Research Article

An extended cost analysis method for complex lightweight aircraft S N
components manufactured with selective laser melting

Ramona Dogea'® - XiuT. Yan' - Richard Millar?

Received: 23 February 2023 / Accepted: 11 May 2023
Published online: 12 June 2023

© Crown 2023 OPEN

Abstract

Current research has shown that the costs of manufacturing parts by the selective laser melting (SLM) process are higher
than production using conventional manufacturing techniques. This paper aims to extend a cost manufacturing analysis
method for metallic parts based on CAD data by including hot isostatic pressing as a heat treatment in the SLM tech-
nique. The proposed method includes all the pre- and post-processing steps linked to SLM and allows the determination
of aggregated costs per part. A case study consisting of a lightweight metallic aircraft wing rib with Internet of Things
capabilities whose weight is around 96% less than that shown to be necessary by other studies is presented. The results
show that the main cost driver is the build cost, for which the major contributor is the machining cost, followed by the
material cost. This analysis can be applied to other components within an aircraft wing box.

Article highlights

of required software and tools, and the machine’s cost
per hour.

¢ Identification of main cost drivers in aircraft compo-
nents manufactured with SLM and HIP process, and
estimation of the optimal volume parts of wing ribs
mass production with sensory covers.

e Extension of a previous cost model for SLM process
considering a detailed heat treatment cost breakdown
and HIP process in complex lightweight aircraft com-
ponents.

e Validation of cost analysis method with two industrial
3D printing suppliers, in particular the operator’s hourly
rate, the hourly rate of the workstation, including costs

Keywords Additive manufacturing - Aircraft wing rib - Cost analysis - Aluminium alloy 7050 powder - Hot isostatic
pressing

1 Introduction The SLM process allows product developers to design

and improve parts with high degree of geometrical free-
Selective laser melting (SLM) is an additive manufactur- dom. AM' facilitates the production of Iightweight com-
ing (AM) process used in different industrial sectors to ponents in the aerospace sector and allows designers to

produce metallic parts directly from powder materials. create parts that would not be possible with traditional
manufacturing technologies [1]. SLM is an AM process
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that uses laser melting to produce metallic components
from thin layers of powdered material. The high melting
point of metals requires a significant amount of power,
but components produced through SLM have comparable
mechanical properties to those of bulk materials. The pro-
cess involves depositing layers of metal powder on a build
platform, which are melted by a laser and then coated with
new powder layers until the object is complete. A support
structure is necessary to hold the object and enable heat
transfer, and a low oxygen environment is required to
minimize thermal stresses and prevent deformations [2].
Freedom of complex design geometries impacts the
final part weight, the lifecycle cost, the material cost and
energy consumption during the manufacturing process
[3]. Nowadays, AM productivity using metals still needs
to be improved compared to traditional manufacturing,
especially when fabricating large parts. To get an over-
view of the costs of AM processes, it is usual to represent
the cost level using a cost-to-mass index such as €/kg [4].
The costs of metal parts manufactured by an AM process
seem very high compared to those of traditionally fabri-
cated parts. Thus, current researchers are still investigating
the cost modelling that appropriately covers all economic
aspects to extend the AM technology’s use in industrial
applications by implementing different approaches [5-7].
When analysing costs in AM processes, current stud-
ies show that the most relevant factors are the machine,
material, post-processing, preparation, and building time
costs. Estimating the building time is one of the most
challenging tasks since its influence on the building cost
is significant [8]. Several cost methods have been devel-
oped in the past, but not all of them calculate the cost
for a single part. A cost model developed by Cicconi et al.
[9] considered a breakdown of material, machine, labour,
equipment, consumables and energy costs. Other stud-
ies state that the cost of an AM part is the addition of
five contributions: material, machining, heat treatment,
post-processing, and human work [10]. The material cost
depends on the part volume, the volume of supports,
the powder recovery rate, powder density and powder.
Other researchers have focused on the following factors:
preparation of geometry data, the build job assembly, the
machine set-up, building up the part, removing the part
from the SLM machine, the part separation from its sub-
strate plate, and post-processing [11]. Compared to other
approaches, this analysis model does not consider energy
costs as a separate input since these factors are included
in the machine costs. In addition, Rickenbacher et al. did
not specify any cost for heat treatment or a HIP process
in their model. In this work, their approach was used and
extended considering a detailed heat treatment post-pro-
cessing since, nowadays, producing complex geometries
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with SLM requires advanced heat treatments such as the
HIP process.

During the post-processing of manufactured AM com-
ponents, it is usual to apply techniques to improve the qual-
ity of the final part, such as hot isostatic pressing (HIP). The
laser powder bed fusion technique leads to tensile residual
stresses near the top and compressive near the bottom of
the part. The scope of the heat treatment is to relax stresses
and reduce them while fixing the part displacements [12].
The heat-treatment costs are allocated to the parts produced
per job [13], which can be estimated at a fixed cost of 100
€/job [10]. For critical applications requiring high elonga-
tion, the hot isostatic pressing (HIP) treatment is a reliable
approach for improving ductility and allows the optimisation
of SLM parameters [14]. The HIP is used to eliminate pores in
the material and to release residual stresses [15], as well as
to densify materials due to the degree of homogenisation of
the alloy composition that can be achieved. However, there
is no general scheme for implementing a HIP treatment
since it depends highly on the application [16]. The cost of
a HIP process depends on the system characteristics, like
furnace size and type, and critical HIP cycle characteristics
parameters, such as material and payload weight. In addi-
tion, consumption costs play an essential role comprising
electricity, gas, maintenance and labour, including the local
price for utilities, like person-hours. For large parts processed
using HIP, Ahlfors et al. considered 183 € as the fixed opera-
tion cost per cycle and 0.19 € as the operation cost per part
[17]. This technology has been further developed, and the
combined costs have been drastically reduced to approxi-
mately 0.33 €/kg [18].

Considering the existing research, the total manufactur-
ing costs may be calculated as follows [11]:

Ctot(Pi) = Cprep(Pi) + Cbuildjob(Pi) + Cset up(Pi)
+ Cbuild (Pi) + Cremoval(’Di) + Csubstrate(Pi) (1)

+ Cpostp (i)

where P; is the part with the ith geometry, C,,,, is the cost
for preparing geometry data, Cy 405 is the cost for build
job assembly, C.,. ,, is the machine set up cost, Cp4 is the
cost for building up the part, C,.,,,, is the cost for remov-
ing the part from the SLM machine, C,,;are is the cost to
separate parts from their substrate plates, and C, is the
cost for post-processing. Each cost quantity in Eq. (1) can
be broken down to calculate the actual value of the con-
tribution of each term. This equation will be split up and
adapted to the case study of this work.
Cost of preparing geometry data

Coper + Cpc
Cprep(’Di) = N : tprep (2)
i
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where C,,,, is the operator’s hourly rate in euros per hour
(€/h), Cpc is the hourly rate of the workstation including
costs of required software and tools in €/h, torep is the time
required for preparing CAD data in hours (h), and N, is the
quantity of parts with ith geometry.

Cost for build job assembly

Coper T Cpe

oper
Couitgon (P1) = N tha (3)
i
where t,, is the time required for build job assembly in h.
Machine set up cost

C er + Cmachine

op
Coet up (Pi) = N et up (4)

i

where C,;pine is the machine’s cost per hour in €/h, and
toer up iS the time required for machine set up in h.

Cost of building up the part

Cbuild(P i) = Cmachine * Tpyita + Cmal‘erial : mpart (5)

where t, ;4 is the building time in h, C,,,0ia IS the material
cost in €/kg, and m,,,, is the part mass in kg.
Cost of removing the part from the SLM machine

Coper + Cmachine

CremovaI(Pi) = T : tremoval (6)

I

where t,.0vq is the time required for removing parts from
the SLM machine in h.
Cost to separate parts from their substrate plates

Coubstrate (Pi) = ISEﬂ (7)
iplate
where Cpp,y is the cost for the electrical discharge machin-
ing (EDM) process to separate parts from their substrate
platesin €, and N; is the number of parts with ith geometry
that can be built in one job and that fit on one base plate.
Cost for post-processing

Cposrp(P i) = CT + Crools * Trools (8)

where C; is the cost of post-processing treatment in €,
Ciools IS the cost per hour for a workplace, including all
required tools for post-processing in €/h, and t,, is the
time required for all tools during post-processing in h.
Equation 8 differentiates whether C; is just a standard
heat treatment or a HIP process. Table 1 summarises the
parameter values used in this work.

The material cost of AA7050 was estimated to be 75 €/
kg considering that it belongs to the same aluminium alloy
series as AA7050 [20]. The costs C,,, C,c and Cppyepine WeTeE
estimated according to Company A, which provided a quo-
tation for printing the parts, while the building times
touild rib @N tpuiia cover Were previously estimated through
simulations with Simufact Additive™ and confirmed by
Company B, which provided a quotation for printing the
parts. Companies A and B were contacted to get the pro-
totype printed in aluminium. Company A is based in the
United Kingdom, and Company B is in Spain. Both compa-
nies are suppliers of AM services such as 3D printing. In
[11], the relationship between the operator’s hourly rate

and the costs of tools for post-processing was E{—"/ = 4()—%.
h
Table 1 Parameter values used in the case study
Parameter Description Value Unit Source
Coper Operator’s hourly rate 28 €/h Company A
Cpe Hourly rate of the workstation, including costs of required software and tools 28 €/h Company A
Crnachine Machine’s cost per hour 28 €/h Company A
Cur Cost of post-processing heat treatment 100 € [10]
Chip Cost of post-processing hot isostatic pressing 0.33 €/kg [18]
Ciools Cost per hour for a workplace, including all required tools for post-processing 12.50 €/h [11]
Conaterial Material cost AA7050 powder 75 €/kg [19]
Ceom Cost for EDM process to separate parts from substrate plate 150 € [11]
torep Time required for preparing CAD data 15 min [11]
tha Time required for build job assembly 15 min [11]
tet up Time required for machine set up 45 min [11]
tremoval Time required for removing parts from the SLM machine 30 min [11]
tiools Time required for all tools during post-processing 6 min [11]
touild rib Wing rib building time 235 h Company B
touild cover Sensory cover building time 30 min Company B
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This ratio was considered to be acceptable, and it was used
in this paper to obtain C,,,. Taxes and transportations
costs for delivering printed parts were not considered.

There are ongoing studies on cost modelling methods
for wing ribs using additive manufacturing processes that
focus on cost estimation accuracy. In [21] a wing rib made
of carbon-fibre-reinforced polymer (CFRP) using single-
line-injection (SLI) had a direct manufacturing cost of
about 584 €/kg, where the labour costs comprised 49%. At
the same time, the fibre and matrix were about 35%. Other
researchers manufactured wing rib geometries using a
specific technique known as wire arc additive manufac-
turing (WAAM) with a deposited stiffening web (WAAM
1). They are then also machined from a thicker substance
(WAAM 2). Their manufacturing costs were compared to
traditional machining considering two different material
removal rates (MRR) to produce an aluminium wing rib
of 15 kg. For a MRR of 65 kg/h, the part cost was 5684 €
when machined from solid material, 1972 € with WAAM 1
and 2320 € with WAAM 2. For a MRR of 323 kg/h, the part
machined from solid material was 5104 €. Using WAAM 1,
the cost was 1972 €, while manufacturing using WAAM 2
was 2204 € [22]. A summary of the current literature review
is given in Table 2.

When comparing those manufacturing methods, the
most cost-effective technique seems to have been WAAM
1 since the costs for fabricating one part result in 131.47
€/kg for both MRRs.

This paper examines an extended cost analysis for the
SLM manufacturing process. The aim is to answer the fol-
lowing research question: How does the metal powder feed-
stock impact the overall cost of SLM processes, including heat
treatment and HIP process? An existing SLM cost model was
extended through a detailed heat treatment cost break-
down concerning aircraft components, and a case study
is presented to answer this question.

This work is structured into the following sections: the
introduction, extended cost analysis method, results and
discussion, conclusions and further work, and references.

2 Cost analysis method

The total material cost for manufacturing parts using the
powder bed fusion process depends on the volume and
the price of the material. In AM processes, the volume of
the material used is not completely limited to the geom-
etry of the final part. To produce geometrical shapes like
holes, an amount of support structure is required. This
depends on the complexity of the part and its orienta-
tion in the build chamber. In MPBF, the build chamber
is filled with powder to the maximum height of the final
part based on its position. Most of the powder is not
used for producing the part but can be reused in subse-
quent printing activities.

For this research, AA7050 aluminium alloy powder
was selected since it was used at the part design stage
[23].This alloy is heat treatable and is used in various aer-
ospace applications, including wing skin, bulkheads and
fuselage frames, and it is a popular commercial alloy in
the aerospace industry [24]. In order to specify AA7050
powder in Simufact Additive™, its powder material char-
acteristics were introduced. The relevant properties of
this material are listed in Tables 3 and 4 [25].

2.1 The 3D aircraft wing rib

The simulation of the AM process for the wing rib was
carried out in the Simufact Additive™ software that was
used to achieve an optimal cost-effective part orienta-
tion and to evaluate the build quality in terms of strain
and stresses due to thermal effects. This paper’s addi-
tive manufacturing technique used to generate samples
includes the powder bed fusion process since it is the
most appropriate process for fabricating aluminium
parts in the aerospace industry. The part was simulated
with aluminium alloy (AA7050), and the part’s geometry
had already been optimised for the AM process.

The wing rib is an aircraft component that withstands
wing torsion, skin, and spars. Figure 1 shows a virtual 3D
model of the wing rib and the sensory cover. The wing

Table 2 Costs of additive and

traditional manufactured wing Material Process MRR (kg/h) Mass (kg) Cost (€) Cost/mass (€/kg)
ribs (converted to euros) CFRP st - 32 1868.80  584.00

Al Machined from solid 65 15 5684 378.93

Al WAAM 1 65 15 1972 131.47

Al WAAM 2 65 15 2320 154.67

Al Machined from solid 323 15 5104 340.27

Al WAAM 1 323 15 1972 131.47

Al WAAM 2 323 15 2204 146.93
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Table 3 Properties for AA7050
powder

Parameter Value
General properties Temperature 300-450 °C
Effective plastic strain 0.0-0.7
Strain rate 0.001 1/s-1.01/s
Powder characterisation Average grain size 0.1 mm
Grain size nominal range 0.05-0.2 mm
Cold spot temperature 570°C
Hot spot temperature 890 °C
Thermal properties Thermal conductivity 157 W/(m K)
Specific heat capacity 0.86 J/(g K)
Density 2830 kg/m?
Dissipation factor 0.9
Solidus temperature 488 °C
Melting temperature 629 °C
Mechanical properties Young's modulus 2.8 - e*MPa
Poisson’s ratio 0.33
Thermal expansion coefficient 24-e7°1/K
Yield strength 480 MPa
Tensile strength 524 MPa
Electromagnetic properties Electrical resistivity 42-.e78Qm

Electrical conductivity 232558 -7 1/Qm

Table4 Chemical composition of AA7050 powder (percentage
mass proportion)

Element Minimum Maximum Fixed value
Al 87.30 90.30 87.850
Zn 5.70 6.70 6.520
Mg 1.90 0.60 2.480
Cu 1.00 2.60 1.640
Si 0 1.00 0.727
Cr 0 0.03 0.263
Fe 0 0.20 0.190
Ti 0 0.10 0.095
Mn 0 0.10 0.053
Zr 0.08 0.20 0.018
Fig. 1 Wingrib

rib has a maximum length of 1000 mm, a maximum
height of 180 mm and a 3 mm web thickness with 6 mm
upper and lower caps. Each cover is 34.7 mm in diameter
and 15 mm in length.

The brief data related to this wing rib part is described
in Table 5.

2.2 Extended cost analysis

This section presents the cost analysis of an aircraft wing
rib with three sensory covers that have been virtually
manufactured using a selective laser melting process
with Simufact Additive™. The methodology introduced by
Rickenbacher et al. [11] has been applied and extended
in this work to facilitate the computation of costs linked
with SLM processes. The approach has been extended
to consider the integration of cutting-edge heat treat-
ments, such as the hot isostatic pressing (HIP) process, in
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Table 5 Details of the wing rib part

Parameter Data
Material AA7050
Material density 2.830 kg/m?
Part weight (with sensory covers) 0.645 kg
Part maximum length 1000 mm
Part maximum height 180 mm
Web thickness 3mm
Upper and lower caps 6 mm

the comprehensive cost evaluation. The manufacturing
cost for the wing rib was calculated according to the cost
model previously described in the state-of-the-art section.
To calculate the total manufacturing costs, the build and
post-processing costs must be split up for the wing rib and
sensory covers. Equation 9 was used to calculate the cost
of building up the wing rib:

Cbuild rib = Cmachine : tbuild rib + Cmaterial rib (9)
where:

Crnaterial rib = Cparr rib Csupport rib (10)
=My - Cmaterial + msupporr rib Cmarerial

In order to calculate the cost of building up one sensory
cover, the following equation was used:

Cbuild cover — “machine * Z.build cover + Cmaterial cover (1 1)
where:
Cmateria/ cover — Cpart cover T Csupporl‘ cover

= Meoyer * Cmaterial + msupporr cover * Cmaterial

(12)

According to Eq. 8, the cost for the post-processing for
the wing rib considered the HIP, and for the sensory covers
a standard heat treatment:

Cposrp rib = CHIP + Crools * Trools (13)
Cpostp cover = Chr F Crools * trools (14)

where Cyp is the cost of the HIP in €, and Cy; is the cost of
heat treatment in €. The cost of the HIP is also split up in
two terms: the fixed operation cost per cycle, Cyp e and
the fixed operation cost per part, Cyp g, Thus:

CHIP = CHIP cycle + CHIP part Ni (15)

It is estimated that four ribs can be built on one base
plate to calculate the costs of separating parts from their
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substrate plate. In addition, for the sensory covers, the
number of pieces is estimated to be 30.

3 Results and discussion

In the previous sections, an existing cost model given by
Rickenbacher et al. [11] was extended due to its lack of a
detailed heat treatment cost breakdown and HIP process
consideration. A cost analysis has been performed consid-
ering a wing rib with sensory covers as a case study, and
the use of the SLM process with material AA7050 powder.
The results prove a significant cost reduction for both the
wing rib and the sensory cover production volume, start-
ing from manufacturing 100 pieces, Fig. 2. To manufacture
100 wing ribs, it is necessary to fabricate three sensory
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covers, so the necessary production volume for those is
300 pieces (Fig. 3). Thus, for each wing rib, the cost would
be 812.80 € considering a production volume of 100 parts,
and the cost for each sensory cover would be 20.83 € when
the production volume is 300 pieces. Figure 4 shows that
manufacturing one single wing rib with three sensory cov-
ers would cost 879.26 €.

Figure 5 shows the total costs per kg for one rib and
three sensory covers. For a production volume of 100
wing ribs, each with three sensory covers, the cost would
be 1362.75 €/kg. Compared to the current literature, the
cost per kg seems to be much higher than for other AM
manufacturing processes, such as WAAM, by around ten
times. However, in this work, the cost estimation was
performed considering a lighter part: the weight was
around 96% less than the components shown in the
above literature.

The cost variation within the production volume of
up to 300 parts was calculated to get an overview of the
cost reduction. Table 6 shows the results.

As mentioned before, the significant cost variation for
the wing rib is when manufacturing 100 components. At
the same time, the sensory cover is 200 parts, although
a production volume of 300 sensory covers is required
for 100 wing ribs. Figure 6 shows the total cost variation
per part concerning the production volume.

A cost breakdown was performed to understand the
cost contribution during the AM manufacturing process,
considering each contributor to the total cost. The build-
ing cost remains constant, independent of the produc-
tion volume and always represents the major contributor
to the total cost, which was validated by the previous
cost model [11]. The other cost contributors decreased
when the number of parts increased. Supposing one part
was manufactured, the building cost would be 818.06 €,
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Fig.5 Total cost per part in €/kg—Wing rib with three sensory cov-
ers

which represents 52.17% of the total cost. The second
contributor to the total cost was the cost of post-pro-
cessing, 19.48%. This is shown in Table 7.

Figure 7 shows the detailed cost breakdown for each
cost contributor.

The building cost for one wing rib and three sensory
covers would be as follows:

Cbuild wing rib = Cbuild rib T 3 Cbuild cover

(16)

= (Cmachine : tbuild rib + Cmuterial rib * mparr rib)

+3- (Cmachine ° tbur’/d cover T Cmarerr'a/ cover * mparr cover)

Within the building cost, the main contributor was the
machine cost. For one wing rib, it can be calculated con-
sidering the machine costs and the building times for the
parts:

Cmachine wing rib = Cmachine * Lpuitd rib + 3 Cmachine * Youild cover

= 28% -235h+3- 28% -0.5h = 700€

The AA7050 powder cost is the other contributor
to the building cost. The mass of the rib (mp, ) is

631.96 g, while the mass of the support (mg,po0rt rib) i

Table 6 Total cost variation against piece number

1000 |-\ | X 10
Y 941.88

Total cost per part - Wing rib with 3 sensory covers (€)
©
o
o

®
o
S
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.
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Fig.4 Total cost per part in €— Wing rib with three sensory covers

Pieces Wing rib (%) Sensory cover Wing rib with three
(%) sensory covers (%)
1 - - -
10 9.69 81.73 39.93
100 1.07 44.72 6.65
200 0.06 4.51 0.39
300 0.02 1.56 0.13
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Fig.6 Total cost variation per
part for the production volume
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90

50
40

30

Total cost variation per part (%)

20

—e—Sensory cover

10 \

—e— Wing rib with 3 sensory covers

0 50 100 150 200 250 300
Production volumen (pcs)
Table 7 Cost breakdown for one wing rib with three sensory covers
Pieces 1 10 100 200 300
Unit Cost (€) Share (%) Cost (€) Share (%) Cost (€) Share (%) Cost (€) Share (%) Cost (€) Share (%)
Cprep 56 3.57 5.60 0.59 0.56 0.06 0.28 0.03 0.19 0.02
Cpuidjob 56 357 560 059 056 0.6 028 003 019 002
Coet up 168 10.71 16.80 1.78 1.68 0.19 0.84 0.10 0.56 0.06
Chuilg 818.06 52.17 818.06 86.85 818.06 93.04 818.06 93.41 818.06 93.53
Cemoval 112 7.14 11.20 1.19 112 0.3 056  0.06 037 004
Cobstrate 5250 335 5250  5.57 5250 597 5250  5.99 5250  6.00
Cpostp 305.48 19.48 32.12 3.4 4.79 0.54 3.27 0.37 2.76 0.32
Ceot 1568.04 100 941.88 100 879.27 100 875.79 100 874.63 100
357% 3579 Table 8 Estimation of the AA7050 powder costs for the wing rib
19,48% and the sensory cover considering the support
10,71%
Wing rib Cover
w Cprep Part Support  Part Support
3559 C build job
35% \ I Mass (g) 631.96  895.59 442 11.10
® C build Cost (€) 47.40 67.17 0.33 0.83
e = C removal Crnaterial (€) 114.57 1.16
= Csubstrate Coart/ Cmaterial (%) 4137 28.46
u C postp Csupport! Cmaterial (%) 58.63 71.54

52,17%

Fig.7 Cost breakdown for one wing rib with three sensory covers

895.59 g. The AA7050 powder cost for fabricating the
wing rib, including the support, is 114.57 €, and the
wing rib itself represents 41.37% of the total AA7050
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powder costs, while the support is 58.63%. In the case
of the sensory cover, the mass of the cover (Mg, cover)
is 4.42 g, and its support (My,,5ort cover) IS 11.10 . The
AA7050 powder cost percentage for the cover is 28.46%,
while its support percentage represents 71.54%. The
total mass for one rib with three sensory covers is
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Mpare = Mpartrip + 3. Mpartcover = 631.96g + 3 - 4.42g = 645.22g f
and the AA7050 powder costs for one rib are

Cmaterial wing rib = (Cparr rib T Csupport rib)
+3-(C +C, ) = (47.40€+ 67.176)

part cover upport cover

+3-(0.33€+ 0.83) = 114.57¢+ 3 - 1.16€ = 118.06¢- Table8
shows a cost summary of the AA7050 powder costs.

The contribution of the AA7050 powder cost for one
single rib to the total cost is given by Eq. 17:

Crnaterial wingrib-_ 118.06€
Coor ~ 1568.04€

-100% = 7.53% (17)

The building cost highly depends on the printed geom-
etries and whether different geometries are built up in sepa-
rate build jobs [11]. In their study, Rickenbacher et al. esti-
mated the building for three different geometries, resulting
between around 33% and 78% of the total costs when sepa-
rating the printing of each geometry. Compared to their
study, in this work the building cost represented around
52% of the total costs for one single wing rib with three
sensory covers. This value is within their estimated range.

Compared to the research conducted by Cicconi et al.,
who obtained a material share of 0.8% concerning the total
manufacturing costs, this case study gives a metal powder
contribution of around ten times higher. This is explained
by the fact that their part weight is around 34% of the wing
rib with sensory covers. Besides, their geometry is quite dif-
ferent, and the manufacturing costs thus vary [9].

Abattouy et al. estimated a cost model of the SLM pro-
cess printing a cubic crane of 8 cm® and 64 g. Their model
results in a contribution of the powder metal cost of 1.8%
to the total costs, around four times less than the study
analysed in this work. Again, the geometry is a relevant
factor in analysing the SLM costs. When manufacturing
one single rib with sensory covers, the machine cost is
considered within the building (52.17%), set-up (10.71%)
and removal costs (7.14%), which make up 70% of the total
costs. This value is slightly higher than the SLM machine
costs (62%) presented by Abattouy et al. since they sepa-
rate the operator’s hourly rate. The post-processing (9%)
and build planning (4%) costs in their study are also less
compared to this work, 19.5% and 7.14%, respectively [26].

4 Conclusions and future work

The scope of this work was to extend a previous cost anal-
ysis method of SLM process considering a detailed heat
treatment cost breakdown and HIP process in complex
lightweight components. A metallic aircraft wing rib, pro-
duced with SLM and AA7050 powder weighing around
96% less than the ribs shown in the current research, was
used as a case study. The main results are as follows:

e Data from one 3D printing supplier was used to validate
the operator’s hourly rate, the hourly rate of the work-
station, including costs of required software and tools,
and the machine’s cost per hour.

e The data from a second supplier was used to verify
the building times for the wing rib and the sensory
cover, which had been previously calculated through
simulations in Simufact Additive™.

e The results gave an optimal production volume of 100
wing rib parts and 200 for the sensory cover parts.
The cost of one wing rib with three sensory covers
was estimated to be 879.26 € for a production volume
of 100 manufactured parts, while the price per kg was
1362.75 €/kg for 100 manufactured parts.

e The results also showed that the main cost driver was
the building costs, and within these, the major con-
tributor was the machine cost, followed by the metal
powder costs.

e The support contributed 58.63% to the material cost
for the wing rib, while the sensory cover contribution
to the support was 71.54%.

This research’s main contribution and novel findings
entail an expanded cost analysis of the SLM process, com-
prehensively incorporating a detailed cost breakdown of
heat treatment processes for manufacturing lightweight
aircraft components. Two industrial 3D printing companies
validated this work, and the main cost drivers in aircraft
components manufactured with SLM and HIP processes
were identified. The study also estimates the optimal vol-
ume parts of wing rib mass production with sensory covers.

Future work will estimate the wing rib cost, including
the loT implementation.
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