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Editorial

POLISH MARITIME RESEARCH is the scientific journal with a worldwide circulation. This journal is published
quarterly (four times a year) by Gdansk University of Technology (GUT). On September, 1994, the first issue of
POLISH MARITIME RESEARCH was published. The main objective of this journal is to present original research,

innovative scientific ideas, and significant findings and application in the field of :

Naval Architecture, Ocean Engineering and Underwater Technology,

The scope of the journal covers selected issues related to all phases of product lifecycle and corresponding technologies
for offshore floating and fixed structures and their components.
All researchers are invited to submit their original papers for peer review and publications related to methods of the
design; production and manufacturing; maintenance and operational processes of such technical items as:

o alltypes of vessels and their equipment,

o fixed and floating offshore units and their components,

o autonomous underwater vehicle (AUV) and remotely operated vehicle (ROV).

We welcome submissions from these fields in the following technical topics:

o ship hydrodynamics: buoyancy and stability; ship resistance and propulsion, etc.,
o structural integrity of ship and offshore unit structures: materials; welding; fatigue and fracture, etc.,
o marine equipment: ship and offshore unit power plants: overboarding equipment; etc.
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MULTI-CRITERIA COMPARATIVE ANALYSIS OF THE USE
OF SUBTRACTIVE AND ADDITIVE TECHNOLOGIES IN THE
MANUFACTURING OF OFFSHORE MACHINERY COMPONENTS

Mariusz Deja

Mieczystaw Stanislaw Siemigtkowski
Dawid Zielinski

Gdansk University of Technology

Faculty of Mechanical Engineering, Department of Manufacturing and Production Engineering, Poland

ABSTRACT

The dynamic development of additive manufacturing technologies, especially over the last few years, has increased
the range of possible industrial applications of 3D printed elements. This is a consequence of the distinct advantages
of additive techniques, which include the possibility of improving the mechanical strength of products and shortening
lead times. Offshore industry is one of these promising areas for the application of additive manufacturing. This paper
presents a decision support method for the manufacturing of offshore equipment components, and compares a standard
subtractive method with an additive manufacturing approach. An analytic hierarchy process was applied to select the
most effective and efficient production method, considering CNC milling and direct metal laser sintering. A final set
of decision criteria that take into account the specifics of the offshore industry sector are provided.

Keywords: offshore industry, additive technologies, maritime and offshore equipment components, decision support systems, analytic

hierarchy process (AHP)

INTRODUCTION

Additive technologies, commonly referred to as 3D printing,
are a set of methods enabling the layered construction of
objects based on 3D computer models, and without using
part-dependent tools [1, 15]. The strong increase in interest
in additive technologies that has been particularly noticeable
in recent years is related to developments in the methods and
systems of 3D printing [33]. Advanced materials, including
those with reinforcement phases, can be used to create
products [26, 29, 32]. The current range of components that
can be made by additive technologies extends beyond the
original applications of rapid prototyping. In particular, 3D
printing with metal powder allows for the production of fully
functional spare parts for mechanical devices. The term additive
manufacturing (AM) refers to the fabrication of components
with specific mechanical and functional properties.

Nowadays, high-quality, reliable components for offshore
industry are manufactured by material removal processes,

including five-axis milling. Additive technologies are
characterised by their competitive features compared to
traditional machining methods. The main advantages of
AM include the design and manufacture of components with
complex geometry. The manufacture of these types of objects
can be difficult and sometimes impossible to achieve with
the use of traditional cutting and casting methods. Other
advantages are the relatively short processing time and the
lack of a need for production tools. These factors may also
reduce the overall production costs.

The wide variety of manufacturing techniques that are
currently available, such as material removal processes and
3D printing powder technology, must be taken into account
during the selection of the most efficient fabrication method.
This must involve consideration of the relevant criteria
related to the capabilities of the specific manufacturing
techniques. This paper presents the results obtained from
a multi-criteria decision making (MCDM) method called
an analytic hierarchy process (AHP) for the selection of the

POLISH MARITIME RESEARCH, No 3/2020 71
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Tab. 2. Main particulars of the barge model

(c)

Fig. 1. Examples of mechanical components with free-form surfaces that can be produced be additive manufacturing:

(a) impeller; (b) short propeller blade; (c) long propeller blade

most suitable technology for manufacturing components for
offshore machinery, using the example of an impeller. The
type and form of the material, its mechanical and physical
properties, and the production time and cost were analysed
and compared in the process of selecting the most suitable
fabrication method using a multi-criteria analysis.

ADDITIVE MANUFACTURING IN
OFFSHORE INDUSTRY

The maritime industry is one of the leading areas for
the potential application of additive technologies. The
mechanical components of marine constructions are affected
by environmental factors such as sea water and variability
in the loads that affect these structures. Demanding and
difficult working conditions cause frequent damage to the
components of technical equipment used in the coastal
zone and at sea. The efficiency of machines can therefore
be maintained and process continuity improved through the
rapid manufacture of spare parts. 3D printing technologies
can offer an alternative to the traditional material removal
processes generally used in the offshore industry. Nowadays,
the most common and advanced additive technologies

include direct metal laser sintering (DMLS) and electron
beam melting (EBM). These allow for the production of
elements with complex geometries (Fig. 1) consistently high-
level mechanical properties, and homogeneous internal
structures. The process of 3D printing is based on the direct
conversion of 3D data into physical objects by applying
successive layers of material in the form of powder, which
can be either melted or sintered. Among the benefits of this
technology is that it allows for flexible production of various
items at no extra cost in terms of manufacturing, without
the need for additional tools or moulds [19]. Table 1 presents
the characteristics of the 3D metal powder technologies
currently used in this industry.

3D printing powder technologies can be used to produce
a wide range of complex machine elements for different
sectors of industry with similar characteristics, including
the maritime and shipping industry. According to [19], this
industry can be characterised as conservative with respect
to change, although DMLS and selective laser melting
(SLM) technologies are currently being successfully used
to manufacture high-pressure blades for gas and Tesla
turbines [7, 14, 18, 20, 23, 30]. These kinds of parts have
complex geometries, including inner features in the form
of miniature holes [10] and channels for delivering cooling

Tab. 1. Characteristics of 3D metal powder technologies currently used in different sectors of industry

Additive technology Method used to create an object

Energy source Areas of possible application

Joining particles

Direct metal laser sintering of metallic powder by sintering

Aircraft and aerospace,

of metallic powder by full melting

; Laser beam automotive, tool making,

. . Joining particles maritime, medical, military
Selective laser melting of metallic powder by full melting

Electron beam melting Joining particles Electron beam Aircraft, maritime,

aerospace, automotive
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Tab. 2. Scale of relative importance, adapted from Saaty [25]

Intensity of importance Description Explanation
1 Equally important Two factors contribute equally to the objective
3 Slightly more important Experience and judgement slightly favour one factor over the other
5 Much more important Experience and judgement strongly favour one factor over the other
7 Significantly important Experience and judgement very strongly favour one factor over the other to show
its dominance in practice
9 Extremely important The evidence favouring one factor over the other is of the highest possible validity
2,4,6,8 Intermediate values Always used where a compromise is required
Reci If a criterion i has one of the above non-zero members assigned to it when compared with criterion j, then j
eciprocals of the above ) o
has the reciprocal value when compared with i

fluid. The creation of complex inner features by conventional
machining methods can be difficult, and in some cases even
impossible. Industrial impellers are another group of parts
commonly used in the marine industry, and these can be
made by 3D powder technologies [28]. In addition to their
complex geometries, elements of this type have thin walls,
which are difficult to make by material removal processes.

Hybrid manufacturing is a promising approach for
widening the scope of AM applications. DMLS can be used in
association with more traditional processes, such as electro-
discharge machining (EDM) or high-speed machining (HSM)
to give a hybrid rapid tooling process [22] that can reduce
the time needed to create tools and dies.

The use of AM can therefore be a beneficial solution for the
rapid production of spare parts on ships and major systems on
platforms or offshore industrial installations, which operate in
remote locations and are in continuous movement. Spare parts
must often be delivered in a timely manner to the next port of
call of the ship. AM can shorten the supply chain for spare parts
in the maritime industry, since the part can be made near to or
even in the place where it will be needed [19]. Although AM
can be used to create a wide variety of products in a controlled
and static environment, the use of such techniques while afloat
creates questions about the feasibility of the incremental
processes [27].

AM technology can radically change supply chains, product
designs and production in several sectors of industry, thanks to
advantages such as on-demand, localised production and the
ease of creating complex shapes. However, cost-effectiveness
considerations, gaps in knowledge, process variability
and a lack of full standardisation have tended to limit the
adaptation of AM within the maritime construction sector [2].
The standardisation and normalisation of AM processes
currently under way will certainly help in identifying and
widening the possibilities for implementation in offshore
industry [11, 21].

The selection of an appropriate manufacturing method is
one of the most crucial decisions in the product development
cycle [8, 9]. We therefore propose a decision support method
for manufacturing offshore equipment components. AHP
is applied to the selection of the most effective and efficient
production method, including CNC milling and DMLS, and

a set of decision criteria that take into account the specifics
of the offshore industry sector are developed. The resultant
ranking list of analysed alternatives is generated.

MULTI-CRITERIA DECISION MAKING
USING THE AHP METHOD

MCDM is one of the most well-known approaches to
making decisions in the presence of multiple, often opposing
objectives. Characteristic features considered in MCDM
include alternatives, attributes, criteria and sub-criteria,
weights representing their importance, and decision matrices.
The AHP method, introduced by Saaty [25], is one of the
most commonly applied methods in this area. It enables
the determination of the priorities of a set of alternatives
and the relative importance of individual factors in a multi-
criteria evaluation task [24, 31]. In this approach, relatively
simple pairwise comparison judgements are carried out,
which are then utilised to develop overall priorities that are
used to rank the alternatives. The quantification of priorities
is typically carried out using integers in the range one to nine
and their reciprocals (Table 2) [6, 25]. AHP involves applying
consecutive steps in the frame of an iterative procedure, as
listed below:

Step 1. Definition of the problem and decomposition into
a systematic hierarchical structure, including the definition
of the main criteria/sub-criteria used with a comparative
analysis of process alternatives.

Step 2. Creation of matrices for pairwise comparisons of
the selected main criteria, using an established rating scale
as shown in Table 2.

Step 3. Calculation of the importance weights for
individual criteria and determination of an appropriate
ranking list to identify preferences for the criteria based on
which alternatives are evaluated. This activity is equivalent to
computing the vectors of normalised weights for criteria or
sub-criteria. This step is followed by validation of the previous
calculations.

Step 4. Checks on the consistency of the relevant matrix
formed at specified levels of the hierarchy, corresponding to
definite sets of criteria or sub-criteria. This validation-related
activity entails calculations of the principal eigenvalues of

POLISH MARITIME RESEARCH, No 3/2020 73


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

-
T
-

o = =

Fig. 2. Example of a part used in an illustrative case study: (a) 3D model of an impeller type part; (b) real part;
(c) tool paths used in the estimation of machining time

the relevant matrices, and the values of the consistency
index (CI) and consistency ratio (CR). Consistency of the
matrices generated in the decision process requires that, in
any instance, inequality constraints (1) and (2) are met:

Cl=%=-"<0,1 )

n-1
CR=%<0,1 @)

where: A is the maximum eigenvalue of the relevant matrix,
n is the order of the matrix, and RI is a random index that
depends on the value of  [20].

It should be noted that the value of A _can be computed as
asum of the products of each weight of the criteria (alternatives)
and the calculated sums of columns derived from the matrix
of pairwise comparisons of criteria (alternatives).

In the decision scheme, the calculations carried out in
steps 2—4 need to be repeated with respect to the lower level
of the hierarchy, i.e. with regard to all related subordinate
criteria. Consequently, the preferences for the sub-criteria
are computed both locally and globally. The local weights
(reflecting the importance) of both criteria and sub-criteria
are determined as arithmetic averages. The global importance
(weight) of each subordinate criterion is in turn computed as
the product of its relative (local) weight and the weight(s) of
the criterion at the respective level(s) of the hierarchy.

Step 5. Creation of matrices for pairwise comparisons
of the process alternatives in terms of individual decision

74 POLISH MARITIME RESEARCH, No 3/2020

criteria, using the established rating scale given in Table 2.
This procedure is continued after checking of the validation
conditions given in Step 4.

Step 6. Computation of the matrix S = [Sij] ey Of nOrmalised
performance metrics (scores) for the alternatives for each
criterion, where i = 1, ... , m, and m is the total number of
alternatives, and where j=1, ..., n, and n is the total number
of assumed criteria (design/process attributes).

As a result, a list of preferences of the alternatives being
compared (i.e. a ranked list of alternatives) is produced on
a global scale, based on the sum of the partial values of the
normalised performance metrics calculated with reference
to individual criteria, as recorded in the S matrix.

METHODS OF MANUFACTURING
AN IMPELLER COMPONENT

Impellers and turbine blades are widely used in equipment for
the maritime industry. These types of parts are characterised
by a complex geometry with thin walls. The selection of the
most efficient manufacturing method requires consideration
of numerous factors related to the material, mechanical and
functional properties of the product, as well as the speed and
cost of delivering the final components. CNC machining
with a five-axis milling machine was used to manufacture
an impeller component (Fig. 2). The DMLS method, as the
most suitable 3D printing technology, was also used.
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Tab. 3. Parameters of the methods for manufacturing an impeller

Manufacturing method

Parameter
CNC milling DMLS
Machine Pinnacle AX320* EOSINT M280**
Material Steel 34 HNM/1.6582 (34CrNiMo6) EOS EOS maraging steel MS1
) nickel alloy IN718 sng
Material form Rod bar Powder; thickness of a single layer of material: 40 pm

Note:

* The Pinnacle AX320 with Heidenhain TNC640 is a five-axis milling machine tool. The applied material (steel 34 HNM) is used to build highly loaded
parts, exposed to impacts, twisting, and vibrations like turbine blades and impellers.

** EOSINT M280 3D printer is a market-leading industrial system working in DMLS/SLM technology. EOS Nickel Alloy IN718 is characterised by high
strength, resistance to high temperatures and very high corrosion resistance. EOS MaragingSteel MS1 is also characterised by high strength and
hardness, and is therefore commonly used to build elements for injection moulds.

Tab. 4. A set of decision criteria for selecting the method of manufacturing an impeller

Criteria Manufacturing method
CNC-milling | DMLS IN718 DMLS MS1
Mechanical and physical properties
Tntesgts o i e
Material density (g/cm3) 8 8.15 8.0-81
Hardness (HRC) 60 47 50 - 56
Process-related factors
Processing time [min]* 596 2520 2520
Roughness [pm] Ra=04-0.6 Ra=2.5-35 Ra=2.5-35
Accuracy of manufacture [mm] +/-0.02 +/- 0.05 +/- 0.05
Costs of manufacturing
Material cost [€] 60 270 257
Total processing cost [€] 955 1540 1540
Post-processing cost [€] 0 80 80

Note:

* |Includes the machining and setup times. With regard to DMLS technology, the machining time is related to the printing of the impeller model and
the support structure with a height of 10 mm, and the setup time is related to the preparation of the machine for processing. In the case of 3D printing
powder technology, the time component includes heating of the working chamber and cooling down after the manufacturing process.

/\/\ MOST WIEDZY Downloaded from mostwiedzy.pl

Important parameters related to these manufacturing
processes, such as the machine, type and the form of the
material, are listed in Table 3.

In order to solve a decision problem concerning the
selection of the most efficient method for manufacturing
an impeller, three main criteria and nine sub-criteria were
defined (Table 4). These sets of main and sub-criteria were
determined in view of the possible heavy-duty operating
conditions of the impeller in a maritime equipment.

The anisotropic mechanical properties of the 3D metal
printed components shown in Table 4, are examples of the
basic disadvantages of additive technology, and may affect
the functionality of an impeller working under variable
loading conditions. In view of this, a strength analysis must
be carried out at the design stage that takes into account
the mechanical properties arising from the orientation of
the component in the working chamber of the 3D printer.
It was assumed in this study that selected materials meet
established design requirements, in accordance with material
data sheets [12, 13].

Data on the mechanical and physical properties and the
accuracy of manufacture were determined considering the heat
treatment in additive [12, 13] and subtractive processes [34, 35].

Output process parameters concerning the times required
for printing (2220 minutes) and related setup (300 minutes)
were calculated using dedicated EOSINT M280 software.
The machining time for the subtractive method was derived
using a CNC Heidenhain TNC640 controller and amounted
to 553 minutes, and the setup time was 43 minutes.

The 3D printing of the impeller involves the cost of the
utilised material, depending on the model volume. The
operating costs of the 3D printer were also included, following
manufacturing practices recommended by the Institute of
Fundamental Technological Research, Polish Academy of
Sciences. The cost of using the 3D printer was assumed to be
70€ per hour, taking into account factors such as the cost of
acquisition and installation, a five-year amortisation period
(i.e. 20% per year), maintenance costs, and the costs of energy
and ancillary materials. In the case of DMLS technology, the
required post-processing costs, such as cleaning the model of

POLISH MARITIME RESEARCH, No 3/2020 75
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Fig. 3. Part of the surface of a workpiece made of MS1 material by DMLS: (a) a microscopic image of a real surface using OLYMPUS BX51;
(b) digital model of the surface obtained with computer tomography

the remaining unmelted powder, shot-peening and additional
heat treatment, were also taken into account.

The total operation cost of CNC milling, C , comprised
two components: machine costs and tool utilisation costs. It
was calculated using the following cost model for a multi-cut
operation [3]:

Eonit Lomi i
C =cXg=+Zcys ©)

where ¢ [min] is the machining time for the tool path of the
i-thtool, t . [min] is the supplementary machine time for the
i-th tool, T, [min] is the tool life under cut for the i-th tool, ¢,
is the hourly machine operating cost, and c,, [€ tool life under
cut of the i-th tool] is the cost of the i-th tool, calculated as
the sum of the costs of amortisation and tool exchange in
the magazine.

The costs of using the machine tool during the cutting
process were assumed to be 45€ per hour, based on the
same factors as for the 3D printer. In this case, a seven-year
amortisation period was assumed (i.e. 14.3% per year), due
to the relatively slow technological development of CNC
machine tools compared to 3D printing equipment.

Nineteen tools of various types were utilised in the
milling of the impeller, including an end mill, a spherical
mill, chamfer mill cutters and drillers. In the calculations,
the costs of the individual tools were assumed to be in the
range 27-36€, while the values for the life under cut for the
individual tools were between 15 and 30 minutes.

The surface quality (roughness) is another important
factor which has a fundamental importance in the functional
properties of the impellers, such as their wear and corrosion
resistance, strength properties and flow resistance [16]. In
industrial practice, to ensure the optimal functioning of
parts such as impellers that are subjected to variable loads,
a surface roughness in the range Ra = 0.2 — 0.6 um is
required [17]. This value can be obtained by CNC milling,
and has been confirmed by reports in the literature [4, 5],
as given in Table 4.

76 POLISH MARITIME RESEARCH, No 3/2020

For DMLS, a microscopic analysis was carried out. Fig. 3
shows part of the surface of a workpiece created using this
technology.

The images in Figure 3 show that an irregular surface
structure, characteristic of DMLS printed elements, was
obtained. The results of surface roughness measurements
obtained with a Hommel Tester T500 (Fig. 4) were
significantly higher than the required surface roughness of
Ra =0.2 - 0.6 um. To obtain the required surface roughness,
which is essential for elements such as impellers, there is
therefore a need to perform additional finishing operations
to smooth the surface. In the calculations below, the values of
achievable Ra parameter were assumed based on the results of
the authors’ research and literature reports (Table 4).

[um]

25 T
DIN 4777

20 - L=08mm 7.5
L, =48 mm

15 A/A =100 12,55

10 |
51 2,50
o NN
Ra Rz Rt

Fig. 4. Parameters of the surface roughness of a workpiece made
of MSI by DMLS

AHP-BASED SELECTION OF IMPELLER
MANUFACTURING TECHNOLOGY

The application of the AHP method as an efficient decision
support framework, has been demonstrated as a case study of
manufacturing impeller-type components. The first step in
the process of selecting a manufacturing technology for an
impeller using AHP is to develop a hierarchical structure for
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Fig. 5. Hierarchical structure of the decision problem related to selecting the impeller manufacturing technology with the AHP method

the decision problem (see Step 1 above). In the present study,
the hierarchical diagram consists of four levels: the goal of the
decision problem, the main criteria level, the sub-criteria level,
and the scheme level, which is related to the overall rankings
and the selection of the best process alternatives (Fig. 4).

At the next level, the main criteria were quantitatively
assessed using pairwise comparisons. The results of these
calculations are shown in Tables 5 and 6.

Pairwise comparisons of the main criteria were used to
compute the importance weights of the individual main
criteria (Steps 2 and 3 above), and based on these weights,
a ranking list of the main criteria was created. Following
the AHP methodology, the principal eigenvalue of A
was calculated and the validation conditions were checked
using the consistency index (CI) and consistency ratio (CR).

Tab. 6. Importance of the main criteria

Tab. 5. Pairwise comparisons of the main criteria Mecilsgical heess | Caga et
Mechanical | Process Costs of physical ;elated manufa- | Weight | Rank
. - actors | cturing
and physical | related manufa- Sum properties
properties factors cturing )
Mechanical
Mechanical and 1 4 6 1 and physical 0.71 0.75 0.60 0.685 1
physical properties properties
Process-related Process-related
factors 0.25 1 3 4.25 factors 0.18 0.19 0.30 0.221 2
Costs of Costs of
manufacturing 0.17 0.33 1 1.50 manufacturing 0.12 0.06 0.10 0.093 3
Sum 1.42 5.33 10 Sum 1 1 1
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The values at this level of the analysis are as follows (for
A =3.085):

CI=2%-2 =0.,043 < 0.1,

and
CR = % =0.082<0.1.

The relevant calculations at the level of the subordinate
criteria (Step 4) were performed in the same way as for the
main criteria. All of the weight values at this level (i.e. at the
global scale) were obtained by multiplying the local weights
by the weight of the corresponding criteria. The results for
the sub-criteria for the mechanical and physical properties
of impeller material are given in Tables 7 and 8, respectively.

Tab. 7. Pairwise comparisons of the sub-criteria for the mechanical and
Pphysical properties of the impeller material

Tensile Material Hardness Sum
strength density
Tensile
strength ! 4 > 10
Material 0.25 1 3 425
ensity
Hardness 0.17 0.33 1 1.50
Sum 1.42 5.33 9

Tab. 8. Importance of the sub-criteria for the mechanical and physical
properties of the impeller material

Tensile | Material | Hard- | Local | Global Rankin
strength | density | ness | weight | weight 8
el 0.71 0.75 0.56 | 0.670 | 0,459 1
strength
l\gate?ial 0.18 0.19 0.33 | 0232 | 0,159 2
ensity
Hardness 0.12 0.06 0.11 0.097 0,067 3
Sum 1 1 1 1 0,69

The results of the consistency test at this level showed
that the required conditions (see Egs. 1 and 2) were met. The
values obtained for CI and CR coeflicients are given below
forA =3.063:

Cl= 3'26,3f3 =0.032<0.1,
and
CR = % =0.061 <0.1,.

Tables 9 and 10 present comparisons of the results for
the alternative processes (Steps 5 and 6 above) from the
viewpoint of the tensile strength, which turned out to be
the most important factor in the mechanical and physical
properties of the material. These results were obtained in
a similar way to the corresponding calculations at the sub-
criteria level.
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Tab. 9. Pairwise comparison of the alternatives in terms of the criterion
tensile strength for applied material

CNC DMLS- DMLS-

milling IN718 MS1
X Sum

Tensile 1400 1060 2050

strength
CNC milling 1 2 0.25 3.25
DMLS-IN718 0.50 1 0.20 1.70
DMLS-MSI 4 5 1 10
Sum 1.63 3.13 18

Tab. 10. The importance of the tensile strength sub-criterion

CNC | DMLS- | DMLS- | Local | Global | p. .
milling | IN718 | MS1 | weight | weight &
CNC 0.18 0.25 017 | 0.201 | 0.063 2
milling
DMLS-
IN71s | 0-09 0.13 0.14 0.118 | 0.037 3
DMLS-
N 0.73 0.63 0.69 | 0681 | 0214 1
Sum 1 1 1 1 0.31

The validation conditions were also checked (Step 4) and
were shown to be fulfilled, as shown below, for an eigenvalue
of A =3.038:

X

CI=22-2-0019<0.1,

and

CR =2 = 0.037 < 0.1,.

Finally, the partial values of the normalised performance
metrics, calculated for each of the process alternatives and for
all nine decision criteria, are shown in Table 11. This table also
includes the cumulative values of the performance metrics for
each alternative, and its ranking. Cutting technology, with
a value of 0.744, was the best alternative. It can be observed
that for CNC machining, factors related to the manufacturing
process accounted for around 84% of the cumulative value of
the normalised performance. The accuracy of manufacture
is the largest component, amounting to around 81%. These
criteria also have high levels of importance for DMLS
technology, and in particular for Nickel Alloy IN718 yield
altogether 79% for process related factors, but with the lowest
cumulative value (0.259). For Maraging Steel MS1, however, the
mechanical and physical properties have the largest impact on
the cumulative value of normalised performance, at around
54%. The results of a quantitative evaluation of the alternatives,
based on the above calculations, are also presented in the
form of a bar chart (Fig. 6). CNC milling proved to be the
most appropriate method for fabricating this type of offshore
machinery component, and is used in current industrial
practice. However, in the near future, following the intensive
development of additive technologies, 3D printing may gain
an advantage over subtractive technologies.
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Tab. 11. Results of the multi-criteria selection of alternative processes with corresponding ranking

Mechanical and physical properties Process related factors Costs of manufacturing
L
=loe) o
L= > (%) - o0 S VO
7 = £ - < g2 i 2 £ S E &
= =} a = @ = o o 2 > s g -
= S 2 80 ) 55 = =4 v, S g8 4
- S = =) = ] < g =7 =50 =
2 = =2 Z 50 5 s e 23 SEck= &
) o :; @ = = =1 b} = a.° g (=] ;
G 3 T 3 ) 35 = 3 - 5% &~
g 3 2 = < g = g 3 )
& = A = A
CNC
e 0.063 0.025 0.025 0.003 0.022 0.600 0.002 0.004 0.0005 0.744 1
milling
DMLS-
IN718 0.037 0.007 0.007 0.0006 0.0045 0.200 0.0002 0.001 0.0001 0.259 3
DMLS-
MS1 0.214 0.014 0.014 0.0006 0.0045 0.200 0.0004 0.001 0.0001 0.448 2

DMLS-MS1

DMLS-IN718

CNC MILLING

0,000 0,100

0,200 0,300

Cumulative value of normalised performance

Fig. 6. Comparison of process alternatives based on a multi-criteria
evaluation using the AHP method

CONCLUSIONS

The selection of an appropriate manufacturing method is
one of the most crucial decisions in the product development
cycle. AM technologies, and especially 3D printing metal
powder methods, can radically change supply chains, product
designs and production in certain sectors of industry, since
a part with complex geometry can be made near or even
in the exact place it is needed. However, processing costs
and high design requirements might limit the adaptation
of AM processes within these industrial sectors. In this
study, we propose a decision support method for selecting
a suitable manufacturing technology for offshore equipment
components, which can help in the wider implementation
of DMLS technology in the maritime construction sector.

AHP, as an efficient decision support framework, was
applied to the selection of the most suitable manufacturing
method for fabrication of complex mechanical components,
and an impeller part was used as an illustrative case study.
CNC machining and the DMLS method were considered as
alternative processes for producing the final part. A final set
of decision criteria that focused on the specifics issues of the
offshore industry sector were provided, and a ranking list of
the analysed alternatives was generated to show that for the
specified technical requirements and production resources,

CNC milling was the highest-ranked position. Taking into
account the intensive developments in DMLS technology,
including the dynamic development of contemporary
engineering materials, it can be expected that the importance
of the main criteria will change. In consequence, the ranking
positions of process alternatives may differ from those
presented here.

Further research work will focus on the continuous
development of the DMLS process and the standardisation
measures that are periodically introduced in the oftfshore
sector for critical components in maritime constructions. In
particular, the use of DMLS systems while afloat should be
also examined before making the decision to build products
or spare parts that are normally produced in a controlled,
static environment.
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