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In the near future, the oil and gas industry is poised to become one of the greatest sources of revenue
generation across the world. The adaptation of scalable manufacturing technology, commonly known as
additive manufacturing (AM) in the oil and gas industry, offers huge potential to transfigure the way high
quality 3D objects are designed, manufactured and distributed. The adoption of AM technologies in this
sector also allows a high degree of freedom of design and could exponentially reduce the time taken for
the product to reach the market. In this arena, AM can be a method of producing lower volume and
highly efficient intricate products with various materials like polymers, metals, ceramics and their
composites. Although AM has been around for several years, its adoption in this sector has been slow
and limited. As it is in the initial stages, rigorous research needs to be done to standardize the materials

and manufacturing process. In addition, there is a particular need to end the requirement of a finishing
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Introduction

Additive manufacturing (AM), or 3D printing, builds objects
layer by layer using 3D modelling data. AM has been explored
from rapid prototyping to tooling that leads to direct produc-
tion. More importantly, AM can be used to integrate with CAM
(computer-aided manufacturing), CNC (computer numerical
control) and CAD (computer-aided design) for 3D printing
objects.”™ AM is applied everywhere from biomedical applica-
tions to aircraft design and is being slowly explored for appli-
cations in the oil and gas industry. The materials used in AM
include polymers, metals, ceramics and their composites;
however the materials for AM are still limited. For instance, in
some cases CNC machining is needed as, sometimes, the
dimensions of the spare parts to be built can be larger than
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industry i.e. oil and gas, and will also identify future perspectives in this area.

available AM printers can cope with. Rapid prototyping may not
be a good answer for all instances as CNC machining could also
be required.*” In the past few years, AM has played a key role in
the oil and gas industry by promoting the engineering nozzles
produced by the GE company.® Although AM has significant
opportunities in the oil and gas industry, the truth is that real
companies have become slower to take them. However, major
oil and gas service companies have invested in AM and have
completed some successful pilot projects.”® AM is potentially
capable of enabling the design of products with complex
structures with reduced cost and waste and could also reduce
the overheads associated with documentation and production
planning.” AM technology produces parts with fewer materials
compared to conventional technologies and provides a quick
response to demand for spare parts.

Industrial additive manufacturing

Several AM methods have been developed and introduced into
the industrial market, with manufacturers like Electro-Optical
systems, Optomec, 3D Systems, Stratasys, AeroMet, Precision
Optical Manufacturing, etc.'® Stereolithography (SL) and digital
light projection (DLP) are the two VAT polymerization methods.
SL is an AM technique used to create parts from 3D computer-
aided design software and translated to an STL file in which
CAD data is sliced into thin 2D mathematical equations. This
input data is transferred to an SL (AM) system containing a VAT
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liquid-based UV-curable photopolymer. The printer begins to
form one layer at a time, in which the UV laser beam is guided
onto the liquid resin by controlled mirrors and the laser traces
then solidify the cross-section of the layer. Once a layer is
complete, the process will repeat until the part is complete, then
the platform moves down and makes space for the next layer. A
blade moves across the surface to ensure a smooth surface layer.
The laser continues to trace and form each layer atop the
previous layers, building from the bottom up. The completed
part will be removed and separated from the platform and the
part is cured in an ultraviolet oven. SL has become an excellent
economical choice for rapid prototyping. Multiple material SL is
also available, which changes the materials used for subsequent
layers. A wide variety of industries apply SL including chemical
engineering, entertainment, packaging and sporting goods,"
automotive & aerospace' and biomedical,"® which will be dis-
cussed in the applications section. A schematic of the SL
printing process is shown in Fig. 1.

Digital light processing is an upcoming method that uses
illumination of resin. This technology is similar to SL but the
advanced feature DLP has is a digital mirror device, an array of
millions of self-rotated mirrors, and by projecting, the 2D pixel
pattern can complete entire layers at once which reduces the
build time.**"¢

Fused Deposition Modelling (FDM) involves a filament made
of thermoplastic polymer which is melted by heat and extruded
through a nozzle to form layers on the building platform.'” The
available filament spools have a diameter of 1.75 mm or 3 mm.
The filament is unrolled from the spool into the extrusion head,
which is a similar mechanism to that of a hot glue gun (Fig. 2).
The advantages are cost-effectiveness, no required chemical
post-processing and less expensive machinery."”> The disad-
vantages are the low resolution compared to other AM processes
and that if a smooth surface is needed, the finishing process is
very slow for large complex parts. To save time, some models
permit a fully dense mode and a sparse mode that saves time
but with a reduction in the mechanical properties.*®

—_—_ o

SL Pristing Procesms

Fig. 1 Schematic representation of the SL printing process.
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Fig. 2 Schematic representation of the fused deposition process.

There are different types of powder bed fusion printing
methods like electron-beam-melting (EBM), selective-laser-
sintering (SLS), selective-laser-melting (SLM) and direct-metal-
laser-sintering (DMLS). SLS is a 3D printing process in which
powder is sintered with a carbon dioxide (CO,) laser beam. The
chamber is heated up to just below the melting point of the
substance. The laser precisely fuses or melts the particles at the
surface layer by layer. A piston controls the layer thickness each
time a layer is finished to ensure each layer has exactly the same
thickness. Polymers that could be used are acrylic, styrene and
nylon and metals such as copper and composites such as
polyamide with fiberglass etc. can also be used.’?* In DMLS,
metals and alloys are used to build the parts e.g. steel and cobalt
chrome. SLM is an advanced form of the SLS process where full
melting of the powder bed particles takes place using one or
more lasers. During all the above-mentioned processes, high
temperatures and controlled atmospheres (using inert gases)
are required. These inert gases can prevent oxidation and leave
the mechanical properties unchanged.® EBM involves heating
the powder with an electron laser beam powered by a high
voltage, typically 30 to 60 kV. This process is very similar to SLS.

EBM has a high energy density compared to SLM, but EBM
allows thicknesses even higher than 100 um for each layer and
a large particle size distribution.>* A TigA;,V hexagonal cone-
shaped honeycomb rotor with pore channels can be used for
oil & gas separation.”® There are other compatible materials with
the EBM process such as nickel superalloys (Inconel 718 & 625,
Rene142, and CMSX4), cobalt superalloys, copper, stainless
steel and CoCrMo.*****° The ability to cure the ceramic
suspensions deposited on a glass substrate, where the building
portion is not fully immersed in the liquid feedstock, leads to
reduced procedure costs and utility of raw materials.

The Massachusetts Institute of Technology (MIT) fabricated
highly complex structures of any dimension with unparalleled
flexibility.** In their method, a thin layer of material is spread
over the powder bed and a liquid droplet of a binder material is
dropped through the print head over the surface. The print head
then prints the binder with the layer, causing the bonding of
end-to-end powder particles. The powder bed station is then
lowered by a certain height and a fresh layer of powder is spread
over the previously bonded layer. The process of lowering the
powder bed platform, spreading a new layer over the previous
layer and printing with the binder material continues until the
fabrication of the 3D object is completed. 3D printing involves
the use of solvents and binders. 3D printing has proven its
capability in both industry and the biomedical sector by
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fabricating diverse materials. Materials such as polymers
(starch, cellulose, PLGA, PCL, PLA), ceramics (Al,0;3), metals
(steel) and shape-memory alloys that demonstrate exceptional
geometries can be created using 3D printing.**¢

MultiJet Printing is an inkjet printing process that uses
piezoelectric technology to jet the material onto a build plat-
form layer-by-layer. In this process, the droplets of material are
initially deposited from the print head onto the surface and
solidify to make up the first layer. Further layers are built on top
of the previous layers. The material layers are then cured or
hardened using UV light.

A schematic of material jetting is shown in Fig. 3. Several
investigations have been carried out on two modifications of
ink-jet printers, namely Continuous Inkjet Printing (CIJ) and
Drop-On-Demand (DOD). The unique difference between CIJ
and DOD is the timing of droplet generation. In DOD, droplets
are generated when required, whereas in CIJ, the droplets are
generated by breaking up the continuous stream of droplets
through an ejection nozzle. In all AM technologies, material
jetting is the only technology that offers highest Z-direction
resolution with layer thicknesses as low as 16 pm. Materials
such as ABS, polyamide, PLA and their composites are
commonly used for printing 3D objects by CIJ and DOD.*”"*°

Binder jetting builds 3D objects through inkjet printing of
a binder into a powder bed of a raw material without using any
external heat sources. In this process, a fine powder is layered
onto a build platform, and then a liquid adhesive agent is
carefully applied through inkjet print heads to adhere the
particles together. The build platform is made to lower by a pre-
fixed distance and the next layer of powder is laid on top of it.
The next layer is then printed and is bonded to the previous
layer by the jetted binder. By repeating the process of laying out
powder and bonding, the parts are built up in the powder bed
(Fig. 4). This technology is capable of printing a variety of
materials that are available in powder form, including materials
like metals, polymers, and ceramics.

As no external heat source is required in this technology, the
parts built are free from residual stress, which significantly
reduces the need for secondary post-processing operations.

[u Support Material

Build Material

Levelling Blade Build Platform

Elevator

Fig. 3 Schematic representation of the material jetting process.
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Fig. 4 Schematic representation of binder jetting and the compo-
nents used for the part fabrication process.
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Fig. 5 Schematic diagram showing the sheet lamination process.

Since the 3D objects are built by gluing the particles together,
the mechanical properties obtained by this technology are very
limited and are generally not recommended for any structural
applications.****

Sheet lamination, also known as Laminated Object Model-
ling (LOM), manufactures objects and prototypes by cutting,
sequentially laminating, and bonding. LOM works on a prin-
ciple where thin adhesive-coated metallic sheets or layers of
plastic are bonded together using ultrasonic welding and sha-
ped by a laser cutter. A schematic of the sheet lamination
process is shown in Fig. 5. Since the process involves solid state
bonding and additional adhesives are used, the material is not
required to reach its melting point for the bonding to occur. A
variety of materials can be manufactured using sheet lamina-
tion which includes paper, ceramics, metals (aluminum,
stainless steel, copper and titanium), plastics, fabrics, synthetic
materials and composites.*®

Potential benefits of AM

Various technological methods exist from printing liquefied
polyamide with “desktop printers” to laser sintering ceramics,
for example, which can be found in the aviation sector. These
techniques are not intrinsically new but have been used for
years in prototyping.*® The trade-off in manufacturing that
exists is between the major dimensions of flexibility (respond-
ing to quick changes and offering a broad range of product
variants) on the one hand and efficiency (lead time and variable

This journal is © The Royal Society of Chemistry 2018
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cost) on the other. Achieving flexibility and efficiency is not
possible simultaneously in manufacturing systems. Hence, they
must be subsequently optimized for a single specific objective
to achieve a balance between job shop and flow shop produc-
tion. The enormous rise of AM is based on the option of rapid
tooling (higher level of flexibility on production and tools). AM
can be used as an automatic set-up which substitutes for labour
in job shop manufacturing. AM offers the customer a broad
product range, specified products or more concise product life
cycles.

The supply chain efficiency of AM reduces the costs of
storage and transportation of the raw materials and mid-
process and end-usable parts. Production of the spare parts
inventory on demand without the need for setting up and
tooling could be a contemporary solution in supply chain
management*® (Waller and Fawcett, 2014) (Fig. 6).

The time taken for the whole cycle of manufacturing to
marketing in AM is reduced due to having few design and
prototyping requirements, there being more anticipated factory
loads, manufacturing tools not being required and having no
factory setup times. There is a lot of scope for both designing
and redesigning the prototypes and parts without adding to the
production costs. The time and material requirements to build
a part are estimated absolutely before loading on to the
machine and having the ability to read CAD files improves the
planning, tracking and measuring of the volume and capacity at
any given moment.*” Mass customization of AM allows for cost-
efficient conversion from conventional mass production to new
areas of mass customization and the capability to employ
multiple designs on the same machine could enable the
manufacturing industry to move from mass production in
factories to mass customization with  distributed
manufacturing. Using materials ranging from polymers to
metals and even human cells, AM constructs complicated
products of several varieties that can be made to exact customer
specifications. Designate Products, a division of 3D Systems,
additively manufactures custom-designed prosthetic human
body parts, such as legs, with sophisticated features such as
body symmetry, locking knees and flexible ankles. During the

Percentage of Material Use by 3D printing services bureaus, 2016

29.2%

@ Metal & polymer
® Metal

Polymer

Fig. 6 Percentage of materials used by 3D printing services bureaus,
2016. Source: (Wohler's Associates) http://gfxspeak.com/2017/04/04/
wohlers-printing-industry/.
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Fig. 7 Schematic of the general supply chain structure.

development process, customers have the choice to select the
material to model. AM also influences the cost, for example, the
cost of prosthetic legs is usually $60 000, which drastically
reduces to $5000 with AM, which also provides great features
which are not possible in existing prosthetic legs.*

The economic potential of AM is as a manufacturing tool-
free system, which produces separate parts and small batches
without fixed time and bulk resources. This confirms the
exclusion of material and capital input into tool production. In
addition, the need for a capital-intensive supply of specific
manufacturing amenities and specialists or experts is reduced.
The infrastructure of the AM is “Print on Demand” and this
results in the flexibility of separate product development and
production, leading to new models that focus on service either
within product development or offering manufacturing
resources (Fig. 7).

BCG calculated that AM marketing in 2015 had grown to
approximately $5 billion. They estimated that it would grow at
a compound annual growth rate of almost 30% through 2020,
achieving more than a threefold increase in size. If AM
processes were adopted for approximately 1.5% of the total
addressable manufacturing market by 2035, the AM market
would exceed $350 billion. We expect metal-based AM tech-
nologies to capture an increasing share of the total AM market.
Ecological sustainability of AM explicitly includes the reduction
of hazardous waste by location-independent manufacturing.
According to expert reports, the energy savings would be
approximately 50% or even more in applications where AM is
competitive.*

Additive manufacturing applications in
oil and gas

AM technology has gained significant traction in the aerospace
sector, where its potential advantages are most clearly realized.
These include being able to manufacture small quantities of
specially designed parts that are lighter, have more complex
functional geometries and are made of expensive high-
performance materials such as nickel superalloys that conven-
tional manufacturing technologies are relatively less efficient at
producing.* Specially designed parts optimized for AM could
provide weight savings, cutting down the cost of operating the
aircraft significantly. A re-designed titanium AM seat-belt
buckle was estimated to be 45% lighter than its conventional
aluminum counterparts without compromising its strength,
leading to fuel savings of over 3 000 000 liters over the course of
an Airbus A380 aircraft’s service lifetime.** Besides these
manufacturing performance advantages, the vertically inte-
grated supply chain model adopted by many of the large
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aviation OEMs in a tightly regulated industry render on-demand
additively manufactured parts more cost-effective, given the
immense number of high-value, precision engineered compo-
nents needed to assemble the aircraft and the fact that most
parts tend to be required in small numbers.*> Design optimi-
zation for AM could also lead to parts having fewer components,
cutting down on the number of external vendors involved,
thereby decreasing the need for costly inventory management,
quality control inspections, documentation and regulatory
approval throughout the supply chain.* In terms of the active
deployment of AM technologies in the aerospace sector, AM has
been used to produce turbine housings, helicopter engine
combustion chambers, gas turbine exhausts, turbine vanes with
internal cooling channels, jet engine fuel nozzles, bracket
connectors, complex gear casings, structural hinges, trans-
mission housings and many other components using a variety
of materials and AM processes.** In contrast, the oil and gas
industry has been much slower in embracing AM for directly
manufactured end-use products, with rapid prototyping of tools
and complex models finding favor instead. The use of AM
prototypes in the planning phase of the Stones Deepwater
Project helped to bring down the costs associated with
installing foam blocks into a buoy for one of the deepest water
installations and demonstrating the feasibility of the operation
to expedite the obtaining of approval from regulators.”® Simi-
larly, the use of AM has allowed GE oil and gas to reduce the
product development time of a burner for a NovaLT16 gas
turbine by enabling the rapid prototyping of design concepts
and accelerating validation testing, resulting in savings of over
50%.%¢

Where AM might have the most disruptive impact on the oil
and gas industry may be more the supply chain management®”
than the AM part performance or production cost advantages.
With oil and gas assets being deployed in increasingly isolated
regions for longer durations, there is a correspondingly larger
likelihood of essential parts breaking down, becoming obsolete
due to technological changes or changes to standards or going
out of production before the asset is decommissioned. The
small numbers and short life-cycles of these parts relative to the
component present a unique challenge in inventory manage-
ment and further strengthen the case for the deployment of

The Additive Manufacturing Market Could Exceed $350 Billion by 2035

Approximate size of the 13 15 17 >23
addressable manufacturing

market ($trillions) 1.5% of the addressable

1 5o/ manufacturing market
- exceeds $350 billion

\

Adoption rate scenarios

share of the
manufactur

2035 and beyond
= (end state)

Fig. 8 BCG analysis, in which data covers the AM market across the
value chain. The figures presented relate to the middle adoption
scenario.
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AM.?® Obsolete parts can be reverse-engineered digitally and
additively manufactured on demand, leading to greater asset
longevity in cases where the faulty part of a critical component
can simply be 3D printed and replaced like-for-like (Fig. 8).
Likewise, the democratization and delocalization of just-in-
time (JIT) manufacturing afforded by AM could lead to signifi-
cant cost savings in the form of production lead time, inventory
management and transportation of replacement parts, reducing
asset downtime.”® In this regard, the Rotterdam Additive
Manufacturing Lab (RAMLAB) has pioneered the use of robotic
arm wire-arc AM together with CNC milling to manufacture
a prototype 400 kg, triple bladed propeller out of a corrosion
resistant nickel-aluminium-bronze alloy as the world’s first
classed and approved AM ship propeller. Their innovation paves
the way for the rapid fabrication of replacement parts for ships
arriving at port in need of repairs at any port around the world
without the need to order, manufacture and deliver the replace-
ment to the ship, saving the asset owners significant up-front and
downtime costs.*® There can also be a case made for AM capa-
bility to be installed directly on board oil rigs and ships in order to
provide instant availability of replacement parts for assets located
in inaccessible areas or in cases where delivery is impracticable.®
According to Lux research, there are twelve speculative cases
in which the oil and gas industry can potentially use AM for the
fabrication of end-use products, as shown in Fig. 9. According to
their scoring methodology, based on the components’ feasi-
bility to be printed along with their value proposition, high
value manufactured components such as downhole cleanout
tool nozzles, offshore risers, gas turbine nozzles and subsea
chemical stick injection tools already have proven use cases.®
The focus on the selection of potentially lucrative use cases
appropriate for AM appears to be driven by the principle of
“high geometric complexity-low volume”, where the savings in
terms of customization and reducing material wastage incurred
via subtractive manufacturing play into the economics of AM.*
Such a part could include molds to fabricate complex replace-
ment fixed cutter drill bits, which would have taken weeks to
prepare by casting a template, removing displacements, and
fixing individual teeth to the body that could alternatively be
accomplished relatively simply through AM.** In fact, GE oil and
gas has already pioneered the use of AM for small final parts in
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Fig. 9 Use cases of AM components in the oil and gas industry.
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its oil and gas technologies such as valves and turbomachinery
parts.

A use case for AM that is receiving much research attention
lately is the embedding of sensors for structural health moni-
toring of oil and gas assets during the AM fabrication
process.®>®® Fiber optic sensors implemented in the corrosion
monitoring of pipelines®” have been successfully metallized and
then incorporated into an aluminium matrix structure through
the use of solid-state ultrasonic AM while retaining full fiber
sensor function, as shown in Fig. 10.°® Similar work done by
Maier et al. demonstrated that optical fiber sensors containing
fiber Bragg gratings could be embedded in a polymer compo-
nent additively manufactured using powder bed fusion by
interrupting the build process to insert the fiber carrier.* The
design freedoms permitted by AM technologies not only allow
the placing of sensors in the bulk of the structure to detect
defects and monitor health but they also allow the embedding
of various functional systems like circuits, energy harvesting
devices, piezoelectric actuators, etc. in pre-designed voids which
can then be encapsulated.”” There has been much research
done in this field for various AM methodologies”™” which
validates the enormous potential for the development of these
“smart” structures.

One of the more frontier potential AM use cases in the oil
and gas industry involves an added dimension of environment
or time induced shape responsiveness known as 4D printing.*®
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Fig. 10 The incorporation of a fiber optic cable in an additively
manufactured structure (top) and processing schematic (bottom).
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Although the implementation of this technology is still not so
clear, the oil and gas industry is excited to initiate collabora-
tions with the company Geosys Tech that can develop peristaltic
pipes.®* While AM offers many opportunities for the oil and gas
industry, there remain many technological and regulatory
hurdles to overcome before it becomes a viable commercial
alternative to conventional manufacturing.

Perhaps the most apparent limitation of AM is its prohibitive
cost in manufacturing end-use parts. As previously described,
the economics of AM favor “high complexity-low volume”, just-
in-time production, however, 99% of manufactured parts do not
require customization® and benefit tremendously from the
economies of scale, rendering AM uncompetitive for scale
manufacturing. The cost of metal AM fabricated components is
largely dominated by the platform cost, with material, power
and post-processing costs further adding to the expenses.*
Machine utilization is therefore maximized when the number of
parts to be manufactured simultaneously on a single build tray
is maximized. AM platform costs could be driven down as the
technology matures and there are more adopters of AM, like-
wise the cost of the metal powder. Build speeds and build tray
sizes could also improve, along with new part designs that
exploit the advantages of AM, allowing better utilization of the
machine to make AM more cost competitive. To this end, there
already seems to be progress with AM platform costs already
coming down 51% between 2001 and 2011,** and the develop-
ment of faster platforms such as Toshiba’s laser metal deposi-
tion machine, which is capable of AM at 10 times the speed of
powder bed fusion technology.®

Besides the prohibitive cost associated with AM, another
major risk hindering its adoption lies in the inherent variability
of the process leading to uncertainties. These variabilities could
include the powder feedstock characteristics between batches
and suppliers, powder degradation during storage and recy-
cling, material properties after sintering/melting, quality
control of the built part, anisotropy of the part based on build
orientation, differences in AM platforms and systems, consis-
tency between prints, design validation of parts optimized for
AM, build order and support structure, post-processing
approaches, etc. As a revolutionary technology, there also
remain many uncertainties with regard to the health and safety
of the process, especially considering the nanometer sizes of the
metal particles used. Issues also arise from uncertainties in the
intellectual property ownership between designers, customers
and AM service providers related to the digitized designs of
existing parts, as well as the reverse engineering of in-service
parts by third parties without licensing IP from the OEM.

There also needs to be a robust regulatory framework to
improve confidence in AM manufactured parts across the
industry. In this regard, initial steps have been taken by regu-
latory bodies and government agencies toward providing
assurance of an AM part’s fitness-for-purpose in critical appli-
cations. One example is the certification of an additively man-
ufactured titanium 6” gateway manifold for use in a pipeline
inspection tool manufactured by the Safer Plug Company in
accordance with the newly established industrial standards
STM F2924-14: standard specification for AM titanium-6
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Fig. 11 The CAD design of the gateway manifold with complex
internal channels (top), cross section showing the fine resolution and
small feature sizes enabled by additive manufacturing (inset) and the
product at each stage along the manufacturing process and deployed
in the assembled pipeline isolation tool (bottom).

aluminum-4 vanadium (Ti-6Al-4V) with Powder Bed Fusion.
The gateway manifold is to be included in an assembly for
a suite of pipeline isolation tools, which will include the world’s
smallest tool suitable for six-inch diameter pipework. Fig. 11
shows the complex internal channels within the gateway
manifold as depicted in the CAD model, a design that can be
rapidly prototyped and economically realized through AM
technology. The cross-section of the gateway manifold, also
shown in Fig. 11, highlights the fine resolution that can be
achieved through powder bed fusion technologies, with
features such as internal channels as small as 1 mm in diameter
made possible. According to the Safer Plug Company, the
design changes have resulted in better performance, and the
company is, at the time of writing, undertaking type approval
certification to be able to produce gateway manifolds on
demand.

The development of recognized standards goes some way
towards establishing confidence in the AM process and
provides a framework for early adopters of the technology to
assure clients of the safety and reliability of the parts, especially
for critical applications.®®

Conclusions

3D printing for oil and gas applications is in its beginning
stages. Based on the specific dynamics of the global oil and gas
market in the next decade, the need for the adoption of AM by
the oil and gas industry is mainly because of its ability to reduce
costs by cutting away unwanted material as 3D printing makes

22466 | RSC Adv., 2018, 8, 22460-22468
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an exact shape layer by layer. This leads to reduced
manufacturing time as well. Identifying the scope of applica-
tions by evaluating the current prototype list and widening the
screening of components on oil and gas facilities are subject to
strict testing requirements. There is significant work required
for testing and approvals can be done on a product range rather
than single printed products. The opportunity in the oil and gas
industry is not just in the machinery parts, but also in the
products that support oil and gas operations, which have lower
critical importance, and hence lower quality requirements.
Industry landscape, technology and quality issues/approvals are
the factors that could determine the future adoption of 3D
printing in oil and gas.
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