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Abstract

This thesis introduces and investigates a new resource-efficient manufacturing method
for rapid tooling. The presented hybrid method combines two additive manufacturing
processes: sheet metal lamination and direct energy deposition (DED). In this
combination, the core of the forming tool is fabricated by sheet lamination in a short
time and at a low cost. The resulting step areas are compensated by laser metal
deposition (LMD), which is a subset of the DED process. Three post-processing
methods, milling, ball burnishing and laser polishing, are applied and compared to
improve the surface roughness of the deposited areas.

The results show the essence of the two-step filling strategy, in which a bonding step
should bond together the tool sheets, and in the next step, the remaining stair-step areas
should be filled by LMD. The tensile strength of the fillet bonding for different process
parameters and tool sheet combinations shows that the higher laser power and feed rate
result in higher strength; however, the sheet thickness also needs to be considered to
avoid the melt-through of the thin sheets. In the filling step, filling in the radius direction
shows better surface roughness, but the nozzle life is shorter. The preheating of the die
sheet to reduce the residual tensile stress shows only a 25 % reduction, which causes
waviness of the deposited surface. Therefore, it can be neglected.

A semi-analytical model to analyze the stress distribution showed the possibility of
using the low-strength tool sheets in a major part of the laminated tool. Deep drawing
experiments are successful for two types of blanks. The wear test study shows low wear
of the dies manufactured by the hybrid method in comparison with the conventional
method. The feasibility of manufacturing complex geometries is demonstrated by a
manufactured demonstrator.

The economic and technological advantages of the hybrid method are compared with
conventional and fully manufactured tools by LMD, and the number of possible sheet
combinations for tool lamination is reduced by considering cost and energy criteria.



vi Zusammenfassung

Zusammenfassung

In dieser Arbeit erfolgt die Entwicklung und Untersuchung eines neuen ressourceneffi-
zienten Fertigungsverfahrens fiir das Rapid Tooling. Das vorgestellte Verfahren Tooling
kombiniert zwei additive Fertigungskategorien: Sheet lamination und Direct Energy De-
position (DED). In dieser Kombination wird der Kern des Umformwerkzeugs durch
Blechlaminierung in kurzer Zeit und zu geringen Kosten hergestellt. Die entstehenden
Treppenstufenbereiche werden durch Laserpulvarauftragschweiflen (LPA), zugehorig
zur DED-Kategorie, kompensiert. Drei Nachbearbeitungsmethoden, Frisen, Glattwal-
zen und Laserpolieren, werden zur Verbesserung der Oberflachenrauheit der aufge-
brachten Fldchen eingesetzt und verglichen.

Die Ergebnisse zeigen, dass das Konzept einer zweistufigen Fiillstrategie, bei der die
Werkzeugbleche zundchst zusammengefiigt wurden, und im nichsten Schritt die ver-
bleibenden Treppenstufenbereiche durch LPA gefiillt werden, von Vorteil ist. Untersu-
chungen an Kehlnahtverbindungen bei verschiedenen Prozessparametern und Werk-
zeugblechkombinationen zeigen, dass eine hohere Laserleistung und Vorschubge-
schwindigkeit zu einer hoheren Festigkeit fithren; allerdings sollte auch die Blechdicke
berticksichtigt werden, um das Durchschmelzen der diinnen Bleche zu vermeiden. Beim
Fiillen zeigt sich, dass ein Auffiillen in radialer Richtung eine bessere Oberfldchenrau-
heit als Auffiillung in der Kehlnahtrichtung aufweist. Die Vorwarmung des Werkzeug-
blechs zur Verringerung der Zugeigenspannungen fiihrt nur zu einer Verringerung um
25 %, was zu einer Welligkeit der aufgebrachten Oberflache fiihrt. Daher kann sie ver-
nachlédssigt werden.

Ein semi-analytisches Modell zur Analyse der Spannungsverteilung zeigt die Moglich-
keit der Verwendung von Werkzeugblechen mit niedriger Festigkeit in einem Grofteil
des laminierten Werkzeugs. Tiefziehversuche sind fiir zwei Arten von Blechen erfolg-
reich, fiir kaltgewalzten hochfesten Stahl (HC380LA) und fiir eine Spezieltiefziehgiite
(DCO06). VerschleiBuntersuchungen zeigen, dass der Verschleifl der mit der Hybridme-
thode hergestellten Matrizen im Vergleich zur konventionellen Methode gering ist. Ein
Demonstrator beweist die Herstellbarkeit auch komplexer Geometrien.

Die wirtschaftlichen und technologischen Vorteile des Hybridverfahrens werden mit
konventionellen und vollstindig mit LMD gefertigten Werkzeugen verglichen und die
Anzahl der moglichen Blechkombinationen fiir die Werkzeugauslegung wird unter Be-
riicksichtigung von Kosten- und Energiekriterien reduziert.
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Formula symbols and abbreviations

Nomenclature
Symbol Unit
A mm?
A mm?
Ap mm?
A, -

Ap mm?

As mm?
a mm
ap mm
ae mm
ap mm
b mm
bs mm
Cd mm
C -

CL mm
c -
D N

Dg mm
Dpic mm
Dp mm
d mm
dr. mm

Description

Area

Material mixture area with substrate
after deposition

Deposited area

Fracture strain

Part’s area

Scrap’s area

Free length of the tool sheet

Length of stacked beam under support
Radial depth of cut

Axial depth of cut

Width of the tool sheet

Tool sheet offset

Clearance between the die and the punch
Constant value

Cutting length

Thickness-to-length ratio

Axial stiffness of stacked beam

Blank initial diameter

Inner diameter of deep drawing die
Punch diameter

Cylindrical hole with diameter

Laser spot diameter



Symbol
D

E

Eg
Epuik
Ey
Erc
Eivmp
Erp
Ev
Epowder
Epp
Esneet
Exg
Fy

S

Unit

g/min

MPa

J

N
mm/min
mm/min
GPa
mm

RC or Vickers

Description

Deposition rate
E-Module

Energy for ball burnishing

Energy for production of bulk material

Energy for hardening

Energy for laser cutting

Energy for LMD

Energy for laser polishing
Energy for milling

Energy for production of powder
Energy for post-processing
Energy for production of sheet
Required energy consumption
Horizontal force

Feed rate or scanning speed
Feed rate of laser polishing
Shear modulus

Height of elastic support
Hardness

Change of hardness

Depth or height of the cup
Hatching distance

Inertia of moment

Degree of polynomial



xii Formula symbols and abbreviations

Symbol Unit Description

k GPa Elastic modulus of elastic bed

L - Constant value

M N.mm Bending moment

m - Slope of the inter-planer spacing to
different tits

mp kg Part’s mass

s kg Scrap’s mass

Mstep kg Sum of stair-step areas

m g/min Powder feed rate or mass flow

n - Number of stacked tool sheets

P w Laser power

Pgu MPa Blank holder pressure

Pn - Number of possible sheet combinations

Pp W Laser power for laser polishing

P, MPa Reaction pressure of elastic bed

q N/mm Distributed force

0 N Shear force in beam theory

(0] mm?/h Material removal rate

R mm Die corner radius

R, mm Bending radius after unloading

R}, - Change of average surface roughness

R}, - Change of maximum height of surface
roughness

R, pm Arithmetical mean deviation of the
profile in 2D

Rn MPa Ultimate strength



Symbol Unit Description

R mm Bending radius before unloading

Rp mm Punch corner radius

Rpo2 N-mm Tensile strength

R, pm Maximum height of the profile in 2D

r - Anisotropy coefficient

"n - Normal anisotropy

Ar - Planer anisotropy

S N.mm? Stiffness of stacked beam

Sa pm Arithmetical mean deviation of the

profile in 3D

SEC J/kg Specific energy consumption
Sk pum Roughness depth of the core
Sor % Areal material ratio
S, pm Maximum height of the profile in 3D
s mm Thickness position
°C Temperature
Ts mm Sum of the stacked beam thicknesses
Ty S Time for hardening
Tic ] Time for laser cutting
Timbp S Time for LMD
Trp S Time for post-processing
Tt S Total manufacturing time
t mm Tool sheet thickness
t mm Blank thickness

u mm Displacement of the stacked beam



Xiv Formula symbols and abbreviations
Symbol Unit Description
u' rad I order invariant of displacement
(Bending angle)
u' 1/mm 2™ order invariant of displacement
uy’ I/mm 3t order invariant of displacement
|14 mm? Volume
vp mm/min Punch velocity
W, pm Waviness arithmetical mean deviation
of the profile in 3D
Wb mm Working distance between laser nozzle
and deposited surface
X - Material yield
xN - Normalized length in the x-direction
z* mm Distance of the neutral layer to the
middle of the beam layer’s cross-section
ZN - Normalized length in the thickness
direction
s - Deep drawing ratio
r - Coefficient factor
y ° Angle
Eplastic - Equivalent plastic strain
g - Strain
0 W/(kg/mm) Track-specific power density
0, ° Angle of rotation of normal to the mid-
surface of the deflection in beam theory
A - Correction factor for maximum von
Mises stress
A J/mm Applied energy per unit length by laser

polishing



of

On

Or

Unit

Kg/mm3

MPa
MPa
MPa
MPa
MPa

MPa

Description

Friction factor

Density

Normalized von Mises stress
Flow stress

Normal stress

Radial stress

Tangential stress

Weld fracture strength

Shear stress

Poisson's ratio

Dilution ratio
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Formula symbols and abbreviations

Indices

Index
0

eff
€q
max

min

Abbreviations

Abbreviation
2D

3D
AM
AWJ
BC
CAD
CAM
CIRP
CNC
CVD
DED
EBSD
EDX
FEM
FGM

FSW
GMAW

Description

Initial value
Effective
Equivalent
Maximum

Minimum

Description

Two dimensional

Three dimensional

Additive manufacturing

Abrasive water jet

Boundary condition

Computer-aided design
Computer-aided manufacturing
International academy for production engineering
Computer numerical control
Chemical vapour deposition

Direct energy deposition

Electron backscatter diftraction
Energy-dispersive X-ray spectroscopy
Finite element method

Functionally graded material

Friction stir welding

Gas metal arc welding



GTAW
HAM
HAZ
LBMD
LDMD
LENS
LFF
LLM
LMD
LMDS
LOM
LSA
LST
N.A.
PEL
RT
SEC
SOM
SSM
TIG

Gas tungsten arc welding
Hybrid additive manufacturing
Heat affected zone

Laser-based metal deposition
Laser direct metal deposition
Laser engineered net shape
Laser freeform fabrication
Layer laminated manufacturing
Laser metal deposition

Laser metal deposition shaping
Laminated object manufacturing
Laser surface alloying
Laminated steel tooling
Neutral axis

Profiled edge laminae

Room temperature

Specific energy consumption
Surface over-melt

Shallow surface melting

Tungsten inert gas






1 Introduction

Green manufacturing is not possible without implementing decarburization of
manufacturing processes. The goal of increasing the number of green factories is only
possible by optimizing or regenerating existing manufacturing solutions. Based on the
2015 Paris Agreement, total net greenhouse gas (GHG) emissions should be zero by
2050 (Fig. 1.1a), which means global warming should be limited to 2 °C above pre-
industrial levels. However, experts offer to keep the global temperature increase below
1.5°C, referred to as the 1.5 °C pathway. To achieve this goal, CO> emissions would
have to be reduced from 33 gigatons COze to about 18 Gt COze by 2030. This implies a
57 % reduction in CO2 emissions for production-related CO; emissions, Fig. 1.1b
(Kiipper et al., 2022).

(a) (b) Breaking down the required

2 50 reduction Gt CO,e

] —-45%

0

@2 40 Paris pledges 33

£ 18

o y— 14
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[ . o Commercia

5020 COVID-19 ., bl

oc S or logistics
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] 10 15°C pathway/ Seel e Otheror _

= Sl usage realated

s 0 . : g

© 2000 2020 2030 2040 2050 Paris 1.5°C
pledges pathway

*Gt CO,e: Gigaton carbon dioxide equivalent

Figure 1.1: (a) Net emissions pathways to limit global warming to 1.5 °C, (b) required
decrease in greenhouse gas emission by 2030 for achieving net zero
by 2050 (Kiipper et al., 2022)

In pursuit of this goal, companies need to increase their energy efficiency. One way to
increase efficiency is to improve the existing process. This can be done by combining
different methods and eliminating unnecessary steps in the production process.

Due to industry requirements such as high strength and hardness, metal forming tools
require high manufacturing energy. Deep drawing is a standard metal forming process
widely used in almost every product in the automotive industry, home appliances, and
other transportation systems. The design of deep drawing dies depends on the unique
characteristics resulting from the number of parts, the material to be formed or the
process forces applied to the die and the size or shape of the drawn part. The



2 Introduction

conventional method of manufacturing deep-drawing tools is via a machining process.
The machining process has a high scrap rate and requires additional hardening to achieve
the necessary hardness, which is energy-intensive. Depending on the strength of tool
needed or functionality (implementation of sensors or cooling/heating channels), the
tools are either manufactured as a single block (monoblock) or segmented (Doege and
Behrens, 2010). For most serial production of deep-drawing tools, initial experiments
are required to understand the material behavior and validate the numerical results, as
not all details can be determined in advance in the design step.

The concept of rapid tooling is primarily used to perform initial prototyping experiments
in a short time. Rapid tooling is mainly used for small batches and is normally not
associated with large production quantities. Rapid tooling additionally provides the
opportunity to identify process errors and the feasibility of the developed process.
Additive manufacturing (AM) can now produce complex shapes without the additional
tooling costs of rapid tooling. The main disadvantages of AM-based methods are high
the energy consumption and the long manufacturing time. The first disadvantage is in
contrast to green manufacturing goals, which require a process with low energy
consumption and a smaller carbon footprint. The second disadvantage of long
manufacturing time is that it is in conflict with the concept of rapid tooling, where tools
must be manufactured quickly. Therefore, new process innovations are needed to meet
both criteria to facilitate the goal of zero carbon emissions by 2050.



2 State of the art

2.1 Sheet metal forming

The cross section to volume ratio is much higher for sheet metal forming than for bulk
metal forming. Sheet forming is used to produce complex lightweight components and
process forces are much lower than bulk metal forming. As a result, the rigidity of the
forming tool required for sheet metal forming is lower. (Lange, 1990)

2.2 Basics of deep drawing

Deep drawing is one of the most common sheet metal forming processes. Deep drawing
is a tension-compression sheet forming process based on DIN 8584 (2003). In deep
drawing, the blank flows through a punch into a hollow die, and a blank holder force
controls the sheet flow (Fig. 2.1a). The purpose of the blank holder force is to prevent
the blank from wrinkling and buckling during the deep-drawing process. As the punch
moves at a defined speed (vp) toward the blank (in the minus Z direction in Fig. 2.1a) to
the final position, where is the depth or height of the cup, 4., the workpiece is deformed
to the shape of the punch and die cavity. The deep draw ratio (f) is defined as the ratio
of the blank diameter, Dg, to the punch diameter, Dp, (f = Dg/ Dp). The theoretical
maximum achievable drawing ratio is f =2.72. However, the maximum practical
drawing ratio is lower, e.g., for steel, about 2 to 2.2 (Marciniak et al., 2002).

Vp 0, .
(a) Pmr Pmr (b) d
RP
T L %
N T Wall area g, ™
3 ly Blanli,f"‘“; >
S . [\
R Y= e
k @z
c: Clearance £ j
vy: Punch velocity Y
P, Blank holder J\
Bottom area Flange area

pressure

Figure 2.1: (a) Deep drawing process, (b) stress states in a deep-drawn cup

The blank encounters different stress states during deep drawing (Fig. 2.1b). The cup in
the flange area exhibits tangential compressive stresses (ot), normal compressive
stresses (on), and tensile radial stresses (o). However, the normal stress caused by the
blank holder (ou) on the cup is insignificant. In the wall of the cup, the sheet stretches in
the radial direction and the thickness direction. During deep drawing, tensile stresses in
the thickness and radial directions occur at the bottom of the cup. In the deep drawing,
one objective is to avoid thickness variations during the process.



4 State of the art

A deep drawing tool needs to meet specific requirements such as geometric accuracy,
appropriate surface roughness, stiffness, and hardness for a successful deep drawing
process. For steel, it is recommended that the punch radius (Rp) should be at least three
times greater than the die radius (R). In addition, the die radius should be between 5 to
10 times larger tool than the blank thickness (#). However, the optimal die radius is
defined experimentally. The smaller die radius leads to a higher drawing force, while
the larger the die radius, the less material will pass over the radius. The maximum
drawing depth or cup height (%) is determined practically. The clearance between the
die and the punch (c) is a function of the sheet thickness, and for steel sheets, it is
calculated as follows cq4 = t, + 0.007,/10¢;, (Boljanovic, 2004). The blank holder
pressure (Psn) is constant at about 1 or 2 % of the blank tensile strength (Rp0.2). The
typical tool failures in the deep drawing are wear, plastic deformation, chipping,
cracking, and galling. Punch movement and blank deformation result in inhomogeneous
contact pressure (P) at the die corner. Low lubricant usage during forming due to
environmental concerns and high contact pressure at the die radius results in high tool
wear, leading to higher-strength tool material.

Determining the maximum pressures on the die during the deep drawing process is
essential for optimal die design. Pereira et al. (2009) comprehensively studied the
contact pressure condition in deep drawing die in a two-dimensional plane strain state.
At the beginning of the deep drawing ({'= a1), the bending moment (M) in the contact
line is maximum which leads to high bending stress and contact pressure peaks Pa
(Fig. 2.2a). The magnitude of this compressive high-peak stress is greater than the yield
stress of the sheet (Rpo2). In the intermediate state, as the punch stroke continues, point
A moves away from the beginning of the die radius, and more material is in contact with
the die radius. As a result, the pressure exerted by the blank on the tool decreases. The
second contact point occurs at { = o, similar to the initial condition. It causes a high-
contact pressure. In most cases, the punch stroke must pull material from the beginning
of the die radius, point A, as shown in Fig. 2.2b.

In the final state, which is a steady-state step, point A is a part of the sidewall ({'= am),
and the new material is plastically bent by entering the die radius. This state has the
lowest contact pressure peaks, which are less than the yield strength of the blank
(Fig. 2.2¢). Pereira et al. (2007) showed that the intermediate state step (at ca. = 59°)
is the principal place for tool wear. However, the larger arc length results in a higher
contact area in the steady state step, which can affect tool life depending on process
conditions such as lubricant quantity and sliding speed. It can be seen that the main
contact area subjected to high stresses and pressing forces is the die radius. Therefore,
it is essential that the die surface in the radius exhibits high toughness and hardness
during the process to avoid wear and failure in the process.
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Figure 2.2: (a) Initial state, (b) intermediate condition, (c) steady-state step (Pereira
et al., 2007)

Tool surface roughness plays an important role in the tribological behavior in addition
to the level of forces and, consequently, stresses on the die during deep drawing. Various
parameters are defined to characterize the quality of the surface. The surface
irregularities are classified into three main types: (I) roughness, (II) waviness, and (1)
shape error (Jiang et al., 2007). According to EN ISO 4287 (2010), in the 2D direction,
the arithmetic mean deviation (R.) and the mean roughness depth (R.) are standard
parameters used in industry (Fig. 2.3).

Waviness (/)

TN Profile . oA——
Waviness spacing ﬂ%ﬁi R,

Figure 2.3: Definition of parameters for 3D surface and 2D profile

2D Roughness parameters

The main disadvantage of the two-dimensional profile parameters, especially
determined by tactile measurement, is the dependence of the results on the measured



6 State of the art

position. Optical measurement can determine the 2D surface parameters along several
lines. According to the DIN EN 25178 (2016), several surface parameters are defined.
The arithmetic mean of the absolute height (S.) is an extension of the R, in the areal
scale (3D). The sum of the highest peak and the deepest pit in a defined area (S,) is also
an extension of the R, (Fig. 2.3). Surface waviness can be characterized by Wa, the
arithmetic mean deviation of the wave height, after removing the profile curvature.

2.3 Manufacturing deep drawing tools

The final geometric accuracy of deep-drawn parts is directly influenced by the accuracy
of the tool. The tool manufacturing method should be selected based on the required
process conditions (process forces, residual stresses, geometric accuracy, etc.) and
within the allowed or desired processing time. The production of tools in a short time
is a concept known as rapid tooling. Rapid tooling is a subset of rapid manufacturing
and is defined as any manufacturing technology that can produce a tool in a short time.
The primary goal of rapid tooling is to turn innovative design ideas into manufactured
products in the shortest possible time. Rapid tooling methods are generally divided into
direct and indirect (or transfer) categories. The direct method produces the target part
with the required features. However, in the indirect method, sacrifice or transfer parts
are manufactured to produce the target part (Pinkerton, 2010). These can be either
prototypes or series of production tools or their elements, depending on the specific
application and manufacturing technology (Gebhardt, 2016). Rapid tooling can
generally be divided into four main groups, namely subtractive (conventional), non-
conventional, additive manufacturing, and hybrid additive manufacturing. All four will
be discussed below.

2.3.1 Subtractive methods

Milling, turning, and electric discharge machining (EDM) are common subtractive
manufacturing methods for producing metal deep drawing dies, where turning being
used for simple symmetrical shapes. Both milling and EDM are suitable for producing
relatively complex shapes. In milling, process parameters such as tool speed, feed rate,
toolpath overlap, lubricant application and type, and workpiece material directly affect
the manufactured tool's surface finish and geometric accuracy. In most cases, due to the
high forming process forces applied, the manufactured forming tool needs to be
hardened after milling. The EDM method, also known as spark machining, spark erosion
or die sinking, can machine many complex shapes and hard materials. The main
disadvantage is the long production time.

2.3.2 Non-conventional methods

Conventional deep drawing dies are usually designed for maximum rigidity. However,
for small batch production, casting of polymer to make deep-drawing dies offers the
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possibility of manufacturing an inexpensive and fast tooling concept. Apart from the
necessity of a negative die for casting, the main disadvantage of this method is the low
wear resistance of the manufactured dies. Diamond-like carbon, chromium, and copper
coatings deposited by physical vapor deposition (PVD) have been used, but their dura-
bility has been unsatisfactory. In addition to being time-consuming, a galvanic nickel
coating has a low level of durability. Deep-drawing tests show that the wear resistance
of the polymer-based deep-drawing die with thermally coated WC-FeCSiMn cored wire
flux (EN ISO 14919-5-1.6-4) with 50 % FTC (fused tungsten carbide) is adequate for
the high-strength steels used in small to medium-sized production runs. (Witulski et al.,
2011)

2.3.3 Additive manufacturing

Additive manufacturing (AM) is widely used in industry to produce complex
components and tools. AM processes are defined as "manufacturing processes in which
the workpiece is built up in successive layers or units" according to VDI 3405 (2014).
DIN EN ISO/ASTM 52900 classifies AM processes into seven categories (Fig. 2.4).

Additive manufacturing classification based on DIN EN ISO/ASTM 52900

Vat photo- Material Binder Powder bed Material  Direct energy
polymerization  jetting  jetting fusion extrusion deposition

Sheet lamination

Figure 2.4: AM classification based on DIN EN ISO/ASTM 52900

Direct energy deposition and sheet lamination are briefly described in the following
sections, as they are the focus of this thesis.

2.3.3.1 Direct energy deposition (DED)

Direct energy deposition is an AM category in which typically the concentrated heat
source is used to melt the feedstock material to create a melt pool for building three-
dimensional features or parts. The focused heat source can be an electron beam, laser,
gas tungsten arc, or plasma, and the feedstock materials are either in powder or wire
form. The DED process also has unique properties, such as a high degree of control over
the grain structure and the ability to produce high-quality parts. DED processes are
commonly used for repair purposes. For all the different heat sources, the feed of filler
materials can be coaxial or off-axial. The utilization of a laser or an electric arc as a
heating source is the most common method for DED processes. However, the feed
material could be only wire for the arc as the energy source (Wire Arc Additive
Manufacturing, WAAM). The defects that occur in a laser DED process include
porosity, lack of fusion, cracks, residual stresses, and poor surface quality. The main
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reasons for such defects on the DED process are related to the selection of improper
process parameters (laser power, feed rate, powder mass flow, etc.) and also impurity of
feedstock material. (Sreekanth et al., 2020)

Laser Metal Deposition (LMD) is a process that uses the laser as the energy source and
powder as the feedstock material. In this process, metal powders are carried by inert gas
(nitrogen or helium) to the focal distance of the laser. The high energy of the laser melts
the powder and deposits it on the substrate surface under shielding gas (Fig. 2.5). The
subsequent mixture of molten substrate and feedstock material during the laser metal
deposition process defines the dilution ratio (@). The dilution ratio @ is defined as (Jasim
etal., 1993):

Ap

®:AD+AC'

2.1
where A4p is the deposited area and A. is the material mixture area with the substrate after
deposition. The higher the dilution ratio, the greater the penetration of the feedstock
material on the substrate. The desired dilution ratio varies depending on the requirement.
For example, the desired dilution ratio for coatings is 3 to 5 % (Syed et al., 2005). The
chemical composition of the deposited material is also affected by dilution (Atamert and
Bhadeshia, 1989).

Shielding gas
Metal powder ag Metal powder

Coaxial

Heat-affected_&s
zone (HAZ)
4 Deposition direction | 2

X

Figure 2.5: Principle of laser metal deposition with coaxial feeding system

The main LMD process parameters are laser power (P), scanning speed or feed rate (f),
powder feed rate or mass flow (1), substrate preheat temperature (7o), the working
distance (W4), powder grain size, cooling time, and intervals, the flow of carrier and
shielding gas flow, track overlapping value and build direction increment (Z increment),
and finally the deposition strategy (Bax et al., 2018). The main parameters that affect
the surface roughness of the deposited areas are material type and size, process
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parameters such as laser power, feed rate, powder mass flow, scanning strategy, and
layer height and toolpath overlap.

The deposition rate (D) is the mass of utilizable feedstock material that can be deposited
in one minute. This parameter indicates the efficiency of the DED process. Each
variation of the DED process has specific characteristics (Table 2.1), which are
discussed in detail below. Laser-based DED offers advantages, e.g., low distortion and
surface damage and higher deposition resolution than arc-based DED processes such as
WAAM (Pinkerton, 2010).

Table 2.1: Comparison of the laser-based DED with WAAM

Energy source Laser Arc
Feed material Wire Powder Wire
Work scale large scale! small scale large scale?
Complex shapes lower higher® lower*
Hardness 340-385 HV 0.3° 43-45 HRC 44-46 HRC®
Surface damage lower’ lower’ higher!®
Residual stress lower® lower higher>*3
In-s.m‘l mass flux impossible possible impossible
variation
Deposition rate, lower’ lower’ higher*
(g/min) (10.2) (7.8) (16.67 to 66.67)
Dilution ratio <20 %’ <5%’ 40 - 50 %'°
Feedstock material size limited"! less limited'! limited
Ra (pm) 40-60" 70-90'2 500"
1.5-36.3%
Material efficiency higher!! lower!! higher
Cost lower!!# higher!!# lower?

! (Ding et al., 2015)

4 (Williams et al., 2016)
7 (Pinkerton, 2010)

19 (Pickin et al., 2011)

2(Wu et al., 2018)

5 (Kelbassa et al., 2019)
8 (Lietal., 2018)

" (Lorenz et al., 2015)

3 (Dutta et al., 2011)
¢ (Xu et al., 2018)

% (Syed et al., 2006)

12(Syed et al., 2005)

13 (Martina et al., 2012) 14 (Cunningham et al., 2018) 15 (Verma et al., 2022)

Laser-based DED with a powder, like the LMD process, allows the manufacturing of
complex shapes on a small working scale with a relatively high hardness characteristic.
Because the focused energy is applied to a concentrated area, surface damage, and
residual stresses are lower compared to arc-based DED. The use of powder as a
feedstock material also provides a unique advantage in that the mass flow can be varied
and the different materials with different grain sizes can be easily mixed. However, the
low material efficiency due to the volume of powder not being completely melted and
bonded, the high cost of powder production, and safety considerations are the main
disadvantages of this process.
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Setting the proper process parameters during LMD is critical to achieve a successful
process. The properties of the deposited surface can be affected by variation of each
parameter. The effect of various parameters on surface roughness, dimensional
accuracy, residual stress, and porosity is summarized in Table 2.2.

Table 2.2: Effect of LMD process parameters on deposited area quality

Surface Dimensional Residual .
Hardness Porosity
. . roughness | accuracy stress
By increasing the:
Laser power improve! decrease’ decrease™* | increase® | decrease’
: 3
Feed rate 1mprove1 - increase* - -
decrease
Powder mass flow | decrease®* - - - increase’
Powder grain size decrease’ - - - -
!(Gharbi et al., 2013) 2 (Craig et al., 2021) 3 (Feenstra et al., 2020)
4(Mahamood et al., 2015) 5 (Sreekanth et al., 2020) 6 (Zhong et al., 2015)
7 (Gaumann et al., 2001) 8 (Shamsaei et al., 2015) % (Kong et al., 2007)

One of the main drawbacks of AM products is the surface roughness of the
manufactured parts, especially in DED. Different process parameters affect the surface
roughness of AM parts. The parameters influencing the properties of DED parts can be
divided into two groups: first-order and second-order factors. The first-order factors are
laser power, feed rate, and powder mass flow. Despite the second-order factors, such as
focal distance, pause time between passes, and shielding gas velocity and volume, the
first-order factors can be easily varied (Gharbi et al., 2013). The effect of the first-order
parameters showed that laser power (320 to 500 W) and feed rate (0.1 to 0.6 m/min)
affect waviness and surface roughness. For a constant powder mass flow (1 g/min), the
high laser power and lower feed rate resulted in better surface roughness, i.e., lower
waviness and better surface finish. In contrast, Craig et al. (2021) concluded that the
surface roughness of H13 hot work tool steel processed by LMD improves with
increasing feed rate (at a maximum feed rate of 700 mm/min and laser power of 400 W).
The low mass flow outcomes in better surface roughness because the powder melts
completely and deposits properly on the surface (Mahamood et al., 2015).

The effect of powder grain size on surface roughness is correlated with laser spot
diameter. When the powder spot size (the peak concentration of powder at the focal
point) is larger than the laser spot diameter, it results in poor surface roughness (Kong
et al., 2007). Additionally, powders smaller than 20 um cause an inhomogeneous
surface. The small size of the particles tends to coagulate inside the nozzle, and then the
high pressure of the carrier gas ejects the coagulated powder, resulting in the pulsation
of the powder and, consequently, the poor surface roughness. The powder grain size
between 44 and 88 um for Inconel 625 powder shows the right size where the deposition
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efficiency improves in addition to the surface roughness. The shape accuracy decreased
with increasing laser power for 316L and Inconel 625 powders. In this study, the laser
power varied between 1200 and 2000 W. It is also concluded that the higher laser power
decreases hardness due to the resulting laser melt pool size and, so, longer solidification
time (larger grain size). The higher feed rate (0.1 m/s) by deposition of Ti6Al4V results
in higher microhardness from about 368 to 408 HV(0.5 (Mahamood et al., 2015).

The shielding gas affects the amount of powder delivered to the melt pool and, therefore,
the coating thickness. The higher the shielding gas flow rate, the greater the thickness
of the deposited layer. However, the higher shielding gas flow rates tend to direct the
powders away from the melt pool surface (Shamsaei et al., 2015).

Residual stress is one of the most critical challenges in AM parts, especially in DED
parts. Residual stresses are generated in almost all manufacturing processes, especially
in the melt phase joining process, such as AM. The residual stresses play an essential
role in the fatigue life, crack propagation, and effective yield stress of the manufactured
components (Macherauch et al., 1973). Some of the residual stresses remain even in the
absence of external forces or thermal gradients. After fabrication, the resulting internal
forces and moments are balanced as a system in the fabricated part. Type I (macro
stresses) and Type II and III (micro stresses) are three subcategories of residual stresses
based on the length scale. Type I is at the macro level and causes irregular strain
distribution. Microscale stress (Type II stress) exists due to anisotropy of the material at
the grain scale. Nanoscale dislocations and coherency cause Type III stresses. Since
type II and III residual stresses have an insignificant effect on the macroscopic
mechanical properties of the material and the measurements require very accurate and
specific equipment, Type I residual stresses are mainly studied (Macherauch and Kloos,
1989). Compressive residual stresses (negative values) are particularly desirable in tools
because they increase fatigue life by limiting crack growth and propagation (Milella,
2013). Like the welding process, the particular thermal cycle (rapid heating-cooling) of
additive manufacturing develops residual stress in AM components. To some extent, the
formation of residual stresses in AM and welding follows a similar formation
mechanism (Kou, 2020).

In addition to laser power, laser head feed rate, powder mass flow, the initial substrate
temperature, scanning strategies, and cooling time (dwell time) are effective parameters
on residual stresses in the LMD process (Tebaay et al., 2020). The laser scanning
direction in 316L powder shows an insignificant effect on the magnitude of residual
stresses investigated by Rangaswamy et al. (2005). The impact of cooling/dwell times
on residual stresses depends on the deposited material. The deposition of Inconel 625
material with a longer cooling time results in smaller residual stress amplitudes.
Conversely, a shorter cooling time causes the higher residual stresses in deposited Ti64
material (Wang et al., 2017).
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Preheating the substrate is one solution to reduce the unwanted residual stress, in
addition to heat treatment of AM components (Li et al., 2018). The maximum residual
stress of Co-based alloy powder deposited on die steel Cr12 (1.2080) reduces by 20 %
from 350 MPa at room temperature (RT) to about 280 MPa at 600 °C in the deposited
area. However, for nickel-based powder (Ni60A), the residual stress is reduced by only
6 %, showing an insignificant effect (Jiang et al., 2016). The preheating of the bulk
substrate for heat-treated steel (36CrNiMo4) causes the formation of a homogeneous
dendritic structure of the deposited layers, which is not the case for the non-preheated
substrate for co-alloy powder (Stellite®1) (Alimardani et al., 2010). The preheating of
the substrate leads to a reduction in the hardness of the deposited material due to an
increase in ferrite in low alloy steel powder (12CrNi2), as shown by Ding et al. (2018).
For 316L and Inconel 625 powders, the preheating prevents the initiation of cracks when
joining dissimilar materials in LMD (Meng et al., 2020). It is also shown that the
preheating method, called laser synchronous, improves the microstructure of the
deposited material. In this method, the substrate or deposition areas are preheated with
a laser beam to apply the initial or subsequent deposition track.

There are several methods to measure the residual stress, such as the curvature of hole
drilling, X-ray diffraction, and neutron diffraction (Li et al., 2018). The application of
X-ray diffraction is one of the most common and well-established methods for
measuring residual stress. This method is a non-destructive, non-contact, and accurate
measurement and is relatively inexpensive compared to neutron diffraction (Hauk,
1997). Residual stresses can be measured to a depth of 20 pum with an accuracy of
+ 20 MPa by X-ray diffraction (Withers and Bhadeshia, 2001). The residual stresses in
this method are determined with Bragg's law (Bragg and Bragg, 1913) and sin®y
method. A comprehensive explanation of the principle of measuring X-rays with sin®y
method can be found in Withers and Bhadeshia (2001).

2.3.3.2 Sheet lamination

In sheet lamination or Layer Laminated Manufacturing (LLM), three-dimensional
objects are produced by cutting the two-dimensional cross-section of the sheets and
stacking the adhesive-coated sheets to produce the target geometry. In sheet metal
lamination, the laminations can be stacked in either a vertical or horizontal orientation
(vertical and horizontal lamination). Vertical lamination stacks the laminae parallel to
the part axis. This method automatically supports the embossing in the laminated part
because the vertical sheet is supported by the laminae (Bryden et al., 2000). Vertical
lamination (Fig. 2.6a) often encounters over-elastic deformation that affects the
geometry of the target part, which leads to plastic deformation and subsequent part
failure. Vertical lamination also requires lateral support (Yoo and Walczyk, 2005).
Horizontal lamination (Fig. 2.6b) limits the ability to create islands and embossments
in part due to the orientation of the laminations. The surface roughness of the horizontal
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laminated parts is better than that of the vertical one, and more material can be saved by
horizontal lamination, where the waste material from the cavity can be used to laminate
the core part. In most cases, the horizontal orientation is preferred for flat parts (Bryden
et al., 2000; Dickens, 1997).
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Figure 2.6: (a) Vertical lamination, (b) horizontal lamination

The low manufacturing time, lead time, and cost are sheet lamination's main advantages,
making this technique suitable for rapid prototyping and tooling. Sheet metal lamination
also allows for the combination of different materials and/or laminates of different sheet
thicknesses, which can also be interchanged if necessary (Pepelnjak and Kuzman, 1998).
The use of sheet lamination for tooling production was first patented by Hart (1942) to
manufacture shoe molds. In 1954, another patent was filed to make hydroforming dies
using sheet metal laminated tooling (Clevenger et al., 1954). In the automotive industry,
the application of sheet metal laminated tooling dates back to the early 1980s for the
manufacture of the metal laminated stamping tool by Nakagawa and Suzuki (1981).
Sheet lamination also allows the positioning of sensors for innovative tooling (Cao et
al., 2019). Complex cooling and heating channels can be initiated in sheet laminated
tools. Bryden et al. (2002) demonstrated the implementation of cooling channels in
laminated tool for functional testing at 900 °C for the aerospace industry. Complex
cooling channels have been successfully implemented in injection molds produced by
the metal laminate tooling method (Bryden and Pashby, 2001).

Despite its advantages, sheet lamination has disadvantages, making it take longer to
develop than other AM techniques. The possible reasons could be the following:

e bonding laminates with sufficient strength to meet production requirements is
challenging.

e automating of this process is challenging, especially for complex geometries.

o finally, the design of angled or curved surfaces in sheet lamination results in a
jagged and inhomogeneous surface called the stair-step effect, i.e. the non-
smooth and edged surfaces due to stacking. This stair-step effect depends on the
layer thickness and the angle of the surface. The thicker the sheet metal layer, the
greater the stair-step effect and, consequently, the greater the surface roughness
(Bryden et al., 2000).

To solve the lamella bonding challenge, various joining methods such as bolting,
welding and laser welding, soldering, diffusion bonding, adhesive bonding, hydraulic
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jaws, form fit, or pull cables. The application of the required tool determines the bonding
method, e.g. laser welding, bolting or bonding by adhesives, which provide sufficient
bonding strength for sheet metal forming tools and core boxes. Strong bonding by
diffusion welding is required for injection molding and die-casting tools (Himmer et al.,
2003). The working temperature during the experiment is critical in selecting the type
of bonding method. For low-temperature (< 250 °C) experiments, soldering or brazing
can be used as the joining method. For high-temperature conditions, around 900 °C, hot
isostatic pressing is required (Bryden et al., 2000). The development of faster computer
processing power, supported by more advanced computer-aided design (CAD) and
computer-aided manufacturing (CAM) software packages, has led to the possibility of
automating complex shapes at the design and production stages (Bryden et al., 2000).

However, the main challenge in laminated tooling is eliminating or reducing the stair
step effect. Laminates can be cut in two ways (Fig. 2.7a) where the corners of the sheet
are in contact with the nominal geometry or angle of the curve.
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Figure 2.7: Two possible methods of cutting of laminae (a) over-length method,
(b) short-length method

In an over-length method, the target geometry of the part is inside the laminations, and
the corners of the underside of the laminations are in contact with the nominal geometry
(Fig. 2.7a). In this method, the extra sheet must be removed by subtractive processes
such as milling or turning. In the second or short-length method (Fig. 2.7b), the target
part geometry is outside the sheets, and the sheet lengths are shorter than the target part
width/length (horizontal/vertical lamination). In this case, in order to achieve the target
geometry, the void areas of the stair step areas would need to be filled with additional
material.

The elimination/reduction of the stair-step effect of metal-laminated tools can be divided
into three groups: no pre-/post-processing, pre- and post-processing, as shown in
Fig. 2.8. According to Kleiner and Krux (2001), the use of an intermediate layer as a
soft layer or elastomer between the laminated tool and the blank is a possible solution
to avoid pre-/post-processing. The interlayer should have high elasticity, high elongation
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at break, low hardness, and high shear strength. The study showed that only small step
sizes can be successfully eliminated by this method, which limits manufacturing
flexibility. Profiled Edge Laminae (PEL) tooling or slant cutting of laminae is a method
of pre-processing laminae prior to stacking developed by Weaver (1991). The laminae
are stacked in an array, with the top of each sheet uniquely profiled and sloped based on
the target curvature. This method is mainly used for vertical lamination (Walczyk and
Hardt, 1994).
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Figure 2.8: Classification of the existing methods for reduction of the stair step effect

The top edge of the laminae is profiled by cutting processes such as laser, wire EDM,
or abrasive water jet (AWJ) cutting. The main disadvantage is the high effort required
to maintain the profiling when moving from the design step to the manufacturing step
(laminate clamping and cutting tool alignment), which increases manufacturing time
and cost. Choosing the right laser power for profiling is another challenge of this method
(Walczyk and Hardt, 1998). Yoo and Walczyk (2005) developed an advanced automatic
cutting model for a PEL to reduce the profiling effort. The most common method of
eliminating the stair-step effect is machining. Kunieda and Nakagawa (1985) used this
method to remove the stair-step effect in manufacturing metal-laminated deep-drawing
dies. The study shows that polishing or grinding is still required after machining.
Diffusion bonding has also been shown to be a suitable joining method for laminated
dies. A combination of chamfering and machining of the laminate to manufacture
stamping dies was studied by Walczyk and Hardt (1998). However, this combined
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method is more complex and costly. Metal laminated tools post-processed by
chamfering and machining always have the possibility of delamination during operation
because there is no layered bonding in the contact area between the workpiece and the
tool. The application of brazing and soldering to fill stair steps of I mm low-carbon steel
sheets with solid filler material is also investigated (Yoon and Na, 2005). Since brazing
and soldering do not penetrate into the substrate, the exact amount of solid filler material
can be determined in this method. Nevertheless, the lap shear stress results show
maximum tensile shear stress of 137 MPa and 21 MPa for furnace brazing and dip
brazing, respectively. It is shown that the maximum hardness is just under 50 HV
without adding particles to the filler material. Hardness can be increased up to 600 HV
by adding carbide particles after heat treatment, improving mechanical properties and
increasing production time. However, there is no need for machining to improve surface
roughness.

Electroplating sharp contours and achieving closed contours (spaces between
laminations) with a homogeneous surface is another way to reduce the stair-step effect
(Techel, 2005). Galvanic coating (electroplating) and the application of an adhesive
metal layer in stair-step areas require complex pre-treatment. Electroplating with nickel,
for example, has no significant thermal effects on the part.

In addition to machining, forming an uneven surface (stair-step areas) can decrease
surface roughness. Despite the machining processes, ball/roller burnishing is a chipless
finishing process. The homogeneous and smooth surface in ball/roller burnishing is
achieved by high contact pressure supported by hydrostatic pressure between the
ball/roller and the uneven surface (Fig. 2.9a). The high contact pressure causes plastic
deformation of the metal surface under pressure, resulting in a smoother texture. The
functional operation of the ball burnishing tool is shown in Fig. 2.9b.
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Figure 2.9: (a) Principle of the operation of ball burnishing, (b) applied vertical stress
distribution by the ball burnishing (Réttger, 2003)

It is shown that compressive stress can be induced in the heat-affected zone (HAZ) to
reduce hot cracking. The application of ball or roller rolling to welds could be either
directly after welding, called in-situ rolling, or after cooling the weld, called post-weld
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rolling (Adams et al., 2020). Post-weld rolling is more effective than in-situ rolling in
reducing residual tensile stresses in friction stir welding (Altenkirch et al., 2009).

The subsequent yielding of the weld bead material during cooling renders in-situ rolling
ineffective in reducing residual stresses (Coules et al., 2012). Colegrove et al. (2017)
combined rolling with the WAAM process. It is concluded that rolling reduces the peak
residual stress and distortion, and by increasing the rolling force, the hardness also
increases. It is shown that in-situ rolling does not affect distortion. Hiegemman et al.
(2016) also used the advantages of ball burnishing to form and smooth the stair-step
effect. In this work, the DC04 steel sheets with a thickness of 1 mm and a length
difference of 1 mm are stacked (Fig. 2.10a). The laminations are ball burnished under
45° (Fig. 2.10b) with three different rolling forces. The results of Vickers hardness
under different rolling forces show that the rolling force of 3 kN increases the hardness
by 75 % (Fig. 2.10c). This increase is due to the fact that the main advantage of this
process is the work hardening of the deformed surfaces. Even with the higher rolling
forces, the laminations' surface roughness is insufficient for deep drawing applications.
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Figure 2.10: (a) Dimension of laminae (b) rolling force and direction (c) hardness
curve

For the first time, Erasenthiran et al. (1997) briefly investigated the application of laser
cladding to eliminate the stair-step effect of simple laminates using Ni powder as the
cladding material. In this study, two different deposition routes are followed. In the first
route, the almost exact amount of powder was individually tailored and placed in each
stair-step effect, called “replaced powder”. In the second route, the steps are deposited
regardless of the volume of the steps, called blown powder cladding. Blow powder
cladding results in lower porosity and produces a smoother surface than pre-placed
powder. However, it has a rough surface roughness. Laser remelting of the deposited
surfaces is also briefly attempted in this work. Laser polishing is an exciting method for
surface treatment in the industry due to its high operational speed, flexibility, and
localized surface treatment (Bhaduri et al., 2017). Since it is a non-contact process, it
would accelerate the automation possibilities (Dadbakhsh et al., 2010).
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Laser polishing is classified into three groups: laser large-area ablation, laser localized
ablation, and polishing by remelting (Krishnan and Fang, 2019). In large-area ablation,
the laser beam has an angle of 85° to the target surface, and the large area is under the
laser beam. This method is mainly used for chemical vapor deposition (CVD) of
diamond films. In contrast, pulsed laser radiation has been used for localized ablation,
where the ablation of the profile peaks is controlled (by controlling the power density).
This method is very costly because precise positioning of the laser beam at the profile
peaks requires very accurate measurement equipment. Compared to other methods, laser
polishing by remelting has a high degree of automation (no need for skilled labor), short
processing time, and results in no change in surface shape. Laser polishing also has no
environmental impact compared to other processes, such as grinding and burnishing,
which produce waste and chemicals (Willenborg, 2011). The principle of laser remelting
is shown in Fig. 2.11. Shallow Surface Melting (SSM) and Surface Over Melting (SOM)
are the two main mechanisms of surface roughness reduction in remelting. The
dynamics of high-temperature metal flow create the SSM region. The metal flow is
forced into micro-roughness and fills the existing valleys. This causes the melt level to
be lower than the peak-to-valley distance, which laser parameters can influence.
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Figure 2.11: Principle of laser polishing (Krishnan and Fang, 2019)

The melt pool behavior is a function of the energy density of the laser beam. As the laser
power increases, the melt pool thickness increases and exceeds the roughness height. It
leads to the transformation of the entire metal surface into a melt pool. At higher laser
powers, which results in a temperature above the material's melting point, the molten
material pulls away from the solidification front and forms waves on the surface. This
phenomenon is called surface overmelting (SOM) (Ramos et al., 2002; Krishnan and
Fang, 2019). The generated surface roughness after laser polishing, besides the initial
state of the surface such as the original surface roughness, the homogeneity of the
surface and the thermophysical material (thermal conductivity, viscosity, other
parameters), is a function of various parameters such as the type of laser (fiber, CO.,
diode, excimer), the beam diameter and intensity, the interaction time between the laser
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beam and the target surface (Krishnan and Fang, 2019). Since laser polishing is a non-
contact process, it provides high accessibility. Laser polishing of free-form surfaces is
of interest to the industrial and medical sectors. Fig. 2.12 illustrates the application of
laser polishing to components of a heart pump where the laser is moving on complex
shapes.
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Figure 2.12: Example of laser polishing of a heart pump component hub and hub cap
(Temmler et al., 2010)

Some other post-processing of AM parts, such as etching, electropolishing, plasma
spraying, or sandblasting (Bhaduri et al., 2017), can be used for AM parts, which are
beyond the scope of this study.

Failure modes and strength of laminate for tool design

Several failure modes are possible for laminated tooling. The primary failure is the lack
of a strong bond between the laminae, especially under process forces. The failures
(Fig. 2.13) could be due to stresses from service process forces such as tension, shear,
peeling (delamination), or a combination of several stresses.
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Figure 2.13: Failure modes in laminated tooling (Walczyk and Dolar, 1997)

Thermal contact resistance and lack of proper sealing are the other possible failure
modes in laminated tools (Walczyk and Dolar, 1997). The other criterion to consider is
the stiffness of the laminations under process forces. The laminae should not break or
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even plastify during the process. To this end, several methods have been developed to
study the stiffness of the laminae, which will be discussed below.

The laminated sheets as mechanical structures can be considered as either a beam or a
plate. The main difference between a beam and a plate is the width. The beams have a
much smaller width compared to the plates. The beam theory calculates the beam as a
one-dimensional element, although in reality it is three-dimensional. The Euler-
Bernoulli beam and Timoshenko beam theories (Timoshenko and Gere, 1985) are more
commonly used to study the beam.

In the Euler beam theory, the fourth-order differential equation of the displacement (u)
is a function of the vertically distributed force (load per length) g(z), the moment of
inertia (/) and Young’s modulus (E) as presented in Eq. (2.2).

d'u_q(2) 2.2)

dz* EI
The Eq. (2.2) can be solved by applying the boundary conditions at the beginning and
end of the beam. The main drawback of the Euler beam theory is that it is only valid for
slender beams, and the length of the beam is much larger than its cross-section. It
underestimates the deflection for short or thick beams because the shear deflection is
neglected. By introducing the shear deflection, Timoshenko beam theory solved this
problem by introducing the shear factor 4. In Timoshenko’s beam theory, the plane
section remains plane but no longer perpendicular to the longitudinal axis (Fig. 2.14).
This leads to a rotation angle of the normal to the mid-surface of the deflection 8,. The
governing Timoshenko beam equation is equal to:

d? do

2 Fgy) = ae @)
dw 1 d do
P . 2.4
dz _ ? T xAG dz (EI dz)' @4)

where A is the cross-sectional area, G is the shear modulus, and x is the Timoshenko
shear coefficient (which depends on the cross-section geometry). The shear modulus is
G = —0.5 E(1 + v)~! where v is Poisson's ratio. By combining these two equations and
simplifying them, the bending moment (M,.) and the shear forces (Q.) can be calculated

as follows:
dp
M,, = —EI e 2.9)
ow
Q, = KAG (—go + 5) (2.6)

Besides Timoshenko's beam theory, there are other theories, such as Levinson's beam
theory (Levinson, 1981) and other higher-order beam theories. The main difference is
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the different way of calculating the shear stress, assuming that the cross-section is no
longer plane. However, Timoshenko's beam theory still provides accurate results if the
boundary conditions are fulfilled correctly.
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Figure 2.14: Timoshenko beam versus Euler—Bernoulli beam and deformation of the
beam

Several studies have been conducted to analyze the strength of laminated tooling under
process forces. There is a different analysis for vertical and horizontal laminated tooling.
Walcyk and Hardt (1998) analytically explained the mechanical failure of the laminae
for the vertical PEL laminated tooling. Due to elastic or possibly plastic deformation,
the process forces on the vertical laminates lead to form errors in the laminated tool
(Fig. 2.15a). Based on the Timoshenko beam theory, the individual sheets become
unstable and begin to buckle or deform (Fig. 2.15b). The process forces applied to the
individual sheet can be separated into buckling and bending forces (Fig. 2.15¢). The
total forming force of the blank on the laminae is the integration of the effective force
Fy and the resultant perpendicular static friction force u - F,, at the contact area of the
laminae and the blank, where u is the coefficient of friction (Fig. 2.15¢). Considering
the total forming of F; = F, - /(1 + p?), the bending force (Fyending) and buckling force
(Fbuckiing) are equal to Fr - sin(a —tan™!u) and Fy * cos(a — tan™! ), respectively.
Based on Euler's column buckling formula, the critical buckling force for rectangular
cross-section can be determined as:

VE-ph-t3
Fcritical _F E-b-t

buckling — W' (2 7)

where E is Young’s modulus, b, and ¢ are the width and thickness of the sheet,
respectively. The free length of the beam is a. The coefficient factor I' depends on the
support condition in both ends. Therefore, the mechanical failures could be divided into
buckling and bending. It is also concluded that the cutting forces should be considered
by post-processing the stair step effects by the machining to avoid deformation and
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shape errors. Later, multilayer beams subjected to horizontal loading were studied by
Bareisis (2004).

(a) (b)
Intended die surface

F ) F,
"o M [ Actual die

J_surface under load g

h ‘
N
N

N\ g
—»ll« Positional
{ error

F,

bending

Figure 2.15: (a) Laminae under forming forces, (b) substitution of the supporting
laminae, (c) single PEL sheet under bending and buckling forces
(Walczyk and Hardt, 1998)

The results of an analytical method for determining the deformation of multilayer beam
and its corresponding normal stress were in good agreement with finite element method
(FEM) simulation results. In the proposed model, the laminated layers are considered as
a single beam.

Holker (2014) developed an analytical model for the laminated extrusion die
(Fig. 2.16a). The derived analytical model consisted of a single cantilever beam under
distributed vertical force supported by an elastic bed as a support (Fig. 2.16b).
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Figure 2.16: (a) Cross-section of the extrusion die, (b) simplified 2D model of the
laminated extrusion die with BC (Holker, 2014)

To validate the developed analytical model, FEM simulations are used, which showed
only a 12 % deviation in von Misses stress values from the analytical model (Fig. 2.17).
The main reason for this deviation is the dependence of the FEM simulation results on
the mesh size and the discontinuity in the transition zone between the supported area
and the free length in the cantilevered area. Yoon and Walczy (2005) developed a
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software model for analyzing and manufacturing the structural integrity of PEL tooling
with vertical layer orientation. The advanced software integrated CAD, CAM, FEM,
and analytical models for PEL tool manufacturing. Compared to experimental work, the
software results in a maximum deviation of 25 % for deflection error.
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Figure 2.17: Comparing of analytical with FEM model (Hélker, 2014)

2.3.4 Hybrid additive manufacturing

In addition to economic and energy considerations, the increasing demands for new
products for high accuracy, strength, and functionality lead to increased productivity of
manufacturing processes. Considering that the parts also need to be produced in a short
time, innovation increases. Integrating different manufacturing processes such as
forming, machining, joining, and additive manufacturing can improve productivity. This
integration, called hybrid manufacturing (HM), can overcome the limitations and
constraints of individual processes. The terms "hybrid processes," "hybrid
manufacturing," or "hybrid manufacturing processes" do not have a clear definition
(Zhu et al., 2013). The term hybrid machining was first used by (Rajurkar et al., 1999)
and comprehensively defined by (Aspinwall et al., 2001) as a process in which more
than one subtractive methods are used independently on a single machine, or these
processes are used simultaneously. However, other definitions exist (Rivette et al.,
2007). The word "hybrid" can be defined as integrating different processes that
significantly influence the properties of the target part (Lauwers et al., 2010). The
International Academy for Production Engineering (CIRP) defines the hybrid process
as (Zhu et al., 2013):

e integrated utilization or integration of various physical active principles, such as
the application of laser in machining (Dandekar et al., 2010)
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e combination of individual process steps as an integrated process, e.g.,
superposition of sheets during the incremental forming (Araghi et al., 2009) or
use of laser for single point incremental forming (Duflou et al., 2007)

e integration of machines performing different processes at the same location (She
and Hung, 2008)

Subtractive methods, especially computer numerical control (CNC) machining, are the
only choice when high-quality parts are required. This method is costly and time-
consuming. However, it requires highly skilled labor to generate the CAM program and
evaluate the part's manufacturability. Rapid tooling concept can eliminate this step and
accelerate the transformation of the design concept into the real part in a short time
(Karunakaran et al., 2010). Considering additive manufacturing in integration with
conventional processes, a new classification of hybrid manufacturing is proposed by
(Pragana et al., 2021), as shown in Fig. 2.18. The new classification considers hybrid
additive manufacturing to be sequential hybrid manufacturing integrated with
conventional manufacturing processes. Additive manufacturing can be combined with
conventional manufacturing methods of metal laminate tooling. Hybrid manufacturing
can increase flexibility and robustness (Pragana et al., 2021). The hybrid additive
manufacturing process can reduce the amount of waste material in conventional
manufacturing (Lorenz et al., 2015).

In the subcategory of I (Fig. 2.18), processes require the combination of more than one
energy source or tool, all of which must affect the target zone. The process could be
used as an aid (I.A in Fig. 2.18), such as a laser to raise the temperature, or a process
used to change the properties as an individual process (I.B in Fig. 2.18), such as bending
the profile during extrusion. In the second group (II), the processes are used individually
to shape the properties of the parts. The first subcategory (II.A) integrates conventional
processes such as forming followed by machining or drilling. Hybrid additive
manufacturing (HAM) belongs to the second subcategory of sequential hybrid
manufacturing (HM). In HAM, additive manufacturing is always followed by at least
one subtractive process, such as milling of the manufactured part from DED, or a
forming process integrated with additive manufacturing, such as deposition of
functional elements on the deformed sheet by single-point incremental sheet forming
(Tebaay et al., 2020) or deep drawing of sandwich sheets with complex core structure
(Rosenthal et al., 2022).

Integrating the forming process with metal additive manufacturing offers the
opportunity to make the properties of the formed parts more robust and to reduce the
production time of complex geometries. This hybridization extends the capabilities of
conventional methods for customized products (Merklein et al., 2016).
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Hybrid manufacturing

Lauwers et al. (2014)
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Figure 2.18: New classification of hybrid manufacturing (Pragana et al., 2021)

Hybrid additive manufacturing of forming tools

Increasing variation in the required parts, typically produced by forming processes,
requires rapid small or medium batches tooling. The primary motivation for using hybrid
additive manufacturing for forming tools is illustrated in Fig. 2.19. DED or Laser metal
deposition is used to speed up the repair process chain for the existing tools (Graf et al.,
2012). Conventional tool repair is mainly done by standard welding processes such as
TIG (tungsten inert gas) or GMAW (gas metal arc welding). However, the main
disadvantage of these processes is the high energy input, which requires post-weld heat
treatment, which is time-consuming (Lant et al., 2001). Laser metal deposition has a
lower dilution and energy input than conventional welding processes and does not
require additional post-weld heat treatment. The use of the laser as an energy source
increases the reproducibility of the deposited material and lends itself to automation
(Grafetal., 2012).
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Figure 2.19: Motivations for using hybrid additive manufacturing for forming tooling

Table 2.3 compares the conventional welding process with DED for repair purposes on
various criteria. Also, repairing with conventional methods, i.e., TIG/Plasma or Gas
Tungsten Arc Welding (GTAW), provides higher deposition rates, but the metallurgical
characteristics are poor. This is not the case with DED due to the low dilution and
localized treatment. (Saboori et al., 2019). Applying the DED process for repair and
restoration reduces the lead time and cost, thus reducing greenhouse gas emissions (Ahn,
2021). Using the DED process to repair the turbine blade can reduce 68.1 % of the total
energy consumption compared to manufacturing a new turbine blade. This amount of
energy saved reduces ca. 72.5 % of greenhouse gas emissions (Wilson et al., 2014).

Table 2.3: Conventional repair methods compared with DED (Saboori et al., 2019)

TIG/ Thermal
Criteria GTAM Cold spray . DED
Plasma Coating
Deposition rate sk skeskekok sk sfeskoskskesk sfeskokosk
Metallu.rglcal sk * sk sk sk
properties
set up tlme skekok sk skekok sk seskokok
Post-heating . % sk ok sk
treatment
Cost *x * ok ok otk

Since most metal-based additive manufacturing processes allow almost free choice of
materials, DED processes offer the opportunity to deposit one or more highly wear-
resistant layers on the surface of parts where wear or corrosion may occur. Forging, hot
stamping, and rolling tools enhanced by the DED process show lower or undamaged
areas. The application of laser metal deposition to add the additional surface as a
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resistance layer is called Laser Surface Alloying (LSA), which has the same principle
as LMD. The alloying material (alloy powder) applied to the deposited surface by laser
energy completely dissolves the alloying materials in the melt pool. The target surface
is enriched with the required alloying elements (Sharkeev et al., 2016). From an
economic point of view, LSA reduces the cost of alloying elements because only the
required area can be enhanced with high-strength elements instead of the entire part.
Yet, it also saves energy and cutting tool costs during production (Chatterjee et al.,
2008). The main advantage of this method over other competing methods is the
possibility of rapid quenching. It results in smaller grain size and the creation of
metastable state structures (Kwok et al., 2006) or configurationally frozen metastable
state structures (Turnbull, 1981). In several forming processes, such as hot stamping or
deep drawing at elevated temperatures, it is essential to control the near-surface
temperature of the tool through complex cooling and heating channels. In the hot
stamping process, it is essential to reduce the blank temperature at a cooling rate of
27 k/s (Karbasian and Tekkaya, 2010). Additive manufacturing processes, such as
powder bed fusion, can produce complex cooling channels; however, the manufacturing
time is long (Rottger et al., 2023). The complex cooling channel can be manufactured
by combining the pre-machined substrate (bottom side of the tool) and depositing the
internal complex cooling channel by LMD as the top side of the tool (Popov and
Fleisher, 2020). A relatively complex conformal cooling channel has been successfully
manufactured by depositing the ASI H13 powder (similar to Ferro55) on the pre-
machined channels on the bottom side of the tool (Cortina et al., 2018). The new hybrid
method is able to produce the cooling channels close to the surface of the hot stamping
punch, ca. 4.5 mm distance to the tool surface, without the additional hardening step
(Komodromos et al., 2022) required by the conventional method, which is 6.4 mm (Lv
et al., 2016).

Compared to conventional composites, the DED process using powder as filler material
allows maximum tailoring of the graded composition, in addition to tailoring the
microstructure based on the required properties (El-Galy et al., 2019; Liu et al., 2020).
The fabrication of thin-walled functionally graded material (FGM) from 100 % titanium
to about 95 vol.- % TiC without any crack formation was possible by LMD (Xia et al.,
2020). The functional elements can be generated in a short time by DED on the forming
tools. Since the DED process does not require special fixtures and tools, the functional
elements can be implemented in locations accessible to the head of the DED machine.
The application of Ti-6Al-4V powder by laser beam melting on Ti-6Al-4V metal sheets
to fabricate the functional elements showed an 88 % higher shear bond strength than
conventional methods (Schaub et al., 2016). No specific study was found in the literature
on the use of functional elements of forming tools. DED also offers the possibility of
increasing the local strength of the tool by depositing high-strength materials. The
locally reinforced AA 6016 sheets are successfully subjected to hole-flanging without



28 State of the art

new tooling. The deposited support allows the utilization of the formed part by reducing
the total weight (Bambach et al., 2021). With conventional reinforcement methods such
as spot welding or other adhesive methods, the risk of corrosion or poor bonding
between the target part and the patch is high, limiting design freedom. This concept can
be extended to the fabrication of the forming tools. The combination of laser metal
deposition with sheet lamination and ball burnishing has been patented by Holker and
Tekkaya (2018). In this patent, the stepped areas caused by sheet lamination are filled
with the laser metal deposition process. Ball burnishing is used to smooth and improve
the surface roughness quality of the deposited areas.

2.4 Summary

In addition to a brief overview of sheet metal forming (especially deep drawing), surface
roughness parameters, additive manufacturing, and sheet lamination, different methods
for existing techniques to reduce the stair-step effect are presented. It is shown that
integrating conventional machining processes with additive manufacturing (AM)
processes can mitigate the inherent limitations of both methods in producing complex
parts and reduce the design and manufacturing constraints. Hybrid additive
manufacturing also has a lower CO; footprint and offers the possibility of realizing rapid
manufacturing.

The use of sheet lamination as a rapid tooling method is limited due to the stair-step
effect. The main drawback of existing sheet lamination methods to reduce or eliminate
the stair-step effect is the difficulty in attending to existing automated remedial
technologies. In addition, the application of laser metal deposition to reduce the stair-
step effect was briefly investigated by Ersenthiran et al. (1997), and the application of
ball burnishing to smooth surface roughness was patented by Holker and Tekkaya
(2018). However, further investigation of these methods for manufacturing forming
tools, such as deep drawing tools, is needed.
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In conventional tool manufacturing methods, the raw materials in the form of blocks or
cylinders are machined either by milling or turning or, if the tool already has a high
hardness or a complex geometry, by electrical discharge machining to achieve the
desired geometry and dimension (Fig. 3.1a). In most cases, the manufactured part must
be hardened by additional heat treatment and is only ready for use if the hardening does
not cause deviations in shape or geometry.
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Figure 3.1: Comparison of (a) conventional and (b) hybrid additive manufacturing of
laminated deep drawing tools route

The manufacturing time is directly related to the complexity of the geometries. The tools
consisting of 3D cooling/heating channels or even places for sensors require more
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manufacturing time. The more complex geometry results in more expensive machining
and cutting tools.

Since the surface of the die undergoes high pressure during the forming process, only
the surface of the die needs to be hardened at a certain depth to increase wear resistance
and strength. In addition to the high-energy consumption, hardening the entire part
equipped with sensors or cooling/heating elements is difficult since high temperatures
could damage the existing sensors or functional elements. Developing a new
manufacturing process that eliminates the hardening process facilitates the production
of smart tools and reduces energy consumption and CO; emissions. In addition, the
process must be able to produce the tool quickly to meet the requirements of rapid
tooling and flexible manufacturing.

This work aims to develop a resource-efficient process chain for the flexible
manufacture of deep-drawing tools using sheet metal lamination and additive
manufacturing. The proposed hybrid additive manufacturing process starts with the
preparation of the required metal sheets, which can be cut by laser or water jet to the
desired geometry (Fig 3.1b). By stacking the sheets in the correct order, a stair-step
effect is created. Laser metal deposition (LMD) reduces or eliminates the stair-step
effect. The deposited surface is still rough; three post-processing methods are
investigated to improve the tool surface roughness. The deposited area has high hardness
and no additional hardening step is required. The use of LMD to reduce the stair-step
effect offers the possibility of adaptively filling the various areas of the stair-step effect
by in-situ adjustment of the powder mass flow rate. LMD also enables building on
curved surfaces and structures (full 3D capability). It can also process multiple materials
to create hybrid components. With this method, all the advantages of laminated tooling,
such as the insertion of sensors or complex cooling and heating channels, can be used
simultaneously, in addition to selecting different types of tool sheets. However, the
development of such a tool requires a systematic design.

Three fundamental questions for developing a design guideline for hybrid additive
manufacturing of laminated tooling are:

1. What are the considerations in the tooling design process?
2. What are the characteristic mechanical limitations of the hybrid process?
3. What is the CO»-footprint of this process?

To answer the first question, it is necessary to study the laminated tools’ stiffness and
strength to guarantee that the tool doesn’t fail during the deep drawing. For this,
developing an analytical-based model helps to understand the stress distribution of the
laminated tooling to ensure a proper material selection (chapter 6), including meeting
cost criteria (chapter 7). Choosing proper process parameters and a deposition strategy
needs a thorough investigation to achieve the best surface roughness and minimum form
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deviation (chapter 6). It is also required to evaluate the effect of different post-
processing methods on the surface roughness and hardness of the deposited areas
(chapter 6). Since residual stresses are expected in AM parts, it should be analyzed
whether preheating the tool sheets can improve the manufactured tool surface
(chapter 5). The effect of different tool surface roughness on the frictional behavior of
the tool also needs to be determined (chapter 6). Applying the developed knowledge to
simple axisymmetric deep drawing tools ensures the functionality of tools (chapter 6).
Since the LMD offers the possibility of manufacturing fully 3D surfaces, the effect of
the process parameters on the different 3D strategies by manufacturing a demonstrator
is studied (chapter 6). Finally, an economic as well as ecological assessment of the
developed method is compared with the conventional and purely additive manufacturing
processes for rapid tooling (chapter 7).






4 Materials and experimental methods

The following chapter presents the material properties of sheets used for tooling and
deep drawing experiments. The chemical composition of metal powders used for LMD
is also provided. Subsequently, different test setups consisting of standard conventional
equipment and nonconventional test tools are also presented in detail.

4.1.1 Tool sheet (laminae)

The ferritic HC420LA (1.0556) belongs to conventional high-strength steels, according
to DIN EN 10268 (2013). The cold-rolled low-alloy steel HC420LA is used in sheet
thicknesses of 0.5 and 1.0 mm. The high-strength steel S355MC (1.0976) with a
thickness of 2.0 mm, according to DIN EN 10149-2 (2013), is a thermomechanically
hot-rolled steel for cold forming. The low content of carbon and microalloyed elements
provides good weldability for both materials. The melting temperature of sheets is
between 1480 — 1526 °C. The surface roughness of the sheets as delivered are
R.=0.77+ 0.1 um and R, =4.26 = 0.4 pm. The chemical composition of both sheets
based on the provided company Kanuf Interfer Stahl service center GmbH of sheets is
presented in Table 4.1.

Table 4.1: Chemical composition of the tool sheets in weight percentage %

Tool sheet C Mn Si 1P S Nb A Ti Al
HC420LA | 0.1 1.6 | 0.5 0.025 | 0.025 0.09 0.064 | 0.15 | 0.015
S355MC 0.12 1.5 | 05 0.025 0.02 0.09 0.2 0.15 | 0.015

4.1.2 Deep drawing sheets

The low carbon interstitial free (IF) steel DC06 (1.0873) and the high-strength steel
HC380LA (1.0550), both 1 mm thick, are used for all deep drawing experiments. The
chemical composition of the sheets based on the supplier is presented in Table 4.2.

Table 4.2: Chemical composition of the deep drawing sheets in weight percentage %

Deep
drawing C Mn Si P S Nb v Ti Al
sheet
DC06 0.019 | 0.188 | 0.007 | 0.005 | 0.006 - - 0.001 -
HC380LA | 0.073 | 0.326 | 0.009 | 0.007 | 0.005 | 0.055 | 0.002 | 0.001 | 0.065

4.1.3 Tensile tests

All tensile experiments are carried out according to DIN EN ISO 6892 (2020). The
tensile specimens are prepared according to DIN 50125 - H20 x 80 (2016). All tensile
specimens are laser-cut using a laser-machining center LASERCELL TCL 1005 from
company Trumpf. At least three specimens are tested at 0°, 45°, and 90° for each
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material in the rolling direction (RD). The tensile tests are performed on a universal
testing machine Z250 from the company ZwickRoell GmbH & Co. KG. The machine
has a load cell for recording test forces up to 250 kN. Hydraulic grips grip specimens
with parallel jaws. Tactile extensometers recorded the length and width changes. The
parameters are selected according to DIN EN ISO 6892 1A (2020). The tensile tests are
always run continuously for all specimens until failure. Before the test begins, the width
and thickness of specimens are measured. The width of the specimen is measured at
three different points using a digital caliper gauge. The thickness is measured
analogously with a digital outside micrometer. The specimen grips are first closed with
50 bar closing pressure and then clamped with 150 bar clamping pressure to prevent the
specimens from slipping during the test and thus avoid falsification of the results. In
addition, a preload of 5 MPa is applied, which is permissible according to the standard.
This slight preloading of the specimen also avoids errors in the strain measurement. The
machine is operated using the "testXpert II" software. The results of the tensile test for
all materials are presented in Table 4.3.

Table 4.3: Mechanical properties of the materials from the tensile test

. Angle Rypo2 Rm in Ag
Material tRD | in MPa MPa in % r2-20/Ag In Ar
0° 168 297 24 1.7
Deos 45° 175 303 22 1.4 1.69 0.52
(1 mm)
90° 168 291 22 2.1
0° 374 440 17 0.7
HC380LA 45° 379 433 17 1.06 0.98 | -0.15
(1 mm)
90° 385 450 16 1.09
HC420LA 0° 455 549 12 0.54
45° 439 511 14 1.49 1.07 | -0.85
(0.5 mm)
90° 480 566 12 0.75
HC420LA 0° 458 524 15 0.60
45° 450 509 15 1.37 1.04 | -0.65
(1 mm)
90° 478 546 14 0.84
0° 417 481 17 0.72
S353MC 45° 406 479 16 1.11 0.94 | -0.34
(2 mm)
90° 430 497 16 0.82

Where Rpo. is yield strength, R is ultimate strength, A is fracture strain, 72-20/a¢ is the
anisotropy of the material between 2 to 20 % of strain. The normal anisotropy (rn)
defines as (ro+2roo+ r4s5)/4, and planer anisotropy (Ar) defines as (ro-2r9o+ r45)/2. Since
the anisotropy of the tool sheet is insignificant (Table 4.3), the tool sheets are cut during
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the laser cutting in different directions. In the strength analysis the minimum yield
strength of the sheet is considered.

4.1.4 In-plan torsion test

The in-plane torsion test generally offers higher degrees of deformation than the tensile
test; yield curves can be determined for a larger range (Yin et al., 2015). The torsion
samples with groove geometries are used for the in-plane torsion test of blanks. The
comprehensive test procedure is explained by Yin et al. (2015). The grooved specimens
for the materials with a sheet thickness of 1 mm have a groove radius 7nu =4 mm, a
groove depth #nu=0.5 mm, and a groove track radius rnu= 17 mm. The optical
measurement system used 1 57! as the frame capture frequency. The rotation motor was
100 min"" and the clamping force of 100 kN. The results of each material's tensile and
torsion tests are presented as follows (Fig. 4.1).
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Figure 4.1: Tensile and in-plane torsion test results for sheet materials

4.1.5 Powders for LMD

Austenitic stainless steel powder 316L-Si (1.4404) and tool steel Ferro55 (comparable
to X40CrMoV5-1 or 1.2344 or H13) with a delivered particle size of 45 — 125 pm (some
batches 150 um) are used as filler material for the laser metal deposition process. The
chemical composition of both powders and their melting temperatures are shown in
Table 4.4. The gas-atomized MetcoClad™ 316L-Si powder with an apparent density of
4 — 4.5 g/cm? is supplied by Oerlikon Metco AG. Due to the existing alloys, the
deposited material offers high impact resistance, especially at elevated temperatures.
Molybdenum provides high resistance to pitting and crevice corrosion. The higher
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silicon content provides a cleaner deposited track as a fluxing agent. Due to its high
corrosion resistance, this powder is suitable for marine, oil and gas applications (N. N.,
2014). Voestalpine AG offers PLASweld™ Ferro55 powder with a density of 7.8 g/cm?3
and an average hardness of 53-58 HRC. Due to the high carbon content resulting in high
hardness, only carbide tools can be used for machining. This powder is suitable for
tooling concepts.

Table 4.4: Chemical composition in weight percentage % and melting temperatures of
the powders

Powder C Ni Cr | Mo | si Mn | Fe Melting
temperature

316LSi | 0.03 | 12 17 | 25 | 23 10 | rest 1400 °C

Ferro55 0.35 - 7 22 03 1.1 rest =1570 °C

4.1.6 Laser metal deposition

The experiments for LMD are performed by a machine referenced to as Lasertec 65 3D
hybrid (Lasertec 65 3D) manufactured by Sauer GmbH/DMG MORI AG. The
Laserte 65 3D is a 5-axis machine in which the laser metal deposition is integrated with
the milling with an automatic tool changer. The Lasertec 65 spindle can move in three
linear x, y, and z axes, and the table rotates in two A4-axis (around the x-axis) and C-axis
(around the z-axis), as shown in Fig. 4.2.
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Figure 4.2: Lasertec 65 3D hybrid machine
The powder mass flow can be varied during deposition. The laser unit is manufactured

by Laserline GmbH. It is equipped with a 2.5 kW fiber-coupled diode laser, which
delivers the laser beam through laser fibers with a fiber diameter of 600 pm, a
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wavelength of 1030 + 10 nm, and a length of 5 m. The delivered laser light is guided by
three mirrors and focused on the focal point by a focusing lens. The laser power stability
is =2 % over two hours. Another generation of the laser head is being developed for
this machine. In this study, the initial experiments are performed with the COAX09 laser
head, which is later upgraded to the COAX14 head. According to the manufacturer, the
main differences are better powder efficiency and improved powder focus. Both laser
heads have the possibility to install two different nozzles with different laser spot
diameters, namely 3 and 1.6 mm (Fig. 4.3).

0.18 £ 0.01 mm

(b)

-

Figure 4.3: Nozzle for (a) 1.6 mm laser spot diameter, (b) 3 mm laser spot diameter

The study uses the 1.6 mm nozzle for deposition because of its small area deposition
capability and low thermal distortion. For laser polishing, both nozzles are used. The
powder feed gap for the 1.6 mm nozzle is about 0.18 £ 0.01 mm, while this value is
about 0.36 + 0.01 mm for the 3 mm nozzle. This results in the need to screen the supplied
powder to prevent the powder from sticking and accumulating inside the 1.6 mm nozzle.
All powders are sieved for the 1.6 mm nozzle in the latest laser head generation
(COAX14). The sieved powder has a maximum particle size of 80 pm (min. is 45 pm).
Argon gas is used as shielding and powder carrier gas. The melt pool size and
temperature is measured by the camera on the laser head. Since no thermal camera is
used, the temperature and melt pool size are calculated by image processing. The
Fraunhofer Institute IWS Dresden developed the melt pool temperature measurement
system (E-MA(S). The recorded data is directly post-processed with the AMAnalyser
software from DMG MORI. The average temperature deviation is £3 K.

4.1.7 Deep drawability and wear tests

Cylindrical cups were deep-drawn on a Schuler AG PDR 63/250 C-frame eccentric
press. The maximum press capacity is 630 kN. The eccentric press is integrated into an
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automated test stand. The sheet material was first fed from a coil or strip onto a coil and
then fed into the die cavity by rollers, which also oil the sheets. The deep drawing oil
used was Iloform PN 226 from Carl Bechem GmbH. All deep drawing tests were
performed with a deep drawing speed of approximately 42 mm/s and a blank holder
force of 2.4 kN. Deep drawability experiments are realized with an initial blank diameter
(D) of 115 mm (deep drawing ratio of = 1.93), whereas for the wear test, this value
was 120 mm (S = 2). The punch diameter Dpunch Was 59.9 mm (Fig. 4.4). The deep
drawing tool geometry and specifics in detail can be found in (Kolbe, 2012). For the
reference tests, a new die with a die radius of 8 mm is made out of tool steel 1.2379
(X155CrVMo12-1), which was gas nitrided to achieve the hardness of 642 + 13 HV10
(hardness test force of 98.07 N). Wear resistance tests were conducted on all the
laminated dies up to 10,000 cups using high-strength steel HC380LA. The surface
roughness of the laminated dies and cups and the corner radius of the cups were
measured. The measurements up to 1000 strokes were made after every 200 strokes and
then after every 1000 strokes.
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t,=1mm die
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Figure 4.4: Test setup for deep drawing and wear resistance test

4.1.8 Setup for demonstrator die

A demonstrator die is manufactured using the hybrid method in order to transfer the
knowledge gained to a complex shape with free surfaces. The demonstrator is deep-
drawn on a single-column hydraulic drawing press HPSZK 100-1025/650 from Shuler-
hydrap GmbH & Co. KG with a maximum pressing force of 1000 kN (Fig. 4.5). Iloform
PN 226 oil is used for the deep drawing process. The experiments are performed with a
blank holder force of 100 kN and a punch speed of 8.6 mm/min.
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Die

Blank holder
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of press Punch

Figure 4.5: Test setup for deep drawing and wear resistance test

4.1.9 Ball burnishing

Ball burnishing experiments are performed on the DMG MORI DMU 50 CNC milling
machine (Fig. 4.6). A hydrostatic burnishing tool with a ball diameter of 12.7 mm
manufactured by ECOROLL is used. The fluid pressure used for burnishing is 30 MPa
for Ferro55 and 25 MPa for 316L-Si, with a feed rate of 900 mm/min at different track
distances.

Ball burnishing tool
5-axis CNC machine (DMU 50)

Figure 4.6: 5-axis CNC machine DMU 50 and ball burnishing tool

4.1.10 Strip tensile test

The strip tensile testing machine manufactured at IUL is used to determine the friction
values (Fig. 4.7). Sheet strips are clamped between friction elements. Next, with the
help of the hydraulic cylinder, a defined pressure is applied to the strip sheet. The applied
normal force Fromal is adjusted based on the effective contact area to achieve a contact
pressure. Then, the pulling cylinder pulls the sheet at the specified speed with the pulling
force Faraw.
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The friction coefficient x4 based on Coulomb’s law calculated as pu = M An

draw

innovative fixture is manufactured to clamp the laminated sheets on the machine
(Fig. 4.7).
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Figure 4.7: (a) Test setup for strip tensile test, (b) different friction elements

4.2 Measurements

4.2.1 Optical surface roughness measurement

The Nanofocus psurf C confocal white light microscope is used to measure the surface
roughness of laminates for preheating experiments. The measurements were performed
with a 20x objective magnification. For the rest of the surface roughness measurements,
the Keyence VR-5000 Series 3D Image is used. This measuring device magnifies up to
160x. It uses a 4 megapixel monochrome CMOS image receiver element and a double
telecentric transmitter and receiver lens. Telecentric lenses provide constant
magnification regardless of the distance or position of the object in the field of view.
The instrument performs all measurements based on the ISO 21920 (2021), the new
DIN ISO 4287 standard (2010) version. A 40x magnification is used for all surface
roughness measurements. Surface roughness is measured in both radial and longitudinal
directions in 2D and 3D.

4.2.2 Metallography and hardness measurement

The grinding and polishing processes succeed with the TEGRAMIN-25 machine. Hot
mounting is carried out in the Citopress-15 mounting press, in which the specimen is
surrounded with plastic granules that melt in the unit at 180 °C and solidify after
subsequent cooling. The samples are final-polished with 1 um diamond suspension. The
etching is realized by immersing the surface of the samples for a few seconds in Nital,
a mixture of a small amount of concentrated nitric acid and ethanol, which is suitable
for etching low-alloy steel. The geometries of deposited materials were measured by a
ZEISS AXIO IMAGER M1m reflected light microscope with a magnification of 50x.
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Wolpert Diatestor 2 RC/S hardness machine is used for macro Vickers hardness
measurement, and microhardness measurements are performed in DUH-211S from
company Shimadzu Europa GmbH.

4.2.3 Residual stress measurement

The G2R model machine from Stresstech GmbH with an X-ray source of a Cr-tube with
a collimator diameter of 2 mm is used for residual stress measurements. The
measurement parameters are selected from Ren et al. (2019). An angle of 152.3° for 260,
an X-ray voltage of 30 kV, and a current of 8 mA were used. An exposure time of 20 s
and a tilting angle of 42° with 42° and + 3° tilt oscillation in 8 different angles (+ 19.5°,
+28.2°, +£35.4°, £42°) are used. The modified-chi measurement method is used for
evaluation.






5 Tool design procedures

For the design of laminated tools, the material, the thickness, and the sequence of the
individual sheets are of particular interest. The principle process chain for the innovative
hybrid tools is illustrated in Fig 3.1. The sheet lamination gives the possibility of a com-
bination of diverse sheet thicknesses and materials. There are many possibilities for
sheet combinations to generate different radii. Since the calculation of the possible com-
binations cannot be computed manually, a Matlab code is created for the calculations.
For example, for manufacturing a tool radius of 6 mm out of three different sheet thick-
nesses: 0.5, 1.0, and 2.0 mm, there are 520 possible combinations, and each combination
has its stair-step areas (volumes). Therefore, the selection of the proper combination
between the possibilities is essential. The different order of the sheet thicknesses also
leads to a diversity of the stair areas. Depending on the sheet thickness, the stair areas
vary considerably (Fig. 5.1). Varying the step area, in turn, affects the number of weld
tracks and the required energy consumption and processing time in the LMD.
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Figure 5.1: Stair-step area variation for two different sheet combinations

The selection of the appropriate process parameters for laser metal deposition (LMD)
on thin sheets could avoid errors such as weak bonding strength, poor surface roughness,
and high shape or form deviation (Fig. 5.2a).

(c) A, Stepll: Filling

o, InY
b ® / g@%f

mclar SSUSNSINR

Y, 700 T )
. ok :I s-e | 1., Step I: Bonding
'} Thermal deformation Febesissciae

X

Figure 5.2: (a) Poor surface roughness and form deviation, (b) one-step filling,
(c) two-step filling
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High heat energy applies during the filling of stair-step areas on thin substrate sheets.
From the preliminary experiments, it is concluded that the order of welding is important
due to the high temperature and thin sheets. For a case in point, it was tried to fill the
stir step area of 41 as shown in Fig. 5.2b and then fill the areas 4> and 43 respectively,
but as shown, filling the 4; leads to thermal deformation of the substrate sheet. This
thermal deformation is due to the applied high energy during the deposition and,
consequently, thermal deformation, which leads to the form deviation in tool radius
later. Therefore, in this thesis, all the laminated parts are manufactured using the two-
step strategy, as illustrated in Fig. 5.2¢. In the two-step strategy, the laminae are joined
together to avoid relative movement to each other, followed by the filling strategy. The
selection of appropriate process parameters for laser metal deposition will be discussed.

5.1 Properties of single/multi-deposited tracks

To specify the required deposition powder and, hence, the number of weld tracks, it is
essential to establish the exact volume of the stair step area. Each stair-step area is a
sector of which the opposite is the sheet thickness (¢), and the adjacent is b (Fig. 5.3a).
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Figure 5.3: (a) Cross-section of possible sheet combination and corresponding
geometries, (b) different areas, (c) section for calculation of A,
(d) section for calculation of An-1
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For the calculation of each step stair area (4;), it is required to determine the lengths a
and b as a function of radius and sheet thickness. As a first step, it is necessary to
calculate the length a; of the sheets. Based on the Pythagorean theorem, as shown in
Fig. 5.3a, the radius R is a hypotenuse. Therefore, the length a; can be calculated as:

-1 \? i z
a;= |R?2— R—Zt]- oa,, = |RZ- R—th . (5.1
j=1 j=1
The length of b is:
b = ajy; — a;. (5.2)

Replacing the Eq. (5.1) in (5.2) yields:

i 2 -1 \2
b; = \]RZ - (R - ijl t,-) - jRZ - (R - ijlt]) : (53)

Each sheet has the area of 4y as shown in Fig. 5.3b, which can be calculated as:

Ay =1t;"b; (54)

For the calculation of each step, stair area A4; is essential to calculate the sector area
(Asector,i) and subtract the triangle area (Atriangle,i) and all previous step areas. As an
example, shown in Fig. 5.3c to calculate the step stair area A;. The sector area (A4sector.i)
can be calculated as:

m 2
Asectori = W “a-R%, (5.5)
where y is equal to:
R-Yi_.t
Ysector,i = cos™t (lel) . (56)

By replacing Eq. (5.5) in Eq. (5.6), the segment area can be calculated as a function of
sheet thickness and radius as Eq. (5.7).

s R—-Yt_,t
Asector,i = 360° R?-cos™? (lel> 5.7)

The triangle area (Atriangle.i) can be calculated as

Qi1
ATriangle,i = L2—+ ‘| R— Z tj . (58)

j=1

Based on Eq.s (5.3), (5.4), (5.7), and (5.8), the area of each stair step area is equal to:
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i— i
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As illustrated in Fig. 5.4, by choosing different sheet thicknesses as the first sheet (#1),
the stair step area (41) can be varied significantly based on the tool radius.

Calculating the stair step areas helps estimate the number of weld tracks during the laser
deposition and the required amount of powder (chapter 7).
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Figure 5.4: Dependency of area A4 to the initial sheet thickness for different tool radii
based on Eq. 5.10

5.1.1 Single weld track

The bonding weld tracks are required to join the sheets to each other to avoid the thermal
distortion of thin substrate sheets during the filling step. The joining tracks need to have
high strength and proper quality without any defects such as porosity, lack of fusion,
discontinuous weld track, etc. For this purpose, a parameter study is performed with
different laser power (P), feed rate (f), and powder mass flow (m). The preliminary
experiments are developed using the Design of Experiments (DOE) with Design Expert
software (version 12) to generate a test plan for Ferro55 and 316L-Si powder. Based on
the D-optimal method, the total experiments are reduced to 65 for each powder (in sum:
130 experiments). Each experiment is repeated at least three times. The process
parameters laser power P (700, 1000, 1400, and 1800 W), feed rate /' (700, 1000, and
1400 mm/min), and powder mass flow 1z (4, 7, and 10 g/min) are varied within the given
values. The list of experiments is given in Appendix A. Three sheets with thicknesses
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of 0.5 mm, 1.0 mm (HC420LA), and 2.0 mm (S355MC) are utilized for joining (six
different sheet combinations in total). For the fillet weld track, a continuous weld track
210 mm in length is deposited, and 40 mm wide tensile specimens are laser cut from the
overlapped sheets. The deposition is performed with the COAXO09 laser head. The
tensile experiments (Fig. 5.5) are served with a universal testing machine from Z250 the
company ZwickRoell GmbH & Co. KG. Supporting sheets with relative thickness are
used to minimize the bending moment in the weld track during the experiments. For
determination of the fracture strength of the weld (oy,) it is assumed that the tensile force
flows perpendicular to the hypotenuse of the triangle of the fillet track (Fig. 5.5). The
effective area Aefr is the hypotenuse length multiplied by the sheet's width (40 mm). By
using the support sheets, it is assumed that there is no bending moment between the
sheets during the tensile experiments, and the whole force flows through the weld area.

Support
sheet

oy
Velocity =
0.0067 mm/s =] '

A, Effective fillet
weld area
F = Force flow

Figure 5.5: Tensile test setup for fillet weld track

The hypotenuse length of the fillet weld tracks was measured using the Zeiss Axio Im-
ager.Z2m microscope. The cross-sectional area of the fillet weld tracks varies between
0.37 and 1.7 mm? depending on the deposition parameters and sheet thickness combi-
nations used for Ferro55 powder. During the experiments, in some combinations, the
tool sheets are plasticized or fractured prior to the weld fracture. Therefore, it was not
possible to determine the maximum weld fracture strength for such combinations. The
weld tracks are fractured by 2 mm in all experiments with 2 mm sheet combinations.
The discontinuous and inhomogeneous weld tracks are caused either by the high feed
rate and low laser power at low powder mass flow or by the high powder mass
(Fig. 5.6a). The high laser power of 1400 W combined with the low powder mass flow
results in melt-through of the 0.5 mm tool sheet. However, with the same feed rate and
power, the depth of the melt area is less than 30 % of the substrate sheet by increasing
the mass flow (Fig. 5.6b). In general, the shape of the weld track can be convex, flat or
concave. The sheet combination is important in determining the shape of the weld track
because the same process parameter creates different shapes of fillet welds (Fig. 5.6¢).
The thinner overlapped sheet in combination with high powder mass flow or high feed
rate results in convex shapes.

In AM, the physical properties of weld lines depend on many process parameters and
hardware (such as machine type, powder quality, grain size, and etc.).
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(a) P =700 W, = 1400 mm/min; m = 4 g/min (b) P =1400 W; £ = 1000 mm/min

m =10 g/min

Discontinuous
weld track
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Figure 5.6: (a) High feed rate with low laser power, (b) effect of the mass flow and

high laser power on weld quality, (c) effect of sheet combination on
the shape of the weld track

A simple interpretation of the effect of a single process parameter is not possible;
therefore, different combined parameters are defined in the literature (Bax et al., 2018).
The combined parameter 6 is defined as the track-specific power density or the mass per
unit length of the deposited fillet track (Costa et al., 2003). It is defined as:

P-f Power-Distance

0=—— . 5.11
m or Mass ( )

The weld fracture strength (a,, shows that the higher specific power densities & more or
less increase the weld fracture strength (Fig. 5.7).
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Figure 5.7: Track-specific power density effect on the fracture weld strength (ow) for
Ferro55 powder

This can be achieved by increasing the laser power and/or feed rate or decreasing the
powder mass flow. Since there is a significant scatter in the weld fracture strength, a
second group of full factorial bonding experiments (total 60 combinations
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x 3 replicates = 180 tests) are performed. The experiments were conducted with only 2
mm to 2 mm sheet combinations. The process parameters for the second set of
experiments for the fillet weld study are shown in Table 5.1. The tensile tests are

performed as shown in Fig. 5.5.

Table 5.1: LMD process parameters for fillet weld track

Levels I II 111 v A%
Laser power P (W) 600 800 1000 1200 1400
Feed rate /' (mm/min) 600 800 1000 1200 -
Powder mass flow m (g/min) 4 7 10 - -

Five weld tracks of 30 mm length were deposited with five different laser powers
(Fig. 5.8a). The geometry of the tensile specimen is shown in Fig. 5.8b. The deposition
was performed with a new laser head (COAX14). Both 316L-Si and Ferro55 powders
were tested. Five tensile specimens were lasered from each series of depositions

(Fig. 5.8a).
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Figure 5.8: (a) Deposition step up and laser cut of tensile specimen, (b) dimension
of tensile specimen

The tensile results show that the laser power 600 and 800 W, in most cases, deliver not
proper joining (o, = 0), i.e., no bonding. Each parameter is studied individually to
determine the effect of each process parameter on the weld strength (Fig. 5.9a and b).
The laser power above 1000 W delivers the correct weld tracks independent of the mass
flow or feed rate in the given range studied. However, the amount of fracture strength is
dependent on the feed rate and mass flow. The maximum weld strength is achieved at
1000 and 1200 mm/min feed rates. The powder with a mass flow of 4 g/min delivers
higher weld strength followed by 7 and 10 g/min. The possible reason is that the amount
of the applied energy can fully melt the applied powder and generate a high dilution
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ratio (@) as shown in Fig. 5.10a. The low energy results in insufficient powder melting
and poor weld path deposition (Fig. 5.10b).
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Figure 5.9: Weld strength of fillet track as a function of laser power and different feed
rates and powder mass flows for (a) Ferro55, (b) 316L-Si powder

In sheet lamination, a higher number of sheets requires more bonding tracks, which
increases the number of thermal cycles. Different combinations of sheets (with different
numbers of sheets) were deposited, and the hardness of the initial fillet track was
measured to investigate the effect of the number of thermal cycles on the hardness of
the bonding tracks (Fig. 5.11a).
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Figure 5.10: (a) High dilution ratio, high weld strength, (b) zero dilution ratio, no
joint

The high sheet numbers with constant sheet thickness decrease the hardness of the weld
track for Ferro55 by a maximum of 40 % (Fig. 5.11b and c¢). This reduction can be
explained by the fact that the distance between the weld tracks decreases with a higher
number of layers with constant radius, i.e. thinner thicknesses. Thus, the individual weld
tracks are exposed to a higher number of thermal cycles over a longer period of time.
316L-Si powder has a lower hardness variation (max. 20 %), and due to the higher
number of weld tracks, the hardness is almost constant for the same and different sheet
thicknesses. This can be attributed to the fact that 316L-Si has almost the same material
properties as substrate sheets; therefore, the thermal conductivity is almost the same.
Thus, the energy converted into heat is transferred from the substrate sheet with each
new deposition.

Fillet weld tracks have two sides or edges in contact with the weld track, the horizontal
substrate and the vertical. The vertical side is a function of the sheet thickness, and the
contact area can define the amount of heat transfer from the weld track to the substrate
sheet in the horizontal direction. Due to the larger contact area, the sheet with a thickness
of 2 mm as an initial sheet (#1 = 2 mm) increases the cooling rate, and therefore, the
hardness is higher compared to the thinner sheet with a thickness of 0.5 mm (Fig. 5.11d).
The hardness of 316L-Si shows no sensitivity to initial sheet thickness.
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5.1.2 Multi-weld tracks

The selection of the proper process parameters during the deposition decreases the
amount of post-processing required, especially for ball burnishing and laser polishing.
Oversizing, high surface roughness, and undersizing are common errors in the filling
step. Laser power, powder mass flow, and feed rate are varied for Ferro55 and 316L-Si
powders to investigate the effect on surface roughness and form accuracy. A flat surface
is considered for deposition. A biaxial strategy is used for deposition on a flat surface.
The deposition process parameters are varied based on Table 5.2.
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Table 5.2: LMD Process parameters for deposition on the flat surface

Process parameters Level

I I I
Power P (W) 800 1000 1200
Feed rate f(mm/min) 600 800 1000
Powder mass flow 1 (g/min) 4 6 8

A single layer is deposited on a square with dimensions of 31.4 x 31.4 mm? (Fig. 5.12).
A track spacing of 1.2 mm (25 % toolpath overlap) and a laser beam diameter of 1.6 mm
are used for deposition. During deposition, the melt pool size and temperature were
recorded. After each deposition, the laser nozzle was purged with argon gas to ensure
that no powder particles were stuck in the nozzle orifice to avoid possible effects on the
surface roughness results and increase the nozzle's lifetime. All powders were sieved to
a maximum grain size of 80 pm (minimum grain size 45 pm). Full factorial design
experiments are performed, i.e. 3> = 27, and repeated twice. The experiments are
performed with the COAX14 laser head.
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Figure 5.12: Effect of LMD parameter on surface roughness on the flat surface

The higher track-specific power density () results in better surface roughness. The
surface roughness parameter in both 2D and 3D decreases as the laser powder or feed
rate increases or the powder mass flow decreases (Fig. 5.12). For the same amount of 6,
the R, values for Ferro55 powder are higher than for 316L-Si. The same trend can be
seen for the S, values; however, the values are higher because the measurements were
made in 3D, which captures more surface defects. The higher surface roughness can be
explained by the difference in the melting points of the two powders, since the Ferro55
powder has a higher melting temperature than 316L-Si (Table 4.4). Therefore, for the
constant track-specific power density, the number of unmelted particles are higher in
Ferro55 powder.



54 Tool design procedures

The higher laser power leads to a better surface roughness for 316L-Si powder.
Increasing the laser power from 800 W to 1200 W decreases the R. value by 25 %
(Fig. 5.13). However, after 1000 W, the R, is raised slightly for Ferro55 powder. Higher
powder mass flow leads to higher surface roughness for both powders, up to 42% for Ra
(Fig. 5.13). At lower powder mass flow rates, more powder volume can be efficiently
and completely melted. Higher powder mass flow rates at the same laser power and feed
rate result in some powder particles not completely melted. Increasing the feed rate from
600 to 800 mm/min improves the surface roughness by more than 50 % (Fig. 5.13).
Increasing the feed rate from 800 mm/min to 1000 mm/min has no significant effect on
surface roughness. It can be concluded that the lower powder mass flow and higher laser
power and feed rate lead to better surface roughness for flat areas.
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Figure 5.13: Effect of LMD process parameter on surface roughness on a flat surface

The effect of different strategies for cutting the tool sheets and filling strategy in the
filling step is studied. Two approaches for the cutting tool sheets are investigated. The
tool sheets are cut based on the nominal radius in the first approach. In this approach,
called without offset, the corner of the tool sheets is in contact with the nominal radius
(Fig. 5.14a). The main disadvantage of this approach is the inhomogeneous surface.
Because some stair-step areas are so small, applying the fill and bond steps is
impossible. Applying the bonding tracks on small stair-step areas leads to
inhomogeneity, high form deviation, and high surface roughness (Fig. 5.14b). The
solution is to use the second approach, “with offset strategy”. In this strategy, all of the
tool sheets (except top and bottom) are cut shorter, i.e., the radius is offset by minus bs
(here bs =1 mm) to the nominal die radius R (Fig. 14b). In the “with offset strategy”
there the filling steps are divided into two levels (Fig. 5.14¢). In the first level, called
the prefilling step, the remaining areas from the bonding step to the offset radius (R - bs)
are filled to prepare an almost homogeneous base for the application of the fill layers.
Finally, the final fill layers are applied according to the thickness of the layer.
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Figure 5.14: (a) Sheet cutting strategy, (b) without offset strategy, (c) with offset
strategy, (d) unidirectional with offset strategy, (e) bidirectional in

radius direction with offset

The “with offset strategy” can be followed by two diverse deposition methods. In the
unidirectional method (Fig. 5.14d), all weld tracks are in the same direction as the
bonding tracks. In the second method, the filling layers are along the radial direction
(Fig. 5.14e). This strategy is called “radial bidirectional smoothing step”. With offset
strategy generally provides a more uniform surface with a proper surface roughness.
Since the final weld tracks are along the nominal radius, it has a lower shape inaccuracy
than “with offset strategy with unidirectional method”. By the same process parameters
during the deposition, the surface roughness (R, in radius direction) of bidirectional
along the radius direction is 35 % better than unidirectional with the offset strategy. Yet,
the deposition time is almost three times longer, and the nozzle lifetime is shorter.

5.2 Preheating of substrate sheets

The distracting residual stresses are the main undesirable properties of the manufactured
part in most additive manufacturing processes. The residual stresses can be reduced by
preheating the substrate in AM parts (Li et al., 2018). Since preheating can affect the
mechanical properties of the deposited region, the following section systematically
analyzes this effect on the surface roughness characteristics, hardness, and residual
stresses of the deposited areas. To investigate the effect of preheating on the forming
process, bending dies are fabricated, and bending experiments are conducted.

The deposition is done based on a two-step strategy. A weld track distance of 0.56 mm
with a unidirectional strategy is used during the filling step. The process parameters for
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LMD in the bonding step were: laser power P=1400 W, powder mass flow
m =7 g/min, and a feed rate of f=1000 mm/min. For the ensuing filling step the
following parameters are used: P = 1000 W, m =4 g/min, and /= 1400 mm/min. Two
stair step areas are assigned as 41 and A2 as shown in Fig. 5.15a. The 2 mm thick tool
plates are heated by two heating cartridges (Fig. 5.15b). A 1 mm sheet of shielding steel
(cover sheet) is used to ensure uniform heat distribution to all tool sheets (see
Fig. 5.15c¢). In addition to the room temperature (RT), the temperature of the tool sheets
is increased to 100 °C, 200 °C and 300 °C. A total of 12 experiments are performed with
two replicates for each temperature. A thermometer is used to monitor the temperature
during the heating of the tool sheets (Fig. 5.15d). The temperature increase is stopped
just before the start of the deposition for technical and safety reasons. The melt pool size
and temperature are monitored and reported by a camera embedded in the laser head
above the deposition.

(b) Heating () Cover (d) Laminated
@ 4, cartridges bending die

Tool sheets

Figure 5.15: (a) Bonding and filling areas, (b) setup for preheating, (c) laminated
bending die fixture, (d) deposited laminated bending die

5.2.1 Preheating effect on surface roughness

The surface quality of the forming tool directly affects the surface roughness of the
deformed workpiece. Therefore, the effect of preheating on the surface roughness
quality of the formed region is investigated. Fig. 5.16a shows the 2D surface roughness
parameters measured along the radius direction. The effect of the preheating temperature
on the R, values is negligible, but the R, value (mean roughness depth) decreases by
about 30 % at the preheating temperature of 300 °C. In the areal surface parameters
(3D), Sa and Sq increase by 31 % and 77 %, respectively (Fig. 5.16b). As in 2D, S
decreases as the preheat temperature increases. A slow cooling rate and a longer semi-
solid state in the melt pool lead to the formation of fewer peaks on the deposition surface
by evaluating the preheating temperature. Due to the long solidification time, the
waviness of the surface increases, as shown in Fig. 5.16c. All the waviness parameters
(Wa, Wy, and Wy) of the deposited surface increase by at least 100 % by elevating the
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preheating temperature. The course of the core surface roughness of the bearing area
(k) at different preheating temperatures is presented in Fig. 5.16d.
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Figure 5.16: Preheating temperature effect on (a) 2D direction the field roughness
parameters R. and R, (b) 3D surface Si, S; and Sg, (c) waviness
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The core surface roughness of the bearing area after the primary operating cycle (such
as bending experiments) is represented by Sk. Higher preheating temperatures increase
the Sk depth, resulting in a rougher surface and higher friction forces after the primary
operating cycle. The higher frictional forces also mean an increase in process forces
during the experiments. The decrease in the mean roughness depth (R, and S;) can be
explained by the deposited surface's mean profile height (4m) of the deposited surface
along the tool radius, as illustrated in Fig. 5.17.
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For evaluation, the length of 6 mm of the profile length is cut in the same way for all
cases. The mean profile height (sm) results at different preheating temperatures show
that the height of the wave domains increases as the preheating temperature increases.
The mean profile heights (4m) at higher preheating temperatures are smoother and show
lower sharp picks but with a longer length and greater wave domain than those at lower
temperatures. The sharp small peaks are formed due to the high cooling rate and
incompletely melted particles.

5.2.2 Influence of preheating on residual stress

Almost all manufacturing processes induce residual stresses of various magnitudes,
which play a key role in the service life of specimens. The compressive residual stresses
in metal forming tools are mainly preferred because they stop crack growth and extend
the fatigue life of specimens (Milella, 2013). The unique thermal cycles in AM
(especially metal) are due to the rapid heating, cooling, and remelting with simultaneous
melting of the previously solidified deposited layer. Such a high number of thermal
cycles leads to sharp gradients of compressive or tensile residual stresses. The resulting
residual stresses cause local failures in the manufactured AM parts (Li et al., 2018).
After deposition, the residual stresses are measured once along the weld track (o) and
once perpendicular to the weld track (gqq-). The measurements are conducted in both
the deposited area and heat-affected zone (HAZ), as shown in Fig. 5.18a. The residual
stress at each preheating temperature is measured for three specimens and the standard
deviation is calculated. The residual stresses ggg. (perpendicular to the weld tracks) in
the deposited area are all tensile stresses (positive), as illustrated in Fig. 5.18a. The
residual stresses parallel to the weld track (oy-) at RT and preheating temperature of
300 °C are insignificant, however, these values at 100 °C and 200 °C are positive yet
smaller than the residual stresses at 90°. It can be seen that the tensile residual stress at
100 °C is reduced by a maximum of 25 % in comparison to RT in gg¢-. The tensile
strength and ultimate strength of the DED manufactured tensile samples out of 316L-Si
material are 486 MPa and 676 MPa, accordingly (Kumaran and Senthilkumar, 2021).

The tensile residual stresses in crgnoiposnedcould be clarified by rapid and short thermal

cycles of heating and cooling. In the heating phase, the energy source (laser) increases
the temperature of both the powder (filling material) and the substrate to the melting
temperature, which causes an expansion in the molten material. However, this expansion
is restricted by the substrate sheet or deposited material beside the heated zone. It results
in the creation of compressive stresses. The cooling phase begins instantly after
removing the energy source, which leads to cooling down the heated zone and the
deposited material, and the material begins to shrink. By deposition of the next layer,
the plastic deformation increases due to the heating phase and the reduction of the
shrinkage. Finally, by resolidification, the deposited material begins to shrink again, but
the solidified deposited material in the previous layer partially retrains this shrinkage,
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resulting in tensile stress (Li et al., 2018). The residual stress at RT is nearly zero in both
directions in the HAZ, as shown in Fig. 5.18b.
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Figure 5.18: Effect of preheating temperature on residual stress in (a) deposited area,
(b) heat affected zone (HAZ)

At 100 °C, the compression residual stresses rise slightly in the 90° direction (ad}3?);
however, they increase in the negative direction for almost 100 % parallel to the weld
track (o£1%). Nevertheless, the residual stresses in HAZ are comparatively small and
insignificant in both directions. The reason for low residual stresses is low thermal
cycling and a free length at the beginning and finishing points of the weld tracks on both
sides. This allows for thermal expansion, resulting in low residual stresses.

5.2.3 Influence of preheating on form accuracy

The shape and form accuracy of the tool has a direct effect on the geometry of the formed
parts. In conventional manufacturing processes such as milling or turning, the precise
movement of the cutting tool during the material removal process results in high
geometric accuracy. Due to the solidification of the liquid state, it is impossible to
control each track geometry in AM; therefore, the form and shape accuracy of most AM
processes, especially DED, is low. The geometries of the deposited tracks define the
shape and form accuracy of the manufactured parts in DED or especially in LMD
processes. Two parameters, heat transfer, and solidification, are the main physical
phenomena that influence the dimension and geometry of the deposited tracks. The
metallographic images for all bending dies at four preheat temperatures (Fig. 5.19) show
an inaccuracy in the die radius in all the laminated dies produced at the different
preheating temperatures. The deposited material does not completely fill the entire stair-
step area at RT. Increasing the preheat temperature reduces this problem, although even
at 300 °C, there is still an excess of deposited material in the stair-step area, and the
radius is oversized. To explain the reason for this phenomenon, it is essential to study
the size of the melt pool.
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Figure 5.19: Cross-section of dies produced at four preheat temperatures

The influence of the preheating temperature on the melt pool size is significant and
increases as the preheating temperature increases. As shown in Fig. 5.20a, each region
has its corresponding deposition and filling steps. The deposition areas are designated
A1, Ar1, Az, and Ar>. The variation of the melt pool size of the bonding for different
preheating temperatures is presented in Fig. 5.20a. The bonding melt-pool size rises by
elevating the preheating temperature by approximately 48 % and 62 % for 4p1 and 4s2,
accordingly. Due to the increasing temperature of the substrate (tooling sheets) during
the deposition of AB1, there is a small variation in the melt pool size (Fig. 5.20b).
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Figure 5.20: Effect of preheating on (a) melt pool size of bonding step, (b) melt pool
size of filling step,

In the filling step, where the melt pool size of Ar; is larger than Ari, the effect of
secondary preheating is more significant, as shown in Fig. 5.20b. The melt pool size of
filling in 4> is almost 100 % larger than that of filling in 4; at the same preheat
temperature, i.e., Ar2 > Ar1. The deviation of the melt pool size at RT varies from about
34 % (for A2) to 40 % (for A1) in the filling step. However, the maximum deviation of
the melt pool size at higher temperatures is 27 %, indicating a stabilization at higher
temperatures. Increasing the substrate preheating temperature increases the melt pool
size in 4r1 at To = 300 °C by approximately 90 % compared to RT and by 55 % in 4r>
(Fig. 5.20b).
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The melt pool temperature (7) shows a minor deviation for all cases, and the mean value
is around 1642 + 2 °C for all temperatures. Overall, the increased preheating temperature
to 300 °C has an insignificant effect on the melt pool temperature.

5.2.4 Influence of preheating on hardness

The hardness of AM parts is a function of the chemical composition of the deposited
material and the substrate, in addition to the thermal cycles applied during the AM
process. Since the hardening step is omitted in the hybrid additive laminated method, it
is essential to study the effect of preheating on hardness. For this purpose, Vickers
hardness measurements were performed starting from the deposited area to the substrate
sheet. The variation of the hardness from the deposited area to the substrate sheet (along
the x directions) is illustrated in Fig. 5.21. The hardness of the deposited area is higher
than the substrate and slightly higher than the HAZ. However, the hardness of the called
transition zone is much higher than the other zones.
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Figure 5.21: Hardness change of laminated bending dies from deposition to sheet

The hardness profile shows the same trend with studies for a single track (Ya et al.,
2016) and multi-welded tracks (Hao et al., 2018). The difference in hardness compared
to RT at 100 °C and 200 °C is insignificant, with the hardness decreasing by about 19 %
at 300 °C. Two main reasons could explain the high hardness in the transition zone. The
first reason could be the grain size since the cooling rate of the deposition zone,
transition zone, or HAZ is different. Since the cooling rate in the melt pool is lower than
in the transition or HAZ, the grain sizes are coarser. To verify this, electron backscatter
diffraction (EBSD) is performed (Fig. 5.22).
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Fig. 5.22: (a) EBSD results for different preheating temperature, color coded map
type: Inverse pole figure [001] crystal direction

The results shown in Fig. 5.21 confirm that the grain size of the transition zone is finer
than that of the deposition zone. The average grain size in the deposition zone is 33 %
coarser than in the transition zone and HAZ.

The formation of alloying elements is the transition zone, and the HAZ zone based on
Ya et al. (2016) and Hao et al. (2018) may be the second reason. The energy dispersive
X-ray spectroscopy (EDX) results of 316 SS powder confirm the presence of nickel and
chromium alloys in these regions (Barragan De Los Rios et al., 2023).

5.2.5 Influence of preheating on bending radius

Bending experiments are conducted to understand the effect of the tool surface on bent
sheets, as shown in Fig. 5.23a.

Lamlnated
bending die

Figure 5.23: (a) Test setup for air bending, (b) bent sheet during and after bending

The two types of blanks, DC06 and HC380LA, with a thickness of 1 mm, are bent at a
bending angle of 90°. One side of the blanks was fixed between the laminated bending
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die and the blank holder. The blank holder force was generated by screws. A punch
velocity was vp = 5 mm/s. The clearance between the hybrid additive laminated bending
die and the unlaminated punch was 1 mm (Fig. 5.23b). The experiments were performed
on a Zwick250 universal testing machine.

For computing the radius before unloading (exactly after bending), the effect of
springback (Fig. 5.24a) needs to be eliminated, i.e., subtracting the springback value
from the measured radius of the sheet after unloading. Since the blank's width-to-
thickness ratio (40 mm / 1 mm) is significant, it is safe to consider the plane strain state.
Assuming a Poisson's ratio of 0.3 and substituting the values of width and thickness, the
mean radius change (ARm) caused by springback can be computed based on the classical
bending theory as:

£ S SR S Sy _ L
A(=) = o= 027352 with M, =

cger b t2
R R 7 Of b-t , (512)

where M, is the bending moment, R;,, is the bending radius after unloading, E is Young's
modulus of the blank (£ = 210 GPa), and oy is the flow stress. During the bending, the
sheet faces strain hardening. Therefore, the corresponding flow stress needs to be
determined. The bending equivalent plastic strain (€pjastic) at the inner radius of the bent
sheet is equal to:

Eotastic = = I (1-25)| = 0.095. (5.13)

The corresponding flow curves (oy) for both blanks from the equivalent plastic strain of
0.095 based on Fig. 4.1 are 310 and 410 MPa for DC06 and HC380LA, respectively.
The calculated inner radius (Rr) before springback at four preheating temperatures is
shown in Fig. 5.24b. The inner radius before unloading has a maximum deviation from
the nominal radius of 8 % and 10 % for DC06 and HC380LA without preheating. How-
ever, this deviation decreases to only 2 % at 300°C because the tool radius deposited at
RT did not completely fill the step area, so the inaccuracy was high (Fig. 5.19). The
surface roughness of the bent sheets with laminated bending dies at different preheating
temperatures is presented in Fig. 5.24b. The average arithmetic roughness R. decreases
slightly as the preheating temperature increases for both blanks. Different preheating
temperatures” effect on the mean roughness depth (R;) for both blanks is insignificant.
Shortly, the effect of preheating on both surface roughness parameters of bent sheets is
negligible. In the absence of additional data on tool wear in large-scale production at the
various preheating temperatures, the tool presented without preheating is thus also ade-
quate for efficient prototyping applications in particular.
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Figure 5.24: (a) Blank before unloading and after unloading, (b) inner radius before
unloading in different preheating temperatures, (c) surface roughness
parameters R, and R,

5.3 Tribological study of laminated tooling

The tribological properties of the tool surface play an essential role in the success of
producing the parts. As mentioned in Fig. 2.8, different pre/post-processing methods
exist to reduce the stair step of sheet lamination. The tool surfaces produced by LMD
are potentially different from those that can be described as conventional. This section
studies the tribological behavior of different tool surfaces produced by sheet lamination.
The use of laser polishing for post-processing was not possible due to the high shape
deformation of the sheets after laser polishing. Three basic friction elements were
fabricated from 2 mm thick S355MC sheets: without LMD, with single and multiple
LMD weld tracks Fig. 5.25. As a pre-processing step for the friction elements without
LMD tracks, the sheets had to be chamfered at 45° with a water jet because the cut
surface was too rough for a CO laser. In addition, the friction elements were also milled
(in their initial state) and ball-burnished. Ferro55 powder was used for the LMD. For
reference, 1.2379 (X155CrVMol2-1) friction elements were also milled and gas
nitrided (referred to as conventional). Fifteen different friction elements were produced.
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Figure 5.25: Friction element types and surface finishing methods

Strip tensile tests were performed at clamping pressures (Pc) of 4 and 12 MPa at drawing
speeds of 10 and 50 mm/s with [loform PN 226 lubricant. Each test was repeated at least
three times.

The results of the coefficient of friction and roughness values for friction elements using
the Ferro55 powder with HC380LA sheet strips are presented in Fig. 5.26. However,
the higher clamping pressures result in lower coefficients of friction. There is no clear
trend for the effect of drawing speed on the coefficient of friction. The LMD surfaces in
the initial state have high peaks. These high peaks result in a smaller effective area in
contact with the drawn sheets during the strip tensile test (due to the clamping force).
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Clamping pressure (P.) Friction coefficient y Surface roughnes R, in pym

Figure 5.26: Coefficient of friction u and roughness R, of the friction elements

The friction coefficients of all friction elements with post-processing are equal to or
even smaller than those of the conventional friction elements. It indicates that post-pro-
cessing hybrid laminated tooling surfaces are necessary to achieve friction values com-
parable to those of the conventional method.
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5.4 Summary

A two-step strategy is developed to ensure homogeneous surface roughness after
deposition. As a first step in bonding, the results of tensile experiments for fillet weld
track showed that the laser power above 1000 W and the feed rate 100 and 1200 mm/min
ensure proper bonding, but the maximum fracture strength depends on the powder mass
flow. Also, a 4 g/min powder mass flow provides at least 100 % stronger bonding for a
2 — 2 mm sheet combination. However, the substrate sheet's thickness must be
considered when selecting the powder mass flow to avoid melting through the substrate.

The surface of one layer deposited area for the flat area shows that increasing the powder
mass flow from 4 g/min to 8 g/min leads to higher surface roughness for both powders,
up to 42 % for Ra. Increasing the laser power by 50 % from 800 W improves the surface
roughness (Ra). Increasing the feed rate from up to 800 mm/min decreases the surface
roughness by min 50 %, however, further increasing the feed rate has no significant
effect on surface roughness.

By offsetting the tool sheets, the inhomogeneity of the deposited areas due to small step
areas that cannot be properly reduced in the filling step is avoided. An offset of 1 mm
gives promising results. Between deposition in the bonding track direction and along
the radius direction, the radius direction gives 35 % (for R.) better surface roughness in
the radius direction. However, the deposition time is significantly longer (depending on
the geometry), and the nozzle life is almost three times shorter.

Higher track-specific power density leads to smoother surfaces in both powders 316L-
Si and Ferro55. Laser power is the main parameter affecting the surface roughness of
deposited curved surfaces, followed by the laser's feed rate.

Preheating tool sheets is not recommended because of the increase in surface roughness,
while the reduction in residual tensile stress at 100 °C is only 25 %. The functionality
of the hybrid method for manufacturing the symmetrical bending dies is investigated.
The EBSD results confirm the grain refinement (around 33 %) in the transition zone
between the deposited area and the substrate sheet. It leads to higher hardness in the
transition zone compared to the deposited area and the substrate sheet.

The tribological study shows that it is essential to achieve comparable results to improve
the surface roughness of the deposited areas.
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Since sheet lamination allows using different materials for the tool sheets, the tool sheets
should not be plastically deformed during the deep drawing process. The stress
distribution of the laminated tool should be determined to avoid plastification of the tool
sheets. Therefore, as a first step, a semi-analytical model is developed to determine the
stress in the laminated tool in the critical area. Deep drawing experiments are performed
in the next step to transfer the obtained knowledge to an axisymmetric deep drawing
die. Laser polishing and ball burnishing are further investigated to analyze the effect of
process parameters on the final tool surface roughness. Finally, a free-form demonstrator
will be manufactured to verify the feasibility of producing complex shapes.

6.1 Semi-analytical approach for laminated tooling

Classical beam theory is used to determine the stress distribution. There are two ways
to determine the stress distribution in a tool based on analytical models: classical beam
theory or plate theory. The Kirchhoff-Love plate theory is the most famous theory
(Love, 1888). In plate theories, the laminae (tool sheets) are considered as two-
dimensional elements with large width-to-thickness ratios. Baratta (1981) showed that
for metallic structures with a width-to-thickness ratio of less than 20, the stress values
are less than one percent compared to plate theories using Timoshenko's beam theory.
Since the laminations are under distributed compressive forces during the deep drawing
process, the possibility of deformation of the tool sheet, such as anticlastic curvature, is
low. Therefore, this approach uses the classical beam theory based on the Timoshenko
beam to develop the analytical model.

The following assumptions are made to develop the semi-analytical model:

- Plane strain state

- Cross-section always remains plane

- Hook's law in the elastic range

- No slippage between the lamellae (due to welding of the layers)

MATLAB software is used to calculate the analytical model. In the deep drawing, the
main forces are applied on the die from the blank holder and blank during the forming
Fig. 6.1a. The resultant forming forces can be distributed as shown in Fig. 6.1b. For
simplification, the forces are divided into constant vertical distributed force per length
(g) and constant horizontal force (F1), and the die radius is neglected for the sake of
simplicity (Fig. 6.1¢). The laminated tool consists of the n stacked beams with different
thicknesses (#) and different Young’s modulus (£;) and moments of inertia (/).
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Figure 6.1: (a) Schematic of deep drawing, (b) forming forces applied on the

laminated die, (c) simplified model with boundary conditions

The laminated tool (stacked beams) is supported by an elastic bed with an elastic
modulus of & (Fig. 6.2a). The reaction pressure (P;) from the elastic support on stacked
beams. T is the total thickness of the stacked beam. The reaction pressure from the
elastic support on the stacked beam can be calculated as:

Po=k-u(x), (6.1)

where u is the displacement of the stacked beam. The simplified model replaces the
elastic support with non-linear reaction pressure, as shown in Fig. 6.2b.
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Figure 6.2: (a) Simplified model with defined geometries, (b) elastic support is
repealed with distributed force

The neutral axis (N.A.) position on the z-axis (Fig. 6.3a) for the beam is where the
longitudinal stress strains equal zero. For a multilayer beam it can be calculated based
on Bareisis (2006):

Dty +238,(Di X )

= 6.2
ZNL 2 Z?=1 Di ( )

where the axial stiffness of each layer can be calculated as D; = E; - t; - w where Ejis
Young’s modulus of each layer, and w is the width of the stacked beams.
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Figure 6.3: (a) Position of the neutral axis (zn.a.) on the stacked bam, (b) applied
forces and corresponding stresses on the stacked beam

The axial stiffness of a total stacked beam D can be calculated:
n n
D= ) D;=w ) Et;, (6.3)
i=1 i=1
It can be seen that the determination of the neutral layer of the stacked beam is a function
of Young’s modulus and the geometry. The total stiffness of the stacked beam is:

=zn: ) Zn: (6.4)

For rectangular beam elements, the moment of inertia of each layer of constant width w
is calculated as follows:

t3
Ii=w<12+t z" ) (6.5)

where the z* is the distance of the neutral layer to the middle of the beam layer’s cross-
section.

R > b (6.6)

The equivalent Young's modulus (Eeq) can be determined by the rule of the mixture and
the corresponding equivalent moment of inertia (Zeq):
S T, w3
= — where I,; = ————. 6.7)
eq ed 12
The stress state of the stacked beam for determination of the von Mises stress (ov.m) is
illustrated in Fig. 6.3b. The normal stress along the x-axis resultant from the horizontal

Eeq

forces for each layer (Fig. 6.2b) equals:
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F
Ony = (6.8)

_th

The normal forces in the x-direction caused by the bending moment (My) on each layer

are:
M, - z;
Gbxi =3 . Ei' (69)
S
The resultant forces in the x-axis are the sum of the Eq.s (6.8) and (6.9).
My " Zi FH
Oyx; = ONg; T Obx; = S “Ei + o (6.10)
L
The normal stress in the z-direction is equal to:
q
Ouzy = (6.11)
Considering the plane strain state (&, = 0):
= Oy, = U [axxl. + azzi], (6.12)

where v is the Poisson's ratio. The shear stress due to the bending can be calculated
based on Eq. (6.13).

n

q(x)
TZXizm-zti-El’.zi' (613)

i=1
The simplified model is divided into two main sections for calculation of the stresses, a
supported area, and free length, as shown in Fig. 6.4.
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Figure 6.4: Stacked beam is discretized to (a) supported area, (b) free length

The boundary condition restricts the displacement in the x-axis at the position x = 0. In
the supported area, the displacement of the whole beam is u1(x). The overhang-stacked
beam can be considered an ordinary cantilever beam with the applied constant
distributed horizontal force. The displacement of the overhang-stacked beam is u2(x).
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The displacement in the point u1(x1 = av) = u2(x2 = 0). Timoshenko and Gere (1985)
define the bending of a beam-column as a fourth-order ordinary differential equation
(ODE) provided:

d*uy (x;) d*u; (x;)

+ Py ———=a:(x0), (6.14)

Eoqlog " i

dxi

where based on Dankert and Dankert (2013), the force equilibrium in the beam-column
with the supported bed is:

qr(x) = q — k(zy) - uy (xy), (6.15)
replacing the Eq. (6.15) on (6.14) for supported area yields:
d*uy (x;) d*uy (x;)
Eeqleq- Tax Ttz Ta- k(z1) - uy (1), (6.16)
or reduced as:
Fy k(x,)
u" +———uf + “uy(x) = , 6.17)
! Eeqleq ' Eeqleq ! Eeq*leq
P « _ _Fu w _ k(x1) . _
by considering F* = Fogleg” k* = Feqled’ and ¢* =
as:
ul" +F ul +ku () = q° (6.18)
The second integration of Eq. (6.18) yields:
2 X1 2 -x1
uy' (x1) = L_Ze I ( Cy sm(L) +C, cos(L )) +L—Ze i (63 sin (%) — C4cos (%)), (6.19)

the forth integration, which is the displacement function for the supported area is:

u1(x1)——+e /L(Clcos( )+Czsm( ))+e_x/L(C3cos( )+C4sm( )), (6.20)

where

4E oy -1
L= e : (6.21)
2k Eeq Ioqg — Fu

In the case of a free length (P: (x) = 0) the forth-derivative equation is:
uy" () + F-uy () = ¢ (6.22)

The second integration yields:
uy (x,) = + cos(VF* + x,) - Cs + cos(VF* - x,) - Cg, (6.23)

and the displacement function of the free length is:
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-x2  cos(VF* - x sin(VF* - x
uz(x2)=q 2, ( 2)C5+ ( = 2)

2Fy F CotCpoxy+Co  (624)

Eight equations for the boundary conditions can calculate the constant parameters Ci to
Cs. The boundary conditions based on (Dankert and Dankert, 2013) are:

u;(x; = 0) =% (6.25)
ui(x, =0)=0 (6.26)
u; (%, = ap) = uy(x, = 0) (6.27)
ui(x; = ap) = up(x, =0) (6.28)
ui' (x, = ap) = uy (x, = 0) (6.29)
u' (xy = ap) = uy'(x, = 0) (6.30)
uy(x, =a)=0 (6.31)
uy'(x, =a) =0. (6.32)

where x1 = 0 because of the compression of the stacked beam, therefore the displacement
at this point is equal to g/k (Eq. (6.25)). At x1 =0, the bending angle (u;) is equal to
zero, as mentioned in Eq. (6.26). At the intersection line of supported and free length,
the displacement, bending angle, bending curvature, and bending moment due to beam
continuity are equal. At x> =a, where the end of the stacked beam is, the bending
moment and shear force equal zero. The constant parameters Ci to Cs are calculated by
applying the boundary conditions (Appendix B).

The von Mises general stress is:

Oym = \/UXXZ + 0yy? + 05,7 — Ogx " Oyy — Oxx " Oz — Oyy " Ogy + 3Ty, " + 374" + 31,7, (633)

where in the supported area of the stacked beam, it is equal to:

‘rxyzO
{Tyz“" 34
——0ym = \/axxz + 0,7 — Ok Oyy — Oxx " Ozz — Oyy " Op7 T 3sz2' (6.34)
The corresponding von Mises stress by substitution of Egs. (6.11), (6.12) in (6.13) and
(6.34) for the i lamella is given with a Poisson's ratio of 0.3:

2

oy, =079 <Gxi2 + (%) ) — Oy, -%+ 312 (6.35)
The von Mises stress of the sheet should be less than the tensile yield strength
(ovm. < Rpo.2) to be sure that the tool sheets will not be plastically deformed during the
deep drawing process.
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A Finite Element Method (FEM) with the software ABAQUS implicit (version 2020) is
used to evaluate and improve the analytical model. The proposed simplified forming die
aims to represent the deep drawing process. Since the proposed simplified analytical
model cannot properly express the deep drawing process, this further analysis aims to
improve the developed model compared to the actual deep drawing die.

The semi-analytical model is implemented in MATLAB software. To evaluate the semi-
analytical model as a first step, a deep drawing with a DC06 blank is performed in
ABAQUS to find the maximum contact pressures in the horizontal and vertical
directions. The max. contact pressures are 31.11 MPa and 45.22 MPa in the horizontal
and vertical directions, respectively (Fig. 6.5). Therefore, for the rest of the simulations,

TF_’:V = 30 MPa, and the vertical pressure of % = 45 MPa are
S

used. However, it should be noticed that the maximum contact pressures do not happen

the horizontal pressure of

simultaneously, and by considering the maximum stresses, the semi-analytical results
are in the upper bound.
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Figure 6.5: Contact pressures for deep drawing of DC06

Based on a convergence study, a mesh size of 0.1 mm is selected for 2D simulations.
However, the computational time with the 0.1 mm mesh size was very intensive in 3D
simulations, so the 1 mm mesh size is used. For generalization, the following normalized
parameters are defined. The normalized von Mises stress (o, ) is defined as:

min

OyM. — Oy M.

oy = vl (6.36)
-M. gmax _ ymin
v.M. v.M.

The normalized length in the x-direction (xN) is equal to (see Fig. 6.2a):
x

N =
M= (6.37)

The normalized length in the thickness direction (zV), also see Fig. 6.2a, is:
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ZN = : (6.38)

Since determining the von Mises stress in the whole stacked-beam analytically for each
process parameter requires a lot of computing power and is time-consuming, the
numerical analysis is utilized to determine the section where the maximum stress exists
in the stacked-beam. To do this, the stress state along the x-direction (Fig. 6.6a) is
determined numerically in three layers (top, middle, and bottom).
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Figure 6.6: (a) Selected layers in stacked-beam, (b) normalized von Mises stress
(oNy) distribution in the top, middle, and bottom layers along
normalized x direction (xN)

The normalized von Mises stress (g ) results in the top, middle, and bottom layers as
illustrated in Fig. 6.6b. It shows that the maximum normalized von Mises stress happens
in the bottom layer in point 4, since there is no support in the bottom layer. This result
is in agreement with (Holker, 2014).

In all calculations, it is important to determine the stress in the thickness direction to
ensure that the design criterion is met. Therefore, the von Mises stress is determined
along the thickness from point 4 to B, as shown in Fig. 6.6a, by knowing that the
maximum stress occurs at point 4 at the bottom of the tool sheets.

As a case study for a specific setup, the result of the von Mises stress distribution along
the thickness direction for the analytical model (trend line) is compared with the FEM
simulation (Fig. 6.7). The analytical model shows higher von Mises stress at the bottom
of each layer compared to the top of each layer. The analytical model underestimates
the equivalent stress at point 4 and near the bottom of the beam. However, it
overestimates the equivalent stresses in other areas. There is a nearly accurate estimate
of the equivalent stress at point B. At point B, the stresses acting in the beam are similar
to cantilever beams with a sufficient supported layer, which can also be predicted by the
analytical model.



Realization of hybrid laminated tooling 75

" 140
=1.5mm

2 120 ¢
23100 —Analytical model - - - +0.967 N'm’ es
° S 80 MY MO% k=021GPa  F/(I'w) =30 MPa
[ - A "_\
S5 60K
c b> 40 \£=hf,- ——— L Y R }-
2 20 [—rem

0 |

0 2 4 6 8 10 12 14 16 18
4— Thickness position s in mm B

Figure 6.7: Comparison between the analytical model and FEM model

One possible reason for the higher stresses in the analytical model is the consideration
of the same initial distributed vertical forces on all layers. The other possible reason for
this difference is the lack of contact modeling between layers, i.e., friction forces in the
analytical model. Several FEM simulations with different materials, bending stiffness
(S), and overhang length (a) with steel support are performed to improve the analytical
model to study the stress distribution in the thickness direction from point 4 to B. The
FEM results shown in Fig. 6.8 illustrate the results of the normalized stresses in the
thickness direction.
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Figure 6.8: FEM results for normalized von Mises stress (g ) along 4-B points for
different materials and free lengths

The trend of the stress distribution is almost equal for all setups, which shows a
saturation of the stress after some layers toward the top of the stacked-beam. The trend
line can be interpolated using regression models and applied to the analytical model to
enhance the accuracy. The normalized von Mises stress would be a function of the
normalized position in the thickness direction as:
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oo™ (2) = by + by - (2N) + by - (2N)2 + -+ by - (2V)). (6.39)

A convergence study is done to identify the degree of the polynomial of the trend line
(Fig. 6.9). The results show a polynomial of 6 degrees (j = 6) provides an adequate R-
squared (R?) value. The R-squared value is the percentage of the change in the dependent
variable, which is predictable based on the independent variables. The higher R?, the
more accurate the regression.
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Figure 6.9: Convergence study of polynomial degree m

To determine the value of the coefficients by till b;, a full factorial design of experiments
with a total of 486 simulation data is performed. In the simulations, the equivalent
Young's modulus (Eeq) varied from pure aluminum to steel (Eeq = 60 to 210 GPa), and
the overhang’s length (a) changed from 1 to 3 mm. The regression is performed with
Design software version 12 from the company Stat-Ease. The results of the regression
are shown in Table 6.1.

Table 6.1: Fit statics results for the regression model

Parameter Value | Parameter Value
Standard deviation 0.032 | Standard deviation 0.032
R-squared 0.94 R-squared 0.94
Adequate precision | 93.0 Adjusted R-squared | 0.94

Substituting the values of bo to bj based on the output of regression in Eq. (6.39) yields:
o mer (Z) = 0.79 — 13.12(2V) + 81.4(zN)?

(6.40)
—243.7(zV)% + 379.7(zM)* — 288.7(zN)° + 86.6(zV)°.

The analytical model cannot predict the maximum value of the von Mises stress in
point 4. Based on the performed numerical analysis, the analytical model generally
underestimates the maximum stress at point 4 by around 45 %, so a correction factor of
A = 1.45 is taken to improve the prediction of the maximum von Mises stress at point 4.
The value of the correction factor (A) is the mean value of the correction factors for all
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simulations compared with the analytical model. Based on it the corrected maximum

von Mises stress ((oy31)cor.) from the analytical model is equal to:

(G\Tl\%?()cor. =A- (ayﬁ¥)Analytical- (6.41)
The von Mises stress based on the semi-analytical model can be calculated as:
ot = ogi™e - (07N )cor. = OVM) + OV (6.42)

There is a satisfactory agreement between the outputs of the developed semi-analytical
model and the numerical verification for various boundary conditions and geometries
for stacked beams (Fig. 6.10).
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Figure 6.10: Comparison of the semi-analytical model with the FEM model for different
boundary conditions and geometries for stacked beams (a - h)

The comparison of the semi-analytical model with FEM for the different stacked-beam
stiffness (S = 19.37, 48.667, and 110.54 N-m?) shows an overestimated maximum of
29 % (Fig. 6.10a, b, and c). For different free lengths (a =1.0; 1.5; 2.0), the predicted
von Mises stress has a maximum overestimating of 12 % (Fig. 6.10b, ¢, and e). The
different stiffnesses of the supported beam (k = 210, 21, 0.21, and 0.021 GPa) have a
maximum overestimating of 13 % (Fig. 6.10b, f, g, and h). The possible reasons for
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such deviations are assumptions in the analytical model, stress concentrations in the
corner areas (leading to higher stresses), and the effect of the mesh size in simulations.

The effect of different equivalent Young’s modulus (Ee) of the stacked-beam
determined by the semi-analytical model is shown in Fig. 6.11. The von Mises stress
o,.m. Teduces by increasing Eeq. After this sharp decrease (2 mm from point 4) a large
von Mises stress saturation area towards point B exists. It means that the top sheets are
not faced with high stresses, and only the bottom sheets (near point A) require high
strength. This enables the application of low-strength sheets, i.e., increased selection
window of different materials and more cost-effective tooling.
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Figure 6.11: Effect of equivalent Young's modulus (E¢q) on von Mises stress (ov.m.)
along laminae thickness distribution. The sheet order (based on
thickness) is: 2, 0.5, 1, 1, 1, 0.5, 1, 0.5, 2, and 0.5 mm from points 4
to B

In the case that from a mechanical loading point of view, the sheet thickness
combination doesn't play a crucial role, the optimum choice of combination should be
considered from a rather economic point of view, which will be addressed in
Chapter 7.5.

6.2 Deep drawing experiments

The simple symmetrical deep drawing dies are manufactured based on the results of the
previous sections with die radii of 6 and 8 mm. Both Ferro55 and 316L-Si powders were
used for reducing the stair step effect with bonding and filling parameters as presented
in Chapter 5.2 for both powders (only P=1200 W during filling step). The spiral
strategy is used for the two final deposition layers. The step over of 0.2 mm with spiral
strategy (same strategy as for the final layer) is used for the laser polishing. Besides,
without any post-processing dies, three post-processing (milling, ball burnishing, and
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laser polishing) are applied to the manufactured deep drawing dies. Milling is performed
with a face milling tool with a diameter of 60 mm, a tool rotation speed of 4500 rpm,
and a feed rate of 2000 mm/min with an overlap of 0.07 mm. The deep drawing tests
were performed for each die at least three times, according to Chapter 4.1.7. Deep
drawing dies (with the same radii) are also milled out of material 1.7225/42CrMo4 and
gas nitriding based on the conventional method as a reference. The dies and deep-drawn
cup radii and surface roughnesses are measured at four points (0°, 90°, 180°, and 270°)
with the optical profilometer (Keyence), and the median value is calculated. The dies
are cut and prepared for hardness measurements as presented in Chapter 4.2.1.

The Ferro55-die radius for the nominal radius of 6 mm has a very small deviation
(+0.08 + 0.09 mm) for the case without any post-processing (Fig. 6.12). For applying
the milling, an extra layer with a thickness of ca. 0.35 mm is deposited to achieve the
nominal radius later by milling. The die radius with milling has a small deviation
(+0.08 + 0.11 mm). For ball burnishing as a second post-processing method, a ball with
a diameter of 12.7 mm and fluid pressure of 30 MPa (for FerroS5 powder) with a tool
overlapping of 0.1 mm was used. The smoothing tracks by ball burnishing were parallel
to the bonding tracks. The ball burnishing shows the maximum deviation from the
nominal radius (-0.88 + 0.26 mm). The reason for such a smaller die radius is the plastic
deformation during the smoothing step. It shows the necessity of the extra deposition
layers to achieve the exact nominal radius. A laser with a power of 1200 W in spiral
form (parallel to the filling tracks) was used for laser polishing. The radius of the laser-
polished die shows a lower deviation than the ball-burnished (-0.28 + 0.17 mm). The
reason for such a deviation is remelting the surface and filling the valley during laser
polishing. An extra layer is also a necessity for post-processing by this method.

The effect of the manufactured die radii is also reflected in the deep-drawn cups. The
cup deep drawn with the ball-burnished die has the maximum deviation (ca. 11.6 %)
from the nominal cup radius (R = 6 mm). The cups deep-drawn by the laser-polished die
have a deviation of 5 %, and the cups drawn with the milled die have only a 1.67 %
deviation.

The surface roughness of the LMD-die without any post-processing is 480 % higher
than the tool surface roughness by the conventional method. The conventional die
surface roughness is R; = 8.52 + 0.3 pum for the die radius of 6 mm. As with the radius
accuracy, the best surface roughness is given for finishing by milling, ball burnishing,
and laser polishing. There are scratches on the surface of the ball-burnished dies due to
the accessibility limitation of the ball-burnishing tool, especially in narrow inner
diameters. The same problem could be caused by milling (it was not the case here) when
the diameters are small. The main advantage of laser polishing is the working distance
due to the laser focal point. It enables the treatment of the surface located in narrow
areas. Yet, the main disadvantage is the reduction of the tool's hardness. However, the
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surface roughness of the ball-burnished and laser-polished dies depends on the process

parameters.

26.9+0.5um

+ 0.09 mm

39+ 6 pm
570 + 54 HV

R,
6.08

R
R,

N R VS A O . - - 1

572+ 0.17 mm
10.8 £ 3.2 ym
541 + 36 HV

06

R
R,
Hy

S

£ San 5
@ | 0 o~
= OQM__‘ +
5 Hoy 5 )
. Neod ==
— . e €O Il
© o © 4
m won M &~

RSN

£

(S W £
1m ==

TR =
g 014‘ H
= +H oy ~
S [oe) N :
Sy ™
.55 -
o I
ZB o
& o T &

Figure 6.12: Manufactured dies and deep-drawn cups by the hybrid method
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In ball burnishing, the process parameters such as applied pressure on the surface,
overlapping value, ball diameter, and strategy play an important role. In laser polishing,
the overlapping value, laser beam diameter, laser power, feed rate, and strategy are
influencing parameters. The hardness measurement results show that the post-
processing with ball burnishing can increase the initial hardness of the deposited die
(around 5.2 %) without any hardening process and make it comparable with the
conventional die with hardening (only 25 % lower than the conventional). The hardness
of the die decreases by around 5 % for both milled and laser-polished dies. The reason
for this reduction in laser-polished die is the reheating.

Deep drawing tests are performed with a deep drawing ratio of 1.93 (f = Ds/ Dp). A
drawing depth of 21 mm for the dies without any post-processing leads to the cup
fracture for both blanks (compare Fig. 6.12 for DC06). The maximum deep drawing
depth of 13.5 mm for DCO06 and 12.5 mm for 6 and 8 mm die radii were achievable with
a deep drawing ratio of 1.93.

6.3 Laser polishing and ball burnishing

Since the surface roughness of ball-burnished and laser-polished areas is highly
dependent on the applied process parameters, an additional study is performed to
compare these two methods.

The proper process parameter is determined during laser polishing on flat surfaces based
on the deposited areas, as shown in Fig. 5.12. The laser polishing power Pp and feed rate
fp are varied between 400 - 1000 W and 400 - 1000 mm/min with a 1.2 mm hatch
distance for bidirectional raster. For both powders, the same process parameters are
studied (Table 6.2).

Table 6.2: Process parameters for laser polishing on the flat surface

Laser Feed rate . Laser Feed rate .
Ratio 4 Ratio 4
No. | power Pp fe W) No. | power Pp fe i)
W) (mm/min) (W) (mm/min)

1 1000 1000 60 7 600 700 54
2 800 1000 48 8 400 700 36
3 600 1000 36 9 1000 400 150
4 400 1000 24 10 800 400 120
5 1000 700 84 11 600 400 90
6 800 700 66 12 400 400 60

The ratio of 4 is the applied energy per unit length, which is the ratio of the laser
polishing power over the laser polishing feed rate (A=Pp/ fp). The different
combinations can deliver the same A. It needs to be considered that there are two same
A values (4 =60 J/mm) with 1000 W and 1000 mm/min and 400 W and 400 mm/min
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(experiments 1 and 12). The surface roughness change R’, (average roughness) is
calculated as:

_(Rz —RY)

By=

(6.43)

where R is the average surface roughness of the die directly after deposition and RY is
the surface roughness after the application of laser polishing. The laser polishing is
applied on different deposited surfaces (with different track-specific power densities),
as presented in Fig. 5.12.

The results show that the not necessary higher track-specific power () leads to surface
roughness improvement (Fig. 6.13). For 316L-Si power, the maximum reduction is
around 80% with applied 120 J/mm energy. However, at around A =85 J/mm, the
surface roughness reduction is maximum by considering all the track-specific power
density () values.
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Figure 6.13: Effect of applied energy per length by laser polishing on different
deposited surfaces (different energies)

For Ferro55 powder at A = 120 J/mm, all 6 values show the maximum surface roughness
improvement. High energy per length values create a big melting pool, while cooling
creates a rougher surface as a surface over-melt (SOM) mechanism. At the same time,
the low values of 1 are not able to melt the rough surface properly and can only improve
the surface by a limited amount.

The effect of laser polishing on the surface roughness of the curved surfaces is
investigated with the die segments with a radius of 10 mm. Two different laser spot
diameters (laser nozzles with diameters of 1.6 and 3 mm) are used to study the laser
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polishing effect in both radius and deposition directions. Based on the results of
Fig. 6.13 for Ferro55 powder, a laser power of Pp=800W and feed rate
fp =400 mm/min (4 =120 J/mm) and 316L-Si powder Pr= 1000 W, and feed rate
fp=700 mm/min (A= 85 J/mm) is selected. The laser spot diameter of 1.6 mm, the
hatching distances (#4) were 0.1, 0.2, 0.4, 0.6, 0.8, and 1 mm. For a laser spot diameter
(dv) of 3 mm, the hatching distances were 0.2, 0.4, 0.8, 1.2, 1.6, and 2 mm for both
powders. The surface roughness in the radius direction is measured as mentioned in
Chapter 4.2.1 with the Keyence profilometer with 20 lines, a distance of 20 pixels, and
a cut-off length of 0.8 mm. The hardness after laser polishing was also measured. The
initial surface roughness of the deposited area for 316L-Si is RS = 5.46 + 0.89 um and
for Ferro55 is R = 5.73 £ 0.96 um. The surface roughness change is calculated based
on Eq. (6.43), and the hardness change is also calculated based on:
(Hg* —HY)

H = 6.44
B 7 (6.44)

’

where HJ is the initial hardness of the deposited area H§ =212.4 +10.74 HV10 for
316L-Si powder and H§ = 534.4 + 16.74 HV10 for Ferro55 powder. Hgdis the hardness
of the deposited area after each hatching distance. The surface roughness change for the
316L-Si deposited area in the radius direction shows that the mean surface roughness
(Ra) improves by a maximum of 75 % compared to the initial state (as deposited) by the
laser spot diameter of 1.6 mm (Fig. 6.14). By increasing the hatching distance from 0.4
to 1.0 mm, the surface roughness improvement decreases to 66 % by using the laser spot
diameter of 1.6 mm. Different hatching distances have an insignificant effect on the
surface roughness improvement for the laser spot diameter of 3 mm. In the case of
Ferro55 powder, the surface roughness can be improved by 71 % on average. The laser
polishing time can be reduced by choosing larger hatch spacing for the same surface
roughness improvement.

The hardness of the 316L-Si deposited area increases by a maximum of 10 % with the
laser spot diameter of 1.6 mm at low hatching distances (Fig. 6.14). At higher hatching
distances, laser polishing has an insignificant effect. With the laser spot diameter of
1.6 mm, the effect is the same for Ferro55 powder, with the only difference being that
the hardness increases by up to 15 %.

The effect of laser polishing with the laser spot diameter of 3 mm is small for the 316L-
Si deposited area. However, it improves the hardness up to 17 % for Ferro55 deposited
area at hatching distances less than 0.8 mm. The larger hatching distance along the
radius direction for 316L-Si powder causes the deposited surface to become softer. This
softening for stainless steel is due to the low local energy input (low-temperature
gradient) and the low cooling rate, which is not the case at small hatching distances.
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Figure 6.14: Effect of laser spot diameter and hatching distance on arithmetic mean
deviation (R.) and hardness of the deposited curved surfaces by laser
polishing in the radius direction

The laser polishing along the weld direction is performed with the same process
parameters. The surface roughness of the 316L-Si deposited area, regardless of the laser
spot diameter and hatching distance, can be improved by around 59 % (Fig. 6.15). The
hatching distance does not affect the deposited areas by Ferro55 with the laser spot
diameter of 1.6 mm. The laser spot diameter of 3 mm for the deposited material from
Ferro55 at 0.2 mm hatching distance showed a surface roughness improvement of only
37 %. In contrast, increasing the hatching distance increases this value to the saturated
value of around 69 %. A high number of picks due to the high number of passes at the
hatching distance of 0.2 mm explains the rougher surface roughness along the radius
compared to the hatching distance of 2 mm for the laser spot diameter of 3 mm
(Fig. 6.15).
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Both laser spot diameters increase the hardness of the deposited area out of 316L-Si
only by a maximum of 9 % at lower hatching distances, where the higher distances also
lead to a softening (Fig. 6.15). The hardness of the deposited Ferro55 can also be
increased only by 15 % by the laser spot diameter of 3 mm.
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Figure 6.15: Effect of laser spot diameter and hatching distance on arithmetic mean
deviation (R,) and hardness of the deposited curved surfaces by laser
polishing in the weld direction

The result of the laser polishing within the mentioned parameters shows that laser
polishing has a positive and significant effect on the improvement of the surface
roughness, and it can enhance surface roughness by a maximum of 78 % by selecting
the proper process parameters. However, the hardness is increased by 17 %, whereas
greater hatching distances can lead to softening.

The effect of different hatching distances of ball burnishing on the surface roughness
and hardness of deposited curved areas are also analyzed. The experiments are
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performed with a minimum hatching distance of 0.2 mm and a maximum of 6 mm with
a hatching increase of 0.2 mm. The ball burnishing tool with a diameter of 12.7 mm is
used. For the deposited area out of Ferro55, a hydraulic pressure of 300 bar and for the
316L-Si, 250 bar are used. Both toolpath strategies, along the radius direction and along
the bonding track direction, are studied.

The arithmetic mean deviation improvement (R,) is reduced by increasing the hatching
distances in the tool path along the radius direction. A maximum surface roughness
improvement of 78 % (R.=1.2 £0.18 um) for 316L-Si deposited area and only a
maximum of 45 % (R. = 3.14 £ 0.39 um) be achieved at a hatching distance of 0.2 mm
(Fig. 6.16).
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The surface roughness change in the deposited area by 316L-Si is always positive (for
along the radius direction strategy). It means the mean surface roughness improvement
decreases, and there is no effect at 6 mm hatching distance. The lower hatching distance
leads to more plastic deformation. For Ferro55, the maximum surface roughness
improvement can achieved at the lowest hatching distances.

The outcome of the surface roughness and hardness change along the weld direction
(bonding direction) by ball burnishing is presented in Fig. 6.17. In the weld direction
strategy for 316L-Si deposited areas, the mean surface roughness can be improved by
58 % (R.=2.2+ 0.52 um) where at a hatching distance of 3.4 mm the hatching distance
effect is insignificant and greater hatching distances leads to rougher surface roughness.
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hardness of the deposited curved surfaces by ball burnishing in the
weld direction

For Ferro55-deposited surfaces, the surface roughness quality is worse at higher
hatching distances above 1.6 mm. The reason is because of the diameter of the ball-
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burnished tool and high hatching distances. The ball burnishing tool cannot cover all
surfaces (no contact), and it just stretches some areas and increases surface roughness.
The hardness change (H'g) of the 316L-Si deposited areas sharply decreases after
0.4 mm hatching distance from 43 % to 13 % at 1 mm hatching distance. Then there is
saturation, and the hardness change reduces to almost zero from 4.4 mm hatching
distance. For deposited areas with Ferro55, the hatching distance has an insignificant
effect, and the hardness increases by almost 12 % (Hs =~ 599 HV10).

6.4 Wear study

For wear experiments, dies with a radius of 8 mm with the same condition as deep
drawing only with an initial blank radius of 120 mm were performed. The sheets for
lamination are ordered as top 2, 0.5, 1, 1,2, 1, and 0,5 mm. Ferro55 and 316L-Si powders
are used to reduce the stair-step areas, and in all experiments, the HC380LA high-
strength steel blank (% = 1 mm) is used as the blank for deep drawing. As a reference
for the conventional die, an 8 mm radius die made of 1.7225/42CrMo4 material is milled
and hardened (gas nitrided). For all dies up to 1000 strokes, the radius and surface
roughness are measured after every 200 strokes. After 1000 strokes, no further
experiments are performed on the conventionally manufactured die and the hybrid-
milled die. After 1000 strokes, microscopic (change in surface roughness) and
macroscopic (change in radius) changes in every 1000 strokes are measured. For four
hybrid dies (two powders and two post-processing methods), up to 10,000 strokes are
executed. For comparison between the conventional die and dies manufactured with the
hybrid method, the surface roughness change (R;) is calculated as:

_ (R —RY)

6.45
RI (6.45)

R,
where RY is the initial surface roughness of the die after deposition and post-processing
and RS is the surface roughness of the die for the corresponding stroke. Although the
conventional die with a hardness of 642 + 13 HV10 has a better surface roughness even
after 1000 strokes, the hybrid dies show lower wear (surface roughness increase) than
the conventional die. The surface roughness of the conventional die is worse, around
60 %, than the initial condition (Fig. 6.18). The surface roughness increase (wear) in all
hybrid methods is lower than in the conventional die. Yet, the maximum surface
roughness of the conventional die is R, = 9.3 pm after 1000 deep drawings, which is
lower than the surface roughness of the hybrid die R, =21.7 um. The surface roughness
after 200 strokes improves in the hybrid method for laser polishing and ball burnishing,
which can be explained by removing or smoothing the weak spatters and surface picks
by the first series of deep drawing experiments.
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Figure 6.18: Comparison of surface roughness change of dies till 1000 strokes

The die radius reduction is calculated based on Eq. (6.46).

(R —R%)

R'=——75—

(6.46)
where RO is the initial radius of the die after manufacturing and RS is the die radius for
the corresponding stroke. The dies manufactured by the conventional method and the
post-processed with milling show no radius change (Fig. 6.19), whereas the dies
manufactured by deposition of 316L-Si powder and post-processed by ball-burnished
and laser polished show a high radius reduction.
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Figure 6.19: Tool radius reduction of conventional die compared with hybrid dies

The reason for that is the low hardness and stiffness of the 316L-Si material compared
to Ferro55. The jagged surface roughness causes a high abrasion on the surface and
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reduces the tool radius. The hybrid dies are manufactured with Ferro55 powder and post-
processed by ball burnishing due to higher hardness showing lower radius reduction
(Fig. 6.19). The maximum radius reduction in hybrid dies with the Ferro55 is 3 %, and
for the 316L-Si, it is around 12 % for laser-polished ones. After 1000 strokes, the surface
roughness of the dies manufactured by 316L-Si improves because of the high abrasion,
which is not the case for Ferro55 dies (Fig. 6.20).
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Figure 6.20: Comparison of surface roughness change for deep-drawn cups from
1000 to 10,000 strokes

The surface roughness of the ball-burnished die out of Ferro55 shows the maximum
surface roughness increase among the other die due to the higher hardness. In the case
of the laser-polished die, after 5000 cycles, the surface roughness of the die improves as
a sign of starting the die wear (Fig. 6.20). The surface roughness of 316L-Si powders
increases sharply, whereas, at 10,000 strokes, the surface roughness improves almost
40 % for laser-polished die, where the die radius decreases by around 12 % (Fig. 6.21).
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Figure 6.21: Tool radius reduction of hybrid dies from 1,000 to 10,000 cycles

The ball-burnished die out of 316L-Si shows the maximum radius reduction; however,
the surface roughness improvement is lower than the laser-polished die. There is an
insignificant difference in radius change between laser polishing and ball burnishing for
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Ferro55-dies; after 10,000 cycles, it is around a maximum of 7 %. The hybrid Ferro55-
dies are suitable for high cycles of deep drawing regardless of the post-processing
method, which is not the case for hybrid 316-Si-dies.

6.5 Transfer to complex shapes (demonstrator)

Since the parts in the industry are more complex than simple axisymmetric parts, a
complex shape with freeform surfaces with an external geometry of 450 x 326 x 15 mm?
is selected to be manufactured by the hybrid method (Fig. 6.22).

All dimensions are in mm

1
Section A-A J\w1q5°

Figure 6.22: Schematic view and geometry of the demonstrator

For manufacturability, the die is segmented into four segments. The die has a corner
radius of R = 10 mm and is chamfered at an angle of 15° to the vertical axis. The selected
sheet combination for lamination is 2; 0,5; 1; 2; 1; 1; 2; 0,5; 2; 2; 1 mm from top to
bottom. For reducing the stair-step areas, the two-step strategy (Fig. 5.14c) with the
deposition process parameters is presented in Table 6.3.

Table 6.3: LMD Process parameters for demonstrator

Step Power P (W) Feed rate f (mm/min) | Powder mass flow 1 (g/min)
Bonding 1400 1000 7
. 1000 (316L-Si)
Fill 1 4
Hing 1200 (Ferros5) 000
Laser 1000 (316L-Si) 700 (316L-Si)
polishing 800 (FerroS5) 400 (Ferro55)

The offset of b = 1 mm is used for cutting the sheet (not for the top and bottom sheets).
Due to high energy input because of the large deposition area, the segments at the end
are delaminated (Fig. 6.23a). Therefore, the ends of segments are welded by applying



92 Realization of hybrid laminated tooling

pure laser (without any powder) at the same setup before deposition (Fig. 6.23b). A laser
power of 1800 W is used to melt and join the sheets from the outer side of the segments.
The outside surfaces of the dies are manually polished after joining to prevent
misalignment of the inserts on the base plate during assembly. Both laser polishing and
ball burnishing are used to improve the surface roughness after the deposition.
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Figure 6.23: (a) Sheet delamination after deposition, (b) joining lines for inserts
The large stair-step area in the demonstrator leads to high energy input, i.e., high heating

and cooling cycles, which affect the bonding tracks' hardness. Therefore, the hardness
of the bonding track after the deposition layer is measured, as shown in Fig. 6.24.
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Figure 6.24: Bonding track’s hardness change during the different depositions
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The hardness decreases sharply directly after the deposition of the prefilling step, and
this decrease continues by the deposition of the first filling layer. Next, there is no
significant change in the hardness of the bonding track, and there is a hardness saturation
for both powders. The hardness for Ferro55 powder is ca. 310 HV 10, and the hardness
for 316L-Si is around 200 HV10. The reason for saturation is increasing the distance of
the energy source from the bonding track, which no longer influences the hardness.

The demonstrator's inserts require two different tool path strategies. The insert with
semicircles requires a circular tool path, whereas the inserts with free-form surfaces
require a linear tool path strategy. The measured surface roughness for both types of
inserts shows that by the same laser metal deposition parameters, the maximum peak
surface roughness parameter (R;) of the circular strategy is around 19 %, which is higher
than the linear tool path strategy (Fig. 6. 25). It is due to the deviation of the feed rate
of the laser head by circular movements, which are smaller than nominal feed rate
values. Laser polishing as a post-processing method can improve the surface roughness
of the circular tool path strategy more than the linear one due to the higher energy input
by slower laser head movement, especially for Ferro55 powder.
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Figure 6.25: Effect of different strategies on surface roughness

The deep drawing experiments are carried out with DC06 and HC380LA blanks of
1 mm thickness, as described in subchapter 4.1.8. The oval-shaped blanks are laser cut
with an external geometry of 441 x 281 mm?. Ferro55 and 316L powders are used with
laser-polished dies (Fig. 6.26a). The part's maximum achievable deep drawing depth
was 40 mm for both blanks. The surface roughness of the deep-drawn parts along the
radius direction is almost identical for both drawn parts (Fig. 6.26b). Taking into
account the cutting of the tool sheets, the deposition time, and the laser polishing, the
total manufacturing time for this set of inserts is approximately 4 hours and 25 minutes.
Considering the hardness of the tool, the quality of the surface roughness, the variety of
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material choices, and the geometry of the die, the die manufacturing time is much faster
than that of the conventional method, which requires hardening.
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Figure 6.26: (a) Manufactured hybrid laminated demonstrator die, (b) deep-drawn
parts from DC06 and HC380LA with a thickness of 1 mm

6.6 Summary

The developed semi-analytical model shows the possibility of using low-strength sheets
near the tool surface and high-strength sheets at the bottom of the laminated die.

Deep drawing with the manufactured laminated dies for axisymmetric parts shows
promising results. The various post-processing methods showed that the surface
roughness and hardness of the dies depend on the process parameters. Laser polishing
can improve the surface roughness by an average of 71 % and 59 % for the deposited
curved areas of Ferro55 and 316L-Si, respectively. The hardness of the deposited area
at small hatching distances (around 0.2 mm) can also be improved by a maximum of
17 % and 15 %, respectively, for Ferro55 and 316L-Si areas, but higher hatch distances
(greater than 1.8 mm) have either no effect or even softening.

Ball burnishing with 0.2 mm hatch spacing along the radius strategy can improve surface
roughness by 78 % (Ferro55) and 45 % (316L-Si). Increasing the hatching distance of
ball burnishing along the radius direction above 1.4 mm for Ferro55 deposited areas
increases the surface roughness up to 40 %. The hardness of the deposited areas in both
strategies (along the radius and along the weld line) can be increased by max. 23 % for
Ferro55, regardless of the hatching distance. However, for 316L-Si, the hardness
increase highly depends on the hatch distance and the strategy applied. The maximum
hardness can be increased up to 45 % (for the along radius strategy).
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The wear test results show that the 316L-Si laminated dies are suitable for small series
production (less than 1000 strokes) because the surface roughness increase and radius
reduction (wear) due to low hardness are significant (about 40 %). In contrast, the
Ferro55 laminated dies show only about 7 % wear after 10,000 cycles.

The hybrid process gives the possibility to produce large dies with freeform surfaces in
a short time with adequate surface roughness and hardness, demonstrating the industrial
transferability of the proposed concept.






7 Technological, economic, and energetic evaluation

The previous sections illustrated the application and potential of using the combination
of laser metal deposition with sheet lamination to manufacture forming tools. In the
following chapter, the economic and energetic aspects of the hybrid process (Fig. 7.1a)
are compared with pure laser metal deposition followed by milling (Fig. 7.1b) and with
the conventional method (Fig.7.1¢). Three different manufacturing routes are
schematically compared in Fig. 7.1.
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Figure 7.1: Process route for calculation of total energy consumption (£1) and
production time (7r) for: (a) hybrid additive laminated tooling, (b)
pure LMD with milling as post-processing, (c) conventional method

The following steps are considered to calculate the energy consumption of each one. For
the hybrid additive laminated tooling (Fig 7.1), the total consumption energy is:

Hybrid
ETy "= ESheet + ELC + EPowder + ELMD + EPP' (71)

where Esneet is the energy required for the production of the sheet. The cutting energy
(ELc) is needed for laser cutting with a laser machine. The energy required for deposition
is the sum of the energy needed for powder production (Epowder) and the energy necessary
for deposition with a laser beam (EvLwmp). Different post-processing energies (Epp), such
as milling (Em), ball burnishing (£g), and laser polishing energy (Evp), are used based
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on the selected process in Eq. (7.1). The total energy for the conventional method
(Fig. 7.1b) is the sum of the energy required for manufacturing the bulk material (EBu),
consumed energy for milling, and the energy necessary for hardening. Finally, for the
pure LMD method (Fig.7.1c), the energy required for powder production plus
deposition with the used energy for milling is considered.

The required time for producing sheet metal, bulk material, and powder is not considered
for calculating the total production time (7°r) for each process (hybrid, conventional, and
fully LMD followed by milling).

7.1 Hybrid additive lamination method

As the production energy and time for a systematic assessment are highly dependent on
the workpiece geometry and dimensions, a reference workpiece is assumed to have a
square shape with length / and a cylindrical hole with diameter d in the middle
(Fig. 7.2a). The n number of sheets with a constant thickness of ¢ are stacked to generate
the target part. The thickness of the part is ¢, a fraction of the length /. The part's mass
is (mp), and the mass of the scrap is (ms). Each sheet must be cut outside and inside
(Fig. 7.2b) and stacked to build the final part geometry.
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Figure 7.2: (a) Assumed geometry for evaluation, (b) cut lines of the final part

The ratio of X can be defined as the material yield, which is the ratio of the final part
mass to the sum of the raw material as presented in Eq. (7.2). Since the density of all
layers is the same, the yield ratio can be considered as the part’s area (4p) over the area
of the initial area (4p + A4s). The parameter d can be derived as a function of material
yield and length (/), as shown in Eq. (7.2).

A d? 4(1-X
X = mp  _ P =1—T[—:~d=l- Q (7.2)
mp+mg  Ap + A 412 T

By considering the volume constancy and using the same density (p), the length ratio ¢
can be calculated as:



Technological, economic, and energetic evaluation 99

Mo = |c e (13)

c- 3=
X-p X-p

The total cutting length is the sum of the perimeter of the square and the hole:
1

€, = (4l + td)n 2% (41 + ) % = %(CX' _";P)é (A= +4) (9

It is assumed that all used sheets are steel with a density (p) of 7.9 kg/cm?. The material
yield (X) is also considered to be 60 % (i.e., 60 % of the total raw material mass used
for the final part), and the length-thickness ratio is 25 %. The cutting length (Cv) based
on the assumed values for three different sheet thicknesses is shown in Fig. 7.3.
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Figure 7.3: Calculated cutting length (CL) for different sheet thicknesses as a function
of part mass (mp)

For the same part mass 4 and 2 times, the cutting tool needs to travel for 0.5 and 1 mm
sheet thickness, respectively, compared to 2 mm sheet thickness. In hybrid additive
laminated tooling, it is assumed that the sheets are cut by laser. The laser cutting
parameters depend on the sheet material and thickness. A laser machine (TCL 1005)
from the company Trumpf GmbH + Co. KG with a maximum laser power of 3000 W is
used to calculate the energy consumption of laser cutting. Table 7.1 shows the
recommended laser power and feed rate for cutting different steel sheets.

Table 7.1: Process parameters for laser cutting the different sheet thickness

Thickness Laser power PLc (W) Feed rate fi.c (m/min)
0.5 mm 1700 9
1.0 mm 1700 8
2.0 mm 1200 5
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The machine manufacturer for laser cutting (Trumpf) calculated the machine's energy
consumption (Ewm) as a function of the used laser power, as shown in Fig. 7.4. The laser
power for 0.5 and 1 mm sheet is around 57 % of the maximum laser power of the
machine (Pmax = 3000 W), which means the consumed energy for these sheets are equal
to Em= 42 kWh, and for 2 mm sheet thickness Em= 38 kWh.
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Figure 7.4: Energy consumption by TCL 1005 laser machine

Based on the consumed laser power for each sheet and using the cutting length with the
corresponding feed rate, the total consumption energy for each sheet thickness can be
calculated as:

EM .CL
fLC .

The results of cutting energy for different sheet thicknesses show that the thinner sheet
thickness (higher laser cutting distance (Cv) for the same part mass (mp)) requires higher
energy consumption (Fig. 7.5a).

Eic = (7.5)

For calculating the time for laser cutting length (7ic), the time for positioning and
replacing the sheets is not considered. The laser cutting time is calculated as follows:
Cy

TLC = E. (76)

The plotted results (Fig. 7.5b) show that the lower sheet thickness requires longer laser
cutting time. For the production of the sheets based on Sato and Nakata (2020), the
energy needed for the production of 1 kg sheet is equal to 19.37 MJ. The energy required
for the production of sheets (Esneet) is calculated as the sum of the mass of the part and
the scrap, i.e.:

MJ
19.37 [k—g
X

(1.7)

M)
Espeer = 1937 || (mp +m0) = mp,

Eq. (7.7) is not dependent on the sheet thickness.
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Figure 7.5: (a) Total energy consumption (Etc) for cutting, (b) total cutting time (7ic)

Two main production methods for fabricating the powder for laser metal deposition are
gas atomization and plasma atomization (Popov et al., 2021). There are different
methods and values for calculating the energy required for powder production.
However, in this study, the powder production energy is selected based on the
calculation from Yule and Dunkley (1994). For gas atomization, 24.48 MJ is required
to manufacture one kilogram powder. It is assumed that for the hybrid method, the mass
of the sum of the stair step volumes (Mgep, = p - Y1), is 1 % of the scrap mass ()
i.e. the required powder by LMD is 1 % of ms. Therefore, the energy required for
fabrication of the powder for LMD is:

Powder

EHbHd _ 9448 [ll\{/l—é] -(0.01-m,) = 0.2448 [Z—é] (%)-mp. (7.8)

A detailed evaluation of the energy consumed during laser deposition with
Lasertec 65 3D was carried out by Wippermann et al. (2020), and the calculated result
shows an energy consumption of 76.11 MJ/kg during laser deposition (without any post-
processing) with the given process parameters. Based on that, the consumed energy
during the deposition of the stair steps is:
EYMY = 76.11 [I:—é] -(0.01-my) = 0.7611 [ll\f—é] : (%) ‘mp. (7.9)

The deposition time depends on the feed rate (f) and tool travel path (Lt). The total tool
travel path (Lt) defines the distance the tool needs to go through. It can be defined as
the cutting length (CL) and with the corresponding hatching distance (%q4). In this study,
for further analysis, it is considered that the part is manufactured out of a constant sheet
thickness of 1 mm. Therefore, the relation between the tool travel path (Lt) and the
cutting length (Cvr) is equal to:
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C
(h_L h; <1mm
— d
Ly = iCL‘ by = 1mm (7.10)
CL ' hd' hd > 1 mm

In the rest of this study, the tool travel path is equal to the cutting length, i.e., Lt = Ct.
Therefore, the post-processing time for all three processes can be written as follows:

PP f

For calculation of the total post-processing energy (E]I,{g brid) it is assumed that the tool

a G
Taybrid — 21 (7.11)

(ball or laser) need to go through all cutting lengths (Cr) with the required energy
consumption (Erq.).

Hybrid

_ pHybrid |
PP =T

E PP

Erq.

(7.12)

Since the energy consumption for each machine would be different here, the energy
required for machines' movement is neglected. Therefore, the energy for laser polishing
is equal to the laser power Eé“]f_ = Py p. For the ball burnishing, the energy consumption
of the hydraulic aggregator is used for the calculations. The hydraulic aggregator

HGP6.5 400V from Ecoroll company has a consumption of EquB =3 kW.

Milling is conventionally applied within two different steps: rough milling and finishing.
In rough milling, the depth of cut and feed rate is high. Therefore, the shape accuracy
and surface roughness do not fulfill the final quality. In the finishing step, the depth of
cut and feed rate of the tool is low, and the rotational speed of the tool is much higher
than rough milling. Since the specific energy consumption for rough milling is
significantly lower than finishing, two different values based on Zhao et al. (2018) are
used to calculate the milling energy consumption. The specific energy consumption per
kg (SEC) for finishing milling is SECrinishing = 5.791 MJ/kg; for rough milling, it is
SECrough = 0.848 MJ/kg. The feed rates are also different, which affects the production
time. In the hybrid additive laminated tooling method, it is considered that 20 % of the
deposited powder mass needs to be milled in the case of milling as the post-processing
method (Fig. 7.6).

By that, the specific energy for post-processing energy (E;lg brid) by milling is:

_ MJ] (1-X
Hybrid
Epp™" = 0.01-0.02  SECpinishing " Ms = 0'001158[@]'(7)'7""' (7.13)
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Figure 7.6: Schematic of additional powder in hybrid additive laminated for milling

Calculating the milling time requires different calculation methods. In which the
following parameters, radial depth of cut (ac) and axial depth of cut (ap), both in mm
beside the feed rate (f) need to be defined. These three parameters are produced by
material removal rate (Q) with a unit of mm?®/h, mathematically shown in Eq. (7.14).

Qmm?/h] = f-a, - ae . (7.14)
The material removal rate can be transformed as Eq. (7.15) by considering the density

()-

Hybrid

QFinishing[kg/h] =p-f- ap " Qe , (7.15)
where the unit of material removal rate (Q;};l?sr}isng) will be in kg/h.

The time of milling for the hybrid additive laminated tool considering the 1 % of mass
removal of scrap mass can be calculated as:

Hybrid Finishi Finishi
THybrid _ QFinishing _ P f ' apmls e, aemls e (7 16)
Milling — i - — . .

7.2 LMD plus milling

In the deposition of the whole part with laser metal deposition (LMD), powder waste
during the process is not negligible. In addition, the subtractive post-processing method
is considered, and 20 % of the total part mass is added to calculate the required powder.
The same values are used for hybrid metal deposition to calculate the energy for the
production of powder and the required energy for deposition. Considering the necessary
powder, the total energy for powder production is:

Powder

. M] MJ
ELMD+M11]1ng =244 [ ] . 2. = 4.89 [_] . 1
8 e (0.2-mp) = 4.896 kgl ™ (7.17)

Since during the positioning for the laser head, the laser is off, therefore only the net
mass of the part is considered for the calculation of the deposition energy during LMD
with Lasertec 65 3D, which yields as:
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LMD+ Milli MJ
ELPA+ T =76, 11[ ] mep. (7.18)

For post-processing, only 1 % of the part mass (mp) is considered to be fine-milled:

LMD+Milli
Epp 8 = 0.01 - SECpipishing - M. = 0.0579 [k ] mp. (7.19)

Like the hybrid additive laminated method, the feed rate during the deposition is
1000 mm/min.

For calculation of the manufacturing time of LMD plus milling, the same procedure can
be used as for the hybrid additive laminated method, and it yields:

QHybrid leshmg Finishing
Hybrid _ Finishing _ P~ fra " de (7.20)
Milling 0.01- mp 0 01- mp

7.3 Conventional method (milling plus hardening)

In the conventional method, the final geometry is manufactured by subtractive processes
such as milling or turning. In this study, the milling process is used for the calculation.
Guminski et al. (2019) showed that the demanded energy for the fabrication of bulk
material is Egux = 17.73 MJ/kg, which means the total required energy is for bulk
material considering the part mass:

Eguic = 17.73 [f—é] - (mp +my) = 17.73 [k ] (7.21)

For the conventional method, it is assumed that 99 % of the scrap mass is rough milled
and only 1 % of the scrap mass is finishing mill. Therefore, by considering the specific
energy consumption of finishing milling 0.848 MlJ/kg and for rough milling
5.791 MJ/kg, the total machining energy in conventional equals:

M
Ex™ = (0.99  SECgough + 0.01 - SECginishing) - mp = 0.8974 [k—é] mp.  (7.22)

The energy consumption for the hardening process is significantly dependent on the
part's geometry, the type of hardening, and the goal temperature (Fig. 7.7). In this study,
hardening in the N 120/85 HA furnace with a power consumption of 13.6 kW from
Nabertherm GmbH, which is available at IUL, is selected for energy and time
calculations. It is assumed that the thickness of 80 mm by the maximum temperature of
the furnace, 850 °C, needs to be heated. According to Fig. 7.7, the heating time is one
hour. Considering the assumed square shape (Fig. 7.2) and the length-to-thickness ratio
of 25 %, the length of the square would be 320 mm, and considering the density of steel,
the total weight of the sample is about 64.7 kg.
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Figure 7.7: Heating time in air respectively under shielding gas (Spur and Zoch, 2015)

By considering that the furnace needs to use 50 % of the maximum energy for the
heating up phase for one hour, the specific energy of the furnace can be calculated as:

SEC _ (13.6 + 6.8)kWh 36 M) 114 M] (723)
Furnace ™ 64.7 kg “kWh kg’ '
The hardening energy is:
MJ
Ey = SECryrnace - mp, = 1.14 [k_g] “Mp . (7.24)

The hardening time is equal to:

2h

h
Ty =——=—"mp =0. —|-mp. 2
H 7 647kg 7 0.031 [kg] P (725)

As mentioned earlier, since there is no general and unique equation for hardening, the
suggested values are based on assumptions.

7.4 Comparison between the different processes

The values for different process parameters are selected as a case study to compare all
possible processes, as shown in Table 7.2. The parameters are chosen based on
experimental work.

The energy consumption for all processes is calculated (Fig. 7.8) by considering the
process parameters presented in Table 7.2. The results show that the maximum energy
consumption is by fully LMD parts plus milling followed by hybrid additive laminated
tooling and finally conventional. However, there is less difference between the hybrid
and the conventional methods.
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Table 7.2: Process parameters for post-processing

Laser Ball Milling
Process . . e
polishing burnishing Rough | Finishing

Feed rate fin mm/min 1000 900 600 200
Laser power PL in W 1000 - - -
Radial depth of cut ae in mm - - 25 25
Axial depth of cut @, in mm - - 2 0.25
Track distance /g in mm 1 1 - -

Since the hybrid method's post-processing fraction from total energy consumption is
very small, the difference between them is infinitesimal. In addition, the energy
consumption by post-processing in the hybrid method depends on the process

parameters.
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Figure 7.8: Total energy consumption Et for three process routes (a) with LMD plus
milling, (b) without fully LMD plus milling (without red curve)

It should also be noted that in the conventional method, the hardening energy is a
function of the type of the hardening method and the furnace configuration. Therefore,
the total energy consumption of the conventional method could be higher than the hybrid

method.
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The calculated manufacturing time for all three processes is shown in Fig. 7.9a. Like
energy consumption results, the fully deposited parts demand much more production
time than the two methods. The main reason is the high volume needed to deposit to
generate the part. The hybrid and the conventional methods are faster since the main
body of the part is already pre-manufactured (as sheet or bulk material). Even without
considering the common transportation time of parts to hardening, the conventional
method requires a higher production time than the hybrid additive laminated tooling
method (Fig. 7.9b).

(a) 600 | I i
2 500 |-r-25% I
¢ = b +— |/
£ WL@ LMD + Miling ]
2 < 400 \ b
Sc N
5 .~ 300
c
o e
el
=¥ 100 2 _ Hybrid additive _Conventional
° e Iamlnated tooling | _
[ 0 —y
0 25 50 75 100 125 150 175 200\
Part mass m, in kg y
® 2 18 o =
= 16 Q Conventional | !
2< 14 - | y
85 12 T T | /
2510 — D]
g g 8 , | I Hybrid additive |
—_Mlaminated tooling;,
= = 2 .'_W l\amlna Ie‘:rloo |ng. /
-t |7'7 A . ,_ ’
o 2 D e = //
=0 R

0 25 50 75 100 125 150 175 200
Part mass m, in kg

Figure 7.9: Total manufacturing time 77 (a) with LMD plus milling, (b) without fully
LMD plus milling (without red curve)

Milling is faster than the other two post-processing methods (Fig. 7.9b). Based on the
calculations, ball burnishing and laser polishing have slight differences. However, the
production time is highly dependent on the process parameters such as feed rate, track
distance, and tool diameter, i.e., by selecting different process parameters, the
production time order would vary.

Laser polishing has unique advantages among the three different post-processing
methods in hybrid additive laminated tooling. The laser polishing saves the cost of new
tooling as well as programming time. In addition, because laser polishing is a non-
contact process, tool wear is very low. The final superiority of this method is the
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treatment of the surface within the focal distance. It allows the laser to treat the limited
access areas.

The initial investment cost for the three processes is shown in Fig. 7.10. The hybrid
process requires either a milling or ball burnishing tool in addition to the deposition and
laser cutting machine. The initial investment cost calculations assume that the hybrid
Lasertec 65 3D is used for the hybrid process. In this machine, milling and LMD are
integrated. A laser cutting machine is required for the hybrid process, with laser
polishing as post-processing besides the deposition. The Lasertec 65 DED machine from
company DMG MORI can be selected. For ball burnishing, an additional ball burnishing
aggregator and tool is required. The furnace costs for conventional methods can vary
based on the chamber's inner geometry and heating type. Based on company
Nabertherm's inquiry, it could vary from 100 k€ to 400 k€.
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Figure 7.10: Initial investment cost for all three process routes

7.5 Determination of optimal sheet combination

Sheet lamination can manufacture parts with a combination of distinctive layer
thicknesses. For instance, in the case of manufacturing the parts with different
thicknesses, here 0.5, 1, and 2 mm sheets, the number of possible sheet combinations
with these three sheet thicknesses multiply exponentially by an increasing radius
(Fig. 7.11). The precise selection of combination is a multi-objective function relying
on the demanded tool strength, manufacturing energy consumption, tooling cost, and
induction of functional elements, e.g., cooling/heating channels or sensors. In this study,
energy consumption and manufacturing time form the economic point of view and are
two main criteria for optimizing the number of possibilities.
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Figure 7.11: Possible number of the sheet combinations (Pn) for different radii

For optimizing the sheet combinations, the following criteria are considered:

e The normalized laser cutting time (T}%.).

e The normalized energy consumption for the laser cutting (ENc).

e The normalized energy of production of metal powder and demanded energy for
laser metal deposition (ENywqer + Etoin)-

The cutting time and energy consumption are preferred to be kept as low as feasible.
These criteria are applied for three radii of 6, 5, and 4 mm for each individual sheet
combination. The stair step areas for each combination are calculated based on
Eq. (5.10), and each combination's corresponding required powder and energy for
deposition are calculated. The outcomes are plotted in Fig. 7.12. For all three radii (6, 5,
and 4 mm), the break-even point is around 0.33 to 0.35. By considering the break-even
point's value, the sheet combinations are reduced. The total number for the radius of
4 mm decreases from 55 to 4, for the radius of 5 mm from 169 to 13, and finally, for the
6 mm radius from 520 to 24 combinations. The numbers of the layers are in all three
radii, the same as the nominal radius, i.e., for the 6 mm radius, all 24 combinations have
six layers. For 5 mm radius, all 13 combinations have five layers, and finally, for a 4 mm
radius, all combinations have four layers. The break-even point value (0.33 to 0.35) is
also confirmed for the radius of 10 mm. Considering the break-even point, the number
of combinations is reduced to 1250 from 46717. All 1250 combinations also have ten or
nine layers.
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7.6 Summary

The hybrid additive layer tool's energy consumption and manufacturing time are
systematically evaluated and compared with the fully deposited part using LMD plus
milling (as a post-processing method) and the conventional method. It is shown that the
hybrid method is at least 29 % faster than the conventional method and more than 100 %
faster than the LMD plus milling strategy for the same final part mass. Compared to the
conventional manufacturing approach, which typically consists of milling followed by
hardening, it is shown that the energy consumption is almost the same for simple
geometries (a square with a hole in the center). However, complex shapes can be
produced quickly using the hybrid additive laminating process, as laminating provides
high flexibility in producing complex geometries.

Among other post-processing methods, laser polishing provides a suitable tool surface
roughness without additional tooling and with reduced programming costs. With milling
and ball burnishing, tool wear is also a challenge, in addition to additional tooling costs.
Laser polishing is non-contact, and treating the tool surface at the focal point provides
more room to work in tight areas and increases flexibility not available with other
finishing methods.

Since the number of possible sheet combinations in sheet lamination is high, an
optimized method based on economic evaluation is developed to reduce the number of
possible combinations. It is concluded that 0.33 to 0.35 is the break-even point for
normalized manufacturing time and deposition energy. This criterion drastically reduces
the number of sheet combinations, e.g., for a 10 mm radius out of 0.5, 1.0, and 2.0 mm
thickness, the number of combinations can be reduced up to 97 %, which helps to select
the more energy-efficient sheet combination.






8 Conclusion and outlook

The fundamentals of a new manufacturing process, so-called hybrid additive laminated
tooling for deep drawing dies, are investigated. The procedure of designing and
manufacturing such forming tools is presented. The following scientific questions are
answered in this study.

What are the considerations in the tooling design process?

The tool design starts with the selection of the combination of the proper sheet. The
selected sheets should not plastify during the process. Therefore, a semi-analytical
model based on beam theory and FEM simulation is developed to determine the proper
sheet combination. It is concluded that due to stress saturation in a large area of the
stacked-beam, low-strength sheets can be used near the laminated die surface, and only
high-strength materials are required for the tool's bottom side. It offers the possibility of
using lower-cost sheet metal for tooling, thus reducing tooling costs.

What are the characteristic mechanical limitations of the hybrid process?

The developed two-step filling strategy for reducing the stair-step effect, bonding, and
filling reduces shape inaccuracy. It is concluded that the higher laser power and low
powder mass flow also deliver a stronger joining of sheets and better surface roughness.
However, the thickness of the sheets by selecting the process parameters during the
deposition needs to be considered, where very high laser power with low feed rate and
mass flow leads to over-melting the thin sheets.

Preheating the tool sheets to 100 °C during the deposition of 316L-Si powder can reduce
the residual tensile stress, but it increases the surface roughness parameters. Therefore,
the preheating can be neglected, which reduces the tool cost.

The tribological study shows the necessity of post-processing the deposited surfaces to
obtain surface properties comparable to those of conventionally manufactured tools.

The various post-processing methods show that the surface roughness and hardness of
the finished components are highly dependent on the process parameters. Ball
burnishing not only improves surface roughness but also increases hardness. The
disadvantage of laser polishing, i.e. the reduction in hardness, can be compensated by
changing the strategy so that the hardness can not only be reduced but even increased.

In addition to simple axisymmetric deep-drawing dies, hybrid additive laminated tooling
allows the production of complex shapes, i.e., with 3D surfaces, in a short time.
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The hybrid method can be used for rapid prototyping and is also suitable for mass
production to a certain extent, as proven by wear experiments.

What is the COx-footprint of this process?

Compared with the conventional process route (milling followed by hardening) and a
fully deposited part using LMD plus milling, the hybrid additive laminated tool is more
economical and faster. The low energy consumption of this method by eliminating the
energy-intensive hardening process offers the possibility of producing complex shapes
with lower CO> emissions and greener manufacturing. By determining the energy
consumption and manufacturing criteria for selecting the proper sheet combination, the
hybrid process can be optimized to reduce the CO> footprint. Using laser polishing-
hardening to smooth the surface by saving additional programming and computing time
compared to other post-processing methods offers more resource savings. The ability to
use lower-strength sheets in hybrid additive-laminated tooling is another optimization
source for this process, since high-strength sheets consume more energy than lower-
strength sheets.

Outlook

The hybrid additive laminated tooling method is highly flexible and can be combined
with other processes to increase the design and manufacturing complexity. The
following three possible methods are presented as extensions of this method.

8.1 Smart tooling

Sheet lamination offers the possibility of placing various sensors or functional elements,
in addition to inserting complex heating cartridges and cooling channels. However, the
main challenge with conventional methods for reducing stair-step areas is the need for
hardening. Conventional hardening methods require entire parts to be placed in an oven
and heated to a specific temperature. Since force sensors, and in some cases temperature
sensors, have an allowable operating temperature that is much lower than the hardening
temperature, it is not possible or limited to place the sensors using conventional
methods. Since the hybrid method does not require a hardening step, it allows the
sensors to be used in sheet metal laminated tools in a short time. It also allows making
effective contact areas of the dies with different materials (powders) with different heat
transfer coefficients, hardening, and wear behavior. An example of such a die is shown
in Fig. 8.1. In this example, one side can be heated to a specific temperature by moldable
heating cartridges, while complex cooling channels can cool the other side of the die.
The temperature sensors can monitor the temperature in between, and forces can be
measured during the process.
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Figure 8.1: Smart tooling concept for deep drawing die (the cover sheets are removed
for a better understanding of the channels and sensors' positions)

8.2 Cold forging dies

The concept of laminated tooling can also be applied to manufacturing cold forging dies.
Cold forging dies are subjected to high stress from process forces, and hardening is an
essential step in tool manufacturing. It results in a long production time. The dies
produced by the hybrid method offer the possibility of quickly manufacturing the cold
forging dies and the possibility of customizing the tool according to the requirements.
An example of a hybrid cold forging die is shown in Fig. 8.2.

Thickness of deposition

Figure 8.2: Cold forging die manufactured by hybrid laminated tooling method
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The thickness can be varied easily per deposition layer and helps distribute the process
stresses. Since the tool surface is manufactured from hard powder, e.g., Ferro55, there
is no need for subsequent hardening.

8.3 Workpieces

In addition to tooling, sheet laminating allows for the production of finished parts with
complex shapes. Extruded profiles can be produced in less time and without additional
costly tooling. For example, a bulk extruded part with internal cooling/heating channels
can be produced by sheet lamination. The use of sheet lamination can eliminate the need
for deep-hole drilling of channels. LMD and laser polishing can improve the step effect
and surface roughness (Fig. 8.3).

Deposited area

Figure 8.3: Cold forging die manufactured by hybrid laminated tooling method

8.4 Hot stamping punches

Hot stamping punches require the blanks to be cooled at a minimum of 27 K/min.
Cooling is provided by the hot stamping die. Therefore, the main challenge in designing
a hot stamping die is to create complex cooling channels near the surface. As mentioned
in Chapter 2, one possibility is to manufacture the entire punch by laser metal deposition.
The complete manufacture of complex parts with LMD offers high flexibility for
complex geometries (here, cooling channels). Still, the energy consumption and
production time are outside the concept of rapid tooling (Chapter 7). One possible
method to reduce energy consumption and production time is to use sheet metal
lamination to fill the flat areas in the die. In the proposed method, the wall of the cooling
channels could first be produced by LMD, as shown in Fig. 8.4a.

Then, the sheets could be stacked with defined cuts (based on the width of the wall in
each section) and welded to the wall of the cooling channels by LMD (Fig. 8.4b and c).
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Since the sharp edge of the cooling channel prevents unwanted positioning of the top
sheet, the last layer can be coated entirely by LMD to improve the surface roughness
and add a hard layer on the last layer (Fig. 8.4d). In addition, the stair-step effect can be
reduced by LMD. The appropriate post-processing (milling, ball burnishing, or laser
polishing) could be applied to the tool contact surface to improve the surface roughness
(Fig. 8.4e and f).

The other major advantage of using the hybrid method to produce complex shapes
compared to other additive manufacturing processes, such as powder bed fusion, is the
ability to produce parts on a large scale (Rosenthal et al., 2022).

Width + offset
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LMD j of sheet Width Tool
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Post __,
(¢)  procesing

Figure 8.4: (a) Manufacturing the complex cooling channel by LMD, (b) placing the
cut sheets and joining by LMD with the wall of the cooling channel,
(c) replacing all sheets, (d) reducing the stair-step effect by LMD, (e)
post-processing, (f) hybrid hot stamping punch
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Attachment A

The list of tests carried out for single welded tracks with different sheet combi-

nations.

Ferro55 powder

Powder | Feed rate | Laser Track-specific She.et Fracture

No. | mass flow f power | power density tcl(;ln?:l:l;-_ stlv'veill(glth

i (g/min) | (mon/min) | P (W) | 0 (W-mmkg) | TR
1 4 1400 1800 630 2.0-2.0 739.7
2 4 1400 1000 350 2.0-2.0 954.7
3 4 700 1800 315 1.0-2.0 555.8
4 4 700 1400 245 2.0-2.0 1070.1
5 4 1000 1800 450 0.5-1.0 161.9
6 4 1400 1400 490 1.0-1.0 534.7
7 4 700 1000 175 1.0-2.0 601.7
8 4 1000 1400 350 1.0-2.0 746.6
9 4 1000 1000 250 2.0-2.0 567.2
10 4 1000 1400 350 0.5-1.0 242.6
11 4 1400 1000 350 0.5-1.0 278.5
12 4 700 1800 315 0.5-2.0 172.4
13 4 1000 1400 350 0.5-0.5 203.0
14 4 700 1000 175 1.0-1.0 87.6
15 4 1000 1000 250 1.0-1.0 406.0
16 4 1400 1400 490 0.5-0.5 208.9
17 4 700 1000 175 0.5-0.5 191.5
18 4 700 1400 245 1.0-1.0 312.7
19 4 1000 1800 450 1.0-2.0 696.6
20 4 700 1000 175 0.5-2.0 340.1
21 4 700 1800 315 1.0-1.0 324.1




Powder | Feed rate | Laser Track-specific Shef:t Fracture

No. | mass flow f power | power density tclgi:lzll:l;__ stlv'?:(gith

i (g/min) | (mon/min) | P (W) | 0 (W-mm/kg) | =R
22 4 1400 1000 350 1.0-1.0 485.7
23 4 1000 1400 350 2.0-2.0 1115.6
24 7 1400 1800 360 0.5-1.0 191.5
25 7 1000 1800 257 2.0-2.0 1063.7
26 7 1400 1400 280 0.5-0.5 189.4
27 7 1000 1000 143 0.5-0.5 177.4
28 7 1400 1000 200 1.0-1.0 388.7
29 7 700 1800 180 0.5-1.0 134.9
30 7 700 1400 140 1.0-2.0 524.2
31 7 700 1000 100 2.0-2.0 552.0
32 7 1000 1400 200 2.0-2.0 1084.4
33 7 1400 1000 200 0.5-0.5 2113.6
34 7 1400 1400 280 0.5-2.0 366.1
35 7 700 1800 180 1.0-1.0 297.4
36 7 1000 1000 143 1.0-2.0 626.7
37 7 1000 1400 200 0.5-1.0 200.9
38 7 1000 1800 257 1.0-2.0 0.0
39 7 1400 1800 360 1.0-1.0 430.0
40 7 700 1000 100 0.5-0.5 0.0
41 7 700 1400 140 1.0-1.0 295.3
42 7 1000 1000 143 0.5-1.0 1943
43 7 1400 1400 280 1.0-2.0 651.5
44 7 1000 1400 200 0.5-2.0 284.4
45 7 700 1400 140 0.5-0.5 271.8
46 10 1400 1800 252 2.0-2.0 857.7
47 10 1400 1400 196 2.0-2.0 657.3




Powder | Feed rate | Laser Track-specific She.et Fracture
No. | mass flow f power | power density tclgi:lzll:l;__ stlv-‘::(gith
i (g/min) | (mon/min) | P (W) | 0 (W-mm/kg) | =R
48 10 1000 1800 180 2.0-2.0 847.4
49 10 700 1800 126 0.5-2.0 165.9
50 10 1400 1000 140 1.0-1.0 298.6
51 10 700 1000 70 2.0-2.0 396.6
52 10 1000 1400 140 1.0-2.0 416.2
53 10 700 1400 98 0.5-2.0 209.2
54 10 1000 1000 100 0.5-2.0 293.8
55 10 1000 1000 100 0.5-0.5 148.0
56 10 1400 1000 140 0.5-2.0 293.9
57 10 1400 1800 252 0.5-2.0 290.7
58 10 1400 1400 196 1.0-2.0 519.2
59 10 700 1400 98 0.5-1.0 156.9
60 10 1000 1400 140 0.5-2.0 249.5
61 10 1000 1000 100 0.5-1.0 194.3
62 10 1000 1800 180 0.5-2.0 234.0
63 10 700 1000 70 0.5-1.0 168.7
64 10 700 1000 70 0.5-0.5 168.6
65 10 1000 1400 140 0.5-0.5 168.2
316L-Si powder
Powder | Feed rate | Laser Track-specific il:;,e;a_ Fra::re
No. | mass flow f . power | power density tci((;n (Ilnm_ strevlrgth ow
1 (g/min) (mm/min) | P(W) | 6 (W-mm/kg) mm) (MPa)
1 4 1400 1400 490 1.0-1.0 176.6
2 4 1400 700 245 0.5-1.0 0.0
3 4 1000 1400 350 0.5-0.5 202.2




Sheet

Fracture

Powder | Feed rate | Laser | Track-specific combina- weld
No. | mass flow f . power | power density tion (mm- | strength ow
7i1 (g/min) | (mm/min) | P (W) | 6 (W-mm/kg) mm) (MPa)
4 4 700 1000 175 2.0-2.0 1161.3
5 4 1400 1000 350 0.5-2.0 374.6
6 4 700 1400 245 1.0-2.0 662.2
7 4 700 700 122.5 0.5-0.5 193.3
8 4 1000 1000 250 0.5-0.5 187.4
9 4 1000 700 175 2.0-2.0 1068.3
10 4 1000 1000 250 0.5-1.0 253.7
11 4 700 1000 175 0.5-2.0 248.6
12 4 1000 700 175 1.0-1.0 0.0
13 4 1400 1000 350 0.5-1.0 268.1
14 4 1000 1400 350 0.5-2.0 3355
15 4 700 1400 245 0.5-1.0 189.0
16 4 1400 1400 490 0.5-0.5 216.0
17 4 700 700 122.5 0.5-1.0 259.3
18 4 1000 1000 250 0.5-2.0 421.7
19 4 1400 1400 490 1.0-2.0 950.4
20 4 700 700 122.5 0.5-2.0 300.1
21 4 1400 1000 350 1.0-1.0 376.9
22 4 1400 700 245 0.5-0.5 0.0
23 4 700 1000 175 1.0-1.0 388.6
24 7 1400 1400 280 2.0-2.0 1137.0
25 7 700 1400 140 2.0-2.0 661.8
26 7 1400 1000 200 2.0-2.0 1040.8
27 7 1000 700 100 0.5-1.0 254.9
28 7 1000 1400 200 1.0-2.0 627.4
29 7 1400 700 140 0.5-2.0 330.2




Sheet

Fracture

Powder | Feed rate | Laser | Track-specific combina- weld
No. | mass flow f . power | power density tion (mm- | strength ow
7i1 (g/min) | (mm/min) | P (W) | 6 (W-mm/kg) mm) (MPa)
30 7 700 1000 100 0.5-0.5 152.9
31 7 700 700 70 2.0-2.0 753.2
32 7 1000 1000 142.8 2.0-2.0 700.2
33 7 1000 1400 200 0.5-0.5 169.4
34 7 1000 1000 142.8 0.5-0.5 182.4
35 7 1400 700 140 1.0-1.0 0.0
36 7 1400 1400 280 0.5-1.0 217.1
37 7 1000 700 100 1.0-2.0 626.8
38 7 1400 1000 200 0.5-2.0 321.4
39 7 700 1000 100 2.0-2.0 455.1
40 7 700 1400 140 1.0-2.0 524.2
41 7 700 700 70 0.5-2.0 261.3
42 7 1400 700 140 1.0-2.0 331.1
43 7 700 700 70 0.5-1.0 190.6
44 10 1400 1400 196 2.0-2.0 836.3
45 10 700 1400 98 2.0-2.0 383.3
46 10 1400 1000 140 2.0-2.0 769.8
47 10 1000 1400 140 1.0-2.0 507.1
48 10 1400 700 98 0.5-2.0 0.0
49 10 1000 1000 100 2.0-2.0 536.3
50 10 700 700 49 0.5-0.5 152.9
51 10 1000 700 70 1.0-1.0 0.0
52 10 700 1000 70 0.5-1.0 144.8
53 10 1400 700 98 1.0-2.0 409.4
54 10 1000 1400 140 1.0-1.0 245.6
55 10 1400 1000 140 1.0-2.0 758.5




Sheet

Fracture

Powder | Feed rate | Laser | Track-specific combina- weld
No. | mass flow f . power | power density tion (mm- | strength ow
7i1 (g/min) | (mm/min) | P (W) | 6 (W-mm/kg) mm) (MPa)
56 10 700 700 49 1.0-1.0 0.0
57 10 1400 1400 196 1.0-2.0 569.3
58 10 1000 700 70 0.5-2.0 140.0
59 10 1000 1000 100 0.5-1.0 209.4
60 10 700 1400 98 1.0-1.0 268.5
61 10 700 1000 70 0.5-0.5 193.7
62 10 1400 1000 140 0.5-0.5 0.0
63 10 1000 700 70 1.0-2.0 453.5
64 10 1000 1400 140 0.5-1.0 166.1
65 10 700 1000 70 1.0-1.0 174.6




Attachment B
Determination of coefficient for analytical model

cles

close all;
clear;

format short;

a = sym('a','real"); Yosupported length
b = sym('b','real"); % free length
t=sym('t','real');

syms C1 C2 C3 C4 C5 C6 C7 C8

ql =sym('ql','real'); % Linear vertical force in supported area
q2 =sym('q2','real’); % Linear vertical force in free length
FH = sym('FH,'real"); % Horizontal force

1=sym(1',real'); % Total length of beam

kb = sym('kb','real’) ; % Reaction of support

ks = sym('ks','real') ; % Reaction of support

L =sym(L','real’); % Coefficient L

x = sym('x','real'); % Position in x

E =sym('E','real); % E-modul

Estarbeam = sym('Estarbeam','real’); % Equivalent E-module
I=sym(I','real); % Inertial of moment

mu = sym('mu','real"); % Friction coefficient

tdisp = sym('tdisp','real');

ttotcush = sym('t','real');

Dbeam = sym('Dbeam','real");

Yi=sym('Yi,'real');

% Coefficient based on BC
L = (G*E*D/(2*((ks*E*1)*0.5))-FH))*0.5;

vars = [C1 C2 C3 C4 C5 C6 C7 C8];

ul(x) = ((q1)/kb)+(((exp(x/L))*(C1*cos(x/L)+C2*sin(x/L)))+((exp(-
x/L))*(C3*cos(x/L)+C4*sin(x/L))));

Dul(x) = (((exp(x/L))/LY*(((C1+C2)*cos(x/L))+((C2-C1)*sin(x/L))))+(((exp(-
x/L))/L)*(((C4-C3)*cos(x/L))-((C3+C4)*sin(x/L))));

D2ul(x) = (2*(exp(x/L))/(L"2))*((-C1*sin(x/L))+(C2*cos(x/L))))+((2*(exp(-
x/L))/(L*2))*((C3*sin(x/L))-(C4*cos(x/L))));

D3ul(x) = diff(D2ul,x,1);

u2(x) = (C5 + C6*exp((x*(-E*T*FH)* (1/2))/(E*T)) + CT*exp(-(x*(-
E*I*FH)*(1/2))/(E*T)) + (q2*x"2)/(2*FH) + (C8*E*I1*x)/FH);

Du2(x) = diff(u2,x,1);

D2u2(x) = diff(u2,x,2);



D3u2(x) = diff(u2,x,3);

condl =ul(0) == (q1)/kb;

cond2 = D3ul(0) == 0;

cond3 = ul(a)*tdisp==u2(0);

cond4 = Dul(a)*tdisp== Du2(0);

cond5 = D2ul(a)*tdisp== D2u2(0);

cond6 = D3ul(a)*tdisp == D3u2(0);

cond7 = D2u2(b) == 0;

cond8 = D3u2(b) == 0;

eqns = [condl, cond2, cond3, cond4, cond5, cond6, cond7, condS8];
coef=[C1 C2 C3 C4 C5C6 C7 C8];

% result = (linsolve(A,B));
[A,B] = equationsToMatrix(eqns,coef);
result = simplify(linsolve(A,B));

% ulsub = subs(ul,coef,transFHose(result));

diary('result_coeffl.txt');
result(1)
diary off

diary('result _coeff2.txt');
result(2)
diary off

diary('result_coeff3.txt');
result(3)
diary off

diary('result _coeff4.txt');
result(4)
diary off

diary('result_coeff5.txt');
result(5)
diary off

diary('result_coeff6.txt');
result(6)
diary off

diary('result_coeff7.txt');
result(7)
diary off



diary('result_coeff8.txt');
result(8)
diary off
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