequim, Washington

ABSTRACT

Marine renewable energy is a relatively young industry where there is a great need for rapid
prototyping in design-build-test campaigns to quickly mature groundbreaking technologies.
Additive manufacturing has an important role to play in the industry; however, little information
is available to marine energy developers to help inform them on which additive manufacturing
materials are appropriate for highly loaded structures in harsh marine environments. This paper
presents an initial study on the mechanical characterization of polymeric additive manufacturing
materials and the degradation effects due to the marine environment. Ultem 9085, acrylonitrile
styrene acrylate, and chopped carbon-filled nylon, as well as continuous carbon and glass fiber-
reinforced nylon were chosen for this study. Samples were manufactured to perform a variety of
tension, shear, and compression mechanical characterization tests on the materials. Half of the
samples were conditioned in Pacific Ocean water for approximately 6 months at the Pacific
Northwest National Laboratory’s Marine and Coastal Research Laboratory before being returned
for mechanical characterization. The mechanical testing results showed that the Ultem 9085 and
acrylonitrile styrene acrylate materials experienced little to no degradation in stiffness or strength
after exposure to the marine environment. On the other hand, the nylon-based materials suffered
significant stiffness and strength degradation (over 50% in some cases) after environmental
conditioning. Ultimately, these data sets should serve as starting points to allow marine renewable
energy developers to make informed additive manufacturing material choices for their prototype
deployments.

Keywords: Marine renewable energy, additive manufacturing, environmental degradation,
mechanical characterization, fused deposition modeling
Corresponding author: Paul Murdy

1. INTRODUCTION

The marine renewable energy (MRE) industry is rapidly growing, and technologies such as tidal
energy converters and wave energy converters are maturing to the point of producing reliable,
clean energy for coastal communities. However, the industry as a whole is relatively nascent, and
many MRE developers are still in the prototyping phases of developing their technologies.
Additionally, understanding how polymeric materials, such as additively manufactured (or “3D-
printed”) materials and fiber-reinforced polymers, react to long-term exposures to harsh marine
environments is critical to the success of MRE deployments. Therefore, the U.S Department of
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Energy’s (DOE’s) Water Power Technologies Office (WPTO) has been funding the Marine
Energy Advanced Materials project, which is an ongoing multilaboratory project with the main
goals of addressing barriers and uncertainties facing MRE developers in adopting advanced
materials for structural applications [1]. Recently, the project held a marine energy materials and
manufacturing workshop, which involved the DOE, national laboratories, universities, and marine
energy developers. Experts highlighted the need to use additive manufacturing (AM) to accelerate
prototype manufacturing and deployment of MRE devices [2].

There are many AM processes and materials available for commercial use, but there is very little
public information available to guide MRE developers” AM process and material selection.
Current AM applications for MRE have generally been limited to small-scale tank testing and
manufacturing demonstrations [3, 4]. AM has been more widely researched for other comparable
renewable energy technologies, such as wind energy at both small and large scales [5—7]. However,
wind energy structures are not subjected to the same harsh environments as wave or current energy
converters [8]. Fiber-reinforced thermoplastic and thermoset polymer composites are susceptible
to strength and stiffness degradation when subjected to ocean water for extended periods of time,
and these effects have been well researched [9-12]. However, little research has been performed
to understand the effects of water absorption and harsh marine environments on polymeric AM
materials. Understanding marine environmental degradation effects on these materials is critical
for informing AM process and materials selection, as well as de-risking prototype MRE
technology deployments. Additionally, water absorption and the resulting mass change could have
profound effects on the dynamic response and performance of laboratory-and even commercial-
scale current and wave energy converter models and prototypes. AM is commonly utilized for
demonstration projects at this scale [13].

Therefore, the goal of this research was to characterize the marine environmental effects by
measuring water absorption and resulting mechanical property degradation for polymeric materials
commonly used in additive manufacturing. A variety of polymeric and fiber-reinforced polymeric
materials were selected for the investigation using previous case studies for axial- and cross-flow
tidal turbines. This manuscript will outline the development of appropriate test methods for
evaluating environmental degradation for AM materials. The dry and conditioned specimen data
sets presented in this manuscript provide vital information for MRE developers who plan to use
AM for components that are to be deployed in ocean environments and for scale models for
laboratory-based wave basin and tank testing.

2. EXPERIMENTATION
2.1 Material Selection and Specimen Manufacturing

To determine appropriate polymeric materials to test, this testing campaign leveraged an AM task
that is part of WPTO’s Powering the Blue Economy™ portfolio—a collaborative effort between
the National Renewable Energy Laboratory (NREL) and Pacific Northwest National Laboratory
(PNNL), where small-scale current energy converter components are being designed and
structurally evaluated [14]. The most important criteria for the AM process and material selection
were cost, scalability, ease of adding reinforcement, strength, stiffness, corrosion/environmental
resistance, and availability. Fused deposition modeling (FDM) processes were generally favored
due to their scalability and material availability [15]. Table 1 shows the materials chosen for this
study and their defining characteristics that led to the selection.
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Table 1. Materials and their defining characteristics for selection in this study.

Material AM Process Defining Characteristic
Acrylonitrile Styrene Acrylate (ASA) | FDM Low cost, environmental
resistance
Ultem 9085" FDM High environmental
resistance
Onyx' FDM Moderate stiffness and
strength
Carbon fiber-reinforced Onyx " Continuous fiber High stiffness and strength
FDM
Glass fiber-reinforced Onyx " Continuous fiber Lower cost, high stiffness
FDM and strength

*Polyetherimide blend from Stratasys
+tChopped carbon fiber-reinforced nylon from Markforged

Several standard test geometries were chosen for mechanical characterization (more details on the
geometries are provided in Section 2.2). Ideally, specimens were to be cut from larger panels with
the goal of producing homogeneous specimens with continuous tool paths and filament lines. The
ASA and Ultem 9085 were CNC cut from 3 mm thick panels that were printed on a Stratasys
Fortus 450MC machine. The neat Onyx and carbon and glass fiber-reinforced Onyx (Onyx/CF
and Onyx/GF) specimens were printed on a Markforged Mark 2 printer (see Figure 1).
Unfortunately, the panels that were printed with this material could not be machined or waterjet
cut without introducing delaminations. Therefore, the specimens were printed individually, so their
material properties determined in this study should only be used for comparative purposes rather
than as absolute data. The continuous fiber-reinforced specimens were printed with [0/90]ns layups
and a continuous fiber volume fraction of approximately 10%. Purely unidirectional layups and/or
high continuous fiber volume fractions would have led to excessive warping of the specimens
during printing and removal from the build plate. Figure 2 shows some of the specimens that were
printed prior to environmental conditioning and mechanical characterization.

Figure 1. The Markforged Mark 2 printer printing a renewable energy component prototype
(photo by Paul Murdy, NREL).
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Figure 2. A photo of some of the test specimens that were prepared for environmental
conditioning (photo by Paul Murdy, NREL).

2.2 Degradation and Mechanical Characterization

To compare as-manufactured to environmentally degraded mechanical properties, half of the
specimens were subjected to ocean water conditioning. Specimens were sent to PNNL to be
conditioned in their ocean water conditioning tanks at the Marine and Coastal Research Laboratory
(MCRL) in Sequim, Washington, (see Figure 3), where untreated seawater from Sequim Bay is
regularly circulated, and marine organisms are able to grow and interact with test specimens for a
variety of different biofouling, corrosion, and degradation type studies. The temperatures in the
tanks typically average around 12°C. Water temperatures were not elevated in this study, which is
common practice to accelerate the degradation of polymer composites [12]. Since this study was
aimed at short-term and laboratory-scale deployments, the minimal thickness of the specimens was
assumed to be sufficient to make long-term comparisons for larger components. The specimens
were conditioned in the tanks for a total of 155 days. Masses of the specimens were measured
before and after the conditioning periods to a precision of +0.0001 g as a means of quantifying
water absorbed by the specimens, as well as biofouling that may have accumulated within the
porous materials. Samples were wiped clean of any surface biofouling and dried of any surface
water before weighing final mass measurements were taken.
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Figure 3. The specimens suspended in PNNL’s seawater water conditioning tanks (photo by
Christopher Rumple, PNNL).

Several American Society of Testing and Materials (ASTM) standard test methods were used to
characterize a variety of mechanical properties for the chosen materials. The ASA, Ultem 9085,
and neat Onyx materials were tested in tension (ASTM D638), compression (ASTM D6641), and
shear (ASTM D7078). It should be noted that fiber-reinforced polymer test methods were used for
determining compression and shear properties of the materials, due to a lack of consensus on
acceptable standard test methods to be used for materials manufacturing using FDM-type AM
processes. The continuous fiber-reinforced specimens were only tested in tension using the ASTM
D3039 standard test method. Garolite end tabs approximately 2 mm thick were bonded prior to
tensile testing to minimize stress concentrations at the gripping surfaces. Table 2 provides a
summary of the overall specimen dimensions for each test type. Figure 4 shows photos of each
specimen type being tested in NREL’s 100 kN servo-hydraulic load frame.

Table 2. A summary of specimen geometries and dimensions for each ASTM test type

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.

conducted.
Test Method Geometry Length Outer Width Gauge Thickness
(mm) (mm) Width (mm)
(mm)
D638 Type I dog bone | 150 19 13 3
D6641 Rectangular 140 13 13 3
D7078 V-notched 76 56 32 3
D3039 Rectangular 200 25 25 2
5




Figure 4. Specimens being tested in the various configurations: (a) ASTM D638 tension, (b)
ASTM D6641 compression, (¢) ASTM D7078 V-notched rail in-plane shear, and (d) ASTM
D3039 tension (photos by Joshua O’Dell, NREL).

2.2.1 Instrumentation

For tensile testing, the specimens were instrumented with an extensometer with a 12.7 mm gauge
length (see Figure 4. (a) and (d)) to measure strain and calculate tensile moduli and elongation-at-
break. The compression and shear specimens were instrumented with back-to-back resistive foil
strain gauges to determine compressive and shear strains. Back-to-back uniaxial gauges were used
for the compression specimens and measured strains from stacked +45° gauges (¢ (+45) and ¢_(-
45)) were used to calculate shear strains (y) for the shear specimens where:

Y = lesas| + le_ss] [1]

The majority of the strain gauges were adhered to the specimens with Micro Measurements M-
Bond 200 alkyl cyanoacrylate adhesive, following their recommended procedure. It was difficult
to get good adhesion with the 3D-printed substrates, particularly the Ultem 9085. Instead, Micro
Measurements M-Bond AE-10 two-part epoxy adhesive was used for the Ultem 9085 speciments,
which has a considerably longer cure time: 6 hours compared to 5 minutes for the M-Bond 200.
Nonetheless, all specimens that had been conditioned at PNNL were instrumented and tested in
batches to minimize their time out of water prior to testing. Due to time and budget constraints,
only three specimens of each material for the D6641 and D7078 tests were strain gauged.

6
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3. RESULTS
3.1 Water Absorption and Biofouling

Mass measurements of the specimens returned from PNNL were taken when the specimens were
completely dry of any surface water. Figure 5 shows a comparison of the percentage mass changes
of the specimens arranged by materials and specimen geometries. The error bars represent standard
deviation and indicate a lot of variation between data sets. This is typically expected when
conditioning specimens in unfiltered ocean water, due to salt buildup and unpredictable biofouling
on the specimen surfaces [1]. On average, it appears that the mass changes of the Ultem 9085 and
ASA specimens were fairly comparable (on the order of 4.5%). The Onyx D638 and D6641
specimens appear to have taken up less water mass during the conditioning period at PNNL. It is
unknown why the Onyx D7078 specimens’ mass changed so much more than the other Onyx
specimens. Generally, nylons are considered to be very hygroscopic compared to other polymers
[16], so it is surprising that the mass changes of the other Onyx specimens are less on average than
their Ultem 9085 and ASA counterparts.

10.0% 1 10.0% 1 83039
9.0% A OD638 @D6641 @AD7078 9.0% -
8.0% - I 8.0% - T
IF
7.0% - 7.0% A 1
3 6.0% 1 I T 3 6.0% A I
o 5.0% - I I S sowd |
& i & a6
§ 4.0% - l 1 l  — T § 4.0% A
O 30% - DN T O 30% -
2 0% 1 2 0%
§ 2.0% 1 § 2.0%
1.0% 1.0% -
0.0% 0.0%
Ultem 9085 ASA Onyx Onyx/CF Onyx/GF

Figure 5. A comparison of percentage mass changes of the specimens conditioned at PNNL
arranged by materials and specimen geometries (error bars represent standard deviation).

The continuous fiber-reinforced Onyx specimens appear to have absorbed more water than the
majority of the unreinforced Onyx specimens. This is counterintuitive because carbon and glass
do not absorb water and account for approximately 15%—-20% of the total specimen weight. It is
possible that the continuous fiber reinforcements produced pathways for water to be drawn into
the specimens more quickly by capillary actions.

Overall, the amount of water absorbed and possible internal biofouling by all the specimens was
quite considerable. However, aside from the mass changes, visual changes were fairly minimal.
Many of the specimens, especially the slender ones (D638, D3039, and D6641), were bowed.
Throughout the conditioning period, bubbles formed on the surface of the ASA and Ultem 9085
specimens, which were removed on a weekly basis to prevent them from floating. The cause is
unknown, but it could be an indication of chemical reactions. Total mass changes ranged from 3%
to 8% over a relatively short conditioning period. From a laboratory-scale wave or flume tank
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testing perspective, these mass changes are certainly sufficient to affect the static and dynamic
response of reduced-scale current and wave energy converter test pieces. Additionally, water
diffusivity rates in polymers increase exponentially with temperature [17]. Therefore, testing at
higher ambient temperatures (up to 25°C) could have even more pronounced effects.

3.2 Modulus Results

Figure 6 and Figure 7 show dry and environmentally conditioned comparisons of tensile and shear
moduli, respectively, for all the materials tested. Compressive moduli for the D6641 specimens
were not calculated due to excessive specimen buckling during the tests. Further details on this are
provided in Section 3.3. Of the D638 specimens, the Ultem 9085 had consistently higher moduli
than the ASA and Onyx materials. It is unknown why the average tensile modulus of the
conditioned Ultem 9085 specimens apparently increased after environmental conditioning,
although it may be due to random material and testing variations. The average tensile modulus of
the ASA material appears to be unchanged by the environmental conditioning period at PNNL.
However, the average tensile modulus of the Onyx material did degrade significantly (~37%). The
D3039 tensile moduli of the continuous fiber-reinforced Onyx specimens (Onyx/CF and Onyx/GF)
also appear to have degraded measurably. The dry tensile moduli were close to what one would
expect based on classical laminate plate theory for glass and carbon fiber [0/90] layups with
volume fractions of ~10% [18]. They also exhibited a measurable amount of degradation, which
was surprising when considering the large differences in moduli between the fiber reinforcements
and the Onyx matrix. It is well known that carbon and glass fibers themselves do not degrade in
marine environments; however, the fiber/matrix interface can. Therefore, this may be an indication
of degraded adhesion between the Onyx material and the fiber reinforcements and ultimately their
ability to transfer stresses between the continuous fibers.

2.5 A
.. 14.0
ODry BConditioned @Dry @ Conditioned
5 2.0 1 5120
@ @
= = 10.0
B 15 1 E
E E 80 A
) 5]
S 154 = 60 -
= =
[72] 7]
g § 401
= 05 =
2.0 4
0.0 0.0
Ultem 9085 ASA Onyx Onyx/CF Onyx/GF

Figure 6. A comparison of calculated average tensile moduli for the dry and conditioned ASTM
D638 and D3039 tensile specimens tested (error bars are standard deviation).
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Figure 7. A comparison of calculated average shear moduli for the dry and conditioned ASTM
D7078 shear specimens tested (error bars are standard deviation).

The calculated shear moduli for the Ultem 9085, ASA, and Onyx specimens showed similar results
(see Figure 7). The Ultem 9085 and ASA materials possessed comparable shear moduli under dry
conditions, but again, the shear modulus of the conditioned Ultem 9085 materials appeared higher
than that of the pristine, dry material. The statistical scatter of the dry ASA specimens was high
due to a very limited number of replicant tests with bonded strain gauges.

Interestingly, the shear modulus of the dry Onyx material was considerably higher than its tensile
modulus. This may be due to the filament orientation in the specimens. Typically, toolpaths cannot
be easily controlled with the Stratasys and Markforged FDM printers, so the bulk of the filaments
within the specimens are oriented at +45° or the in-plane shear directions in this case.
Additionally, the chopped carbon fiber within the Onyx filament may be well oriented in the
filament direction. However, after environmental conditioning at PNNL, the shear modulus of the
Onyx material degraded significantly (~65% on average). This may be a further indication of the
loss of the nylon material’s ability to transfer stresses between the fiber reinforcements, no matter
how small.

Overall, these results imply that the stiffness responses of components 3D-printed from Ultem
9085 or ASA are unlikely to change after moderate exposure to marine environments. This would
certainly be sufficient for short-term deployments or wave basin and flume tank testing campaigns.
On the other hand, the stiffness of the Onyx (nylon-based) material degraded significantly, even
though the conditioning period was relatively short. This type of degradation would certainly have
pronounced effects on the dynamic response of components used for short-term deployments and
tank testing and would subsequently affect the validation of computational models for predicting
MRE device performance.

3.3 Strength Degradation and Failure Modes

Figure 8 shows a comparison of the tensile strength results for the ASTM D638 specimens, as well
as comparisons of representative stress-strain curves for each dry material. Table 3 also shows a
comparison of all dry and conditioned strength properties derived from the Ultem 9085, ASA, and

9
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Onyx test data. Yield strengths and strains were calculated using the 0.2% offset method. The
tensile yield and ultimate strength properties of the Ultem 9085 and ASA were relatively
unchanged after the conditioning period. Again, the properties of the Ultem 9085 appear to have
been enhanced by the environmental conditioning. Further investigation is necessary to properly
verify this and rule out any possible sources of systematic error. Like the degradation in elastic
moduli, the tensile strength of the Onyx materials was also reduced significantly (~50%) by the
environmental conditioning at PNNL. Again, this demonstrates the unsuitability of the nylon-
based material for aqueous environments. The Onyx material exhibited very large strains to failure
and necked considerably under both dry and conditioned test cases. The Ultem 9085 and ASA
both failed more abruptly, as shown in Figure 9(a).

50.0 - » 40 1
ODry BConditioned S
45.0 A 35 -
7 4001 530
35.0 A
S € s
é{) 30.0 A %
5 25.0 &%
% o 15 | = Ultem 9085
o 20.0 A '.-‘é ASA
'% 15.0 - 2 10 1 Onyx
= 10.0 A 5
0 0 ; ; - .
0.0 0 50000 100000 150000 200000
Ultem 9085 ASA Onyx Tensile Strain (pe)

Figure 8. Comparisons of dry and conditioned ultimate tensile strength data for the ASTM D638
specimens (left) and representative stress-strain curves of the dry ASTM D638 specimens tested

(right).
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Table 3. A comparison of all dry and conditioned strength properties for the Ultem 9085, ASA,

and Onyx materials tested.

ASTM Test Material Property State Average Result Change
Method (%)
D638 Ultem 9085 | Yield strength Dry 20.3 +£ 3.4 MPa
tension Wet 25.8 £+ 4.4 MPa +27.0
Yield strain Dry 13,900 & 2,300 pe
Wet 15,900 &+ 4,300 pe +14.5
Ultimate strength | Dry 39.6 £ 0.6 MPa
Wet 44.9 £ 1.0 MPa +13.3
Ultimate strain Dry 53,700 £ 8,300 pe
Wet 50,900 + 4,200 pe -5.2
ASA Yield strength Dry 15.5+4.8 MPa
Wet 173+ 1.3 MPa +11.6
Yield strain Dry 11,400 £ 2,900 pe
Wet 12,700 £ 800 pe +11.5
Ultimate strength | Dry 25.8 £0.5 MPa
Wet 24.8 £ 1.2 MPa -3.9
Ultimate strain Dry 43,900 £ 5300 pe
Wet 46,400 = 1,400 pe +5.8
Onyx Yield strength Dry 12.5+ 1.7 MPa
Wet 5.8+ 1.3 MPa -53.2
Yield strain Dry 18,800 & 2,800 pe
Wet 16,400 + 7,900 pe -12.9
Ultimate strength | Dry 41.2+ 6.3 MPa
Wet 20.9 £ 0.2 MPa -49.4
Ultimate strain Dry 409,700 £ 165,800 pe
Wet 469,000 41,000 pe | +14.5
D3039 Onyx/CF Ultimate strength | Dry 173.0 + 7.8 MPa
tension Ultimate strain Dry 13,400 + 500 pe N/A
Onyx/GF Ultimate strength | Dry 124.3 + 7.6 MPa
Ultimate strain Dry 36,000 £ 1,600 pe
D7078 Ultem 9085 | Ultimate strength | Dry 344+ 2.0 MPa
shear Wet 37.7+2.3 MPa +9.7
ASA Ultimate strength | Dry 19.2 +£3.5 MPa
Wet 19.7 £ 0.8 MPa +2.2
Onyx Ultimate strength | Dry 26.4+ 1.4 MPa
Wet 13.7+£0.7 MPa -48.2
D66417 Ultem 9085 | Ultimate strength | Dry 743 +5.1 MPa
compression Wet 62.7 £ 5.4 MPa -15.6
ASA Ultimate strength | Dry 53.9 + 8.8 MPa
Wet 41.1+£2.3 MPa -23.0
Onyx Ultimate strength | Dry 41.6 £ 0.9 MPa
Wet 14.3 =+ 0.4 MPa -65.7

"Not true compressive strengths due to specimen buckling.

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.
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Figure 9. Comparisons of failure modes for the various ASTM test methods: (a) D638, (b)
D7078, (c) D6641, and (d) D3039 (photos by Paul Murdy, NREL).

The conditioned Onyx/CF and Onyx/GF D3039 specimens could not be tested to produce
representative tensile failure modes. The through-thickness properties of the specimens had been
degraded so much that they could not be clamped sufficiently without crushing them in the wedge
grips before the tests were even started. Therefore, dry and conditioned strength comparisons could
not be made, despite being able to acquire sufficient stress-strain data to compare tensile moduli
between the batches of specimens.

As mentioned in Section 3.2, the ASTM D6641 compression specimens failed due to buckling
rather than pure compression. The thickness of the specimens were insufficient to produce pure
compression failures without buckling over the short gauge length. Therefore the results presented
in Table 3 should not be taken as true compression strengths, but only as further comparison
between the dry and conditioned materials. In this case, all three materials appear to exhibit some
degree of degradation after their conditioning period in seawater. Again, the Onyx material was
considerably worse off than the ASA and Ultem 9085 materials.

Finally, the ASTM D7078 shear tests showed similar changes in strengths. Overall, the Ultem
9085 exhibited the highest shear strength under dry conditions, followed by the Onyx. This is most
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likely due to the same reasons as its higher shear modulus outlined in Section 3.2, where the
alignment of filaments and chopped fibers appears to have enhanced this property. The shear
strength of the Ultem 9085 and ASA were unchanged by the environmental conditioning and
consistently failed by sudden shear cracking at the V-notches of the specimens. Again, the Onyx
material degraded significantly, with a loss of over 60%. Rather than abrupt shear cracking, the
specimens tended to buckle and slowly tear in the shear direction during failure (see Figure 9(b)).

Overall, these results indicate that the Ultem 9085 and ASA would be suitable materials for short-
term deployments of 3D-printed components in marine environments as well as for scaled wave
basin and flume testing. Further investigation for longer conditioning periods or accelerated aging
at elevated temperatures would be required to determine whether they are suitable for more
prolonged exposure to marine environments. The nylon-based, chopped carbon fiber-filled Onyx
material showed significant degradation by almost every stiffness and strength measure. This
demonstrates that it is unsuitable for use in marine environments and should be used with caution
for any such application.

4. CONCLUSIONS

This paper presented a baselining study investigating the effects of marine environments on
commonly used polymeric AM materials for MRE applications. The main goals of this study were
to get an initial understanding of how AM materials perform in marine environments and
demonstrate the characterization and testing process for such materials. In this case, Ultem 9085,
ASA, and Onyx (chopped carbon fiber-filled nylon), as well as continuous carbon and glass fiber-
reinforced Onyx were chosen due to their marketed environmental resistance and attractive
mechanical properties. The materials were submerged in raw seawater from Sequim Bay at PNNL-
Sequim. Specimens were then mechanically characterized in various standard test configurations
and the results compared to pristine, dry specimen data sets. Strength and modulus results indicated
that the Ultem 9085 and ASA specimens were relatively unchanged by the environmental
conditioning. In fact, the conditioned Ultem 9085 specimens apparently had increased strength
and stiffness properties in some cases, although further testing is required to properly verify this.

On the other hand, the Onyx, Onyx/CF, and Onyx/GF specimens suffered significantly from their
relatively short time exposed to the marine environment. In some instances, they lost over 50% of
their elastic modulus and strength properties. In fact, the continuous fiber-reinforced specimens’
through-thickness properties had degraded so much that they could not be clamped sufficiently to
even quantify their conditioned tensile strengths to compare.

Overall, we can conclude that Ultem 9085 and ASA are good candidates for polymeric AM
components to be used for short-term MRE deployments or laboratory-scale wave basin and tank
testing. The Onyx material, or any nylon-based AM material should be used with caution, due to
nylon’s hygroscopic properties. While the Onyx material has attractive mechanical properties,
those samples suffered significantly in the aqueous environment that they were subjected to.

This study only evaluated materials in a marine environment under ambient conditions for a
relatively short period of time (~6 months). Additionally, these 6 months spanned the winter
months where biological life is least active. Therefore, the results are only limited to this time
period. Future work will focus on accelerating the water diffusion and environmental degradation
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process with elevated temperature conditioning, so that resulting data sets can be extrapolated to
understand degradation over much longer time periods. Additionally, this study was fairly limited
in its AM process and AM material choices. There are many other AM processes and polymeric
materials available to MRE developers that may also be good candidates for marine environments.

Finally, another aspect that has not been explored in this research is the porosity and sparse infill
that is commonly applied to AM processes to minimize material usage and print times. In
particular, wave basin or flume tank components may fill with water over time, leading to dramatic
changes in mass and therefore dynamic response. It may be prudent to apply protective coatings
to AM scale models and components to prevent such effects. Understanding the best choice of
coatings for specific AM materials, how they degrade and delaminate in marine environments, and
how they affect the degradation mechanisms of AM materials will also be important for future
research.

Ultimately, this project aims to continue to build knowledge bases and understanding of marine
environmental degradation effects on advanced materials to help MRE developers make informed
material choices for their mission-critical components and structures.
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