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Abstract

Currently, additive manufacturing shows enormous potential in various industries, such as aerospace,
due to its advantages. Characterized by the production of layer-by-layer parts, this technology can
produce more complex and lighter parts compared to conventional manufacturing. Although it has
been around for a few decades for other materials, metal additive manufacturing has been developing
and may prove to be fundamental in the future. In order to adopt new technologies, it is important to
analyze their economic aspect. For this purpose, this work aims to develop a cost model for a metal
additive manufacturing process. This model allows to identify the factors that most influence the
production cost and, using a case study, compare this process with a conventional process, forging. It
was also studied the impact that a weight reduction in an aircraft has on fuel savings. Combining this
reduction with the production cost, the benefits arising from the use of metal additive manufacturing
were observed. This technology could prove very advantageous with its necessary development. By
allowing parts of different geometries to be manufactured in the same production, for low and medium
production volumes, metal additive manufacturing can compete with traditional methods and generate
high savings, which in the aeronautical industry could become crucial.

Keywords: Additive manufacturing, processed-based cost models, aerospace, build time estimation,
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1. Introduction

In manufacturing there is a relentless pursuit to
build lighter products, to surpass existent tech-
niques, to improve the supply chain efficiency and
to accompany it with cost savings [1]. It is in this
demand that additive manufacturing (AM) fits.

AM is the process of producing parts, from 3D
model data, by adding successive cross-sectional
layers of material. The process initiates with a cre-
ation of a three-dimensional solid model, which can
be modeled or scanned as a digital file, with the
software slicing the data file into individual layers.
The printed object is the result of adding these lay-
ers of material, one on top of the other [2]. This
formation is different from some traditional manu-
facturing methods, where material is removed from
an initial workpiece [2].

This technology has a great potential for cre-
ating parts with high complexity, high value, and
highly customized, something extremely valued in
several industries such as aerospace. Notwithstand-
ing that polymer AM has been the focus of most of
the work since the early development of this tech-
nology to date, metal AM (MAM) is revealing to

be an emerging technology with a significant effort
being focused on metals in recent years [3]. MAM
technologies have been the subject of very intensive
research and there is still much study and develop-
ment to be done in many areas.

In order to adopt any new technology, produc-
tion costs have to be considered and scrutinized [4].
These costs are crucial in making the decision as to
which manufacturing technology should be selected
for a particular product. Developing a cost model
can help companies see what financial options are
best for them.

Therefore this work intends to increase the
knowledge of the economical side of MAM in the
aerospace industry. With the purpose of under-
standing all types of costs inherent to this type
of manufacturing and in what situations AM can
be competitive, a cost model and a time estimate
model for a metal AM technology were developed
and applied to a case study.

In addition to the cost model, with the possibility
of AM producing lighter parts, there is the poten-
tial to reduce the weight of aircraft. This reduction
can translate into fuel savings, which will also be



studied in this work.

2. Literature review

The development of AM is influencing the manu-
facturing sector, with its inevitable social and eco-
nomic changes, such as decentralization, flexibility
in product development, individualization on de-
mand, resource efficiency, and short development
periods [5]. Aerospace companies are using AM in
this context, applying new designs that reduce air-
craft weight, while reducing their expenses for raw
materials.

2.1. AM processes
There are two main groups of components in
aerospace, metallic and nonmetallic (mainly poly-
mer). The American Society for Testing and Ma-
terials (ASTM) International Committee F42 orga-
nizes AM technologies into seven main categories,
which are binder jetting (BJ), direct energy depo-
sition (DED), material extrusion, material jetting
(MJ), powder bed fusion (PBF), sheet lamination,
and vat photopolymerization [6]. Of these seven
types of processes, only four of them use metal, in
addition to other materials, BJ, DED, MJ and PBF.
The two most usual AM technologies for
aerospace applications are DED and PBF. DED is,
as stated in the ASTM definition, a process that
uses thermal energy to melt materials together as
they are deposited, typically taking place within an
inert gas atmosphere [6]. In turn, ASTM defines
PBF as a process that selectively melts powder in
a bed of powder, using thermal energy, in the form
of a laser or an electron beam [6].

2.2. Capabilities and challenges of AM

AM, and in particular MAM, presents a large num-
ber of opportunities in various industry sectors, par-
ticularly in the aerospace sector [1], to fill in gaps
or improve existing technologies.

AM, when placed side by side with tradi-
tional manufacturing, presents numerous advan-
tages, such as being better for prototyping, allowing
more complex designs, lighter parts, a decentralized
manufacturing, more customization and production
of spare parts. AM also contributes to reducing ma-
terial waste. This technology does not require tool-
ing and is more effective in low productions. Fi-
nally, AM may lead to potential benefits for worker
health.

Although the manufacturing paradigm can be
changed globally in numerous sectors, AM tech-
nology, more in concrete MAM, is still an imma-
ture technology [7] and for that reason it presents
some drawbacks, having some obstacles that pre-
vent it from dethroning traditional manufacturing,
at least in the short term. AM has to overcome cer-
tain challenges in the near future, presenting some

disadvantages such as a high cost, size limitation,
quality issues, regulation, lack of specialized per-
sonnel, software and knowledge, high process time,
skepticism and requiring post-processing.

Understanding the weaknesses stated above may
take some time, however, in the near future, it is
anticipated that many of these mishaps can be over-
come.

2.3. Cost Models

As referred previously, AM presents many advan-
tages when compared with conventional manufac-
turing, and professionals and technology observers
state that AM may disrupt the manufacturing busi-
ness, being the bridge for a completely digital man-
ufacturing [8]. Nevertheless, in order to proceed
with this transition, it is necessary to have a realis-
tic view of the economy of the complete process as-
sociated with the technology, according to each in-
dustry and business. To do so, a cost model should
be built to help business professionals with decision
making.

For cost models related to AM, the first relevant
one was developed by Hopkinson and Dickens [9] in
2003. The authors carried out an analysis of the
rapid manufacturing and rapid tooling costs, com-
paring the costs of these processes with the ones of
injection molding (IM), in order to find out whether
they were economically convenient.

In 2006, Ruffo et al. [10] analyzed the production
costs of the same part as the work of Hopkinson and
Dickens, manufactured using the SLS process. The
cost of AM parts calculated in this work used a
cost structure divided in several activities. In this
work, a build time estimation was achieved using an
empirical estimation algorithm, with this approach
being only correct for the production of numerous
parts with the same geometry.

Baumers and his research group [11] were the
first to examine the economic and energetic aspects,
analyzing the time necessary to complete the AM
building [4]. The energy costs were listed in the
direct costs and it was performed an analysis of en-
ergy consumption, making the model more accu-
rate. However, activities like post-processing and
material removal were not consider.

In turn, Lindemann [12] has developed an event-
driven process chain model for all relevant cost pro-
cesses in AM production. He included the building
job preparation, the building job production, the
support removal, and the post-processing activities.

In addition to the works presented, several other
works were conducted in the area of cost modeling
on AM, however the review of the cost models is
not within the scope of this work, so it will not be
detailed.



3. Methodology

In this work it was developed a cost model, which
aims to calculate the cost of producing parts
through MAM. In parallel with a study of fuel
consumption, the main goal is to understand in
which situations MAM can be competitive in the
aerospace industry. The methodology of the work
is presented in figure 1.
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Potential impact of additive
manufacturing on the
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Figure 1: Study scope.

3.1. MAM machine and case study part

In order to achieve that goal, an illustrative part
of the aerospace sector was used as a case study.
This part has been optimized in terms of weight,
outside this work, achieving a mass reduction of
about 36%. A set of these parts was printed by a
MAM machine, Renishaw AM 400, which belongs
to the Hypermetal company. This machine uses
the manufacturing process PBF and was also used
in this case study. The parts were printed using a
Maraging steel M300 powder.

The values from the optimization process have
been made available and will be used later in con-
junction with a detailed fuel planning to ascertain
the importance that weight reduction provided by
MAM can have in the aerospace sector.

3.2. Process-based cost modeling

PBC models are systems that focus on the processes
(set of activities), that make up the main process,
as basic cost objects, using these processes as build-
ing blocks to compile the costs to be known. The
costs are attributed to the processes based on the
consumption of resources used, with the final prod-
uct projected cost being calculated from the costs
of the specific processes a product has to go through
[13].

The cost is divided into two categories: variable
cost and fixed cost. A variable cost is a cost directly
connected with the production of a unit of output
and varies roughly linearly with the total number
of units produced. In turn, a fixed cost is a cost
that does not vary linearly with production volume,
it remains the same even if there is no production
[13].

4. MAM cost model

In this chapter, the developed cost model is pre-
sented, with a particular focus on the process model
used to estimate the build time. A method for mea-
suring the fuel used by an aircraft is also presented,
in order to calculate the fuel savings that can be
achieved by weight reduction in aircraft.

4.1. Activities

The AM process was divided in activities. The first
phase of the process, pre-processing, consists in two
activities: data preparation (DP) and setup. In the
first activity, the operator creates the STL file from
the CAD file, implementing the meshes needed for
the parts and generating the necessary supports to
hold the parts.

In the second activity, the operator prepares the
machine with everything required for its opera-
tion. The powder feedstock required for production
should be placed inside the machine as well as a new
argon gas cylinder in case there is not enough gas
inside the cylinder in use. The operator must certifi-
cate that the filter in use is in good conditions and
if that did not occur, a new filter must be inserted
inside the machine. This activity also englobes the
loading and aligning of the build board, upon which
the parts will be produced, the dimensional control
of the board, and the laser lens cleaning. The used
board is reused from previous productions, with the
top of the board being thinned before each use.

The second phase is the processing, which in-
cludes every step of the AM process. The build
print (BP) divides in different steps: warming up,
where the board is heated; inertization, where ar-
gon gas is used to make the environment inside the
chamber inert; scanning and coating, where in the
first, the laser scans the section area corresponding
to that layer for all parts to be produced, sintering
the powder, and in the second, for each layer, a new
coat of powder is scattered by the machine; and the
step of cooling down the machine.

The last phase corresponds to the post-
processing, which includes the build removal and
cleaning (BRC), and treatment activities. First, it
is necessary to remove the excess powder from the
inside of the machine. Then the operator removes
the build, cleans the inside of the machine and col-
lects the debris such as burnt powder and filtered
waste, storing them in a suitable place. After sev-
eral productions, a company must be hired to col-
lect the waste that has been stored to date. The last
set of activities encompasses all the post-processing
treatments required so that the final parts meet the
desired conditions.

For each activity, there are different types of
costs, as seen before, variable and fixed, that are
required for production. The variable costs are di-



vided into material, labor, energy and consumables
costs, with the latter including the board, gas, de-
bris removal and filter costs. The fixed costs are
divided into machine, building, maintenance and
equipment costs.

In each activity the production costs per year and
the production cost per part were calculated. The
production cost per part is calculated by dividing
the production costs per year by the total number
of parts the company requires to produce, either for
internal use or according to market demand. This
number differs from the number of parts actually
produced by the company, as it takes into account
the number of parts rejected during the activities.

The total yearly production cost is then com-
puted by adding the annual costs of each one of
the activities as can be observed in equation 1.

CYear = CDP+CSetup+CBP+CBRC+CTreatm,ents7

(1)

with CDP7 CSetupv CBP; CBRC and CTTeatments
being the annual costs of each activity.

4.2. Data preparation

The only variable cost to be taken into account in
this activity is the labor cost. The cost of energy
associated with the use of computers was neglected
because it represents a very insignificant value when
compared to the overall energy costs.

Equation 2 presents the calculation of the num-
ber of batches (runs of parts) produced per year,
Npatches, with this value being used throughout
the entire cost model, since each production cor-
responds to one batch.

NTotal
NBatches =

(2)

The labor cost for this activity, Cpp rapor, iS the
multiplication of the time devoted to the activity
by the hourly cost of the operator.

For fixed costs, the costs of the building,
Cpp Building, the purchase of equipment (software
and hardware), Cpp Equipment, and the cost of ren-
ovation per year of the same equipment,C'pp ren,
are calculated.

Considering the previous costs as single pay-
ments, they require an allocation of costs to the
duration of production. To do this, it is necessary
to calculate the annual production time (uptime),
which includes the production time of this activity
corresponding to the parts for which the costs are
being calculated and the remaining parts that could
be produced, even if this does not happen. Produc-
tion is therefore not dedicated, as the machine and
tools are not only designed for the production of a
certain part.

NPa'rts per batch

The costs are then calculated taking into account
the respective time portion of the activity for the
parts considered compared to the annual produc-
tion time. It is also necessary to annualize the single
expense, capturing its associated opportunity cost,
by multiplying its value by the capital recovery fac-
tor (CRF):

n
e G
r) 1
where n represents the number of periods over
which the cost is allocated, and r symbolizes the
discount rate representative of the time value of ty-
ing up assets in this capital. For this equation, the
number of periods may be different for each of the
cost elements, even considering the same process.
The total cost of data preparation is calculated
by adding the different costs, in equation 4.

CRF(r,n) =

Cpp = Cpp rab + CDP Building+

(4)

C(DP Equipment + CDP Ren-

4.3. Setup
For the Setup activity there are only variable costs,
which are divided into labor costs and costs asso-
ciated with the board that serves as the basis for
the production of parts. Labor cost, Csetup Labor, 1S
calculated in a similar way to the previous activity.

In relation to the costs of the board, Csetup Boards
since each board is used several times, the cost of
the board itself has been neglected, because the
value divided by all uses is much lower than the
cost of the necessary roughing before each produc-
tion. Therefore, the cost of the board is calculated
by multiplying the number of batches by the cost
of roughing.

The total cost of this activity is obtained by
adding the previous costs, in equation 5.

(5)

CSetup = CSetup Labor + CSetup Board-

4.4. Build print

To calculate the production costs it is first neces-
sary to address the build time. The build time, tgp,
is the sum of the times of each production phase,
warming up, tywerm, inertization, tr,e,.t, coating,
tcoat, Scanning, tseqn, and cooling down, tcoor,
times.

It was observed that the inertization time is a
constant time that depends on the machine, differ-
ent machines can have different inertization times,
similar to the coating time, which also being con-
stant varies depending on the machine. The total
coating time will depend not only on the time for
each layer, but also on the number of layers required
for the production of the parts, hence on the maxi-
mum build height.



The heating time of the board varies depend-
ing on the board material and it is constant for
boards of the same material, differing from machine
to machine, depending on their specifications. The
cooling time varies with the material and has been
found to be almost constant for each material used,
varying slightly with the height of the parts. How-
ever, since this time difference is very small com-
pared to the rest of the production time, it has been
neglected.

Lastly, the scanning time varies with the volume
of the parts, since the greater the volume to be pro-
duced, the longer the laser has to sinter the powder.
This variation will be analyzed in detail below, since
this time is what most influences the final build time
and its value varies from production to production.
Together with the total coating time, these two are
the times that will depend on the geometry of the
parts to be produced.

In order to understand how the scanning time is
influenced, the following study was carried out.

It was assumed that the total volume of a pro-
duction was represented by the volume of a par-
allelepiped with a constant section area, Agur face
having the same maximum height as the original
section. The maximum height is the value of the
highest height among the parts to be produced,
since the scanning only ends after the last layer cor-
responding to the highest part is produced.

The total coating time is calculated by multiply-
ing the coating time of each layer by the number
of production layers, which is obtained by dividing
the maximum height by the thickness of the layers.

The scanning time is therefore calculated by re-
moving the individual times of the process phases
from the total build time. It was then assumed
that the scanning time for each layer was constant,
EScanlayera since the layers to be produced would
have the same area, thus taking the same scanning
time.

Then this average time to scan a layer was divided
by the average section area, obtaining in equation
6 an average scanning time per unit area [s/mm?],
for the simplifications made.

tscan layer

(6)

[scan Asurface .

The company Hypermetal made available data
from seven productions that used the same material
as the case study part. This data contained the time
the machine is working on the parts, i.e. the sum
of the scanning time and the total coating time, the
maximum height of each production, and the total
volume of the productions, which includes the total
volume of the parts and the volume of the supports
used.

In figure 2, it is observed that the average scan-
ning time per unit area does not vary significantly
with the volume, with a difference of less than one
thousandth of a second per mm? between the lowest
and the highest value. These values indicate that
regardless of the geometry of the parts to be pro-
duced, on average the scanning time per unit area
remains constant.

[ ] (1] . e

ing per area [s/mm?]

Average time

ﬂﬂﬂﬂﬂﬂ

NNNNNNN

Volume of praduction [mm?]

Figure 2: Average scanning time per area unit for
different production volumes.

Assuming the hypothesis that the value of the
average scanning time per unit area is independent
of the volume of production, the average value for
the production data is calculated, Average(tscan)-
The estimated time for the total scanning time,
testimated scans 1S then calculated in equation 7.

T n hmam
testimated scan — Average(tScan) X Asurface X Tv

(7)
with Anq. and d being the maximum height and
the thickness of each layer, respectively.

For the present activity, the variables costs are re-
lated to material, energy, gas and filters. The cost of
the material is obtained by multiplying the material
price by the material required for the annual pro-
duction volume, taking into account the material
loss factor (percentage of powder burned during the
process that cannot be reused). The cost of energy
was based on the work performed by Baumers et al.,
2012 [11]. This calculation is a simplification, since
it assumes that the machine always works at its
maximum power during the production time. The
cost is then obtained by multiplying the power of
the machine by the annual production time and the
price of electricity. The cost of gas and filters is cal-
culated taking into account annual production and
usage rate per use.

Fixed costs consist of the cost of the machine,
which is calculated taking into account its price and
utilization rate, the cost of the building, which is
associated with the machine area plus the safety
area around it, and the maintenance cost, which can
be calculated as an annual cost or as a percentage



of the fixed costs. These costs are considered as
investments and annualized.

The total cost of this activity is then obtained by
adding the previous individual costs in equation 8.

C'BP = C’BP Material T C’BP Energy + C’BP Gas

+ CBp Filter + CBP Machine

(®)

+ C'BP Building + CBP Maintenance

4.5. Build removal and cleaning
In this activity there are only labor costs, debris
removal costs and building costs. The labor cost is
calculated by multiplying the hourly cost of the op-
erator by the sum of the time to remove the parts
from the board (the time to remove the supports
of a part multiplying by the total number of parts)
and the time to clean the machine, after each batch
has been printed. The cost of debris removal is cal-
culated taking into account the number of times it
is necessary to remove debris per year and the cost
per removal. Finally, the building cost, is calcu-
lated using a simplification. It is assumed that it is
necessary to reserve a certain space to place the de-
bris and that this space would be only for an annual
production of a certain part. In reality, the space
utilized is used for all the productions made by the
machine. However, it was observed that this space
is small, and that removal does not happen often,
so this simplification is a good approximation.
The total cost for this activity is again the sum
of the previous costs, as shown in equation 9.

CBrc = CBRC Labor + CBRC Debris removal

9)

+ CBRC Building-

4.6. Post-processing treatments

The treatment processes are important so that the
parts can obtain the desired characteristics. Differ-
ent parts need different treatments, depending on
their purpose. It is possible for the company itself
to carry out these treatments if it acquires the nec-
essary tools, or if it does not, the treatment is sub-
contracted to an external entity. This cost model
has these two alternatives included.

The cost for each treatment process made in the
company itself is calculated taking into account the
rate of use corresponding to the parts considered.
It is then calculated the labor cost, the cost of the
equipment and the cost of the building in a similar
way to what was previously presented, with the cost
of each treatment being shown in equation 10.

CTTeatment = CTTeatment Labor+CTreatment Building
(10)

+ CT'r‘eatment Equipment-

The process-based cost model used in this work
consists of an Excel-based interface that includes
all the work breakdown mentioned above, in more
detail.

4.7. Fuel Consumption in Aircrafts

In the previous chapter it was mentioned the pro-
cess of parts optimization that can be performed
due to the AM technology, creating lighter parts.
Considering that an aircraft can have different parts
that may go through the same optimization process,
it was studied the effects that weight reduction in
an aircraft has on fuel consumption.

To perform this study, several assumptions were
made, based on values present in publications and
values present in the aircraft characteristics. For
the base case, an aircraft, A319 with 4800 annual
flight hours, was assumed without any reduction in
mass, 62 000 kg, and a certain mission that was
present on one of TAP’s routes, the Portuguese air-
line, from Lisbon to Berlim, taking 3,5 hours and
corresponding to 1249 NAM.

The analysis of the fuel used in the mission un-
der consideration was then carried out using the
tabulated data from the Civil Aviation Authority’s
Flight Planning Manual [14] for the aircraft under
consideration. Using these data, fuel consumption
was calculated for each of the flight phases, climb,
cruise and descent. The same process is performed
for lower aircraft weight values. The fuel spent for
a lighter aircraft weight is calculated and the dif-
ference between this value and the value first calcu-
lated for the aircraft with the weight unchanged is
obtained.

Taking into account the fuel consumption reduc-
tion, the most recent value for jet fuel (August 2019)
as well as the minimum and maximum values over
the last fifteen years are presented, in table 1, based
on the work of Laureijs et al., 2017 [15]. These
values are found in table 1, where they were con-
verted from US dollar/gallon to US dollar/kg us-
ing 3,04 kg/gallon [14], and then converted for the
euro currency (for the Euro area), using the pur-
chasing power parities (PPP) rate of the year 2018
[16], for a better comparison between different cur-
rencies. It is then possible to quantify the financial
impact of weight reduction on an aircraft, consider-
ing the cost of the part and the value of fuel saved.

Case Lowest Recent Highest
Fuel price
[€ PPP/kyg 0,22 0,43 0,94

Table 1: Lowest, highest and recent jet fuel prices
for the last 15 years.



5. Results

This chapter presents the results obtained for the
time estimation and the cost model presented
above, as well as the analysis of the fuel consump-
tion for weight reduction in an aircraft.

5.1. Estimated build time
In order to test the hypothesis previously raised
that the value of the average scanning time per unit
area is independent of the volume of production,
it was used the production data of the part under
analysis in the case study. The estimated time for
the total scanning time, tcstimated scan, 1S then cal-
culated as shown in equation 7, with the average
value for the production data calculated before.
When comparing the sum of the total scan and
coating time, tp,.,q obtained in the case study with
the estimated time for this same time, in equation
11, an error of less than 1.3% was obtained.

‘(testimated scan T tCoat) - tPTOd|

(11)

The values of the errors obtained were presented
in modulus, but the value of the estimates are un-
derestimated values, being, however, very close to
the values that were measured, presenting a good
approximation.

Errorprod = r
Prod

5.2. Comparison between AM and Forging

For the present case study, the values needed to
provide results were collected from the company
Hypermetal. These values are mainly mean values
and assumptions that were made considering the
information given by the company.

Currently, a company that produces parts
through AM for the aerospace industry needs certi-
fication. Such certification means that the company
has a robust quality system and that there is con-
trol over the supplier in order to ensure the repro-
ducibility of the properties on the type certificate
[15]. For MAM, this means that a manufacturer
with a machine certified to produce certain parts is
not authorized to produce different parts without
re-certifying the machine for the new production.
Any change to the quality system is therefore sub-
ject to review by the regulatory authorities. For
that reason, a certified machine, if not fully uti-
lized, cannot be used for other applications, and
consequently its production is dedicated. This lack
of flexibility ultimately affects the economic viabil-
ity of MAM for the production of parts in small vol-
umes, which is the range where AM is more compet-
itive when compared to traditional manufacturing
[15].

Using a cost model for the forging process [17],
it was compared, in figure 3, the difference in cost
per part for the different production volumes for

the forging process and for the MAM process in
the cases where the production is dedicated and
non dedicated. The latter case would represent a
machine that could produce any part. Dedicated
MAM production is found to be not economically
competitive in relation to production costs, regard-
less of production volume, and the cost per part is
extremely high when compared to traditional manu-
facturing. In order for this type of manufacturing to
be able to compete with traditional manufacturing
of aerospace parts, it is necessary to develop MAM
technologies in order to ensure the reproducibility
of the process, which means having a non dedicated
MAM process for the aerospace industry.
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Figure 3: Comparison between dedicated and non
dedicated MAM production and forging.

It can be observed that non dedicated MAM has
a lower cost per part for a lower production vol-
ume when compared to this traditional process. A
limit value of 10 parts per batch was also assumed,
according to the case study. This is why the non
dedicated MAM chart has a saw tooth shape, since
for a new part produced in a new batch, the ma-
chine costs are added for the use of the machine for
the extra batch containing only one part.

A comparison is then made of the cost distribu-
tion for the MAM and forging processes, in figure
4. For an annual production volume of 50 parts,
the vast majority of the cost of MAM production is
associated with the cost of the machine, due to the
high production time and price of the machine. In
forging, it is the cost of tooling that takes up the
majority of the cost, for lower productions. This
tooling cost, which represents almost the total cost
in forging for low production volumes, does not ex-
ist in AM, which is one of its advantages.

m;Machine (84.1%) o Tooling (96.9%)

m Material (5.2%) W Machine (1.3%)

m Consumables (3.7%) W Material (0.6%)

[ Labor (3.7%) Energy (0.7%)
O,Building (3.1%) [ Labor (0.4%)
OEnergy (0.2%) @ Maintenance (0.1%)

Figure 4: Distribution of the costs of MAM and
forging for an annual production of 50 parts.



When comparing the costs of the process steps
in the MAM, most of the cost is associated with
processing, representing 94.8% of the total cost,
for a annual volume of production of 100 parts.
The pre-processing and the post-processing present
3.1% and 2.1%, respectively. Although the cost of
post-processing treatments was not calculated for
the case study, it is important to note that these
costs may represent a high percentage of the final
cost of the part [18].

5.3. Sensitivity analyses

In order to better understand how inputs inserted
into the model can influence the cost per part, sen-
sitivity analyses were performed. In the figure 5 is
represented the variation of the cost per part for
different values of parts per batch and, as can be
seen, the more parts produced per batch, the lower
the cost per part is.

Cost per part [€/part]

1 2 3 4 5 6 7 8 9 10
Parts per batch [parts]

Figure 5: Sensitivity analysis for the number of
parts produced per batch.

The fewer parts that are produced, the less time
is needed per production, however, more batches
need to be produced for the same annual produc-
tion number. It should be noted that, as mentioned
above, there are times that are constant regardless
of the number of parts per batch. The implication
of this fixed time causes the difference in cost per
part of the production of only one part for the pro-
duction of two parts per batch to be so accentuated.
With an increase in the number of parts per batch,
the cost per part is reduced, which is why the num-
ber of parts to be produced per batch in this MAM
process should always be optimized.

The cost per part is also influenced by the value
of the machine uptime. The higher this value is,
the lower the cost per part value is. A machine
that can produce a high number of hours has its
cost per part reduced due to the distribution of the
cost of the machine over the high number of parts
it produces. The figure 6 represents the machine
uptime sensitivity analysis for a production volume
of 50 parts per year.
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Figure 6: Machine uptime sensitivity analysis, for
an annual production of 50 parts.

The first value present in the figure represents
the cost per part for the dedicated production, as
mentioned above. It is observed that for a high
value of the machine uptime the cost per part is
substantially reduced.

AM cannot be competitive for a large volume of
production for the same part when compared to
forging. However, given that the AM process al-
lows the production of several parts with different
geometries, for a high machine uptime, this type
of manufacturing can be extremely advantageous.
With a low production volume for parts of various
geometries, it is possible to obtain a high machine
uptime and a low cost per part for each geometry
considered.

Currently the price of MAM machines is high,
as machine producers try to recover the high in-
vestments they have made in research and devel-
opment. The price of machines is expected to fall
considerably in the future when the machines are
produced on a large scale, the patents associated
with the technologies expire, and the competition
in the market is established [19].

For an annual production of 50 parts, a reduc-
tion in machine price directly influences the cost
per part. For a decrease in the price of the machine
from 500 000 € to 400 000 €, the cost drops from
149,82 € to 124,61 €. For a machine price of 300
000 €, the cost per part drops to 99,41 €. With
these values, it is observed that the cost per part is
considerably reduced, for a decrease in the price of
the machine.

5.4. MAM parts in the aeronautic industry

Using the considerations made, the monetary value
of the decrease in fuel use for a part reduction in an
aircraft was calculated. It was possible to obtain the
difference in fuel used between the original aircraft
weight case and the case with the reduction. This
value is then multiplied by the fuel price taking into
account the three scenarios mentioned above, the
lowest, most recent and highest fuel price in the
last 15 years. It is then presented, in table 2, the



amount saved for one year.

Case Lowest Recent Highest
Annual savings
[ € PPP] 8,39 16,23 35,09

Table 2: Annual value saved for each of the scenar-
ios considered, for weight reduction corresponding
to one part.

The annual savings are representative of the dif-
ference that exists with the use of an optimized part
in an aircraft. The present value is then calculated
for savings made over a certain number of years,
with the difference between the cost per part of
MAM and forging being added.

The lifetime of the parts was not taken into ac-
count here, being neglected the difference between
the parts optimized using MAM and the original
parts using forging, since this study was outside the
scope of this work. No consideration was given to
the eventual costs that the modification of the parts
would have, such as maintenance that the parts
would need to undergo or any investment value as-
sociated with the optimization process.

For a part lifetime of 5, 10 and 15 years, using
only the recent fuel price, the PV for fuel savings
for one part used is 40,39 €, 78,61 € and 102,33 €,
respectively, for a production volume of 50 parts.
However, these amounts itself do not represent a
large amount of money, given that it is being re-
ferred to large periods of time and only one part.

Huang et al., 2016 [20], estimate that an average
aircraft can have from 250 to 510 kg of metal auxil-
iary parts, which covers all non-structural and non-
functional components, including those with small
dimensions (e.g. brackets, hinges and clips) [20].
Assuming then that 510 kg of metal parts suffer
the same process of optimization as the part of the
case study, it was made an analysis of how much an
aircraft could save in fuel over the same time peri-
ods considered previously. For a weight reduction
of 202 kg, it is possible to save per year 22 594,99
€, considering the recent fuel price case.

In table 3, it is then presented the values of PV
for fuel savings, with a weight reduction of 202 kg.

Period of time Recent [ € PPP]

5 years 60 880,74
10 years 114 064,37
15 years 147 087,23

Table 3: PV for fuel savings assuming an aircraft
weight reduction of 202 kg, for a parts lifetime of 5,
10 and 15 years.

It can be seen that for a 202 kg weight reduction

in an aircraft, the fuel savings become more signif-
icant. These values show that there is a significant
potential for MAM to be present in the industry be-
ing that certain conditions are met. Even so, there
is still much to be done in the future, until the MAM
can be definitively established.

6. Conclusions

AM has numerous advantages that can be used by
several industries. The ability to create highly com-
plex parts and redesign existing parts to make them
lighter is a major factor and one of the reasons why
the aerospace industry has shown so much interest
in AM, with a particular focus on MAM.

When compared to a conventional process, such
as forging, MAM presents a lower cost per part for
a lower annual production volumes. The cost of the
machine occupies a large part of the percentage of
the final cost. In the analyzed case, this is due not
only to the high purchase price of the machine, but
also to the high process time, which leads to a high
utilization of the machine and consequent high allo-
cation of costs per part. Regardless of the number
of parts produced annually, the machine always has
the most influence. With prices of MAM machines
and materials expected to drop, when MAM ma-
chines begin to be produced on a large scale and
there is greater market competition, the cost per
part using this manufacturing process will also de-
crease.

In this work, the possible use of the parts pro-
duced by this technology in terms of fuel consump-
tion was also studied. Therefore, the effect that a
reduction in the weight of an aircraft translates into
a monetary saving of the spent fuel was analyzed.
It is concluded that it is possible to benefit finan-
cially from the adoption of MAM. This may not be
evident when is is considered a small weight reduc-
tion, but for a large weight reduction, the amounts
tend to become significant. The results represent
the values for only one aircraft and it is important
to point out that if this change happened on several
aircraft, this value would be ultimately higher.

When mentioning MAM in the aeronautical sec-
tor, there is still a critical aspect, certification of
parts, that was not taken into consideration in this
work. At the moment, machines certified to pro-
duce a certain part are not allowed to produce any
other part, becoming dedicated machines. This sce-
nario is a major obstacle to the implementation of
MAM in the sector. Nevertheless, with the develop-
ment of technology, the next step to be achieved will
be the development of technology capable of ensur-
ing the right conditions to produce several parts of
different geometries. Changing the auxiliary parts
in an aircraft may require less control in terms of
certification [18] and could be MAM’s short-term



focus on this industry.

In the study case analyzed, the costs of post-
processing treatments were not taken into account.
This limitation prevents accurate observation of all
the costs involved in the production of a part. An-
other constraint to be mentioned is the fact that the
material considered in the cost calculation is not the
most suitable for the aerospace industry. It should
also be noted that the conclusions drawn in terms
of fuel consumption with weight reduction are lim-
ited because only fuel savings have been considered,
without taking into account other costs which might
be associated with the modification of parts pro-
duced by traditional manufacturing to parts pro-
duced by MAM.

A potential future work is identified here, con-
sisting of carrying out an analysis of the costs asso-
ciated with the certification process. It is also rec-
ommended that a study be carried out that covers
not only the value saved, but also a life cycle as-
sessment, analyzing the environmental impact that
this reduction in fuel use may have.

Finally, the integration and development of the
cost model into a company’s overall production pro-
cess is suggested in order to facilitate decision mak-
ing, beyond the simple decision to produce a part
between two manufacturing processes. Reducing in-
ventory costs, decreasing the time it takes to order
parts and shortening supply chains could be com-
bined with the cost of the part by conducting an
overall analysis of the MAM in order to clearly un-
derstand to what extent this process can prove to
be a major competitor to traditional manufacturing
processes.
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