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Abstract

The oil and gas industry has been tagged as among the largest revenue-generating sectors in the world. High-performance polymers (HPPs), on
the other hand, are among the most useful industrial materials, while the utility of 3D printing technologies has evolved and transitioned from rapid
prototyping of composite materials to manufacturing of functional parts. In this prospective, we highlight the potential uses and industrial applications

of 3D-printed HPP materials in the oil and gas sector, including the challenges and opportunities present.

Introduction

Oil and gas companies are among the biggest and most impor-
tant industrial sectors in the world, with crude oil and natural
gas prices as two of the most closely watched in the global
market.['! It plays a crucial role in the global economy as it
not only generates a revenue of roughly US$ 3 trillion annu-
ally worldwide,™ but is also capable of globally fulfilling the
growing energy needs throughout the next decades.!') However,
the production and distribution of oil and gas products involve
a tedious process and complex system, which are labor- and
capital-intensive. For instance, upstream exploration, which
involves finding reservoirs and drilling wells, requires the use
of state-of-the-art technologies and materials that are noncor-
rosive, chemical resistant, and highly thermo-mechanically
stable.l’] Likewise, tools, equipment, and instruments required
for downhole operations are expected to satisfactorily per-
form under harsh environments and high-pressure and high-
temperature conditions.[*! While majority of these are made

of highly corrosion resistant metallic materials, a good num-
ber of their components or parts are made of polymeric-based
materials such as polymer nanocomposites, blends, reformu-
lated elastomers, and high-performance polymers (HPPs).?™!
Because of their strength-to-weight ratios, ability to withstand
a broader range of chemical, thermal, and physical stress, and
other advantages over metallic materials, HPPs have become
an attractive choice for utility across a wide range of demand-
ing applications.™! In addition to their appealing properties,
HPPs also display high dimensional stability and design flex-
ibility such that they can be easily molded to different shapes
and complex geometries to continuously fulfill the demand for
safety features, functional integration, and miniaturization,
leading to their industrial application, not only in the automo-
tive, aerospace, marine, and biomedical, but also in the oil and
gas.[#0]

The time to delivery of essential tools and equipment is
crucial to achieve dynamic industrial process operations in
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the oil and gas. Additive manufacturing (AM, or 3D print-
ing) is a promising approach to fabricating and delivering,
in a timely fashion, the required tools, components, and
other replacement parts for a smooth industrial operation.
AM processes can offer onsite services, where spare parts
can be easily 3D-printed and replaced on demand, leading to
significant profits in terms of inventory management, manu-
facturing lead time, productivity, materials transportation,
asset uptime, and supply chain management.l”® Easy access
to 3D printers on board ships and offshore oil platforms
can provide instant additively manufactured auxiliary parts
needed for machines and equipment located in remote areas
or where delivery is impractical.*! As HPPs are among the
most useful AM materials for oil and gas applications, the
development and utility of AM techniques can transform the
inherent characteristics of HPPs into a wide variety of prom-
ising functional structures.

Our group has published several review papers on 3D print-
ing of hydrogels for tissue engineering,!'”! viscoelastic materi-
als for composite and food fabrication,!'!! membrane materials
for carbon capture and water treatment,'>!* useful devices and
materials for COVID-19,'*] thermoplastic polymer composites
and nanocomposites,!'™ and polymers for biomedical applica-
tions,'®] mechanical characterization,[!” and electronics.[!®]
In this current prospective, we aim to highlight the promising
use of 3D-printed HPPs in the oil and gas industry. Although
HPPs and 3D printing technologies have been widely reported
in the literature, the majority of the past and current reviews, in
general, have concentrated individually on their utility in dif-
ferent industrial settings. Thus, this work is an effort to explore
in one prospective paper, not only the promising applications,
but also the challenges and opportunities in using additively
manufactured HPPs in the oil and gas industry.

Overview of high performance
polymers

Methods of polymer classification
Significant improvements to polymeric materials through evo-
lutions in synthetic and processing techniques initiated the need
to precisely differentiate materials based on their physical prop-
erties. Generally, when polymers are classified according to
their physical properties, they are referred to as commodity,
engineering, or high performance polymers (HPPs). Commod-
ity polymers are inexpensive to manufacture, but demonstrate
low thermal and mechanical properties, compared to engineer-
ing and high performance polymers. Engineering polymers
exhibit improved thermal and mechanical properties relative to
commodity polymers, while maintaining reasonable processing
costs, but demonstrating lower thermal and mechanical perfor-
mance compared to HPPs. HPPs display the best thermal and
mechanical properties of the three, but have increased manufac-
turing cost and reduced processability. Certain polymers have
also even been classified as ultra-performance polymers owing
to their thermal and mechanical properties being even superior
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Figure 1. Organization of polymers according to their chemical and
thermomechanical properties.! Reprinted (adapted) from Ref. 4
with permission from Elsevier.

to that of traditional HPPs.[] Fig. 1 illustrates the progression
of these polymeric materials (with examples from each class)
as a function of their thermomechanical properties. This sec-
tion discusses the various criteria and features of HPPs and lists
some examples of common HPPs with potential AM applica-
tions in the oil and gas industry.

As shown in Fig. 1, polymers can be further divided into the
subcategories of amorphous and crystalline, according to their
morphology. Amorphous polymers are composed of macromo-
lecular chains with random orientations throughout the poly-
mer matrix. They display only a glass transition temperature
(7). but with no definite melting temperature (7,,). Conversely,
crystalline (or semi-crystalline) polymers contain regions of
highly ordered or packed molecular chains and demonstrate
both a 7, and 7,,. This packing can occur when polymer chains
have the appropriate geometries and intermolecular attractions
to achieve a thermodynamically favorable alignment.

Advantages of using HPPs

HPPs are characterized by their exceptional mechanical integ-
rity, thermal stability, and chemical resistivity. More specifi-
cally, HPPs are capable of retaining their mechanical properties
upon exposure to extreme thermal and/or chemical environ-
ments. The mechanical properties of interest vary depending
on the application, but usually involve the following: hardness,
tensile strength, toughness, tribological integrity, and dimen-
sional stability. Exact criteria for HPPs have been developed
and are listed as follows:['!

e Retention of structural integrity upon exposure to 177°C for
>10,000 h in the presence of mechanical stress (short and
long term), harsh chemicals, and electrical shock.

e Minimum thermal decomposition temperature of 450°C
(i.e., 5% weight loss at 450°C).

e  Minimum temperature of 177°C at which 10% deflection
occurs on a sample under a load of 1.52 MPa.
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e Highly aromatic polymers with rigid regions should have
high 7, values (>200°C) and superior mechanical proper-
ties.

Various molecular scale features contribute to achieving
polymers displaying mechanical and thermal properties in the
high performance regime. HPPs typically exploit some combi-
nation of molecular features. Increased primary bond dissocia-
tion energy (BDE) is associated with improved thermal stability
and chemical resistivity.!”] For example, chemically inert and
thermally stable fluoropolymers such as polyvinylidene fluoride
(PVDF) and polytetrafluoroethylene (PTFE) are largely com-
posed of C—F bonds having a BDE of 123 kcal mol™!, whereas
the BDE of a C—H bond is 83 kcal mol™'.[*! Architectures con-
sisting of high aromatic content in the polymer backbone (pol-
yaromatics) have become an exceedingly popular class of HPPs
due to the exceptional mechanical properties (e.g., stiffness,
tensile strength, hardness, etc.) coupled with thermal stability
and chemical resistivity. The aromatic groups, not only pos-
sess the benefit of high primary BDE (145 kcal mol™! for C=C
bond), but they also provide resonance stabilization, which
can range from 40-70 kcal mol™".1*! The molecular rigidity of
the aromatic groups also contributes to the macroscopic stiff-
ness and strength observed in the mechanical properties. Other
features that enhance polymer performance include molecular
weight (high with narrow distribution), uniform structure for
better packing (crystallinity), intermolecular forces (hydrogen
bonding), crosslinking, and presence of additives (fibers, nano-
particles, etc.).l'”) Given these advantages, HPPs are highly
recommended for use in applications involving harsh environ-
ments such as those encountered in the oil and gas industry.

Commonly used HPPs

Polyphenylene sulfide

Polyphenylene sulfide (PPS, trade name Ryton) is a semi-crys-
talline high performance thermoplastic polymer composed of
benzene rings connected by sulfur atoms at the para position.
The T, of PPS is relatively low for HPPs at 85°C, while the
T, is 285°C.1*"1 PPS has been investigated for a wide variety
of applications since it was first introduced in the 1960s. Spe-
cial attention has been paid to PPS for coating applications
owing to its excellent resistance to corrosion and other chemi-
cals including organic solvents, inorganic salts, bleaches, and
strong bases.!*! Moreover, PPS is totally insoluble in any known
solvent below 200°C.?%! PPS also demonstrates a relatively
low melt viscosity, albeit at high temperatures, allowing it to
be processed by traditional manufacturing methodologies such
as injection molding. The melt flow properties of PPS are also
compatible with fused deposition modeling (FDM) 3D print-
ing, allowing it to be useful for constructing parts with complex
geometries without the need for machining. PPS has also found
utility as structural components due to its outstanding hardness
and wear resistance, but a susceptibility to warpage and brit-
tleness limits its mechanical applications.[*] For these reasons,

extensive work has been done to improve the mechanical per-
formance of PPS. Formulations of PPS containing fillers such
as carbon fiber, nylon, and volcanic ash have been developed
to improve mechanical properties including its tensile strength
and toughness.[*!

Polyetherimide

Polyetherimide (PEI), with a trade name of ULTEM, is an
amorphous high performance thermoplastic polymer. PEI
has various commercial product lines including ULTEM
9085 and ULTEM 1010, having T, values of 186 and 217°C,
respectively.[?!2) PEI is generally synthesized via a poly-
condensation reaction between bisphenol A dianhydride and
m-phenylenediamine. The high aromatic content affords PEI
various mechanical properties (e.g., dimensional stability, stiff-
ness, creep resistance, and high strength) that are competitive
with metals. Owing to its high 7,,, PEI can be continuously
used for applications requiring temperatures up to 180°C.[!
PEI also demonstrates desirable safety features such as low
smoke emission, flame retardance, and chemical resistivity
to alcohols, halogenated solvents, and hydrocarbons.[ Con-
versely, PEI requires high processing temperatures, resulting in
increased processing costs, but competitively priced filaments
are available to be used on FDM 3D printers. Moreover, PEI is
prone to warpage during the printing process. Thus, to success-
fully print PEI, the machine requires a high-temperature nozzle
(~400°C), a heated chamber (90—180°C), and a heated build
plate (120—160°C). Printing under these conditions, coupled
with post process thermal treatments, can reduce the aniso-
tropic properties of the fabricated parts.

Polyethertherketone

Polyetheretherketone (PEEK), a semi-crystalline thermoplastic,
is among the most widely studied and commercially available
HPPs. PEEK is composed of a highly aromatic polymer back-
bone connected by a series of ketone and ether linkages. PEEK
has exceptional thermal stability, boasting a 7, of 143°C and T,
of 343°C.1%3] These thermal properties, combined with strong
mechanical properties, wear resistance, chemical and corro-
sion resistance, and hydrolytic stability, have made PEEK an
ideal candidate for demanding applications in harsh environ-
ments. However, the tradeoff to such properties is realized by
increased manufacturing and processing costs. PEEK has been
deployed in applications such as pumps, pistons, liners, protec-
tive housing components, and medical equipment. PEEK is also
compatible with FDM 3D printing methodologies given the
appropriate machine. Nozzle temperatures capable of achieving
temperatures in excess of 400°C, along with a heated chamber
and build plate, are necessary to print high quality parts with
minimal warping and anisotropic properties.

Polyphenylsulfone

Polyphenylsulfone (PPSU or PPSF), with a trade name of
Radel R, is categorized in the amorphous HPP family. PPSU is

MRS COMMUNICATIONS - VOLUME 11 - ISSUE 6 - www.mrs.org/mrc 1 703



wrs filCommunications

ibd (S

known for its excellent dimensional stability, hydrolytic resist-
ance, inherently flame retardance, and outstanding chemical
resistance. Even though PPSU contains a high number of aro-
matic units, it is fairly easy to melt process due to the biphe-
nylene ether unit, which also contributes to its excellent impact
strength and high notched (Izod) impact values."*! Furthermore,
as PPSU is amorphous in nature, it is advantageous over semi-
crystalline HPPs due to limited shrinkage and warpage. Since
PPSU is indeed amorphous, it only displays a 7,, of 220°C, with
a maximum working temperature of 160°C.1**) With PPSU’s
ease of melt processability, FDM printing of PPSU is fairly
simple as long as the accurate printing properties are used. Its
excellent hydrolysis and chemical resistance make PPSU ideal
for very harsh environmental conditions like in the oil and gas
applications (i.e., exposure to steam or seawater at elevated
temperatures). Likewise, PPSU also displays high compressive
strength and resistance to indentation such that it is capable of
withstanding high pressure and harsh conditions.

Fluoropolymers

Polymers primarily consisting of C—F groups are generally known
as fluoropolymers.™ Due to the very high electronegativity of
fluorine atoms, fluoropolymers are chemically inert. Thus, they do
not commonly react or bond with any other materials. Likewise,
their chemical inertness generally makes them water-repellent
and nonstick. Furthermore, the C—F bond has a high BDE (i.e.,
123 kcal mol™"), making fluoropolymers highly temperature
resistant.*) Fluoropolymers are semi-crystalline in nature and
can be categorized by their degree of fluorination, which defines
their thermal stability and chemical inertness.!') Some common
fluoropolymers are PTFE, PVDF, polychlorotrifluoroethylene
(PCTFE), and polyvinyl fluoride (PVF). PTFE, also known by
its trademark name Teflon, is highly symmetrical, allowing it to
be inherently hydrophobic.!?> Teflon is produced by free radi-
cal addition polymerization reaction between tetrafluoroethylene
monomers./?! Although PTFE has a T, and maximum service
temperature of 330 and 260°C, respectively, it is relatively dif-
ficult to process as it requires a similar procedure to powder pro-
cessing through compression molding.>> In comparison, PVDF,
also known as Kynar, is readily processible through standard ther-
moplastic techniques like extrusion and injection molding. PVDF
is synthesized by free radical polymerization of 1,1-diflouroethyl-
ene.?®! Furthermore, PVDF is also piezoelectric, especially in its
beta crystalline phase, due to its high polarity. PVDF has a T, of
170°C with a maximum service temperature of 150°C.*%! Since
fluoropolymers have very low friction coefficients and chemical
inertness, they are ideal for oil and gas applications (e.g., corro-
sion protection and anti-wetting coatings).l2"3%

Overview of AM techniques

Compared to conventional methodologies such as subtrac-
tive and formative manufacturing, AM is a process of com-
bining materials layer upon layer from a model data, creat-
ing a 3D object.[®!731321 AM is synonymous to the following
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terminologies: 3D printing, digital manufacturing, freeform
fabrication, and rapid prototyping.[!”! The process usually
starts with modeling or scanning the 3D object, generating a
computer-aided design (CAD) model, which is further converted
into a .stl file that stores only the surface geometry information,
but excluding other information like texture or color. In some
cases, .obj and .amf file types are also used. The STL file is
then processed in a slicing software, where printing resolution,
temperature, speed, and infill density are set. The model is sliced
into several hundreds or thousands of layers and converted into a
G-code that relays all the information to the 3D printer. With the
G-code, the printer can start to fabricate the model layer by layer.
After the model is created or printed, the part is removed from
the build plate and post-processed for its intended application.!!”)
Currently, there are many different types of AM technolo-
gies available for processing different materials, but requiring
different post-processing operations. According to standards,
AM is categorized into seven processes,*!7*!] which are dis-
cussed in the succeeding subsections. These technologies are
used depending on the intended applications and requirements.
In the following section, common polymer AM technologies,
which have potential oil and gas uses, are briefly discussed to
provide an overview of their basic operating principles.

Material extrusion

Material extrusion, also known as fused deposition modeling
(FDM) or fused filament fabrication (FFF), is a glue-gun-like
process, where each layer is fused on top of (or beside) another
layer by melting the material just above its 7, allowing it to
flow. The layers are extruded following the pattern provided by
the G-code of the model, creating the part in a layer-by-layer
fashion. Thermoplastics such as acrylonitrile butadiene (ABS),
polyetherimide, polylactic acid (PLA), polycarbonate (PC), and
polyethylene terephthalate glycol (PETG) are commonly used.
Material extrusion is the most commonly known and used AM
technology.!®!>!>!7 Direct ink writing (DIW) is generally clas-
sified under this method, but instead of a molten polymer, a
thixotropic ink is extruded out of a nozzle under controlled flow
rate and applied pressure.'8) DIW has recently gained attention
from industrial communities due to its cost-effectiveness and
ability to print structures on any surface using a wide variety
of new composite materials.

Vat photopolymerization

Stereolithography (SLA) and digital light processing (DLP) are
two of the most common technologies under vat photopolym-
erization. SLA uses a laser to selectively cure (i.e., polymerize)
a thin layer of liquid photopolymer resin contained in a reser-
voir (or vat). On the other hand, in DLP, an image of a layer
is flashed (or illuminated) across the entire build plate using a
digital projector screen, thereby simultaneously and completely
curing the (entire layer of) resin. Typical photocurable resins
used are thermosets such as epoxy and acrylate-based formula-
tions usually composed of monomers/oligomers, crosslinkers,
and initiators. (6173333
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Powder bed fusion

Powder bed fusion (PBF) uses a high-energy laser source to
selectively fuse the powder particles and create the 3D object
inside a build area. Selective laser sintering (SLS), which usu-
ally uses nylon as its material, is a type of PBF and is used for
industrial applications. Nylon parts produced using this method
have excellent properties, which are ideal for diverse applica-
tions. These materials are also strong and durable especially
when used as a matrix material for nanocomposites.'”!

Material jetting

Material jetting (MJ) is similar to inkjet printing (in 2D printers),
where photosensitive ink droplets are dispensed by a print head
onto a substrate. However, the droplets are deposited on a build
plate and immediately UV-cured. Similar to SLA, photopoly-
mers are usually used in this technique. Nanoparticle jetting and
drop on demand (DOD) are two other related technologies in
this category. Very smooth parts, similar to injection molding,
may also be achieved using this technology. Additionally, this
technology has multi-color and multi-material capabilities.[*!”)

3D printing in the oil and gas industry

A brief discussion on the three distinct market segments of
the oil and gas industry could facilitate a better understanding
of the potential use of polymer 3D printing. Fig. 2 shows the
oil and gas industry supply chain with its segments and cor-
responding activities. The upstream market, which includes
the exploration and production segment, is comprised of the
following: exploration, drilling, production, and plug and aban-
donment. The midstream market, which consists of pipes and
transportation methods, is comprised of the following: com-
pressor and pumping stations, geopolitical issue, and mainte-
nance. Additionally, trucking companies, barge companies, and
rail service and car providers belong to this segment. Lastly,
the downstream market is composed of those relating to the
consumers, such as manufacturing, petrochemical refining,
retail production distribution, and retail. The upstream and
downstream segments are characterized by their heavy invest-
ments in infrastructure, equipment, and maintenance. With this
segmentation, it is now easier to identify potential use cases for
oil and gas applications.[*®

and Development, Drilling,
Production, Extraction,
Oil Field Services (OFS)

Aggregation

Upstream
R&D / Identification, Exploration

Midstream
Temporary Storage,

Transportation,

For the upstream market, currently, the proven use cases of
3D printing include nozzles for downhole cleanout and sub-
sea injection tools, offshore risers, and gas turbines. However,
most of these tools use metallic materials. Speculative use
cases include pipeline pigs, sand control screens, linear hanger
spikes, drill bits, sliding sleeves (SSD), perforated pup joints,
sealing accessories (o-rings and v-packing adapters).”>”]

Marine pollution, due to oil spills, is a serious environmental
concern during oil extraction and transportation. Oil clean-up
via oil-water separation technique has therefore gained interests
during oily discharges and oil spillage.*®*! Sorbents made with
porous and rough membrane structures can be usually used for
oil clean-up. With their high surface area to volume ratio and
superhydrophobic/superoleophilic wetting characteristics, sorb-
ents inhibit the passage of water, while allowing the permeation
of oil. However, manufacturing these sorbents using conven-
tional methods is relatively complicated and time consuming.
It is worth noting that 3D printing has been reportedly used
for fabricating porous membrane structures ideal for oil/water
separation.'3] Table I and Figs. 3 and 4 provide some examples
of 3D-printed membranes and sorbents for such application.

3D-printed polymers have several industrial oil and gas
use cases. Pellejero et al.’?! reported the use of functional-
ized 3D-printed ABS filters for the capture of toxic gas. Chang
et al.’3! 3D-printed a porous polyimide for oil impregnation.
Castiblanco et al.** used PETG to 3D-print a microfluidic
device, which was used for petroleomic studies. Osei-Bonsu
et al.l> reported a foam flow using a 3D-printed porous medium.
Oo et al.l’®) 3D-printed a rotor—stator reactor for producing
biodiesel from free fatty acid (FFA)-rich oils. Furthermore,
Jacobs®” reported the use of a HPP polyether ether ketone
(PEEK) in fabricating a hydraulic line for subsea well stimula-
tion and acid treatments. Table II summarizes these use cases.

The potential of HPPs in the oil and gas
industry

Over the years, there has been an increase in research interest
on HPPs and their composites due to their extremely significant
impact to various applications in aerospace, marine, automo-
tive, biomedical, and energy among others. However, even with
the superior properties that these materials offer, researchers are

Downstream

Processing / Refining, Storage,

Packaging / Distribution,
Marketing / Trading,
Retail / Delivery

Figure 2. Oil and gas supply chain and its industrial segments and corresponding activities.
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Figure 3. Visual images showing the storage space and oil absorp-
tion capability of printed PDMS sponge.?**4% Reprinted (adapted)
from Ref. 44 with permission from Elsevier.

still looking for ways to overcome challenges and limitations
brought about by traditional manual-based fabrication meth-
ods. AM has come a long way since its advent in the late 20th
century. Recent advancements in AM technology have shown
its potential to revolutionize the production of structural and
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functional HPP parts, which are of great value, especially in
expanding their applications in the oil and gas industry.[*®>%]

Polysulfone

One of the main limitations encountered by conventional fab-
rication techniques when producing polymers is their thermal
processability. Polymers either thermally degrade easily or, for
the case of some HPPs, require higher processing temperatures.
Miao et al.’% fabricated PSU and PSU/polyaniline (PANI)
composite materials via solvent-cast 3D printing without ther-
mally degrading or subjecting the polymers to high-temperature
processing. PSU has a relatively high 7, while PANI can ther-
mally degrade even before it melts.l®™ This technique utilizes
the extrusion of a polymeric solution out of the nozzle, which
dries up and solidifies to its desired form upon evaporation
of the solvent. The solution is designed to have a viscosity
high enough to hold its shape and rapidly dries up after extru-
sion process. Different concentrations of PSU and PSU/PANI
solvent-based inks were produced by dissolving in a mixed

PRPEEREPELELYY
!H | |
10 0 10

"1 23 456 7 8 910
Cycles

Figure 4. A hierarchical porous silicone was 3D printed by the Advincula group to demonstrate superhydrophobicity/superoleophilicity for
oil-water separation: A-B) superhydrophobic contact angle and oil (red) absorption, C) model oil absorption-methylene chloride (red) in
water, D) oil absorbency and size change, E) % swelling with oil absorbency and size of opening, and F) cyclic repeatability and retention
of swelling up to 10 cycles.® Reprinted (adapted) from Ref. 45 with permission from Wiley.
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Table Il. Other applications of 3d-printed polymers for the oil and gas industry.

Application 3D-printed part 3D printing technology Material References
Volatile organic compound (VOC) removal Filter FFF ABS [52]
Oil storage/self-lubrication Porous polyimide Direct ink writing PI [53]
(PI) material
Petroleomic studies Microfluidic FDM PETG [54]
Foam flow/displacement Porous medium Polyjet Acrylic-based material [55]
Production of biodiesel from (FFA)-free oils Rotor FFF ABS [56]
Subsea well stimulation and acid treatments Hydraulic line FFF PEEK composite [57]

dicholoromethane (DCM) and dimethtlyformamide (DMF)
solvents, with dichloroethane (DCE) as a binder. Via direct
write deposition, the PSU and PSU/PANI composites were
found to be printable even at room temperature. Results also
showed that the use of undoped PANI produced nonconductive
parts, while incorporating doped PANI in the solvent-based ink
resulted in conductive printed parts. These 3D-printed PSU-
based composites are useful for static dissipation and other
electrical applications. Furthermore, the versatility of solvent-
cast direct write deposition to process polymers from solutions
enables a variety of ways to combine materials and produce a
composite ink that can be used for fabricating 3D-printed parts
with improved properties.

PSU also possess remarkable properties such as high impact
resistance, high flexural modulus, and exceptional stability in
high-temperature and high-pressure environments.[®'1 Addi-
tionally, PSU is reported to possess better permeability, and
good corrosion and fouling resistance,[®>%3 all of which can
be beneficial if used as membranes for H,, NH;, and other
refinery gases, and ultrafiltration for water and hydrocarbon
purification. Several studies have also reported methods for
improving the antifouling and antimicrobial performance, and
separation efficiency of PSU-based membranes by incorporat-
ing poly(amide-imide) (PAI), TiO,, and CuO particles.** 7!

Yuan et al.”*”1 used SLS to develop a PSU membrane for
oil and water separation. A superhydrophobic and superoleo-
philic switchable surface wettability for the printed membranes
was achieved through coating of a self-assembled candle soot.
The stability of the membrane’s mechanical, chemical, and
switchable wettability properties was evaluated by subjecting
the samples to sonication, immersion in different acidic and
basic solutions, and 10 cycles of switchable oil/water separa-
tion, respectively.

Polyetherimide

Studies on common polymers currently utilized in AM tech-
nologies, particularly using FDM, have reported that printed
products generally have lower mechanical properties com-
pared to those produced by conventional fabrication methods,
such as extrusion or injection molding. Printed thermoplas-
tics like ABS, nylon, and polylactic acid (PLA), having low
melting temperatures of less than 280°C, experience bending
and deformation, which can be attributed to the presence of
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pores, poor interlayer adhesion, and shrinkage during print-
ing and cooling. Overcoming these problems by modifying
current materials or exploring new ones, can lead to enhanced
mechanical properties of the printed parts.[6371]

Polyetherimide (PEI) is a highly heat-resistant HPP with
high flame retardancy, high 7, good mechanical proper-
ties, and good melt processability.[**%7%72 HPPs display-
ing such properties are highly attractive for AM techniques
(e.g., FDM), as these properties may address the challenges
encountered when printing common thermoplastics.

Zaldivar and co-workers[®®] examined the influence of
the print orientation on the macrostructural, thermal, and
mechanical characteristics of ULTEM®, a tradename for PEI
developed in 1982 by General Electric. After printing with
a Stratasys FDM 400 Printer, it was found that there was a
significant variation on the tensile strength, failure strain,
Poisson’s ratio, coefficient of thermal expansion and modu-
lus with the build orientation of the specimens. It was also
noticed that the printed parts behaved more like laminated
composites than isotropic cast resins, which was suggested
by their fracture surfaces.

Jiang et al.[® also successfully printed PEI using FDM
and results showed that the optimal nozzle temperature for
printing PEI is 370°C. It was also demonstrated that printing
orientation greatly affects the mechanical properties of the
printed parts, with parts printed at 90° orientation having
the highest tensile strength. In addition, printing at differ-
ent directions yielded anisotropic behavior on the material’s
elasticity, viscosity, and mechanical properties.

The mechanical and thermal behavior of FDM-printed
ULTEM® 1000 were also studied by Polyakov et al. ' In
their work, they developed nanomodified PEI composites
by incorporating vapor-grown carbon nanofibers (VGCF).
With the addition of 1% VGCEF, the tensile strength and elas-
tic modulus of the printed materials increased from 90.1 to
97.6 MPa and from 2527 to 2844 MPa, respectively, both of
which were attributed to a decreased in the material’s poros-
ity. However, the T, coefficient of thermal expansion (CTE),
and thermal decomposition temperature were not affected due
to lack of strong adhesion between the carbon nanofibers and
PEI matrix. It was also observed that the nanocomposites
have no negative impact on the human fibroblasts culture,
which makes the material bioinert. Moreover, the surface of
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the material displayed a good cell adhesion suitable for cell
proliferation and can be utilized in biomedical applications.

The mechanical integrity of FDM-fabricated ULTEM®
9085 was further improved by McLouth et al.[’3! Atmospheric
plasma treatment (APT) was employed to modify and enhance
the wetting and bonding characteristics of the printed PEIs. The
plasma-treated printed samples manifested a 35% increase in
interfacial strength. However, overly exposed samples to APT
resulted in the formation of bound ash on their surface, leading
to a decrease in strength. With the abovementioned excellent
properties of PEI, 3D-printed PEIs can have potential uses in
the oil and gas applications as connectors, insulators, mem-
brane materials, spacers, and structural parts.[’%]

Polyvinylidene fluoride

Another potential HPP that can be of great importance in the
oil and gas is polyvinylidene fluoride (PVDF). Its resistance
to high temperature, tolerance to chemical attack and UV
exposure, low gas and fluid permeability, high flame retard-
ance, creep and abrasion resistance, and good strength reten-
tion at a broader temperature range make it a good candidate
for structural components such as tubes and fittings. Fur-
thermore, PVDF can be used in smart devices such as pres-
sure or strain sensor due to its ferroelectric and piezoelectric
properties.[+757¢]

Several groups have already reported the use of different
3D printing techniques to fabricate PVDF and its composites
for a wide variety of oil and gas applications. Early reports on
the AM of PVDF have focused on its piezoelectric properties,
while latter ones have centered on its potential as a structural
component. PVDF nanocomposites containing synthesized and
modified barium titanate (BaTiO;) nanoparticles were printed

Tensile test specimen (ISO 527-2/1B)

by Kim et al.l””l using digital projection printing (DPP). The
exposure from the light-supplied energy encouraged the for-
mation of covalent bonds between the linker molecules on
the modified surface of the nanoparticles and polymer matrix,
which effectively transferred mechanical stress from the matrix
to the piezoelectric nanoparticles. This phenomenon resulted
in a much better piezoelectric performance due to enhanced
mechanical-to-electrical conversion process of the nanocom-
posites. Kim et al.l’8! further showed that polymer blends (i.e.,
2 wt% PVDF) with the best piezoelectric properties can be
printed using SLA, a technique similar to DPP which also
employs light to print the parts.

Inclusion of fillers with negative CTE such as zirconium
tungstate Zn(WO,), in printing PVDF was reported by Momen-
zadeh and co-workers.[””) The overall manufacturability of
PVDF was improved due to the CTE decrease and unwanted
distortion in printed parts. However, a substantial decrease in
mechanical properties including effective yield strength and
elongation to failure was observed. Interestingly, this issue
may be overcome by incorporating appropriate Zn(WO,),
loadings to balance dimensional tolerances without sacrific-
ing the mechanical properties. A blend of PVDF/thermoplastic
polyurethane (TPU) filled with carbon black-polypyrrole (CB-
PPy) filament was used by Bertolini et al.®% in fabricating a
flexible and FDM printable conductive composite. The optimal
printability, electrical, and mechanical properties of the result-
ing composites were achieved by optimizing the blend and
filler compositions. Mullaveetil et al.’® investigated the out-
comes of different infill patterns and overall printability on the
mechanical behavior of printed PVDF-based materials (Fig. 5).
Among the infill patterns tested, the greatest tensile strength
was observed on the concentric pattern, while lower tensile

Flexural test specimen (ISO 178)

(@
Linear (Lines) Cubic Cross Concentric Octet Zigzag Triangular
RSN
'A‘Z\*ZAI

(b)

Figure 5. (a) Tensile and flexural 3D-printed PVDF-based samples. (b) Different lattice schematics (top) and printed samples (bottom) of
tested infill patterns.”® Reprinted (adapted) from Ref. 76 with permission from Elsevier.
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strength was found on the cross and triangular patterns. The
flexural properties of all printed patterns are comparable except
for the linear ones. Employing relatively slower printing speeds
in combination with a specialty FFF-tailored adhesive avoids
distortions in printed parts. Additionally, the pattern with the
most efficient printing time was found to be the cross pattern,
while the triangular pattern was the least efficient.

Bodkhe et al.®!! also demonstrated the use of solvent
evaporation-assisted method in 3D printing PVDF nanocom-
posite structures with high dielectric and piezoelectric proper-
ties, without the need for the poling step. The nanocomposite
ink with optimized rheology contained dissolved PVDF and
dispersed BaTiO; in acetone, DMF, and dimethyl sulfoxide
(DMSO) and BaTiO; nanoparticles, while the resulting fabri-
cated self-supporting structures showed satisfactory mechanical
integrity.

Polyetheretherketone

Polyetheretherketone (PEEK), another HPP, also possesses
properties that are useful for different applications. PEEK can
retain its excellent mechanical, chemical and dielectric proper-
ties up to a temperature of 250°C. For oil and gas applications,
it is highly important that the materials used exhibit high flame
resistance, good resistance to oil and acids, good strength reten-
tion and dimensional stability, and high wear resistance, thus
qualifying PEEK as an excellent candidate material. However,
among the concerns encountered when using PEEK is its high
cost and high processing temperature.82]

The use of PEEK in AM has already been reported since
the early 2000s. Aside from the abovementioned properties,
PEEK also displays excellent biocompatibility and is consid-
ered as a substitute biomaterial for conventional materials used
as long-term medical implants. Tan et al.’’8! employed SLS

Figure 6. Different build
orientations of HT-LS cranial
implants.l Reprinted
(adapted) from Ref. 85 with
permission from Elsevier.

Inverted
Horizontal, 270*
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for fabricating biocomposite blends of PEEK and hydroxyapa-
tite (HA) in hopes to address the high processing temperature
for PEEK and other issues encountered with using traditional
manual-based fabrication techniques. Results showed that with
proper control of parameters, the utility of SLS on polymers
with high melting temperatures is viable without material deg-
radation. One of the advantages of this technique is the ease
of material preparation, in which different loadings of bioac-
tive material, HA, can be incorporated through physical mix-
ing, resulting in a more viable material for tissue engineer-
ing scaffolding. Schmidt and co-workers®*! investigated the
effect of porosity as a function of the sintering parameters on
the mechanical integrity of SLS-printed PEEK materials. The
relatively low strength of printed PEEK parts was assumed
to be highly influenced by the porosity of the samples and
propagation of cracks guided by the borders of the particles.
It was observed that the relative density of the samples can be
increased by varying the laser energy input per area and using
the appropriate preheating temperature, which, in turn, can also
improve the mechanical integrity of the printed PEEK.

In another study,®*! the effects of different build orientations
on the dimensional accuracy, weight, and mechanical behavior
of high-temperature laser-sintered (HT-LS) PEEK OPTIMA®
cranial implants were also examined. Results showed that the
fabricated implants with horizontal and inverted horizontal ori-
entations (Fig. 6) were compression resistant and attained the
smallest deviation from the design model. On the other hand,
the design with the lowest accuracy was observed in vertically
manufactured implants, which showed a 70% less first failure
compared to inverted horizontal implants.

FDM has also been extensively used to print PEEK and
PEEK-based materials. Early studies have focused on the poten-
tial of printed PEEK for biomedical applications. Due to the

Horizontal, 90

Oblique, 45

Vertical, 0
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desirable properties of PEEK, much research studies in the bio-
medical field have shifted to FDM 3D printing of PEEK and
exploring different parameters toward improvement of printed
PEEK-based parts. Valentan et al.l® developed a specialized
high-temperature FDM machine for processing PEEK. However,
due to limited knowledge in this field at the time of execution
of the study, they were not able to provide significant results
and called for further development in the improvement of the
mechanical properties of the printed parts. Vaezi et al.®”] dem-
onstrated that proper heat management and heat distribution dur-
ing printing can result in a successful printing of porous PEEK
with promising compressive and flexural properties, not only for
biomedical applications, but also for load-bearing and non-load-
bearing applications. Deng et al.%¥] also developed a custom-
ized FDM system for printing PEEK, where the PEEK tensile
properties were optimized by focusing on the effects of differ-
ent printing parameters. Likewise, the addition of carbon fiber
filler affecting the structural and thermal properties of 3D-printed
PEEK-based composites (Fig. 7) was reported by Stepashkin
et al.,'®) where tailoring the mechanical parts with desired
anisotropic properties for specific applications was shown to
be achievable with FDM 3D printing. The increasing research
interests on the AM exploration for PEEK can hold promising
avenues in various oil and gas applications such as bearings,
piston parts, pumps, compressor plate valves, cable insulation,
liners for slicklines, wirelines, drilling jars, drilling pipes, seal-
ing, connectors, and valve seats.[***!] This progress holds a
promising avenue for PEEK in various oil and gas applications.

Challenges and opportunities

The widespread use of 3D printing in the oil and gas industry
is expected in the near future. However, to accelerate its indus-
trial adoption, several issues may have to be deliberated, which

J

(c) !

Figure 7. (a)-(c) 3D-printed PEEK with carbon fibers printed using
SkolTech FDM Z2 3D printer.!®® Reprinted (adapted) from Ref. 89
with permission from Elsevier.

include material properties, safety, reliability, and standards
for processing and testing. The advantages of 3D printing over
conventional (or bulk) manufacturing are its ability to quickly
prototype and manufacture a limited number of complex parts
(i.e., a few thousand parts). However, for mass production of
parts (i.e., hundreds of thousands to millions of parts), espe-
cially those having simple designs, it is ideal to employ con-
ventional manufacturing methods.

Materials
Anisotropy

Most 3D-printed parts are inherently anisotropicl'”! due to the
layer-by-layer type of fabrication compared to formative and
subtractive manufacturing. To overcome this issue, 3D printing
parameters such as printing speed, printing temperature, layer
height, and the like can be optimized, while other 3D printing
technologies with lesser degree of anisotropy can be used.

Properties

Surface properties such as hydrophobicity and oleophilic-
ity, which can be achieved by using different types of HPP
materials with varying surface energies, should be explored
to further realize the use of their 3D-printed forms in the oil
and gas industry. The use of salt- and pH-resistant bio-based
materials as an environment-friendly and sustainable approach
for fabricating micro- and nanoscale membranes and aerogels
has been advantageous in removing and recovering spilled
oil from water resources. In addition, the reusability of these
materials after oil removal makes them attractive and cost-
efficient. Hence, new and affordable synthetic and bio-based
materials with different printability and characteristics should
be explored and combined with HPPs to achieve composite
materials with synergistic properties.

Post-processing

Post-processing is the step performed after the 3D-printed parts
are removed from the build plate. This step can be divided into
(i) primary processes, which are done to increase the suitability
of printed parts for a particular application (e.g., cleaning and
support removal), and (ii) secondary post-processing, which
are optional (or specialized) finishing operations employed
to improve the properties, esthetics, and functionality of the
printed part (e.g., vapor smoothing, painting, sanding, and the
like).”?! Most 3D-printed materials require finishing or post-
processing steps, which could add up extra time and cost for
production. The cost may include that for post-processing
materials, use of equipment and facilities, and labor cost.!!”)
Eliminating the need for post-processing or at least, reducing its
cost is very important. Printing speed, print quality, capability
to produce new materials, and portability are important consid-
erations, not only for lowering the overall cost, but also for the
establishment of new 3D printing technologies or improvement
of existing technologies.
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Development of standards and digital
inventory for 3D printing

There are still very few approved and evaluated standards by
standardization organizations and certification agencies (e.g.,
ISO and ASTM) as standardization efforts are essentially
industry driven. In order to boost the adoption of 3D printing
by industries, improved technologies and innovative materi-
als should be developed. The development of these standards
ensures that the 3D-printed HPP parts live up to expectations
(i.e., assurance and quality), and are reliable, sustainable, and
safe to produce and use.l'”*”) Having established standards also
provides a basis for fabricating 3D-printed HPP products as
replacement parts and prevents untimely failure of equipment
and instruments.”®3! Without these standards to guide the use of
technology and ensure the performance of 3D-printed materi-
als, the adoption of 3D printing by the oil and gas industry may
be slow.’¥ There is also a need to promote the creation of a
digital library, where different digital 3D-printed designs for
parts used in the oil and gas industry can be easily accessed,
thus reducing the time needed for prototyping the needed part.
These digital libraries are being used in the medical field and
are beneficial in expanding the adoption and use cases of 3D
printing.['* Oil and gas companies and their suppliers can share
these libraries for rapid production of spare and replacement
parts. Such digital libraries are merely virtual repositories and
should not incur any additional cost.

4D printing

In 4D printing, the printed part can change shape over time
in response to an external stimulus (e.g., heat, light, water,
pH, and magnetic field). In this technology, the 3D-printed
parts, also called smart materials, can undergo shape change
or transformation, including twisting, bending, curling, fold-
ing, expanding (linear or non-linear expansion), either from
1D, 2D, or 3D structures.['¥) Possible 4D printing applications
in the oil and gas industry include pipelines capable of chang-
ing their diameter depending on the volumetric flowrate and
valves or pneumatic flaps that can close or open depending on
the pressure or other stimuli.

Onsite printing of spare parts

Probably, the most important industrial benefit of AM in the
oil and gas sector is making the production of replacement or
spare parts onsite possible. Anything from simple tools to more
complex parts in the oil field and offshore facilities may be
printed easily and quickly.

Summary and perspectives

In summary, this prospective outlined the potential use of
3D-printed HPPs and their expected advantages in the oil and
gas industry. HPPs and their composites have been adopted
in various practical and industrial applications due to their
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excellent chemical resistance, thermal stability, and mechani-
cal strength. The establishment of new technologies for the oil
and gas industry has always been a challenge, especially if the
technology calls for the manufacturing and development of new
materials. Although the adoption of 3D printing by the oil and
gas industry may seem gradual, the potential benefits it can
afford can be remarkable. The specifics of the oil and gas global
market in the following decades imply that the necessity for the
introduction of AM to the oil and gas industry is simply due
to its capability to cut production costs as 3D printing can fab-
ricate materials in their exact shape, producing minimal to no
waste. This further leads to reduced manufacturing lead time,
improved design complexity, and increased product function-
ality and performance, all of which create a more flexible and
streamlined supply chain management. The potential long-term
applications of 3D-printed HPP materials in the oil and gas
industry include major chemical process equipment innovation
for improved oilfield operations, heat exchanging processes,
piping and refinery systems, reaction vessels, and other machin-
ery parts. All these applications may be assessed according to
where they fit in the oil and gas supply chain as illustrated in
Fig. 2. The number of use cases may also be further increased
by properly addressing the concerns and challenges involved in
the use of 3D printable materials. Most importantly, the adop-
tion of AM can move the oil and gas industry toward the prac-
tice of onsite and on-demand spare part fabrication.
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