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Abstract

Using of 3D printed spare parts for Navy supply supported by mentioned inspection meets the requirement for
enhancing the logistic performance by provide to military end-users possibilities to produce spare parts using additive
manufacturing solutions, particularly in the context of overseas operations, that can be easily presented with several
examples. But with application of additive manufacturing in naval operations to product different objects in a variety
of materials in an open water environment, we need to start with development of innovative solutions for intelligent
inspection of products of selective laser melting from metallic powders is a topic of great importance in nowadays if
we talk about real strategies in logistic support including overseas naval outposts support equipment and the reverse
engineering of obsolescent parts such as many of those that could be found on the perspective sea platforms with
particular focus on maritime littoral and high sea areas—demonstrate advantages of additive manufacturing.
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1. Introduction

Using of 3D printed spare parts for Navy supply supported by mentioned inspection meets the requirement
for enhancing the logistic performance by provide to military end-users possibilities to produce spare parts using
additive manufacturing solutions, particularly in the context of overseas operations, that can be easily presented with
several examples.

Fig. 1. USS Gridley (DDG-101) is moored pierside in Tromso,
Norway, during a brief stop for fuel on Nov. 23, 2019 [1].
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The US Navy’s Vice Admiral Philip Cullom, who is charged with the Navy’s “Print the Fleet” additive
manufacturing initiative, has stressed that the Navy’s logistical supply chains are vulnerable and costly, and that
additive manufacturing can offset some of that cost, particularly in austere times.

“When advanced manufacturing and 3D printing become widely available, we envision a global network
of'advanced fabrication shops supported by sailors with the skill sets and training to identify problems and build and
make products,” said Vice Admiral Philip Cullom, deputy chief of naval operations for fleet readiness and logistics.
These advances will give the DoD increased capability to maintain, if not advance, our military dominance in
the world—particularly in the low-intensity, long-duration combat of the “It is my strong belief that 3D printing
and advanced manufacturing are breakthrough technologies for our maintenance and logistics functions in the
future.” - Vice Adm. Phillip Cullom Chief of Fleet Readiness & Logistics, lead coordinator on the Navy’s additive
manufacturing efforts, explains for those new to 3D printing why the Navy is interested in this technology, and what
it is already contributing [2].

The US Navy, for example, has conducted a Print the Fleet experiment which just in vary begging has
produced about 20 applications for tooling, molding, repairs, prosthesis, cranial implants, and custom parts both on
land and at sea. Print the Fleet experiment has began out as the Chief of Naval Operations Rapid Innovation Cell
(CRIC), designs are shared via the Navy Additive Manufacturing Technology Interchange (NAMTI) [3]. The US
Navy is taking additive manufacturing capabilities afloat by printing replacement oil reservoir caps on board ships
via Print the Fleet. The Naval Undersea Warfare Center-Keyport uses additive manufacturing to create a supply of
replacement parts to keep the fleet ready.

Norfolk Naval Shipyard’s Rapid Prototype Lab is saving the Navy thousands of dollars on the Gerald R.
Ford class of aircraft carriers. Instead of traditional wood or metal mockups of ship alterations, which help prevent
expensive rework, the lab prints much cheaper plastic polymer models in hours, rather than days or weeks [4].

These and similar examples—including overseas naval outposts support equipment and the reverse engineering
of obsolescent parts such as many of those that could be found on the perspective sea platforms with particular focus
on maritime littoral and high sea arecas—demonstrate the following advantages of additive manufacturing.

These and similar examples shows great importance of artefacts produced thanks to extensive research
into additive manufacturing processes that have begun in the late 1980s. Most of the processes using in advanced
manufacturing in maritime littoral and high sea areas are commercially available today [5, 6]. Selective Laser
Melting (SLM) allows components to be produced by localized melting of successive layers of metal powder [7]. As
opposed to conventional manufacturing technologies, this method enables the fabrication of geometrically complex
components [8] and has enormous commercial potential. However, the further development of additive manufacturing
technologies (AMT) is partially hampered by a lack of in-process monitoring systems to control the temperature and
geometry of the melt pool with high accuracy, as well as to monitor temperature gradients across the build area and
detect defects directly during the SLM process.

The only standard available now for non-destructive testing in additive manufacturing [9] is very convoluted;
moreover, it applies only to the final products and does not apply to in-process non-destructive evaluation to allow
for early detection of flaws/defects. The standard [10] is to be revised in accordance with the Additive Manufacturing
Standards Structure that was jointly approved by ISO Technical Committee 261 on additive manufacturing (ISO
TC261) and STM International’s committee on additive manufacturing technologies (ASTM F42). According to some
researchers [6-16], there are over 50 different process input variables in selective laser melting, which affect the
quality of the final product. The most common defects encountered in final products are pores that are situated in the
bulk of the fused material either in between layers or within the layer, microcracks, laminations, residual stresses,
distinctly different grain structures compared to the bulk of the material, etc. It is very important to ensure the early
detection of these defects directly during the manufacturing process.

2. Non-destructive Testing

Therefore, the development and improvement of non-destructive evaluation methods for on-line monitoring
of laser selective melting processes [17, 18] is an argent issue. Thermographic and visual monitoring methods are
most commonly used today for non-destructive inspection of components during the build process. A large number
of publications [19-38] indicate that these kinds of diagnostic inspection have advanced by leaps and bounds in
recent years.

Most of these publications discuss the monitoring of electromagnetic radiation generated by the melt pool.
High-speed cameras are used to monitor the size of the melt pool; pyrometers or thermal imagers based on photodiodes
are used to measure the temperature of the melt pool or temperature gradients across the whole build area. Thermally
stabilized high-speed cameras with appropriate spectral filters and a noise reduction system record, as a rule, the
optical beam energy reflected from the melt pool area. This enables not only the visualization of the melt pool area, but
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also the evaluation of the energy contribution to the heating area. Temperature monitoring systems are also equipped
with two pyrometers, one operating in the infrared (IR) range and the other, in the visible range. The IR pyrometer/
imager monitors the surface temperature of the object; the pyrometer operating in the range 400 to 600 nm signalizes
process failures and surface layer evaporation [40-42].

These systems with high-speed IR cameras, coupled with high-speed image processing at a sampling
frequency of 10 kHz to 20 kHz, have shown great potential as a means to control the whole build, with melt pool areas,
powder, and pores being roughly distinguished. However, the pyrometric techniques have a number of disadvantages.
Thus, the actual resolution of these systems is of the order of 1 mm (not 40 pm as per specifications), which is not
enough to control the selective laser melting process; the measurement error of emissivity, which is a key parameter
determining the true temperature of metal, is more than 5%. Usually, only relative temperature readings could be
recorded without accurate emissivity values. Also, there are no analytical models correctly describing the melt pool
dynamics in a multilayer structure and heat flows arising due to material discontinuities. Numerical simulation cannot
be carried out without this basis.

In this connection, other methods for controlling the selective laser melting process have been developed
in the last five years, including X-ray tomography used for localizing cracks and pores [43] and neutron diffraction
[44, 45] for evaluation of residual stresses. However, these methods have not come into widespread use because of
considerable technical difficulties.

In [46-48], it is discussed whether acoustic emission can be used to detect cracks directly during the
manufacturing of the component. In this case, a system of acoustic piezoelectric sensors is placed on the outer side
of the platform and ultrasonic signals reflected by cracks are recorded. However, given multilayer materials, it is
practically impossible to localize cracks and determine their geometry using these signals.

In [49, 50], it is proposed that ultrasonic echoscopy employing a 10 MHz piezoelectric transducer glued to
the back of the platform should be used to monitor the process of layer build-up, the condition of interfaces between
the layers, and the formation of microcracks and pores. It is shown in [49, 50] that it is theoretically possible to
monitor the dynamics of layers growth by means of ultrasonic echoscopy; pores about 1 mm in diameter were detected
only on model samples, though.

3. Non-contact Ultrasonic Methods

Non-contact ultrasonic methods have a significant advantage over the conventional acoustic methods. This
research area is addressed in [51-56], with special attention paid to laser excitation of acoustic signals. In this case,
ultrasonic pulses are excited as a result of the absorption of pulsed laser radiation by the near-surface layer of the
product being fabricated. The subsequent expansion of the heated region leads to the generation of elastic waves. As
shown in research [57-58] by Mirzade, F.Kh., from Russian Academy of Sciences, Institute of Laser and Information
Technologies, a pulse-periodic Q-switched laser emitting 10 ns pulses with 100 pJ pulse energy is an effective means
to produce signals with pressure amplitude of up to 0.1 MPa and duration of about 70 ns. The amplitude of excited
pressure pulses scattered by heterogeneities in the component being printed is large enough for the non-contact
method based on the principles of laser interferometry to be used to monitor surface oscillations. In [56], it is shown
that it is theoretically possible to use this non-destructive testing method in additive manufacturing; experiments were
performed only on model samples, though. Mathematical modeling of thermal behavior for additive manufacturing
with metal powder injection is developed in [57, 58].

Many scientific institutions are dealing with thermal imaging in the 3D printing: the Singapore Center for
3D Printing (School of Mechanical Engineering and Aerospace, Nanyang Technological University, Singapore),
Department of Mechanical Engineering, Materials and Manufacturing Engineering, University of Nottingham,
University Park, Nottingham NG72RD, United Kingdom, Fraunhofer Institute for Nondestructive Testing IZFP
(Saarbriicken, Germany); Some groups are focused on the use of non-contact laser ultrasonics specifically for
composite materials (Czech Technical University in Prague). The authors of this research worked with technology of
contact laser ultrasonic flaw detectors with the unique resolution up to 50 microns [58].

Finite element analyses (FEA) can be effectively implemented to investigate various structures manufactured
using additive technologies under different loading conditions. [60-64]. However, to consider the obtained outcomes
as effective and close to the real-world results, a correct finite element (FE) model needs to be developed and its
efficiency depends on many factors, especially the knowledge of material data [65—67]. In the project it is planned
to: manufacture a selected product using the SLM with evaluated process parameters, experimentally test the product
under the conditions reflecting real-world conditions and compare it with a standard product. Implementing numerical
methods to the project will give the possibility to analyze the product using different material obtained through
experimental acquisition of powder (material) data made using various process parameters. The multi-conditional
FEA will be conducted to give the information about product properties and possible modifications. Based on the



experimental and FEA results limits and strength of these solutions will be outlined (SWOT analysis). Application of
optimization procedure is also planned to define the optimal geometrical parameters of the final product. The authors
recently have carried out a series of studies aimed at testing and simulation of various structures manufactures using
additive technologies [60, 61, 68-72].

The authors of this research worked with technology of contact laser ultrasonic flaw detectors with the unique
resolution up to 50 microns, in [58] you can see laser ultrasonic structuroscope used for visualization of prediction
of regular cellular cores influence on energy absorption properties were realized based on ballistics tests areca under
impact. Figure 1 shows B-scans (XZ, YZ) and C-scan (XY) of the sample A back plate. Position of cross-sections of
the 3-D laser ultrasonic data is set by user by red lines. White stripes show positive acoustic pressure recorded by the
detector, and black stripes — negative pressure. The thickness of the outgoing edge, measured by the laser ultrasound is
6.91 mm, what is in agreement with measurements by standard gauge. Despite the great sensitivity of laser ultrasound
to micro-cracks, no damage of material of internal structure of the outgoing edge was found. This corresponds to the
visual observations of a cross-section of the sample A done after cut of the sample.

z, mm
7

68

Fig. 2. Laser ultrasonic images of the thick aluminum part of the sample under impact.

0 — probe pulse and its reflection from border of acoustic lens; 1 — bottom of the sample; 2 — reverberation of pulse
4 inside acoustic lens; 3 — reflection of the probe pulse from the outgoing edge; 4 — reflection from the top surface of
the sample; 5 — reverberation of pulse 3 inside acoustic lens. Transparent yellow rectangle highlights
image of the outgoing edge.

In [73] you can find the description of a non-destructive laser ultrasound internal structure analysis
of aluminum joints connected using friction stir welding. In the research, it was taken into account four selected
technological parameters groups.

Regarding military applications usage of AA2519 alloy, it is important to determine joint quality without
using destructive but also non-destructive methods to analyze obtained material connections directly after the FSW
process. The usability growth of FSW technology creates a significant need to determine proper joint quality check
method which allows ensuring required connection properties. Ultrasound analysis is useful in testing the material
internal quality including in-volume and surface inclusions and defects [26-28].

For the laser amplified ultrasound method verification, the results from the confocal microscope images
observations were made (Fig. 3). The T81 sample joint is characterized by the retreating zone — on the right side and
advancing side on the left side. Shown in figure 3 joint obtained using the FSW process could be characterized by stir
zone recrystallized dynamically (SZ), thermo-mechanically affected zone (TMAZ), heat-affected zone (HAZ) and
base material (BM). The T81 samples microstructural analysis did not shown any issues in the FSW-processed joint.
Microstructural analysis of samples T41, T82 and T84 revealed some issues to be identified. Mentioned imperfections
are shown in Fig. 4.
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Fig. 3. Internal structure of FSW-processed joints: (a) issue in the middle part of the T41 joint (red box) caused by
density change, (b) issue in the central part of the T81 joint (red box) caused by internal voids and density change,
T82 (c) and T84 (d) joint regular stir zone structure.

Fig. 4. Macrostructure of the T81 joint.

Selected product using the SLM with evaluated process parameters, experimentally test the product under the
conditions reflecting real-world conditions and compare it with a standard product. Implementing numerical methods
to the project will give the possibility to analyze the product using different material obtained through experimental
acquisition of powder (material) data made using various process parameters. The multi-conditional FEA will be
conducted to give the information about product properties and possible modifications. Based on the experimental
and FEA results limits and strength of these solutions will be outlined (SWOT analysis). Application of optimization
procedure is also planned to define the optimal geometrical parameters of the final product. The authors recently
have carried out a series of studies aimed at testing and simulation of various structures manufactures using additive

technologies [60, 63, 68-72, 73].




Fig. 5. The internal structure tested with NDT laser-ultrasonic structuroscopy was performed on joints created in the
process of multi-material FFF additive manufacturing technology; a) Pleated connection, PLA Though™, and ABS;
b) Overlap connection, PLA Though™, and ABS.

In Fig. 5a and 5b, the yellow region indicate its rear side. The unevenness of the displayed backside, which
is actually a flat surface, indicates that the binder is heterogeneous and has patches of less dense material. A change in
the speed of elastic waves is directly related to a change in elastic properties. The difference from the average value
was up to 100 m/s, which is 3%; with an accuracy of measuring the longitudinal wave velocity of 0.5%. Unevenness
can also be due to defects in the internal structure or porosity. 3D model of samples with defective areas designation
based on the laser-ultrasonic structuroscopy presented on Fig. 6.

Fig. 6. a). Pleated connection, PLA Though™, and ABS; b). Overlap connection, PLA Though™, and ABS.

Fracture analysis of the elements made of PLA and ABS connected using a pleated joint it had been noticed

delamination of the joint on the PLA — ABS border and characteristic for the ABS brittle-ductile fracture in the rest of

the connection, which was shown in Fig. 7.

Fig. 7. Fracture images of a pleated joint of PLA-ABS materials.

4, Conclusions

To sum up, it’s of great importance to start in this begging stages of application of additive manufacturing
with development of a series of processes aimed at testing the capabilities of AM technologies and the possibility to
deploy them in the form of the standalone facilities and to test this solutions in naval exercise to product different
objects in a variety of materials in an open water environment. Especially if we talk about in-situ monitoring system,
in these exercises can allow Open Sea Operators to assess new technologies in an isolated and changing maritime
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environment. This system equipped with a thermal imaging system based on high-speed photodiodes and a non-
contact laser ultrasonic monitoring system, will enable not only the monitoring of the temperature of the melt pool and
the whole object with high resolution to ensure the feedback control of the 3d printing process, but also the in-process
monitoring of the formation of defects such as pores, microcracks, and laminations.
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