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Abstract

The process of metal additive manufacturing (AM) is now widely used in fabricating complex parts in today’s industry. The scope
of this paper is to redesign a manufacturing process for complex aircraft components using wing ribs as example by considering
embedded Internet of Things (IoT) sensory capability that can be used in an Industry 4.0 ecosystem for moving away from a
condition-based preventive maintenance system to a data-driven predictive maintenance-based system. This work is based on a
previous study that considered the part design stage which deals with finding the best design solution for a single part. Consider-
ing a wing rib geometry of 3-mm web thickness with 6-mm upper and lower caps, the manufacturing process is designed and
assessed using the Simufact Additive™ software. The use of AM when embedding IoT sensors allows more flexibility without
compromising the structural integrity of parts, as well as the advantage of design freedom and limited cost when modifying
geometries. The outcomes show that the manufacturing process depends strongly on hot isostatic pressing (HIP) for the wing rib,
but for the sensory covers it presented no significant improvement. The results also show that the support optimisation can lead

to an important reduction of mass and volume as well as an improvement of the structural performance.
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1 Introduction

Certain aspects of the metal additive manufacturing (AM) pro-
cesses depend to some extent or other on the use of a heat source.
This can be in the form of an electron beam, a laser or an arc or it
can even depend on the process of raw material supply. There are
two approaches to AM, specifically the powder bed fusion (PBF)
and direct energy deposition (DED) processes, that can be used
for manufacturing metal parts with no requirements for a second-
ary casting or infiltration process. Both processes can be used for
manufacturing metal components with near-full density [1]. PBF
generates a three-dimensional part by means of a layer-by-layer
laser fusion of metallic powders [2] and can be split into two
sub-processes, where these are defined principally by the source
of fusion, by the use of either an electron beam or a laser [3].
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Electron beam powder bed fusion (EBPBF) uses a high energy
electron beam to melt sequential layers of a metal powder to lead
to the manufacture of solid components of the required density.
This category of part has to be fabricated in a vacuum due to the
physical requirements of the electron beam. AM systems of the
sort just described usually require a larger feedstock powder size,
and this results in higher surface roughness. The AM build time
is, however, generally lower because of the use of high power and
rapid scanning for the electron beam [4, 5]. Another AM process
is termed laser powder bed fusion (LPBF) and this is increas-
ingly common in industry, thanks to its capability for high reso-
lution and high-quality part production. LPBF employs at least
one high power laser to melt and solidify the layers of powdered
metal. This procedure is based on a powder feedstock delivered
to and then coated on a platform, at which point the powder is
melted and solidified in a precise manner under the control of a
computer-aided design (CAD) model. Key parameters, such as
laser power and layer thickness in particular, are user controllable
for a particular material and application.

DED technologies operate in a different manner to PBF, requir-
ing local deposition of the material stock through the use of a
powder or wire-feed directly into the melt pool, noting that this can
be initiated by a high energy in the form of a controlled electric
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arc, a suitable laser or a high energy electron beam. DED can be
used to manufacture very large components because it does not
need a powder bed. It should be clarified that DED generally pro-
duces components at lower resolution compared to those obtain-
able from powder bed—based technologies [4]. AM in general is
now popular within the aerospace industry for the production of
critically important metallic parts [6] due to the inherently reduced
lead time and costs, and also the fact that complex lightweight
geometries of high performance can be reliably produced through
these manufacturing technologies. AM offers an inherently high-
speed capability for the manufacture of replacement parts, and
can be significantly faster than other manufacturing processes,
with excellent resources available for localised heat treatment, sur-
face hardening and alloying, the precision removal of material,
repairs and high-performance prototyping [7]. In addition to this,
AM provides the designer with options for integrated lightweight
design, and a consequential reduction in the number of system
components [8]. Processes of metal AM are inherently different to
the more conventional subtractive machining, using feedstocks of
some form to build the component up in a layer-by-layer manner,
and employ powders or wires melted or fused by heat sources.
These materials are then solidified to generate the required geom-
etry on the basis of a heat source path that can be defined within a
digital process [9]. AM capabilities can be optimised for specific
applications and such processes are now standardised within ISO/
ASTM 52,900 [10]. We note that PBF is the principal technique
for the production of metallic parts [11]. Current research shows
that the AM part orientation has a big influence on the properties
of the final part and the amount of the support structure needed.
Furthermore, the selected part orientation affects the support con-
tact area, surface roughness and build time, as well as the cost of
the manufactured parts [12]. Support structures can be perceived
as a waste in the AM process since they consume powder and
energy [13], and the build time is increased as well as the cost of
the part due to the additional material and the removal process
[14]. The support structures should be analysed by a draft angle
and potentially modified to minimise the amount of material and
manufacturing costs involved [15]. The main purpose of creat-
ing support structures is to assist printability in the manufacturing
process. A 3D model with different geometries with holes or edge
features, for example, will need a support structure for a success-
ful fabrication since the support structure is necessary to keep the
printed parts in the desired position.

In the aerospace industry, the most appropriate process for fabri-
cating aluminium parts is the selective laser melting (SLM), a layer-
by-layer process, which will be involved at this process design stage.
The fabrication of smart structures using the AM technique can
allow the flexibility of embedding sensors within a structure with-
out compromising the structure and/or its functionality. Conversely,
using traditional manufacturing by placing sensors increases the
possibility of disturbing the normal operation of systems due to
the sensor placement design [16]. There are two parameters that
have most attention in current studies: laser power and scan/laser
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speed. In [17], a matrix of power and speed settings was created in
order to understand the relationship between power and speed for
metal powder bed fusion processes. They varied power from 50 to
200 W and speed from 100 to 250 mm/s. For stainless steel, the
optimum weld bead was found between 150 and 200 W and 175
and 225 mm/s. Wang et al. investigated the effect of power and
speed machine in SLM of aluminium and its alloys. The laser scan
speed was varied from 1455 to 182 mm/s, whilst the laser power
was reduced from an optimum value of 320 to 80 W in 6 steps of
40 W each, to maintain a constant energy density of 55 J/mm?. They
showed that strength and ductility of the samples decrease gradually
when both laser power and laser scan speed are decreased [18].

LPBF technique leads to residual stresses that are tensile near
the top and compressive near the bottom of the part. If the part is
removed without caution, it will bend excessively. To avoid such
displacements, a stress-relieving heat treatment may be applied.
The scope of the heat treatment is to relax stresses and to reduce
them, whilst fixing the part displacements. Modelling of the heat
treatment has been investigated. In the current research, a beam
is manufactured using PBF at five different temperatures and for
six different dwell times. It is demonstrated that the displace-
ment clearly decreases when the temperature is increased, and
the ramp-up stage plays an important role in the final deflection.
However, during long heat treatments at temperatures above
750 °C, the deflection increases [19]. In addition, there are stud-
ies on heat treatments that consist of more than one stage. For
example, heat treatment experiments in two stages at different
temperatures were carried out to verify the mechanical proper-
ties of AA 7050 [20]. For aluminium alloy 7050, other research-
ers investigated different durations of heat treatment to obtain
a refined and homogeneous microstructure: 2 h at 420 °C and
then 8 h at 470 °C before being quenched in water; and heat-
treated 30 min at 470 °C, quenched in water and artificially aged
at 121 °C for 16 h [21]. Moreover, the heat treatment modifies
the microstructure in order to adjust the mechanical properties
of a material to match its function in an application. Since SLM
produces microstructures different from those of conventional
manufacturing, the response to a particular heat treatment will not
be similar to that of a conventionally manufactured part [22]. One
parameter required for the application of a heat treatment in Sim-
ufact Additive™ is the surface heat transfer coefficient, which is
the relation between the heat flux and the temperature difference.
The heat transfer coefficient depends on material properties, cool-
ing medium properties and the initial temperature and cooling
time, amongst other factors [23]. For the work discussed in this
paper, natural convection will be considered, with a heat transfer
coefficient of =5 W/(m>K) as constant value [24].

For critical applications that require high elongation, the HIP
treatment is a reliable approach for improving ductility, and it
allows the optimisation of SLM parameters [25]. HIP is used to
eliminate pores in the material and to release residual stresses
[26], as well as to densify materials due to the achieved degree
of homogenisation of the alloy composition, although there is no
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general scheme for the implementation of a HIP treatment since
it depends highly on the application [27]. For powder metallurgy
parts, combining high temperature and high pressure has shown
advantages such as consolidation of material properties by creep
and diffusion, healing of internal voids and strength improvement.
The HIP cycle depends on the parameter temperature and pressure
parameters as well as the dwell time. Both ramp-up and ramp-
down slopes, also known as heating and cooling rates respectively,
are determined by the maximum temperature and the dwell time
of the treatment. The pressure is gradually increased, and when
the temperature reaches its maximum, the pressure is then set to
the maximum pressure [28—-31]. For AA7050 powder, an HIP
treatment was proposed between 250 and 260 °C at a pressure
of 92 MPa [32], noting that the most common applied pressure
in HIP treatment for aluminium alloy is 100 MPa [33, 34]. In
general, there are no specific requirements for temperature, pres-
sure, dwell time and heating and cooling rates, since these param-
eters depend on the application. In the literature, a wide range of
temperatures (up to 2000 °C) are being investigated [33]. HIP
units at maximum of 1 GPa have been already manufactured [35,
36], whilst heating and cooling rates up to 25 °C/min [37] and
3000 °C/min have been used respectively [28, 38]. The current
research focuses on the ribs and spars as the most relevant com-
ponents in the aircraft wing box. There are already investigations
on ribs using AM techniques. For example, a rib is proposed using
a specific technique known as wire arc additive manufacturing
(WAAM), which manufactures components layer-by-layer using
welding technology controlled by a CNC machine. This technique
combines an electric arc as the heat source and a wire as the feed-
stock. The advantages of this method are in cost savings when
manufacturing high value parts, and in shortened lead times and
reduced waste material when compared to conventional manufac-
turing [39]. However, arib with IoT capabilities that can be used in
an Industry 4.0 platform for data collection and processing has not
been considered. There is therefore a need to explore various ways
of integrating sensory capability into manufacturing design pro-
cesses to improve reliability of aircraft components. Embedding
sensors within a desired location leads to the ability of an end-user
to monitor parameters such as high temperature and pressure in
specific critical regions.

This paper examines new process design solutions for wing
ribs considering AM focusing on the stress and displacement
requirements. The purpose is to answer the following research
questions: How does the wing rib design with a sensory embed-
ded capability influence the AM process? What is the effect
of HIP compared to normal heat treatment on the properties
of AA7050-T7451 when manufacturing an aircraft wing rib?

The Simufact Additive™ software is based on the finite
element method (FEM) and has been used in this work to
examine the manufacturing process for wing ribs to assess
the displacements and the stresses. In this article, the SLM
technique was used within PBF in AM. Details are presented
in the “Results and discussion” section.

This work is structured into the following sections:
“Introduction”, “Materials and methods”, “Results and dis-
cussion”, “Conclusions and further work”, and References.

2 Materials and methods

The simulation of the AM process for the wing rib was car-
ried out in Simufact Additive™ 2021. The AM technique
used to generate samples in this paper includes PBF (SLM
process) since it is the most appropriate process for the fab-
rication of aluminium parts in the aerospace industry.

Simufact Additive™ is a piece of commercial software devel-
oped especially for PBF AM simulations. It allows the analysis
of four techniques: SLM, electron beam melting (EBM), laser
beam melting (LBM) and direct metal laser sintering (DMLS).
It has the advantage of providing the necessary functionality to
simulate the entire AM process: printing, support cutting, heat
treatment, hot isostatic pressing and the evaluation of residual
stresses and distortions. The voxel mesh created by Simufact
Additive™ is only offered as hexahedral element and once this
mesh has been created, a volumetric structure can be built, pro-
viding a 3D network. Finally, a surface mesh is generated, noting
that both the voxel and surface meshes complement each other
to guarantee that the whole part is covered.

Before simulating the manufacturing process for com-
plex aircraft components using the wing rib as an example, a
generic manufacturing process framework for these groups of
components is designed that represents the stages the part goes
through. The flowchart for this process is shown in Fig. 1.

2.1 Machine geometry

A maximum laser speed of 200 mm/s was selected that
this is within the optimal range of 175-225 mm/s, with
a maximum laser power of 200 W. These two parameters
will be set for the simulations considering the above lit-
erature review section. The following machine parameters
were used as input to set up the simulation (Table 1).

2.2 Part selection

The part was imported as a.stp file from Catia®. The rela-
tive material density was used as the initial relative density
during the HIP treatment stage densification. The properties
are shown in Table 2.

2.3 Support generation (Fig. 2)

The support structure method for the sensory covers was selected

to be the default “Simufact” with support radius of 0.5 mm, whilst
the support structure method for the wing rib was classified as
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Fig. 1 Design methodology for
complex aircraft components

System design
Suitable geometry

Virtual prototype

Table 1 Machine parameters

Build space dimension wing rib (mm) X: 1100, Y: 300, Z: 300

Build space dimension sensory cover (mm)  X: 250, Y: 250, Z: 150

Corner radius base plate (mm) 24
Number of lasers 1
Max. laser power (W) 200
Max. laser speed (mm/s) 200

“Materialise” that generates block supports in this case. For the
wing rib (Fig. 3), two different types of support structures were
defined: one in the region near the trailing edge due to the nar-
rowness of the geometry, and the other one corresponding to the
rest of the rib. A detailed view is shown in Fig. 4.

2.4 Material selection

The mechanical properties of the aluminium alloy Al 7050-
T7451 powder were introduced into Simufact Additive™
manually in order to perform the simulations (Table 3) [40].
Simufact Additive™ also required the chemical composi-
tion of the selected material, and that is presented in Table 4
[40]. The fixed value data were selected according to the
corresponding composition for aluminium alloy powder.

Table 2 Part properties

Lightweight structure
3D CAD

Import .stl file
Material selection
Tool path
Process parameters
Support generation
Part orientation

Material definition: AA 7050-T7451
Structure process parameters

Displacement
Equivalent stress

Feedback

Post-processing

Heat treatment
Hot isostatic pressing (HIP)
Cutting
Support removal

Simulation
printing

Model build up

2.5 Base plate(Table 5)

The dimensions for the base plate were chosen so that the
wing rib could fit inside it.

2.6 Manufacturing parameters

The following stages for manufacturing the rib and the cov-
ers are to be investigated: build, heat treatment, HIP, cutting
and support removal.

2.6.1 Build properties

For the building up process, the layer thickness 0.08 mm was con-
sidered in this work. A voxel mesh size of 2.5 mm was selected
when considering the practicalities of the available computational
performance. The calibration of the AA7050-T7451 with a voxel
mesh size of 2.5 mm resulted in the following inherent strains:
€, = —0.0250674, ¢,, = —0.02363530, ¢, = —0.03.

2.6.2 Heat treatment

To relieve stress and to reduce displacements after cutting
a heat treatment procedure are required. After applying a

Mechanical properties

Elastic properties
Thermal properties Thermal conductivity
Geometry information

Dimension (mm)
Volume
Mass

(Imported as step file from Catia)

Relative material density (%)

99

Isotropic

Isotropic

Sensory cover Wing rib
x:34.7,y:34.7, z: 12.55 x: 1000, y: 180, z: 6
1.5772 cm? 225.562 cm?
44188 g 631.958 g
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Fig.2 Sensory location with
support structure

eneric

-G
gineering 9mMP"

simufact en

Fig.3 Wing rib with support
structure

. Generic
. ering gmbh
.ngineering
simufact ef

conventional heat treatment process, the resulted maximum
displacement from the simulations of the wing rib showed
high deflections with values between 5 and 8 mm, consider-
ing different sets of ramp-up and ramp-down slopes, dwell
times and maximum temperatures. The details are presented
a in the “Model analysis” section. Therefore, HIP was inves-

‘ “ ‘ ’ ‘ ’ ‘ tigated and it was applied to this wing rib manufacturing

U | ‘ ‘ ‘ ‘ process. Generally, HIP processes are represented by the

‘ H ‘ ‘ ‘ showed sequence in Fig. 5. The first stage begins with an
initial minimum temperature (7;,) that is increased progres-
sively up to a maximum temperature (T,,,) which is main-

tained for a certain time (), and finally the temperature
Fig.4 Details of the wing rib support structure is decreased until the minimum desired temperature. The
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Table 3 Properties for
AA7T050-T7451 powder

Parameter Value
General properties Temperature 300-450 °C
Effective plastic strain 0.0-0.7
Strain rate 0.001-1.0 1/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/(meK)
Specific heat capacity 0.86 J/(geK)
Density 2830 kg/m®
Dissipation factor 0.9
Solidus temperature 488 °C
Melting temperature 629 °C
Mechanical properties Young’s modulus 2.8 « ¢*MPa
Poisson’s ratio 0.33
Thermal expansion coefficient 24.e1/K
Yield strength 480 MPa
Tensile strength 524 MPa
Electromagnetic properties Electrical resistivity 42ee8Qem

Electrical conductivity

2.32558«¢" /o

Table4 Chemical composition of AA7050-T7451 powder (percent-
age mass proportion)

Element Minimum Maximum Fixed value
Al 87.3 90.3 87.85
Cr 0 0.03 0.263
Cu 1 2.6 1.64
Fe 0 0.2 0.19
Mg 1.9 0.6 2.48
Mn 0 0.1 0.053
Si 0 1 0.727
Ti 0 0.1 0.095
Zn 5.7 6.7 6.52
Zr 0.08 0.2 0.018

Trmax

Tmin

tawen

777777777777777 PHIP

B Pmin

to t

t

Fig.5 Hot isostatic pressing process treatment

t3

Table 5 Base plate dimensions (mm)

Thickness X Y . :
Table 6 Times and temperature for the heat treatment process design
Sensory cover 30 250 250 -
. y Time Temperature
Wing rib 30 1100 300
l Ty = Touin
— Tax=Timin T, =T,
t] = [0 + S]opelumpup 1 max
pressure is also increased from a minimum value, in this ty = 1) + lyyen T,=T,,
case room pressure, up to the pressure Py;p which is main- t= 1 + SITO,;;:—T.H.H Ty =T
‘rampdown

tained for the considered time 74,
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Table 7 Voxel mesh properties

Sensory cover Wing rib
Voxel size (mm) 2.5 2.5
Mesh type Uniform Uniform
Levels of coarsening 0 0
Y voxels 1528 32,419
2 nodes 2483 50,570
X layers 8 5

To design a heat treatment process, it is necessary to select
the heating, dwell and cooling times. For that, the slopes

Fig.6 Voxel mesh for sensory
cover

aerin
simufact engineer g9

Fig.7 Voxel mesh for wing rib

- Generic
o ing gmbh
- ng.neermg
simufact €

for the ramp-up and ramp-down stages will be calculated.
According to Fig. 5, these slopes can be determined as
follows:

Slope, tana = = A (1)

ramp up —

Slope, =tanf =

@

ramp down

Knowing the slopes, it is possible to calculate the needed time
toreach 7}, (#,) and the required time to cool down to T, (%3):

gmbh - Gener'e
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Fig.8 Maximum displacement and maximum equivalent stress for
the wing rib. Variations of 7. Heating rate=1 °C/min, cooling
rate =2 °C/min, #4,,;=10 min
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Table 6 shows the times and temperatures for each phase
of the heat treatment process:

~—&— HR 1°C/min-CR2°C/min ~——#— HR 3 °C/min-CR2°C/min ——&— HR 5 °C/min - CR 2 °C/min

—&— Maximum displacement —o— Maximum equivalent stress

25 250 __
o g
E s
£ 20 200 =
E "
2 2
o 15 150 +~
Q (=4
1] L
= IS
0 =
< 10 100 'S
£ g
E E
= 5 50 2
8 £
2 &

0 0o =

0 100 200 300 400 500 600 700 800
HIP temperature (°C)

Fig. 10 Maximum displacement and maximum equivalent stress for
the wing rib. Variations of 7. Heating rate=1 °C/min, cooling
rate =2 °C/min, f4,.;= 10 min, Pyp =100 MPa

2.6.3 Cutting

A directional cutting operation, in this case + Y (front to
back) of 2 mm height, was selected and defined to cut off the
parts and supports from the base plate. With this directional
cutting mode, the parts and supports that are connected to
the base plate are progressively cut off the plate in the speci-
fied cutting height and direction.

HR 7 °C/min - CR 2 °C/min ——@— HR 10 °C/min - CR 2 °C/min

- @ = HR1°C/min-CR2°C/min = 4 = HR3°C/min-CR2°C/min = 4 = HRS°C/min-CR2°C/min HR 7 °C/min-CR 2 °C/min = 4 = HR 10°C/min - CR 2°C/min
85 170
168
8

166
75 —_
= Maximum 164 3
g equivalent stress 2
= w
& curves 162 §
L 7 g
£ -
5 b5
3 -
1: S
E 65 g
E | . IN 0 deao Tl A L e e E S e TS * 158 £
= - R H . L e S0 I i s
] “‘~\\ ,—"_ ——_‘_j,:f-—r_—_"‘AA— —————— s T~ o - £
2 Pl e e Tee--adl g
AT 2t s it S e A T M s i Lot LA T emets ——

r" __________ *__—:>‘—~\\ ———__,—

______ i e 154

o5 4,>K._ =

1\\_. 152
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displacement curves
150

300 350 400 450 500
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Fig. 9 Maximum displacement and maximum equivalent stress for the wing rib. Variations of heating rate and dwell time. Cooling rate=2 °C/

min, Ty,
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Fig. 11 Maximum displacement and maximum equivalent stress for the wing rib. Variations of heating and cooling rates, dwell time and Pyp.

T'ax =500 °C (—maximum displacement, — maximum equivalent stress)

2.6.4 Support removal

At this stage, the support structure assigned for the wing rib was
removed from the part, which resulted in the part relaxation.

2.7 Meshing and numerical parameters

Simufact Additive™ uses hexahedral elements, known as
voxel elements, where parts and supports share common
nodes. The mesh for the parts can be created as “Uniform”,
means using the same voxel size in the X, Y and Z directions.
The voxel mesh size is set to 2.5 mm. The number of voxels,
nodes and layers is shown in Table 7.

The voxel meshes for the parts are shown in Figs. 6 and 7.

3 Model analysis
3.1 Wing rib with embedded sensory capability

The first analysis was the application of a conventional heat
treatment process in Simufact Additive™ to relieve the
stress and to reduce the displacement of the wing rib. The
following set of parameters was used: heating rate=1 °C/
min, cooling rate =2 °C/min, dwell time =10 min and 7,
from 50 to 720 °C. 720 °C is the maximum temperature
that can be simulated according to the previously introduced

flow curves in Simufact Additive™. The results show that
the maximum displacement remains almost unchanged from
400 °C, for which the value is around 5.4 mm. The same is
obtained for the maximum equivalent stress with a value of
approximately 155 MPa (Fig. 8).

Since the displacement was high, another set of simula-
tions was performed with the following parameter varia-
tions: heating rate from 1 to 10 °C/min, cooling rate =2 °C/
min, dwell time from 10 to 500 min and 7,,,, =400 °C. The
maximum displacement is between 5.3 and 5.7 mm for all
variations of the ramp-up slope apart from the case of 7 °C/

—&— Maximum displacement —&— Maximum equivalent stress

14 300
z g
g 12 2 § 250 =
= 2
g 1! 20 2
3 \ ki
S 0.8 c
i) L 150 2
2 06 \ s
o =3
£ 100 §
2 0.4 o
= 3
§ 0.2 AN 50 E
% <
o P ©
, \"ML'\C & o g

0 100 200 300 400 500 600 700 800

Heat treatment temperature (°C)

Fig. 12 Maximum displacement and maximum equivalent stress
for the cover. Variations of T,,,. Heating rate=1 °C/min, cooling
rate =2 °C/min, 4,.;=10 min

@ Springer



The International Journal of Advanced Manufacturing Technology
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Fig. 13 Maximum displacement and maximum equivalent stress for cover. Variations of heating rate and dwell time. Cooling rate=2 °C/min,

Tax =400 °C (-maximum displacement, — maximum equivalent stress)

m.

min, which seems to be a critical heating rate that should be
avoided. This displacement varies between 8.1 and 5.59 mm.
Figure 9 shows the maximum displacement for all cases.

The value of the maximum equivalent stress is within
154 MPa and 158 MPa for all variations except from the case
of 7 °C/min, whose stress increases rapidly from a dwell
time of 300 min. Since the displacement is still high, the HIP
process with a maximum pressure of 100 MPa was applied
for further simulations (Fig. 10). The results show that the
maximum displacement remains almost unchanged from
500 °C, for which the value was 4.7 mm.

Since the displacement was still high, another set of simu-
lations was performed with the following parameter varia-
tions: heating rate from 1 to 7 °C/min, cooling rate=2 °C/
min, dwell time from 10 to 500 min, Py from 100 to
1000 MPa and T,,,, =500 °C (Fig. 11).

The results show that displacement and stress are highly
dependent on the HIP pressure. Besides, the other param-
eters play an important role when designing the process.
Displacement values of 1 mm or below are only obtained
at Pyp=1000 MPa. The maximum equivalent stress also
depends on the above parameters, but its value is always
under the tensile ultimate strength of the AA7050-T7451
material (524 MPa). The optimal process was found
for a heating rate of 5 °C/min, cooling rate of 3 °C/min,
tywen =10 min and T,,, =500 °C, whose maximum

@ Springer

displacement is 0.73 mm and the maximum equivalent stress
is 8.9 MPa. Compared to a conventional heat treatment pro-
cess, in which the maximum displacement for the wing rib
was 5.4 mm, the HIP process can achieve a reduction of
maximum displacement of 86.5%.

3.2 Covers for embedded sensory capability

For the covers, the first analysis was also the application of
a conventional heat treatment process. The simulations were

~—&— Maximum displacement

,/ N 16
S——o———@ ]

oz 14

—&— Maximum equivalent stress
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o b b o
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©
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I
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Fig. 14 Maximum displacement and maximum equivalent stress
of the cover. Variations of cooling rate. T, =400 °C, heating
rate =10 °C/min, 4, =10 min
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performed for just one cover since they are exactly the same.
The following set of parameters was used: heating rate=1 °C/
min, cooling rate=2 °C/min, dwell time= 10 min and T,,,,
from 50 to 720 °C (Fig. 12). 720 °C is the maximum tempera-
ture that can be simulated according to the previously intro-
duced flow curves in Simufact Additive™. The results show
that the maximum displacement remains at around 0.9 mm
from 400 °C. The maximum equivalent stress is 13 MPa at

400 °C and it decreases progressively to 5.04 MPa.

(o . )
5 towen = 10 min 5
=~ 7]
© w
g g
E— a
hd — 1000 MPa
500 °C
20°C 20°C
101,325 Pa 101,325 Pa
4h26min Time

1h36min 1h46min

Fig. 16 HIP process for the wing rib

Another set of simulations was performed with the follow-
ing parameter variations: heating rate from 1 to 10 °C/min,
cooling rate =2 °C/min, dwell time from 10 to 500 min and
T ax =400 °C. The maximum displacement is between 0.88
and 0.91 mm for all variations of the heating rate. The value
of the maximum equivalent stress decreases progressively

tawell = 10 min

Temperature

400 °C

20°C

________ e e e e e e

0 min /

38 min

\ 1h43 min

48 min

Fig. 17 Heat treatment process for the sensory cover
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Table 8 Support properties

Before support optimisation After support optimisation Difference

Volume (cm?) Mass Volume (cm?) Mass Volume (%) Mass (%)
Sensory cover 8.29 18.78 g 3.92 11.10 g -52.71 —40.89
Wing rib support 1 4515.62 10.22 kg 395.68 0.895 kg -91.24 -91.24
Wing rib support 2 (right-hand SL) 0.311 0.704 g 0.064 0.144 g —79.42 —179.54
Wing rib support 3 (middle SL) 0.318 0.721¢g 0.063 0.144 g —-80.19 —80.03
Wing rib support 4 (left-hand SL) 0.318 0.719¢g 0.063 0.144 g —-80.19 —79.97
Wing rib support 5 (trailing edge) 0.118 0267 g 0.056 0.159 ¢ —52.54 —40.45

Table 9 Maximum displacement and equivalent stress for the wing
rib and covers

Sensory cover Wing rib
Before After Before After
support support support support
optimisa-  optimisa-  optimisa-  optimisa-
tion tion tion tion
Maximum  0.9110 0.727 0.730 0.696
displace-
ment
(mm)
Maximum  14.63 15.83 8.90 10.35
equiva-
lent stress
(MPa)

in all cases, with a value of around 9 MPa at ¢, =500 °C.
Figure 13 shows the maximum displacement and maximum
equivalent stress for all cases. The displacement does not
show a high dependency on the heating rate and dwell time.
Thus, the most cost-effective process is selected considering
a heating rate of 10 °C/min and dwell time of 10 min.

Total displacement [mm]

[ 0.70
0.63
0.56
0.49
0.42
0.35
0.28
0.21
0.14
0.07
0.00

max: 0.97
min: 0.00

‘ﬁ/»-—" —

Fig. 18 Total displacement for the wing rib
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Furthermore, for these two parameters the cooling rate
was varied from 1 to 14 °C/min. The simulations show that
the displacement oscillates about a constant value from a
cooling rate of 7 °C/min (Fig. 14).

A HIP treatment process was also applied to the cover in
order to decrease displacement and relieve stress. The out-
comes of the simulations show that there is no significant influ-
ence of the HIP process compared to the conventional heat
treatment: the displacement is within 0.81 and 0.9 mm. This
is shown in Fig. 15.

Compared to a conventional heat treatment process,
in which the maximum displacement for the cover was
0.88 mm, the HIP process can achieve a reduction in
maximum displacement of 8%. The effect of the HIP on
the cover is not comparable to the wing rib since their
geometries are quite different. On the one hand, the wing
rib has 3-mm web thickness with 6-mm upper and lower
caps, and the HIP is more effective on large parts that are
thin as well. On the other hand, the height of sensory cover
is 12.55 mm and the HIP does not have a significant influ-
ence. Thus, a normal heat treatment is recommended due
to economic reasons in terms of time and manufacturing
process design.

0.045518 mm
— - e —
e

y
— e




The International Journal of Advanced Manufacturing Technology

Equivalent stress [MPa]
11.00
9.90
8.80
7.70
6.60
5.50

P

1.1
! 0.00

max: 511.53
min:  0.00

Fig. 19 Equivalent stress for the wing rib

4 Results and discussion

The outcomes of the above research show that the maximum
displacement and maximum equivalent stress after a conven-
tional heat treatment process still remain high for the wing
rib. Therefore, a HIP process was applied to reduce the dis-
placements and relieve stresses, and a reduction in maximum

Fig.20 Total displacement for
the cover

Total displacement [mm]
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0.00
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Fig.21 Equivalent stress for
the cover
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1.60
0.00

max: 566.54
min: 0.00

e lh‘

displacement of 86.5% was achieved. For the cover’s manufac-
turing process, the HIP treatment did not show any significant
influence on the displacement and the stress: though for the
HIP process there is a reduction of 8% in the maximum dis-
placement. In this case, the cost-effective manufacturing pro-
cess for the covers remains the conventional heat treatment. For
both parts, sets of simulations were carried out by varying the

0.726819 mm

e
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heating and cooling rates, dwell time, maximum temperature of
the heat treatment and maximum pressure of the HIP.

Figures 16 and 17 show the designed heat treatment pro-
cesses for the wing rib and the covers.

In order to reduce costs, a support optimisation was inves-
tigated in Simufact Additive™ for the covers and the wing
rib. After the support optimisation, the mass of the main
wing rib support was significantly reduced by 91.24%: from
10.22 to 0.895 kg. The other supports for the sensory loca-
tions on the wing rib reduced their mass significantly by
around 52% and 80%. For the covers, the mass was reduced
by 40.89%. Table 8 shows an overview of the support prop-
erties before and after the support optimisation.

Considering the support optimisation, the previous designed
HIP process (Fig. 16) and the conventional heat treatment
(Fig. 17) were applied to the wing rib and covers, respectively.
The simulations led to the following results (Table 9).

For the sensory cover, the maximum displacement was
reduced by 20.20% and the maximum equivalent stress was
increased by 7.58% as a result of the support optimisation.
In the wing rib case, the maximum displacement decreased
by 4.66% whilst the maximum equivalent stress increased
by 14%.

—8— Rib displacement
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o
wn
I

o
¥

Maximum displacement (mm)
o
w

o
N

01 | R ¥ — —
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After the support optimisation, the maximum total dis-
placement for the wing rib is located on the leading edge, as
shown in Fig. 18, whilst the maximum equivalent stress is
on the trailing edge, as clarified in Fig. 19.

The simulations of the covers result in a maximum dis-
placement and equivalent stress located on the outer surface
of the cover (Figs. 20 and 21).

The convergence of the simulation was checked con-
sidering the point for which the displacement is maximum
(Fig. 22). The displacement reaches a constant value after
around 18,000 s of CPU time. The value of the maximum
equivalent stress is also reached after this time. The conver-
gence analysis for the sensory cover shows that the displace-
ment reaches a constant value after around 7000 s of CPU
time, whilst the value of the maximum equivalent stress was
reached after around 10,000 s of CPU time (Fig. 23).

The manufacturing time was estimated by Simufact Addi-
tive™ in 31 h for the wing rib and 3 h for the sensory cover. These
times were confirmed by a company that provided a quotation
for printing small-scaled parts in aluminium. This company is
a 3D-printing supplier based in Spain and provided 23.5 manu-
facturing hour for the wing rib and 30 min for the sensory cover.
Due to the reduced dimensions, a HIP for the wing rib, which lasts
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Fig.22 Simulation convergence for the wing rib
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Fig. 23 Simulation convergence for the sensory cover

4.5 h in Simufact Additive™, was not necessary. In addition, the
heat treatment of 2.5 h for the sensory cover was not considered.

5 Conclusions and future work

The scope of this work was to redesign the manufacturing
process for wing ribs by considering embedded sensory
capabilities and AM technologies. In order to design an
optimal and cost-effective manufacturing process, a heat
treatment procedure was investigated and proposed by
varying the cooling and heating rates, the dwell time, the
maximum temperature of the heat treatment and the maxi-
mum pressure of the hot isostatic pressing process. For the
wing rib, the conventional heat treatment did not allow a
significant reduction of displacement and stress, whilst the
HIP process achieved a significant reduction of maximum
displacement. For the covers, a conventional heat treat-
ment process was selected since the HIP did not bring
much improvement in displacement and stress. In addition,
the support structure for both the wing rib and the covers
was optimised. The results showed a significant mass and
volume reduction: the mass and the volume of the main rib
support were reduced by 91.24%, whilst the support of the

sensory cover achieved a reduction by 52.71% in mass and
40.89% in volume. Besides, the maximum displacement
of both sensory cover and rib was reduced after support
optimisation: 20.20% and 4.66% respectively.

Further work will deal with the implementation of the
IoT capability into a wing rib structure manufactured using
rapid prototyping for academic purposes. Recommenda-
tions can be further investigated by combining more than
one thermal cycle considering different heating and cool-
ing rates, dwell times, heat treatment temperatures and
pressure variations. In addition, the thermal profile (treat-
ment cycles) could be designed considering first the HIP
process instead of a conventional heat treatment.
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