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NOMENCLATURES

0 Angle of corner deposition

Osys Azimuthal angle of a cylindrical coordinate system

P Density

€ Emissivity

a Thermal diffusivity

B Volumentric thermal expansion coefficient of fluid
O Depth error of heat affected zone

do.  Overlap ratio

o Wetting angle of deposited bead

fo Stefan-Boltzmann constant
o Volumetric thermal expansion of solid
oy Ultimate strength

Cuc Critical ultimate strength

Ow Width error of heat affected zone

oy Yield strength

Oy Critical yield strength

] Efficiency of laser

A Wavelength of laser

M Safety factor to estimate critical fatigue limit
Ay

Safety factor to estimate critical yield strength

up Increment of depth of HAZ per unit increment of power of laser
By Increment of depth of HAZ per unit increment of travel speed of table
v Poisson’s ratio

- V -

Collection @ chosun



Vi Kinematic viscosity

op Increment of width of HAZ per unit increment of power of laser
Oy Increment of width of HAZ per unit increment of travel speed of table
Ua Absorption coefficient

Ad Difference between the estimated results from FEAs and those of experiments
Ay Area of cross section of a deposited bead

Aq Estimated area of cross section of a deposited bead using semi-ellipse

Acxp  Cross section area of measured bead

Agn  Cross section area of generated bead

A1 Area of half polygonal-shaped cross section profile of a single bead

ALp  Area of half polygonal-shaped cross section profile of an overlapping bead
Ars  Area of half polygonal-shaped cross section profile of a stacked layer bead
A, Cross section area of polygonal-shaped profile bead

A, Relative nozzle area

As Surface area

b Contant of front element cross section ahead of center of beam

Cp Specific heat of capacity

C, Cooling rate

D Diameter of nozzle

dexp  Vertical displacement measured in experiment

drea  Vertical displacement estimated by FEA

dnaza Actual depth of heat affected zone

dyaze Estimated depth of heat affected zone

d, Penetration depth of laser
D, Deposition rate
E Young’s modulus

Enaz Eccentricity of HAZ
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Es Specific heat energy

g Gravitational acceleration constant

Ob Optimum distance between beads in a planar deposition
Gr.  Grashof number

Ow Optimum distance between beads in a planar deposition
H Distance between nozzle to plate surface
hp Height of deposited bead

heonv  Coefficient of convection

hraa  Coefficient of radiation

hs Height of stacked bead

K Gaussian beam propagation factor

k Thermal conductivity

Lg Length of bead

L. Characteristics length

Linaz Inner distance of HAZ

Lisir  Inner distance of SIR

Lonaz Outer distance of HAZ

Losir Outer distance of SIR

m Number of sets of measured coordinates
n Number of points

Nug  Nusselt number

P Power of laser

Pr Prandtl number

Q Heat flux

Q Heat generation

q”cnv Heat flux due to convection

0”raq  Heat flux due to radiation
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Qo Maximum heat flux at the center of beam

r Radial distance from the center of beam
Io Effective radius of beam

Iy Radius of beam

re Effective radius of beam at z,

ri Effective radius of beam at z;

R Effective distance from stagnation point

Rnww  Height-to-width ratio

R?  Coefficient of determination

Ra.  Rayleigh number

Re.  Reynolds number

Rerv  Ratio of wire feedrate and welding speed
Rm Reflectance of a material

SIR;  Stress influenced region for fatigue limit
SIRy,  Stress influenced region for yield strength
t Time

tip Interpass time

tiaer ~ Process time of the corresponding layer
tstep Step time

T Temperature

Tew Ambient temperature

Ts Beta transus temperature
Ts Gas temperature
Tip Interpass temperature

Tm Melting temperature

Tmax  Maximum temperature
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WHaz,a

WHaAzZe

Yi

ymax

zy(P)

Reference temperature

Surface temperature

Temperature at time t

Temperature at time (t-At)

Relative travel speed between laser and specimen

Velocity of fluid

Relative travel speed between laser and specimen along x-axis
Relative travel speed between laser and specimen along y-axis
Width of deposited bead

Actual width of heat affected zone

Estimated width of heat affected zone

X-coordinate relative to the fixed coordinate system of the model
X-coordinate relative to the frame of beam

Mesh size of finite element

Y-coordinate relative to the fixed coordinate system of the model
Y-coordinate relative to the frame of beam

Normalized y-coordinate of a bead profile at measurement point i
y-coordinate of a bead profile at measurement point i

Maximum y-coordinate of a bead profile

Z-coordinate relative to the fixed coordinate system of the model
Z-coordinate relative to the frame of beam

z-coordinate at surface of bead

z-coordinate at penetration of beam

z-coordinate of a bead profile at measurement point i

Averaged z-coordinate of a bead profile at measurement point i

Coordinate z; for different power of laser at y;
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ABSTRACT

Investigation of Development of Thermo-Mechanical Analysis

Method for a Wire Feeding Type Directed Energy Deposition Process

Chua Bih Lii
Advisor: Prof. Ahn Dong-Gyu, Ph.D.
Department of Mechanical Engineering

Graduate School of Chosun University

Directed energy deposition (DED) process is one of the important additive manufacturing (AM)
processes to fabricate a near net shape metallic part. The DED process can be categorized into
powder feeding type and wire feeding type. The wire feeding type DED process is highly suitable
for building large volume metallic part because it is capable to produce part at high deposition rate
with minimal wastage. Due to rapid change of temperature during the material deposition process,
undesired distortion and residual stresses are induced in parts fabricated using wire feeding type
DED process. In order to control these distortion and residual stress without performing experiment,
modeling of the process using finite element analyses is preferred. However, thermo-mechanical
analyses for a wire feeding type DED process have yet to be developed properly. Hence, a
systematic development of thermo-mechanical analysis for a wire feeding type DED process is
required.

The aim of this thesis is to develop a new comprehensive method in developing a thermo-

mechanical analysis model for a wire feeding type DED process. A bead deposited using a wire

- XiX -
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feeding type DED process has a curved cross section profile with a few millimeters high. The thick
layer of deposited bead influences the thermo-mechanical characteristic of a DED-fabricated part.
The cross section profile of bead depends on the process parameter such as power of laser and
travel speed of table. In order to properly represent a deposited bead according to process
parameter, a novel methodology to estimate the cross section of deposited bead for different power
of laser and travel speed of table has been proposed. The cross section profiles of deposited beads
for different power of laser and travel speed are derived via regression analysis of the cross section
profile of bead extracted from experiments. The cross section area of the estimated profile and
measured profile have been compared and discussed. Subsequently, methodologies to create bead
profile for multi-layer and planar depositions are proposed. A unique polygonal-shaped bead
profile and constant width model are proposed to estimate the cross section profile for a multi-layer
deposition. A flat top model is introduced and discussed in order to obtain the cross section profile
for a planar deposition. These proposed methodologies to estimate proper deposition bead profile
for multi-layer and planar deposition of a wire feeding type DED process according to process
parameter have been implemented for creation of FE models.

In order to produce an acceptable FEA results, a heat flux model must be properly selected and
calibrated to represent the heat source used for a DED process. A Gaussian distribution double
ellipsoidal heat flux model is typically assumed for a DED process by previous reseachers.
However, it is noticed that the heat flux model is not proper for a wire feeding type DED process in
this thesis, which applies a top-hat distribution beam with small radius. Hence, a top-hat
distribution heat flux model with consideration of efficiency and penetration depth is introduced to
properly emulate the measured intensity distribution of laser beam used in the wire feeding type
DED process. The moving heat flux model is implemented in welding-based commercial FEA
software SYSWELD. Various heat transfer FEAs have been carried out using different efficiency
and penetration depth of heat flux model on different shape of deposited beads of FE models,
created according to process parameters. From the results of thermal FEAs, the predicted
geometries of heat affected zone (HAZ) have been compared to those measured depth and width of

HAZ from experimental study. A novel methodology to select a proper penetration depth and

_XX_
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efficiency of heat flux model for each combination of power of laser and travel speed of table has
been introduced. From the selection of penetration depth and efficiency of heat flux model, the heat
flux model is properly calibrated for each combination of power of laser and travel speed of table
of a wire feeding type DED process.

The thermo-mechanical FEAs have been carried out using the calibrated heat flux model to
investigate influence of process parameters such as power of laser and travel speed of table on the
formation of heat affected zone (HAZ), stress influenced region (SIR) and induced thermal stress.
A proper gap between deposition beads is proposed by comparing the width of HAZ and stress
influenced region (SIR). The gap between adjacent deposition beads is required to avoid the effect
of heat and residual stress between two adjacent parts deposited on a single substrate. In addition,
the influence of angle of corner deposition on the formation of HAZ, SIR and thermal stress has
been investigated and discussed. In order to minimize the thermal stress on the deposited part, the
thermo-mechanical characteristics during planar and multi-layer deposition of a wire feeding type
DED process have been studied according to deposition pattern and interpass time. From the results
of thermo-mechanical FEAs, a proper deposition strategy has been suggested. The vertical
displacements of measured points on a cantilevered specimen have been compared to the predicted
vertical displacement from FEAs, in order to validate the thermo-mechanical FEA model. The
influences of interpass time and deposition pattern on the formation of thermal stress of a
cantilevered specimen have investigated and discussed using the validated thermo-mechanical FEA
model.

In order to extend the applicability of the thermo-mechanical FEA model for a wire feeding
type DED process for high intensity heat source using a general FEA software, an activation
algorithm of finite element has been proposed. A selection criterion of mesh size of finite element
and number of front element cross section of bead have been introduced and discussed in order to
properly model the heat transfer during a DED process using a high intensity heat source with
small beam radius. The selection algorithm of finite elements to be activated has been implemented
using MATLAB. Subsequently, heat transfer and mechanical FEAs have been performed using

ABAQUS to progressively simulate the addition of material during a DED process. Finally, the

- XXi -
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proposed activation algorithm of finite element has been implemented in ABAQUS in order to
obtain the thermo-mechanical characteristics of a multi-layer deposition on a cantilevered specimen.
The results of the FEAs have been examined and verified by comparing them to measured

displacements of experimental results.

- Xxii -
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I. INTRODUCTION

A. Research Backgrounds

1.  Additive Manufacturing

Manufacturing is the major thrust for the industrialization of countries around the world that
creates job opportunities, wealth and improvement in quality of life. The advancement in
information digitization and demand for sustainable development in the twenty-first century has
transformed the manufacturing from large scale production into sustainable mass customization via
industrial revolution 4.0.1 Additive manufacturing (AM) is one of the seven key elements that
have been identified to achieve the paradigm shift of the fourth industrial revolution.*

Additive manufacturing produces objects from three-dimensional (3D) model data by
joining materials, usually layer upon layer, as opposed to the traditional substractive and formative
manufacturing techniques.>>® The term AM encompasses many popular terminologies such as 3-D
printing, rapid prototyping (RP), directed digital manufacturing (DDM), layered manufacturing,
and additive fabrication.*’® AM is closely integrated with computer and does not require part-
specific tooling for the fabrication of functional parts.*? These important features of AM enable
the fabrication of complex geometries, consolidated parts, functionally graded parts and customized

12-16

parts that cannot be made by other means. In addition, AM can reduce material and energy

usage.'"*®

Hence, AM has developed rapidly into scalable production stage for functional parts such as

1119 Besides, it

fuel nozzles for jet engine, valves, safety buckle and cooler vents in the past decade.
demonstrated significant potential in reducing the cost of complex and critical parts such as jet
engine brackets due to the improved design freedom for optimization, reduced material waste, and

reduced post-processing steps.?#
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The AM technologies can be categorized into seven distinguished processes according to the
ISO/ASTM 52900:2015 as shown in Table 1.” They are binder jetting (BJ), directed energy
deposition (DED), material extrusion (ME), material jetting (MJ), powder bed fusion (PBF), sheet
lamination (SL) and vat photopolymerization (VP).*” Depending on the AM principle of material
joining, different types of materials such as polymer, metal, ceramic and composite can be
fabricated by the AM processes.”?

Two main AM technologies that are suitable for fabrication of metallic parts are powder bed
fusion and directed energy deposition, as shown in Fig. 1.2% Both AM processes involve high
localized heat input to fuse metallic parts together. It is costly and difficult to examine heat transfer
characteristics and residual stress distribution during the deposition of material.?*?* Thermo-

mechanical analysis method is required to provide cheaper and efficient alternative to

guantitatively investigate the heat transfer and residual stress generation.

Table 1 Classification of additive manufacturin

based on principle

5,7,17,30

A yfioef State of fusion | Type of .
AM Process Basic principle and bond material Related technologies
Chemical reaction | Polymer/ -
. L . . . - 3D Printing (3DP)
Binder jetting Reactive curing bondlng/ Solyent Metalll_c/ Powder bead and inkjet head (PBIH)
reactive curing | Ceramic
_ . . Laser Metal Deposition (LMD),
Directed Selective deposition Laser Engineered Net Shaping (LENS),
energy of material to a Melted state Metallic Direct Metal Deposition (DMD),
deposition substrate Wire and Arc Additive Manufacturing (WAAM),
Electron Beam Freeform Fabrication (EBF®)
. . . Fused Deposition Modelling (FDM),
MatEI"Ial Extrusion o_f melted | Thermal r_eactlon Polymer Fused Filament Fabrication (FFF)
extrusion material bonding
Multi-jet material | Thermal reaction Polyjet,
Material printing/ Light bonding/ Polvmer Multi-Jet Modeling (MIM),
jetting reactive Chemical reaction y Projet
photopolymer curing bonding
Selective fusion of | Solid & melted | Polymer/ Selectivie Laser Sintering (SLS),
Powder bed ial i h | i Selective laser melting (SLM),
fusion material in a powder state /T erma Meta |_c/ Electron Beam Melting (EBM)
bed reaction bonding | Ceramic
Chemical ti Pol / Laminated Object Manufacture (LOM),
Sheet Fusion of stacked emical reaction | Folymer Selective Deposition Lamination (SDL),
lamination sheets bondl_ng/ Thef!“a' Metallu_:/ Ultrasonic Consolidation (UC)
reaction bonding |Composite
Vat photopoly- Light reactive Chemical reaction Polvmer Stereolithography apparatus (SLA),
merization | photopolymer curing bonding y Digital Light Processing (DLP)
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|23

Fig. 1 Additive manufacturing processes and their suitability for metallic materia

2. Directed Energy Deposition

Nowadays, directed energy deposition (DED) process is a widely used AM technology for
producing metallic parts. The DED process was first developed by Sandia National Laboratory
using the technology known as laser engineered net shaping (LENS) in 1996.%" It applies high
intensity energy source to fuse the fed metallic material on the substrate in a layer-by-layer
manner.>?*%323% Dye to the significant of DED in metal additive manufacturing, a standard guide
for DED of metals has been designated by American Society for Testing Materials (ASTM) in
2016 to provide the specification and use of the DED technology.*’

A DED system consists of four main components such as heat source, positioner, feedstock
feed mechanism and a computer control system.*” The DED process are commonly categorized

26,32

into powder feeding type and wire feeding type, as shown in Fig. 2. During the deposition of

material, the metallic feedstock in the form of powder or wire is delivered directly to the heat

26,36,37

source and combined with the melt pool to form the deposition. Typical heat sources for DED

25,32-37

process include a laser, electron beam and arc plasma. The characteristics of the heat sources

are summarized in Table 2.

Depending on the type of heat source, inert gas or vacuum condition may be needed to

-3-
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shield the workpiece from oxidation during the DED process.®***” The motion of deposition is
achieved by relative motion between the heat source and the workpiece on a positioner. Although
DED systems can be used for surface cladding, a DED system must deposit the material in layer-
by-layer manner based on the computer aided design (CAD) data to form a part, add a feature, or

make a repair, to be qualified as AM according to the ASTM standard.*’

~ - " - H o
. : Powder Direction of
Computer delivery deposition

control system
- system

Heat source: Laser

L Shielding gas
Deposition bead \

= — Powder
Melt pool

Substrate

Computer
control system

oo Wire
Shielding gas \
Deposition bead

Substrate

Heat
source:
Laser

= = )

Direction of
deposition

<— Wire feeding
system

Melt pool

Motion of

Positioner: Working table \working table

Positioner: Working table

Motion of
working table

(a) Powder feeding type

Fig. 2 Schematics of DED systems according to type of feedstoc

(b) Wire feeding type

18,38
k

Table 2 Features of heat sources in DED process> %
Feature Laser Electron beam Arc plasma
Control_ of beam | Beam delivery and focusing Focusing coils Pulse with a variety of
size optics waveforms and frequency
5-40%°
Coupling 15%"° 60-70%* opdd
efficiency 28961 80-98%" 90%
38-55%"
Size of heat 50 um (spot diameter)*’ Fraction of a millimeter to 14 mm®
source 25 mm (width of line)* several millimeters®
Working distance 150-200 mm*’ Can be over 300 mm*’ Less than 25 mm*’
Atmosphere Localized shielding or inert Vacuum level 10 Pa or Localized shielding or inert
control gas glovebox®"* lower®"#® gas glovebox®"**
Related LMD, LENS, 3 g .
technologies DMD (Powder type) EBF" (Wire type) WAAM (Wire type)
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Powder feeding type DED process produces part with better geometrical accuracy and
surface roughness, as shown in Table 3.° However, the wire feeding type DED process has several
advantages over the powder feeding type DED process. The wire feeding type DED process is
suitable for building part with large volumes because it is capable to produce part at a higher
deposition rate and density.>*° Unlike powder feeding type DED process that has powder
capture efficiency of 40-80%, most of the wire feedstock is consumed during the DED process. >’
Besides, wire type feeding DED process is preferred for fabricating aerospace components with
high purity because it is not susceptible to contamination during handling.*® The wire, which is

similar to welding wire feedstock, is cheaper and readily available.?®%

Table 3 Deposition capability of different DED processes'>*>'~°
Feeding Layer thickness | Deposition rate RIS
type Process (um) (g/min) accuracy
s (mm)
Directed light fabrication (DLF) 200% 10% 40.13%
Powder
Laser engineered net shaping 15 15 55
(LENS) 380 6.5 0.02-0.4
26
Wire and arc additive 1,500% égﬂ +0.2%
manufacturing (WAAM) 2,500% 50 - 130° 0.5% (roughness)
Wire
Electron beam freeform 53 % 53
o 3 500 - 1,270 Up to 330 +2.54
fabrication (EBF )

Due to the highly localized heat input and short interaction time, addictive manufactured
parts are subjected to rapid heating and cooling during repeated material deposition.’® Due to
shrinkage of material during cooling, undesired distortion and residual stresses are induced in the

parts fabricated using wire feeding type DED process.”’ %%’

The residual stress is manifested in
distortion when the part is unclamped and lead to loss of dimensional accuracy.®* Besides,

residual stresses, particularly tensile residual stress, may cause cracks in the heat affected zone

-5-
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(HAZ) and affect the fracture toughness and fatigue strength of the fabricated part
deleteriously.>®® 3

In order to control distortion and residual stress induced in the part, methods include
physical clamping, symmetrical building, back-to-back building, preheating of base plate,
intermittent stress-relief, optimization of part orientation and control of process parameters (using
lower heat input) have been applied.®”**®* Overbuild of part is also applied to compensate

distortion such that there will be sufficient material that can be machined away to obtain the desired

final part geometry.*’

3. Wire Feeding Type Directed Energy Deposition System in Republic of

Korea

The development of wire feeding type DED system in Republic of Korea was reported in the
early 2000’s with a novel process using hybrid approach of 3D welding and milling for freeform
fabrication of metallic parts. The system was developed by Korea Institute of Science and
Technology, Korea Institute of Machinery and Materials and Hongik University.®> Core and cavity
inserts were fabricated using the 3D welding and milling system.®®

In the recent years, several wire feeding type DED systems have been developed. In 2017, a
Korean startup company 5000°C developed a wire and arc additive manufacturing (WAAM)
system to fabricate three dimensional structures using aluminum and steel.®” In 2017, Pukyong
National University and Hyundai Rotem fabricated a thin Ti-6Al-4V wall structure using an AM
system based on gas tungsten arc welding (GTAW).®® Besides, a Korean welding company Best
F.A. Co. Ltd. showcased fabrication of metallic structure using WAAM system.” In addition, a
laser assisted additive manufacturing system with rotating metal wire feeder was developed by
Korea Institute of Machinery and Materials in 2017."

Due to its potential, the wire feeding type DED system has gained importance to fabricate

large metallic part. In 2018, Hyundai Heavy Industry embarked on development and class
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certification of propeller for shipbuilding industry using WAAM process.””"* Research and
development on a wire feeding type DED process in Republic of Korea must be intensified to close
the gap with other developed countries to produce industrial parts, in term of technical

implementation of technology and standard.
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B. Research Motivation

Additive manufacturing has shown promising result in producing parts with mechanical
properties comparable to wrought materials.”>" Selection of processing conditions is important in
producing the desired properties. In order to select a proper process condition, researchers usually
apply experimental methodology to characterize the experimental results as a function of process
parameters. However, this methodology is time consuming and costly, which involves setup and
calibration of experimental devices and instrumentations, preparation and post-processing of
specimens, microscopy and testing of the experimental result to quantify them. In order to predict
and control residual stresses and distortions of the part fabricated by DED process, a better

alternative using process modeling is required.”#

Process modelling for DED process using finite element analysis (FEA) has been applied by
several researchers.””"*"® Three dimensional thermo-mechanical models have been developed with
moving heat flux and boundary conditions to mimic actual deposition of material during a DED
process. Due to limited resources and various unknown during the process, assumption and
simplification of FEA model are usually made. Most researchers have applied an assumed
efficiency for their heat source model from literature. The calibration of heat source are usually
conducted without considering the heat loss.”® The shape of the solidified bead is assumed to be
rectangular. Forced convection due to the shielding gas is usually neglected. These assumptions
lead to inaccuracy in the FEA when the deposition rate is high, particularly in wire feeding type
DED process. Hence, a systematic development of FEA model for a wire feeding type DED

process is required.

In addition, finite elements are added programmatically in a finite element (FE) software by
either activation of quiet elements or inactive elements during simulation. Inactive element

activation technique can produce more accurate results. However, the knowledge about the
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development of activation algorithm of finite element is difficult and limited to a few research
groups. This limitation has hindered the wide usage of FEA simulation to investigate and to
optimize the temperature field and induced thermal stress within the fabricated parts by a DED
process. Besides, a suitable scheme of activation is required for a high intensity heat source model

with small beam radius. Therefore, an activation algorithm of finite elements is needed.
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C. Previous Research Works

Physics-based modelling can be divided into micro-scale, meso-scale and macro-scale
models, based on the length and timescale.*® Micro-scale modelling is applied by solving the
thermofluid dynamics within the melt pool to estimate the size and shape of melt pool, and quality
of material consolidation such as porosity and surface roughness, in order to obtain the most
suitable process window.® Meso-scale modelling involves the estimation of change in grains and
microstructures based on the temperature field.%° In order to predict the residual stresses and
distortion of the fabricated metallic part during and after the build process, macro-scale models of
finite element method (FEM) are used.®® The macro-scale simulation for metal AM process

involves numerical analysis known as thermo-mechanical analysis.

1.  Thermo-Mechanical Analysis for DED Process

Thermo-mechanical analysis consists of two analyses; heat transfer analysis and mechanical
analysis. Heat transfer analysis is the fundamental of the thermo-mechanical analysis to simulate
the change in temperature field during a DED process through the application of moving heat
source. Boundary conditions, clamp condition and deposition strategy are included in the thermo-
mechanical analysis. The transient temperature field obtained from the heat transfer analysis is then
applied as a thermal load in the quasi-static mechanical analysis. DED process has similar process
characteristic with welding technology.

In 1999, Nickel et al. estimated stresses and distortion induced during a powder feeding type
shape deposition manufacturing (SDM), which was jointly developed at Carnegie Mellon

University and Stanford University.®#

However, for simplification, the analyses were simulated
with a constant heat source being scanned over the surface of substrate without any material
deposition.®

In 2000, Vasinonta et al. applied a two-dimensional thermo-mechanical model to predict the

-10 -
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temperature gradient and residual stress for a laser engineered net shaping (LENS) process.®®
Rosenthal’s point heat source model was applied to simulate the laser beam. Convective heat
transfer to the surrounding was not considered. From their investigation, it was revealed that the
power and velocity of laser have minimal influence on maximum residual stress when preheating
of base plate has been applied.

In 2003, Tsirkas et al. simulated the laser welding process using thermo-mechanical FEA
with metallurgical transformation in SYSWELD.®* A simplified FEA model with no specific mesh
of bead was developed. They applied Gaussian distribution of heat source to predict the distortion
of a butt-joint specimen. The predicted distortion was found to be within the range of standard
deviation of 308 um from their measured mean value.

In 2006, Mughal et al. implemented a three-dimensional finite element (FE) model with
consideration of material addition and temperature-dependent material properties using a FE
software, ANSYS to simulate a gas metal arc welding (GMAW) based deposition process.®® The
thermo-mechanical analyses were used to investigate the deformation and stress distribution of the
substrate according to different raster patterns of a single layer planar deposition. Seven rows of
beads were deposited in the simulation with a 60 s interpass time of cooling being applied between
rows.

In 2006, a three-dimensional FEA model for a single track laser cladding (LC) process was
proposed by Deus and Mazumder using FE software ABAQUS.® In their study, a dilution model
was introduced to determine the composition of the material being applied in a bi-material model.
They investigated the influence of a curved melt front and a planar melt front on thermal stress. It
was revealed that tensile stresses were formed near the end of the straight bead deposited by LC
process. The magnitude of stress is similar regardless of the shape of melt front because the
additional material at the melt front contributes a little constraint in the melt pool region.

In 2007, Bate et al. performed an uncoupled thermal and mechanical analyses using
SYSWELD to estimate the thermal stress on a single bead deposited using a tungsten inert gas

(TIG) welding process.?” A Goldak double ellipsoid heat source model was calibrated based on the

-11 -
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dimension of fusion zone of the specimen and mean temperature measurement of thermocouples
mounted on the specimen.

Although DED process shares similar characteristics with welding mechanics, the
investigation into distortion and residual stress using thermo-mechanical analysis did not progress
until the 2010s due to the limitation of computational power and memory. A single bead deposition
is the basic unit of a multi-layer deposition in DED process.”®® As compare to welding, multiple
beads can be deposited in various directions in order to create a three-dimensional parts in a DED
process.

In 2010, Chiumenti et al. developed their own finite element software to perform a
uncoupled thermo-mechanical FEA with consideration of solid-liquid phase change transformation
on a ten-layer straight bead deposition using shaped metal deposition (SMD) process.®® A
simplified uniform heat source model was applied based on volume of wire feed. They
implemented different mechanical properties for solid state, mushy state and liquid state. The
computed vertical deformation was lower than the experiment by up to 400 um. The average of
errors between measured and estimated residual stresses was 10 % in their study.

In 2011, Anca et al. studied the temperature and thermal stress distribution of a four-layer
straight wall structure deposited by SMD process.? A double ellipsoidal heat source model was
calibrated based on temperature data of thermocouples. The boundary of melt pool was interpreted
based on solidus temperature of a material. Elements with any nodal temperature higher than the
solidus temperature were assigned with zero strength in their thermo-mechanical FEA model. A
difference of 0.2 mm in vertical displacement was observed between the experiment and simulation
of a single bead deposition.

In 2011, Lundbéck et al. applied thermo-mechanical analysis to obtain the distortion of a
wall structure deposited by a metal deposition (MD) process at \Volvo Aero Corporation. In this
MD process, tungsten inert gas (TIG) process was applied to melt the metal wire feedstock. A
multi-physics software MSC.Marc was used to implement their subroutine on metal deposition. It

was noted that the calibrations of heat input models and flow stress are crucial to obtain accurate

-12 -
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results. The heat input was calibrated by comparing temperature measured using thermocouples
and pyrometer with the temperature field estimated by heat transfer analysis. The flow stress model
was calibrated by comparing the stress-strain curve for mechanical simulation with the isothermal
compression test results at different strain rates ranging from 0.001 s to 1 s™.

In 2011, Ding et al. demonstrated the application of a steady-state Eulerian thermal analysis
of wire arc additive manufacturing (WAAM) for multi-layer straight deposition on a large

44,91

workpiece.”™ " A whole layer of elements was activated in their simplified model, which produced

a lower distortion as compare with a progressive element activation model.**

Their approach was
80 % faster than the conventional Lagrangian thermal analysis. However, this approach is not
suitable for complex and non-symmetrical geometries.

In 2011, Zhang et al. performed thermal and mechanical analysis for a three-dimensional
multi-bead pulsed laser powder deposition (PLPD) process using FE software ANSYS.% The cross
sectional geometry of a bead was characterized by bead width, bead height, bead area, and wetting
angle. In modeling the melting due to pulsed laser, a laminate layer with initial temperature of
melting temperature was created for each laser pulse irradiation on a bead. The developed model
was used to predict the formation of stray grain and thermal stress concentration.

In 2013, Liu et al. simulated the temperature field, distortion and residual stress of a three
layers deposition by a powder feeding type direct metal deposition (DMD) process using FE
software ABAQUS.? A uniformly distributed surface heat flux was defined as the moving heat
source. The difference and error in vertical displacement between the simulation and experiment
were approximately 170 um and 28.5 %, respectively.

In 2014, Farahmand and Kovacevic developed a three-dimensional transient thermo-elastic-
plastic model using FE software ANSYS to investigate the temperature and stress field of a multi-
track laser cladding.” A wide top-hat power distribution for a laser spot of 12 mm width and 3 mm
length was applied as the heat source in the simulation. The FE model considered the latent heat
and convective heat transfer in melt pool by modification of specific heat and thermal conductivity

of the material when the simulated temperature has exceeded the melting temperature. From their

-13 -
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investigation, it was revealed that slower scanning speed produces higher tensile stress after
cooling due to higher heat input.

In 2016, Yang et al. estimated the distortion and residual stress of a five layers rectangular
wall structure fabricated by LENS process using three-dimensional thermo-mechanical analysis.?’
A moving volumentric heat source of double ellipsoidal model was employed in their simulation.
An average coefficient of forced convection was applied to save computational cost. Their model
was validated using the measured distortion distribution of the bottom surface of substrate. A
discrepancy of the displacement between the simulation and experiment was up to 0.1118 mm.

The development of three-dimensional thermo-mechanical FEA model enables the
investigation of process parameters on the formation of mechanical properties of the additive
manufactured part.

In 2010, Crespo and Vilar investigated the effects of scanning speed and idle time between
layer deposition using heat transfer analysis with consideration of metallurgical phase
transformation.”® The temperature distribution of a part fabricated by a laser powder deposition
(LPD) process was estimated. They revealed that proper selection of idle time between deposition
is needed to avoid heat accumulation on the bead, which causes phase change and non-uniform
distribution of microstructures.

In 2016, Denlinger et al. employed thermal and mechanical analyses code CUBES to
investigate the influence of dwell time between layer depositions on distortions and residual
stresses of wall structure deposited using a powder feeding type DED process.”® A Goldak double
ellipsoidal model was applied to model the moving laser heat source. Their FEA model included
the fixture clamp in order to capture the conductive heat loss at the fixture. They noted that residual
stress has to be reset to zero when the temperature has risen above a stress relaxation temperature in
order to obtain satisfactory agreement with experimental results by Denlinger et al.*’

In 2017, Mukherjee et al. incorporated fluid flow model into the heat transfer analysis in
order to model the thermo-mechanical characteristics of a straight bead wall in a FE software

ABAQUS.® They investigated the influence of heat input and layer thickness on the stresses and
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strains on the wall structure fabricated by a powder feeding type DED process. They concluded that
the residual stresses can be reduced by increasing the heat input and reducing the layer thickness.
However, the increment of heat input resulted to a higher distortion.

In 2018, Chua et al. examined the influence of process parameters such as power of laser
and travel speed of table on temperature field and thermal stress distribution on the deposited bead
and the substrate for a single layer deposition using a wire feeding type DED process.”’ The
thermo-mechanical analyses were conducted using SYSWELD. The formation of heat affected
zone (HAZ) and stress influced region (SIR) were estimated. In order to minimize the undesired
effect of HAZ and residual stress, an appropriate gap between deposited beads was proposed.
Besides, Chua et al. studied the influence of angle of corner deposition on the temperature and
residual stress of a deposited bead by a wire feeding type DED process.®® They estimated that the
residual stress increases when the angle of corner deposition increases.

In 2018, Lee et al. investigated the influence of interlayer cooling time on plate distortion
using FEM for a laser metal deposition with wire (LMD-w) process.”® A point-concentrated heat
source model was applied in the model. In addition, initial temperature of filler material was set
due to heating of wire. The 10-layer wall FEA model was implemented in FE software ABAQUS.
The interlayer cooling time was set in the range of 91 s to 200 s in order to maintain a constant
temperature of layer. The error of the predicted displacement was up to 37 %.

The summary of the aforementioned thermo-mechanical FEA models for DED process
developed in the past two decades is listed in Table 4. Most of these FEA models assumed a
rectangular bead shape because it is easier to create and to maintain the mesh integrity between
layers. Heat source models such as Goldak double ellipsoidal heat flux and uniform surface heat
flux are typically applied. The actual profile of the heat source may not be investigated during the
application of heat source model. Algorithm for progressive element activation is applied to
simulate the deposition of material on the substrate during a DED process in a FEA model. The
know-how technology for developing thermo-mechanical FEA models for DED process using

multi-physics FE softwares is dominated by researchers in the United States of America (USA).

-15 -

Collection @ chosun



Table 4 Publications of thermo-mechanical FEA models for DED process

Collection @ chosun

Year |DED process FEA model FE software| Heat source Material | Country |References
SDM 3D model of substrate Constant surface .
1999 (powder) | with no bead creation ABAQUS heat flux Aluminum USA [81]
2000 | SENS op model of thin wall | ABAQUS | Point heat flux | AISI304 | USA [83]
(powder)
GMAW 3D model of 7-bead
2006 | deposition | planar deposition with| ANSYS |Goldak heat flux| Mild steel Pakistan [85]
(wire) rectangular bead
3D model of single Gaussian heat AA3ZS & Portugal &
2006 | LC (powder) | track deposition with | ABAQUS C95600 9 [86]
flux USA
curved bead alloys
3D model of 10-layer . .
2010 | SMD (wire) straight wall with - Umf?IruT( heat /IAnIcSoIr? gélgé S’E'Jna{;;ily [60]
rectangular bead
3D model of 4-layer Argentin
2011 | SMD (wire) | straight wall with - Goldak heat flux| Ti-6Al-4v | “JTA | [89]
curved bead
3D model of 10-layer
2011 | MD (wire) structure with MSC.Marc |Goldak heat flux - Sweden [90]
rectangular bead
WAAM 3D model of 4-layer
2011 (wire) straight wall with ABAQUS |Goldak heat flux| Mild steel UK [44,91]
rectangular bead
3D model of multi- Inconel 625
2011 PLPD bee_lq mult_l layer ANSYS Constant surface & Inconel USA [92]
(powder) |deposition with curved heat flux 738
bead
3D model of 3-layer .
2013 | ,PMD straight wall with | ABAQus |Uniformsurface| ¢ a0 USA [93]
(powder) heat flux
rectangular bead
3D model of multi- Wide top-hat
2014 | LC (powder) |track planar deposition| ANSYS P AISI H13 USA [94]
. heat flux
with rectangular bead
LENS 3D model of 5-layer
2016 rectangular wall with - Goldak heat flux| Ti-6Al-4V USA [27]
(powder)
rectangular bead
3D model of 42-layer .
2016 | , DED straight wall with | CUBES |Goldak heat flux| W-OAF4Y &1 g0 [96]
(powder) Inconel 625
rectangular bead
3D model of 10-layer . .
2017 | , DED straight wall with | ABAQus | CGaussianheat |\ Ti-6AI-4V &\ [61]
(powder) flux Inconel 718
rectangular bead
3D model of single- Too-hat heat
2018 | DED (wire) | layer deposition with | SYSWELD P flux Ti-6Al-4V Korea [99]
curved bead
LMD-w | 3D model of 10-layer
2018 (wire) wall with rectangular | ABAQUS | Point heat flux | Ti-6Al-4V USA [98]
bead
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2. Applications of Titanium Alloy Ti-6Al-4V

Titanium alloys were first developed for the aerospace industry. Titanium alloys were used
for about 15% of total weight of an aircraft Boeing 787.*% Titanium alloy Ti-6Al-4V is the most
widely used grade, which account for about 45% of titanium alloys usage in the world.***% Tij-
6AIl-4V is widely used high-value material for commercial fabrication because it has favourable
mechanical properties such as high specific strength at extreme temperature, excellent corrosion
resistance against sea water, good bio-compatibility, and electrochemical compatibility with carbon

8,18,100,102

fiber composites. Besides, Ti-6Al-4V has been used as main titanium alloy in biomedical

field for a long period.'®

Due to its high material cost, titanium alloy Ti-6Al-4V is one of the most researched
materials in metal additive manufacturing process to improve the buy-to-fly ratio for various design
of parts.’® It has been applied in various high value industries such as aviation and aerospace,
military, power generation, oil and gas, racing automotive, biomedical and high performance sport.
Additive manufacturing processes are used to fabricate low quantity and complex-shaped Ti-6Al-
4V parts. Existing Ti-6Al-4V industrial parts fabricated or repaired using DED process include
safety buckle for Airbus A380, titanium pressure vessel for aerospace exploration, fuel nozzle for
engine, structural components and propellant tank for fighter jet F-35, gearbox for race car,
titanium brackets for miscellaneous purposes, blisk of gas turbine, gateway manifold for pipelines

17,18,101,105-107

in oil and gas industry, and single frame of high performance bicycle. Hence,

continuous research and development using titanium alloy Ti-6AI-4V in DED process is viable for

the future.
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D. Objective and Scope of the Thesis

The development of thermo-mechanical analysis method is still under intense research
worldwide. The existing finite element models have several flaws, particularly for wire feeding
type DED process. The deposited bead is usually simplified as a rectangular cross sectional shape.
Besides, the thickness of deposited bead is high for a wire feeding type DED process. Therefore, a
volumetric heat source is required to properly melt through the bead. Goldak double ellipsoidal
heat flux and volumetric Gaussian heat flux with large beam size are usually applied. The applied
heat source model must be calibrated to properly represent the process.” However, researchers
have to assume efficiency and heat flux distribution for their heat source model before the
calibration is performed because the heat source model has too many variables that needs to be
adjusted. No quantification of acceptable error during calibration has been proposed. The influence
of process parameter such as travel speed of moving table on the applied heat flux has not been
studied. In addition, the calibration of heat source are usually conducted without considering the
heat loss.” The coefficients of free convection and forced convection are assumed or neglected.
These assumptions lead to inaccuracy in the FEA for a wire feeding type DED process. Hence, a
systematic method for development of FEA model for a wire feeding type DED process is required
to overcome these shortcomings. In addition, an activation algorithm of finite element that is
suitable for a heat source model with small beam radius in a wire feeding type DED process is

required in this study.

The main objective of this thesis is to propose a new method for developing a thermo-
mechanical analysis model for a wire feeding type directed energy deposition process. The method
includes a methodology to obtain the cross sectional of deposited bead, a methodology to estimate
bead profile for planar deposition and multi-layer deposition using wire feeding type DED process,
a methodology to calibrate heat source model using efficiency and penetration depth of laser beam,

and a methodology to estimate temperature dependent coefficient of convection. In addition, an
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activation algorithm of finite elements is proposed for a heat source model with small beam radius.
The thermal and mechanical characteristics of a part deposited by a wire feeding type DED process

is investigated using FEA in order to improve the quality of the part.

In Chapter Il, the methodology to extract the bead profile for single bead deposition is
described. From the measurement of bead profiles, estimated cross section profiles of deposited
beads using different power of laser and travel speed are derived via regression analysis. The cross
section area of the estimated profile and measured profile are compared and discussed.
Subsequently, a methodology to create multi-layer bead profile is proposed. A unique polygonal-
shaped bead profile and constant width model is suggested to estimate the cross section profile for
a multi-layer deposition. In addition, a methodology to estimate bead profile for planar deposition
is proposed. A flat top model is suggested and discussed in order to obtain the cross section profile
for a planar deposition. Finite element meshes of the multi-layer deposition bead profile and the
planar deposition bead profile are created to demonstrate the implementation of the proposed

methodology.

Chapter 111 is concerned with the calibration of heat flux model for thermal finite element
analyses (FEAS) in this thesis. The top-hat distribution heat flux model with consideration of
efficiency and penetration depth is introduced to properly emulate the measured intensity
distribution of laser beam used in a wire feeding type DED process. The moving heat flux model is
implemented in commercial FEA software SYSWELD. Using thermal FEAS, the heat flux model is
calibrated by comparing the estimated geometry of heat affected zone (HAZ) to the measured depth
and width of HAZ from experimental study. A methodology to select a proper penetration depth
and efficiency of heat flux model for each combination of power of laser and travel speed of table
is suggested. When the penetration depth and efficiency of heat flux model is selected using the
proposed methodology, the heat flux model is properly calibrated for each combination of power of

laser and travel speed of table in a wire feeding type DED process.

In Chapter IV, the thermo-mechanical characteristics of the fabricated part are investigated

-19 -

Collection @ chosun



and discussed using the calibrated heat flux model in SYSWELD. The results of thermo-
mechanical FEAs are used to estimate the formation of HAZ and stress influenced region (SIR) for
different power of laser, travel speed of table and length of bead. A proper gap between deposition
beads is selected by comparing the width of HAZ and SIR. The influence of angle of corner
deposition on the formation of HAZ, SIR and thermal stress is investigated and discussed. The
thermo-mechanical characteristics during planar and multi-layer deposition of a wire feeding type
DED process studied according to deposition pattern and interpass time. In addition, a proper
deposition strategy is suggested. Coefficient of natural convection according to temperature of
surface and facing direction of surface, and coefficient of forced convection are determined to
improve the accuracy of the thermo-mechanical analysis. The vertical displacements of measured
points on a cantilevered specimen are compared to the predicted vertical displacement from FEAsS,
in order to validate the thermo-mechanical FEA model. Finally, the influence of interpass time and
deposition pattern on the formation of thermal stress of a cantilevered specimen is investigated and

discussed using the validated thermo-mechanical FEA model.

In Chapter V, an activation algorithm of finite elements is proposed and discussed. Due to
the small beam radius of a heat flux model, selection of mesh size of finite element is proposed for
the implementation of the activation algorithm of finite elements. The selection algorithm of finite
elements to be activated is implemented using MATLAB. Subsequently, the lists of finite elements
are inputed to ABAQUS to progressively simulate the addition of material during a DED process.
The proper front element cross section is investigated and selected via heat transfer FEAs. Lastly,
the proposed activation algorithm of finite element is implemented in ABAQUS in order to obtain
the thermo-mechanical characterisctis of a multi-layer deposition on a cantilevered specimen. The
results of the FEAs are examined and verified by comparing them to the measured displacements

from experimental results.
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II. BEAD PROFILE FOR WIRE FEEDING TYPE
DIRECTED ENERGY DEPOSITION PROCESS

A. Wire Feeding Type Directed Energy Deposition Apparatus

Fig. 3 illustrates the prototype of a wire feeding type DED process located in Korea Institute
of Machinery and Materials (KIMM), Daejeon, Republic of Korea. The prototype has an overall
dimension of 1000 mm (width) x 900 mm (depth) x 2330 mm (height).

Laser system

Fig. 3 Prototype of a wire feeding type DED process (Courtesy of KIMM)

The prototype consists of a laser system as the heat source, a numerically controlled
worktable, a wire feeding system, shielding gas supply system and a computer control system. The
laser system is a continuous wave fiber laser with 1070 nm wavelength and 5 kW of peak power, as

listed in Table 5.
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Table 5 Specification of the laser system

. Wavelength Peak power
Parameters Model Laser type Operating mode (., nm) (kW)
IPG Photonics, . ] .
Range YLS-5000 Ytterbium fiber | Continuous wave 1,070 5.0

Titanium alloy Ti-6Al-4V is chosen as the material for this project because it has been
investigated in AM processes and widely used for commercial fabrication.2*® The diameter of Ti-
6AIl-4V wire is 0.9 mm. In order to melt the wire and substrate simultaneously, the laser system is
configured to have a beam size of 1.5 mm diameter on the substrate.

The allowable workspace of the system has the dimension of 400 mm (width) x 300 mm
(depth) x 200 mm (height). The travel speed of the worktable in X-, Y-, and Z-direction are 30
mm/s, 75 mm/s and 20 mm/s, respectively. A front feeding of wire is applied in this system, as
illustrated in Fig. 4. Argon gas is used as the shielding gas to prevent oxidation of deposited bead

and substrate at the vicinity of the melt pool.

Deposited bead

Worktable

Direction of table movement
Fig. 4 Schematic diagram of a front feeding DED process*
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B. Derivation of Bead Profile for Single Bead Deposition

1.  Description of Experiments

The shape of a deposited bead varies depending on process parameters and process
conditions such as type of heat source, power of heat source, temperature of room and etc. Two
major influencing parameters are the power of laser and the travel speed of table.*’

In order to investigate the influence of process parameters on the shape of a deposited bead,
six single beads are deposited on a Ti-6Al-4V substrate using a wire feeding type DED process
according to different power of laser and travel speed of table, as tabulated in Table 6. In this
experiment, the wire feeding type DED apparatus at KIMM is employed. During deposition, all

corners of the substrate are clamped to a worktable.

Table 6 Process parameters for experiment

Parameters Power of laser Travel speed of table
(P, kW) (V. mm/s)
Range 15,20,25 4,8

2. Methodology

Fig. 5 shows the procedure to estimate the cross section profile of a deposited bead.” The
deposited beads are cut into three sections in order to obtain the bead profile. A video microscope
system (ICS, Sometech Inc.) are used to capture the cross sectional views of the deposited beads.
The coordinates of the cross section profile of a deposited bead are extracted by measuring the

height at fixed interval across the deposited beads, as shown in Fig. 6.
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Section of deposited
bead and optical
imaging of cross

Fabrication of
deposition bead

Measurement of
coordinate of each
point of cross section

Regression to obtain
the averaged cross
section profile for a

Regeneration of
cross section profile
for a deposited bead
using interpolation of

(Experiment) section profile of the profile for a .
deposited bead deposited bead deposited bead the coordinates
y - -
t == Section line . 20
X (mm) |.|
"'i' e 20 40 00 10 20
Dlrectl_op of o ¥ (mm)
deposition o
¥(mm)

Fig. 5 Procedure to estimate the cross section profile of a deposited bead

T T I LI LTI LTI LIILITIE &

Direction of deposition
(a) Position of cross section

«== Section line

Deposited bead

Measurement
point of profile

(b) Measureme

(Y1, 24)

(Ym 12)

3 )

L,

(¥ir )

nt point of cross section profile

Fig. 6 Cross sectional view of a deposited bead

Three sets of measured coordinates are obtained from three section cuts for a deposited bead.
In order to obtain an averaged cross section profile for a deposited bead, an averaged coordinates

for point i (y;,%;) is obtained from a number of sets of measured coordinates using Egs. (1)-(2)

- _XVi

yi==" (1)
= _ X7

ZFKZ (2)

where y;, z;, and m are the y-coordinate of a bead profile at measurement point i, the z-coordinate

of a bead profile at measurement point i, and the number of sets of measured coordinates,
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respectively. In this case of study, the number of sets (m) is three because three section cuts are
made.

Using the averaged coordinates (¥;,%;), a higher order polynomial regression line can be
obtained to estimate the profile of a deposited bead. In order to reduce the complexity of the
regression, a symmetrical bead profile is assumed. Therefore, only half side of the bead is
considered. A bead can be regenerated from the obtained regression relationship.

In order to correlate the cross section profile of a deposited bead according to different

power of laser (P), a normalized y-coordinate (¥;) is introduced, as given in Eq. (3)

§i= % ©)
where Ymax IS the maximum y-coordinate of a bead profile.
Fig. 7 illustrates the concept of estimation of coordinate z; for different power of laser at a

same travel speed of table (4.0 mm/s) by using regression lines for each normalized y-coordinate

()

Fig. 7 Quadratic regression line of coordinate z; for different power of laser at 4 mm/s

For a same §;, the coordinate z; for different power of laser (z;(P)) is correlated using a
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quadratic regression, as shown in Eq. (4)

Zg,(P)=AP*+ BP+C

where A, B, and C are the coefficients of a quadratic equation.

(4)

By solving partial derivatives of the least square method in Egs. (5)-(8), the coefficients A,

B, and C are determined using Eq. (9)'®

R2=Y0_,[Z; — (APZ+ BR+C)]’

M) — 230 [z — (APZ+ BRA+C)] =0

= =—2%0_1[Zx — (AR?+ BR+C)|R, =0

——=—2%"_[Zyx — (ARZ+ BR+C)|PZ =0

a(rR?)
9B
a(r?)
9A
C Y1l Xpa B
B|=|Zho1 P X, B¢
A

Sia B XR B

where n is the number of points.

1 _
Tho P2 [ 2Zk=1Zgk

Ziet B
Ykt B

Yk=1PZgx
2_
k=1 Pk Zyx

©)

(6)

()

(8)

©)

Through these regressions of zg (P), any intermediate bead profile for different power of

laser at same travel speed of table can be estimated. Similarly, the maximum y-coordinate of a bead

profile (Ymax) for different power of laser at the same travel speed of table can be approximated

using a quadratic regression analysis.
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3. Results and Discussion

Fig. 8 shows the cross section views of deposited beads according to power of laser and
travel speed of table obtained from experiment results. The dimensions shown were calculated
from the averaged height, width and wetting angle of the beads. From the cross section views, it is
observed that the wetting angle (o) is approximately 90° for the bead deposited using power of
laser of 1.5 kW and travel speed of table of 4 mm/s, and the bead deposited using power of laser of
2.0 kW and travel speed of table of 4 mm/s. The high wetting angle is not suitable for planar

deposition due to the fact that the melt wire has difficulty to flow at the corner of root and causes

undesired porosity.

A

. B
Q
£
£
-

4

1 1 1 >
15 2.0 25
P (kW)
Fig. 8 Cross section views of deposited beads according to power of laser and travel speed of
table

From Fig. 9, it is revealed that the height of the bead (h,) and wetting angle of the bead (o)
decreases when the power of laser increases for the same travel speed of table. However, the width
of the bead (wy) increases when the power of laser increases for the same travel speed of table. The
higher power of laser contributes higher heat input and temperature onto the bead and substrate.
Hence, the melted wire with higher power of laser has sufficient time to wet a wider surface of

substrate before solidification takes place.
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(c) Wetting angle of bead according to power of laser

Fig. 9 Dimensions of deposited beads according to power of laser

Besides, the dimensions of a deposited bead reduce as the travel speed increases. This is

attributed to the reduction of specific heat energy (E;) transferred to the bead and substrate as the

travel speed of table increases. The specific heat energy is described by Eq. (10).*

(10)

Fig. 10 shows the specific heat energy is lower for higher travel speed of table, as a result of

shortened laser-substrate interaction time.
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Fig. 10 Specific heat energy according to power of laser and travel speed of table

The deposition rate (D,) is approximated by multiplying the area of cross section of

deposited bead (Ay) and travel speed of table, as described in Eq. (11).

D,=A,V (11)

The areas of cross section of deposited beads (Acy,) from the experiment are estimated by

using computer aided design (CAD) software CATIA, as listed in Table 7.

Table 7 Cross section area of measured profile and estimated deposition rate for different
rocess parameters

Power of laser Travel speed of table (TS S S (.’f Deposition rate
(P, kW) (V. mmis) measured beadzproflle D mmgls)

' ' (Aexp, mm?) "

15 4 7.892 31.57
2.0 4 7.810 31.24
25 4 7.438 29.75
1.5 8 3.926 3141
2.0 8 3.775 30.20
25 8 3.818 30.55
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Fig. 11 shows the approximated deposition rates for different power of laser and travel speed
of table. Deposition rates lie in the range of 29.75-31.57 mm?/s. In the case of same travel speed of
table, the highest deposition rate occurs when the power of laser is 1.5 kW. This is associated with
the fact that lower specific heat input has lesser amount of material loss via evaporation. The
deposition rate dropped slightly when the power of laser is increased due to higher amount of

material loss via evaporation.

35.0

34.0 |

33.0 |
=320 | /V—4mm/s
=310 |
Es00 | ‘\Q—T“
=200 |
Oogo |} V=8mm/s

27.0

26.0 |

25.0

1.0 15 2.0 2.5 3.0

P (kW)
Fig. 11 Estimated deposition rate according to power of laser and travel speed of table

Based on the aforementioned results, it is concluded that DED process parameters using
power of laser 1.5 kW at travel speed of table 8 mm/s is the most suitable for the wire feeding type
DED process apparatus. Using this process parameter, Ti-6Al-4V deposition rate of 31.41 mm®%s
has been achieved with acceptable wetting angle of 63°.

By employing the methodology in Fig. 5, cross section profiles for deposited beads from the
experiment results is converted to averaged coordinates (v;,z;), as shown in Fig. 12. Fig. 13 shows

the cross section profiles for deposited bead with the application of normalized y-coordinate.
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Fig. 12 Averaged coordinates for cross section profile of half deposited beads for various
power of laser and travel speed of table
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Fig. 13 Cross section profile of half deposited beads with normalized y-coordinate for various
power of laser and travel speed of table

By employing Microsoft Excel to perform least square curve fitting to the cross section

profiles in Fig. 13, a suitable high order polynomial regression relationships has been obtained, as

listed in Table 8.
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Table 8 Regression relationship of half bead profile for various power of laser and travel

speed of table

Power of s-pl):z;e;f _ ) _ X B Coeffic_ient_ of

laser table Regression relationship between § and z determlznatlon
17 258 (V, mml/s) =)

15 4 Z =-168.759° + 460.785° - 470.129" + 218.735" - 46.0899° + 3.1208§ + 2.4668 0.9886

2.0 4 Z = 0.4599° - 8.1459§* + 10.439%° - 5.5775§° + 0.4801§ + 2.3246 0.9980

2.5 4 Z =-5.1525¥" + 6.8579§° - 4.26969° + 0.4207¢ + 2.1471 0.9990

15 8 Z =8.20579° - 20.872%"* + 17.082%° - 6.549957 + 0.5297y + 1.5903 0.9988

2.0 8 7 =-0.6829%" + 0.6529° - 1.4079%° + 0.0992§ + 1.3633 0.9991

2.5 8 Z =0.88359"* - 2.0845%° - 0.0616%” - 0.0289y + 1.3041 0.9995

The regression relationships in Table 8 provide the ability to determine the averaged z-

coordinate at any arbitrary normalized y-coordinate. Based on the concept shown in Fig. 7 and

quadratic regression analysis between three datasets of coordinates for a travel speed of table, the

bead profiles for single bead deposition for different power of laser at travel speed of table of 4

mm/s and 8 mm/s have been derived as shown in Fig. 14.
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Fig. 14 Regenerated cross section profile for a deposited bead for various power of laser and
travel speed of table

The cross section areas of the measured profile (Aep), the semi-ellipse profile (A, and the
proposed regenerated profile (Agn) for each combination of power of laser and travel speed of table
are compared, as shown in Table 9. The semi-ellipse profile is used as a benchmark to evaluate the
performance of the generated profile. The area of cross section of deposited bead (A)) is estimated

based on the area of a semi-ellipse, as expressed in Eq. (12).

Ay= _“'W:'hb (12)

It is revealed that the cross section areas of generated bead profile for all cases are laid in the
range of cross section area of measure bead profile. The error difference of cross section areas
between the generated and measured bead profiles are in the range of -0.2% to 4.1%. As a

comparison, the cross section area estimated using a semi-ecllipse profile produces higher error
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difference in the range of -0.5% to +13.6%. Hence, the generated bead profile is properly derived.

The generated bead profile is used to represent the bead profile for different combinations of power

of laser and travel speed of table in this thesis.

Table 9 Comparison of cross section area of measured profile, semi-ellipse profile and
generated profile for different process parameters

Cross section Cross section Error Cross section Error
Travel speed area of - difference area of difference
Power of laser f tabl area of semi-
(P, kW) of table measure(_j ellipse profile between A generateq between Agen

' (V, mm/s) bead profile (Ag, mm?) and A bead profile and Agyp

(Aep, mM?) o (%) (Agen, mm?) (%)
15 4 7.892 £ 0.273 7.854 -0.5 8.121 +2.9
2.0 4 7.810 £ 0.212 7.948 +1.8 8.127 +4.1
25 4 7.438 £0.434 7.422 -0.2 7.563 +1.7
15 8 3.926 £ 0.177 4.273 +8.8 3.929 +0.1
2.0 8 3.775 £ 0.104 4.288 +13.6 3.800 +0.7
2.5 8 3.818 £ 0.101 4.186 +9.6 3.809 -0.2
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C. Derivation of Bead Profile for Multi-Layer Deposition

1.  Description of Multi-Layer Deposition and Related Works

A single bead deposition is the fundamental unit of a multi-layer deposition in a wire feeding
type DED process. Upon the deposition of a single bead, a new bead is deposited on top of the
previous bead to form a multi-layer deposition in a DED process, as shown in Fig. 15. In contrast
to a multi-pass welding process that involve deposition of weld material within a constrained space
such as in a V-groove, a DED process may involve stacking of multiple layers of beads to form a

three dimensional thin wall structure.

Wire feeding
nozzle
New deposited
bead layer

Argon
Wire )

Direction of deposition
|~ :
,7 Previous

de 1

&\\§ layors X \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\& Substrate

Section B-B’ B Worktable
Fig. 15 Schematic diagram of a multi-layer deposition of a wire feeding type DED process

In order to simulate a multi-layer deposition of a wire feeding type DED process, researchers
have developed finite element analysis models for multi-layer deposition with an assumed bead

profile, as shown in Table 4.

Chiumenti et al. (2010), Lundbé&ck et al. (2011), Ding et al. (2011), and Lee et al. (2018),
applied a rectangular bead profile for multi-layer deposition using the wire feeding type DED
process.**®*%% The rectangular bead profile has the same width and height for each layer of

deposition. The rectangular bead profile is preferred due to the ease of mesh creation. However,
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this assumption is not suitable for a wire feeding type DED process, which has a deposited bead

with height in a few millimeters.

Zhang et al. (2011) obtained curved bead profile for their multi-bead FE model by
measuring the width of bead, the height of bead, the wetting angle and the bead area from
experimental study.* This approach is direct and does not require the solution of fluid dynamics of
melt pool in order to estimate the bead profile. However, experiment must be performed in order to

obtain the bead profile, which is impractical.

Anca et al. (2011) employed an arc shaped bead profile in their study of wire feeding type
DED process.®® The deposition of first layer was created with an arc shaped bead profile, which
was estimated from a single layer deposition experiment. The arc shaped bead profile was
maintained for subsequent layers. The thickness for each subsequent deposited bead was

represented by one finite element. However, the thickness of the deposited beads is not reported.

Kumar et al. (2014) applied mass addition approach based on enthalpy balance in a two-
dimensional FE model to estimate the height of bead for a multi-layer powder type feeding DED
deposition.*® The mass addition is represented by fine square finite elements. Their simulation
results revealed that the width of bead is constant when the power of laser is equal or higher than
1.0 kW. The additional height of bead varies slightly between deposition layers. Although this
approach allows prediction of bead profile via finite element analysis, it is difficult and

computational expensive to implement for a three-dimensional FE model.

From the empirical-statistical models of geometry of bead deposited using laser DMD
processes, Pinkerton (2015) described that three process parameters such as power of laser, travel
speed and mass flow rate of powder are the primary influencing variables to the height and width of

bead.!!!
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2.  Polygonal-Shaped Cross Section Profile and Constant Width Model

A bead profile for multi-layer deposition is required to properly simulate a multi-layer
deposition using a wire feeding type DED process. In order to model the cross section profile of the

multi-layer bead, a polygonal-shaped cross section profile and a constant width model is proposed

in the procedure shown in Fig. 16.

Regeneration of cross
section profile fora
deposited bead (as

Simplification of
reference profile using a
polygonal-shaped cross

Calculation of cross
section area and height
of stacked bead hased

Creation of multi-layer
head profile

reference profile) section profile on constant width model

Layer 3

Polygonal-shaped cross

2(mm) 2.0 2 section profile
1.0 1 4
/i—\\
L 1 ) D L

a0
66

Layer 2

Z(mm)

Layer 1

=

20 10 00 10 20 2 4 0 1 2 [

|
y (mm) y (mm) wy, /2

Fig. 16 Procedure to model a polygonal-shaped cross section profile of a multi-layer deposited
bead

The regenerated curved-shaped cross section profile of a single bead in Fig. 14 can be
simplified using a polygonal-shaped cross section profile. The polygonal-shaped cross section
profile is proposed such that it has a flat surface at the top of the bead for heat flux input and sloped
surfaces elsewhere to mimic the wetting angle of the bead, as illustrated in Fig. 17. The advantages

of a polygonal-shaped cross section profile are:

(1) A volumetric heat flux with small heat application region or a surface heat flux can be
properly applied on the flattened surface on the top of bead. This is because deviation in
location of node from the heat application region results in different heat input

numerically, as illustrated in Fig. 17.
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(2) While the polygonal-shaped cross section profile inherits the simplicity of a rectangular
bead, it is able to preserve the characteristics of a curve-shaped bead by having an

approximated wetting angle and height of a bead.

(3) The polygonal-shaped cross section profile is easier to create and to mesh than a curve-

shaped cross section profile in a FE software.

(4) The meshing of finite elements within a polygonal shape can be easily extended for

multi-layer deposition, as well as for a planar deposition of a DED process.

Polygonal-shaped
cross section profile

2

Flat surface for
heatinput

Reference
profile

Sloped surface to
mimic wetting
angle

z-coardinate (mm)

(=]

y-coordinate (mm)
(a) Simplification of reference profile using a polygonal-shaped cross section profile

Heat flux Reduced heat

input due to effect
of penetration
Curved depth
profile .
Node

1
(b) Reduced heat input for curved profile of a bead due to location of node

Fig. 17 Polygonal-shaped cross section profile of bead and effect of curved profile on heat
input
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In order to create the polygonal-shaped cross section for the creation of finite element model,
the following steps are taken:

(1) The flat surface of the top of bead is created at the height of the reference profile.
(2) The width of the polygon is created according to the width of the reference profile.

(3) A point in between the flat surface of the top of bead and substrate is selected such that
it touches the reference profile and gives a satisfactory sloped surface that mimic the

wetting angle.

(4) These coordinates of points are rounded to the nearest 0.05 mm.

In order to estimate the bead profile for a multi-layer deposition, a constant width model is
proposed, as illustrated in Fig. 18. The width of bead for a multi-layer is assumed to be a constant

111

due to the fact that it depends on the power of laser and travel speed of table.”™™ The following

assumptions are made for the constant width model:
(1) The volume of deposited material for each layer (A.s) is assumed to be constant and

equal to the volume of deposited material for the first layer (A_1).
(2) The cross section profile of deposited bead is symmetrical.

(3) The cross section profile of deposited bead remains unchanged during multi-layer

deposition of bead.

(4) The primary process parameters such power of laser and travel speed of table remain

constant for all deposited layers.
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Fig. 18 Polygonal-shaped cross section profile of multi-layer deposited bead

Based on the assumptions, the constant width model is used to determine the height of

stacked bead (hs) in a multi-layer deposition, as described in Eq. (13)

hszﬂ = s (13)

where A\, and A s are the area of half polygonal-shaped cross section profile of a single bead, and

area of half polygonal-shaped cross section profile of a stacked layer, respectively.

3. Results and Discussion

Fig. 19 shows the estimated polygonal-shaped cross section profile by employing the
methodology in Fig. 16. It shows that the polygonal-shaped cross section profile provides a better
approximation to the actual bead profile compared to the semi-ellipse cross section profile. By
comparing the area of cross section for various bead profiles in Table 10, it is revealed that
polygonal-shaped profile provides consistent results with areas that are 3.4 % to 6.0 % smaller than
intended reference profiles. In contrast, the error difference in cross section area due to semi-ellipse

profiles is in the range of -1.9 % to +12.8 %.
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Table 10 Comparison of cross section area of generated profile, semi-ellipse profile and

polygonal shaped profile for different process parameters
Cross section Cross section Error Cross section Error
Power of laser Travel speed area of e difference area of difference
(P, KW) of table generated ellipse profile between A polygonal- between A,
’ (V, mm/s) bead profile ( Xe nﬂmz) and A, [shaped profile|  and Agen
(Agen, mm?) b (%) (Ap, mm?) (%)
15 4 8.121 7.854 -3.3 7.640 -5.9
2.0 4 8.127 7.948 -2.2 7.800 -4.0
25 4 7.563 7.422 -1.9 7.110 -6.0
15 8 3.929 4.273 +8.7 3.720 -5.3
2.0 8 3.800 4.288 +12.8 3.655 -3.8
2.5 8 3.809 4.186 +9.9 3.713 -25
Polygonal- Polygonal-
shaped profi = . shaped profile
itk Semi-ellipse Semi-ellipse
profile profile
2.5 mm
1.30 mm 1.50 mm

@ P=15kW, V =4mm/s

Polygonal-

shaped profile
Semi-ellipse

profile

2.1 mm

(c) P=25KkW, V=4 mm/s

Polygonal-
shaped profile

Semi-ellipse
profile

(e) P=2.0kW, V=8 mm/s

(b) P=2.0 kW, V =4 mm/s
Polygonal- Semi-ellipse
shaped profile : / profile

(d)P=15kW, V=8mm/s

Polygonal-
shaped profile

Semi-ellipse
/ profile

(f) P=25KkW, V=8mm/s

Fig. 19 Comparison between polygonal-shaped cross section profile, semi-ellipse cross section
profile, and actual single bead profile
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From the result of cross section area of polygonal shaped profile in Table 10, the Eq. (13)

has been re-expressed in term of Ay, as in Eq. (14).

h==-2 (14)

The height of stacked bead (hs) for different process parameters had been determined, as

shown in Table 11.

Table 11 Height of stacked bead for different process parameters

Cross section area of Heiaht of stacked
Power of laser Travel speed of table| polygonal-shaped Width of bead g bead
(P, kW) (V, mm/s) profile (Wp, mm) (he, mm)
(ADI mmZ) S
15 4 7.640 4.00 1.910
2.0 4 7.800 4.40 1.773
25 4 7.110 4.50 1.580
1.5 8 3.720 3.40 1.094
2.0 8 3.655 3.90 0.937
25 8 3.680 4.10 0.897

Using the polygonal-shaped cross section profile, cross section profiles for multi-layer DED

deposition for selected process parameters has been created as shown in Fig. 20.

3.4 mm

3.9 mm N

1.094 mm Layer 3

0.937 mm Layer 3

1.094 mm Layer 2

0.937 mm
v
Layer 1

Layer 1

1.6 mm 1.4mm

(@ P=15kW, V=8mm/s

(b) P=2.0kW, V =8 mm/s

Fig. 20 Cross section profiles for multi-layer DED depositions for selected process parameters
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D. Derivation of Bead Profile for Planar Deposition

1. Description of Planar Deposition and Related Works

A planar deposition in a DED process involves deposition of multiple beads next to each
other to form a layer of three dimensional flat structure, as depicted in Fig. 21. In contrast to a
multi-pass cladding process that involves deposition of weld material to cover surface of a substrate,
the primary purpose of planar deposition for a DED process is to form the sliced layer of a larger

three dimensional AM structure.

Wire

Direction of deposition

N s
&\\\\\\\\\\\x Substrate

Section B-B’ Worktable
Fig. 21 Schematic diagram of a planar deposition of a wire feeding type DED process

The main intent of planar deposition of a DED process is to obtain a layer with uniform
thickness to build upon. Hence, a flat layer is desired. In order to predict the optimum distance
between beads that produce a flat top profile for planar deposition of a wire feeding type DED
process, several overlapping models have been proposed by researchers.”***' In constructing these
models, the bead section profile is required. The fundamental assumption made in these models is
that the overlapped volume between beads is equal to the volume of materials that fill in the valley

in between beads in order to form a flat top profile."** **

In 2011, Suryakumar et al. built an flat top overlapping model based on bead section profile

estimated using parabola curve for a hybrid layered manufacturing using gas metal arc welding
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(GMAW).**? The parabola curve was expressed as a function of width and height of bead.
Comparing with the measured section area of bead, the errors of estimated bead section area using
parabola curve were in the range of -12% to 10.7%. By using the fundamental assumption, the

distance between beads was derived as two-third of the width of a bead.

In 2011, Cao et al. built a flat top overlapping model based on sine curve of single bead
section profile to determine the optimum overlapping coefficient for a fixed process parameter.'*®
The optimum distance between beads was estimated at 0.6366 of the width of a bead. The effects of

interfacial force of liquid metal and arc pressure were neglected.

In 2013, Xiong et al. correlates beads section profile with ratio of wire feedrate and travel
speed of welding torch (Rery)."* From their experiments using robotic GMAW-based additive
manufacturing, they divided the bead section profile into parabola curve and arc curve according to
Rerv. The maximum errors of estimated bead section area using parabola curve and arc curve were
reported as 12.6% and 20.7%, respectively. The optimum distances were derived according to the

the bead section profile using the fundamental assumption for flat top overlapping models.

In 2015, Ding et al. proposed a tangent overlapping model (TOM) for a WAAM process.™
Based on their experimental study, parabola curve was selected to estimate the bead section profile
for different welding speed, and ratio of wire feedrate and travel speed of welding torch. A
geometry of critical valley was introduced instead of a flat top geometry in their TOM. They

concluded that the best distance between two beads was 0.738 of the width of a bead.

In 2018, a study was conducted by Li et al. using artificial neural network (ANN) to
correlate their experimental results in order to obtain an optimum distance between the center of

116

fed wire.”™ Using ANN, the computed optimum distance for their experimental study was 4.534

mm based on the width of bead of 6.144 mm.
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2. Methodology

An overlapping bead profile is required to properly simulate a planar deposition using a wire
feeding type DED process. In order to model the cross section profile of the planar bead, a
polygonal-shaped cross section profile and a flat top overlapping model is proposed, and the

procedure is as shown in Fig. 22.

. C e Calculation of cross
Regeneration of cross Simplification of ti d
section profile fora reference profile using a ) section area an Creation of planar
. distance hetween center )
deposited bead (as polygonal-shaped cross £ beads based on flat bead profile
reference profile) section profile :op z:ersla::iflg:io d:l
Polygonal-shaped cross
zimm) 2.0 1 — 2 section profile g .
£
10 E1 : %
I~ 1 7
/»\\ o /J\i\\ %//////// Bead 2
20 -10 00 10 20 2 1 0 1 2 w, /2"
y (mm) y(mm)

Fig. 22 Procedure to model a polygonal-shaped cross section profile of a planar deposited
bead

The generation and simplification of bead profile into a polygonal-shaped cross section
profile has been discussed previously in Chapter 1l Section C-2. The polygonal-shaped cross
section profile is applied for the derivation of the optimum distance between beads (gy), as shown

in Fig. 23. The derivation is based on the following assumptions made for a flat top overlapping

model:

(1) The primary process parameters such power of laser and travel speed of table remain

unchanged for all deposited beads.
(2) The cross section profile of deposited bead is symmetrical.

(3) The half of cross section profile of deposited bead remains unchanged during planar

deposition of bead.

- 45 -

Collection @ chosun



(4) The volume of deposited material for overlapping bead (A.p) is assumed to be equal to
the volume of deposited material for the first layer (Ar;) in order to form a flat top

profile.

Based on these assumptions, the flat top overlapping model is used to determine the

optimum distance between beads (gy) in a planar deposition, as in Eq. (15)

_2Au1 _ 2App

T T Th (15)

where App is the area of half polygonal-shaped cross section profile of an overlapping bead, as

shown in Fig. 23.
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Fig. 23 Flat top overlapping cross section profile of planar deposited bead

3. Results and Discussion

From the result of cross section area of polygonal shaped profile in Table 10, the Eq. (15)

has been rewritten in term of A, as in Eq. (16).
Bo=1. (16)
The optimum distances between beads (gy) in a planar deposition for different process
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parameters have been determined, as shown in Table 12. From the results of optimum distances

117

between beads, a distance to width ratio (g,) and an overlap ratio (¢o.) " are calculated by Egs.

(17) and (18).

g, =& (17)
Wp
o= (1—2) x 100% =(1 - g,) x 100% (18)

Table 12 Optimum distance between beads and overlap ratio for different process parameters

Cross section Optimum
Power of laser Trz\ﬁg{l):ed po‘a};/?;g;l- Height of bead| distance [JJIS(E?R(;Z;% Overlap ratio
(P, kW) (V. mmfs) | shaped profile (h,, mm)  [between beads (@) (dor, 20)
' (AD mmZ) (gbv mm)
15 4 7.640 2.5 3.056 0.764 23.6
2.0 4 7.800 2.3 3.391 0.771 22.9
25 4 7.110 21 3.386 0.752 24.8
15 8 3.720 1.6 2.325 0.684 31.6
2.0 8 3.655 14 2.611 0.669 33.1
25 8 3.680 13 2.830 0.690 31.0

The results show that distance-to-width ratio vary in the range of 0.752 to 0.771 and 0.669 to
0.690 for travel speed of 4 mm/s and travel speed of 8 mm/s, respectively. This variation is due to
the change in cross section area of polygonal-shaped profile according to power of laser and travel
speed of table, as oppose to estimated area using a generalized curve profile for all process
parameters in previous researches. Hence, the proposed optimum distance between beads is more
proper than the past researches.

Besides, the increase in travel speed of table requires a higher overlap ratio. This is due to a
higher travel speed produces a wider but shorter bead. Hence, more material is required to fill the

area of the valley between two adjacent beads.
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A cross section profile for planar DED deposition for a selected process parameter has been
created as shown in Fig. 24. The finite element mesh between adjacent beads has been created

successfully.
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P <%

0 0
o o o
0 i i
o o o
i 0 i
o o o
i i i
o o o
0 i 0
o o o
il i il

Fig. 24 Cross section profiles for planar DED depositions for selected process parameters
(P=15kW andV =8 mm/s)
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I11. CALIBRATION OF HEAT SOURCE MODEL

A. Introductory Remarks

1.  Description of Heat Source Model

In this study, the laser system installed in the wire feeding type DED apparatus in KIMM is
configured to have a beam size of 1.5 mm diameter on the substrate. Fig. 25 shows the measured

beam profile has a top-hat distribution profile.

20 - Presentation Single Plane Review - 2D - Presentation Single Plane Review

~Plane9
110,00~ Radius: 0.756 [mm]
] Radius X: 0.766 [mm]

Radius Y: 0.747 [mm]

90.00
80.00
70.00
€0.00
50.00

40.00
2000 Measured

20,00 region
10,00

Measured

20.00-
20.00- region
10.00-

0,00~ 4.,

| s L
-5000 00 5000 1000.0

T S Y
-5000 00 5000

(a) Power of laser = 1 kW (b) Power of laser = 5 kW

(c) 3D representation of a top-hat beam profile

Fig. 25 Measurement results of beam profile at 1 kW and 5 kW (Courtesy of KIMM)
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In order to estimate the dimensions of weld pool and heat affected zone (HAZ) using heat
transfer FEAs, proper heat input parameters such as beam distribution profile, efficiency of heat

source and penetration depth of heat source are critical and must be calibrated.®***8

2. Related Works

The heat source is categorized into two types depending on heating mode, namely
conduction mode and keyhole mode. In conduction mode, weld penetration is achieved by the heat
conducting from the surface down to the core of metal bead to form a wide and shallow weld.
Keyhole mode creates a deep and narrow weld due to expanding gas from vaporizing metal
pushing outward from the depth of weld. In AM applications, keyhole is not observed due to a
more defocused beam, such as laser or electron beam, is used.”

Typically, a volumetric heat flux (Q) for a Gaussian distribution laser beam can be expressed

as in Eq. (19)™*
_ 2P(1-Rp) Z\. _ z_r2
QD)= exp (— L) exp (- ) (19)

where r is the radial distance from center of beam, Z is the Z-coordinate relative to the center of
beam, R, is the reflectance of a material, r, is the radius of laser beam, and dj, is the penetration
depth. Radius of beam is defined as the radial distance from the beam axis to the location where
power intensity is reduced to e."*° Penetration depth (d,) refers to the depth where the intensity of

the wave decreases to e of its surface value.'*

It is estimated by the reciprocal of absorption
coefficient of a material (). Based on the absorption coefficient of titanium at wavelength of
1,070 nm, the penetration depth of laser light in a pure titanium is approximately 21 nm.*?
Typically, different heat flux models are applied for AM processes due to the dynamic
interaction between laser, material and substrate during material deposition. Gaussian heat flux and

Goldak’s double ellipsoidal heat flux are commonly used in FEAs of AM processes, as listed in
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aforementioned Table 4.

In 2003, Tsirkas et al. applied a Gaussian distribution of heat flux with conical keyhole for a
butt-joint laser welding.®* They assumed an energy efficiency of 70 %. Instead of energy efficiency,
Robert et al. modeled a transverse electromagnetic (TEM) laser energy with TEMg, mode as a
surface heat flux in an additive layer manufacturing process by considering the laser absorptivity of
material.*?® They applied absorptivity of laser in a pure titanium block as 0.77. However, Frenk et
al. experimentally found that the cladding process with slower scanning speed of laser has a higher
absorptivity at the same powder feedrate."?* Hence, calibration of heat source model is required.

In 2007, Bate et al. calibrated their Goldak double ellipsoidal heat source model based on the
dimension of fusion zone of the specimen and temperature measurements.®” In 2011, Anca et al and
Lundbéck et al. calibrated their Goldak double ellipsoidal heat input model by comparing
temperature measured at selected locations.®*

The previous calibration methods applied an assumed efficiency during their calibration of
heat flux model. The calibration was limited to a single case of process parameter. Therefore, new
calibration method is required to properly estimate penetration depth and efficiency of applied heat
source model in this study. The work presented in this Chapter was published by the author in
2018.%° Chua et al. estimated the proper penetration depth and efficiency of applied heat source for

different process parameters using the dimension of heat affected zone (HAZ) of a bead.
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B. Numerical Analysis of Single Bead Deposition

1.  Physical Description

The experiment of single bead deposition has been described in Chapter 1l Section B-1. In
the finite element modeling, the following assumptions are made:

(1) The room temperature is at 20 °C.
(2) The initial temperature of workpiece is at room temperature.

(3) The translation and rotation for four corners of the substrate are constrained in all

directions.

2.  Formulation of Heat Flux Model and Heat Losses

In order to model the volumetric heat flux, the total power input should be received by the

specimen as the integral of heat flux applied over volume of a specimen, as described in Eq. (20)

P= fV Qdv (20)
where P is the power of heat source (unit: W), Q is the heat flux (unit: W/mm®), and V is the
volume of specimen (unit: mm?).

For a top-hat distribution profile, the heat flux is defined as a constant within a range of

effective radius (ro), as given in Eq. (21)

o ={ LIP (21)

where Qo is the maximum heat flux at the center of beam.

-52 -

Collection @ chosun



The effective heat application region is approximated to be a conical shape, as shown in Fig.
26, which is commonly used for penetrating heat source. The effective radius of beam (ro) is

assumed to decrease linearly with respect to depth, as expressed in Eq. (22)**

ro(@) =re + (222) (2 - 7) (22)

where Z is the z-coordinate relative to the frame of beam, z is the z-ccordinate at surface of bead,
zi is the z-coordinate at penetration depth of beam, r. is the effective radius of beam at z, and r; is

the effective radius of beam at z;.

Fig. 26 Top-hat heat flux with conical penetration
Hence, the Eq. (20) is rewritten as in Eq. (23)
P =7 [® ["Q(r) doy, - rdr-dZ (23)

where 6y is the azimuthal angle of a cylindrical coordinate system.
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The solution for Eq. (23) is obtained, as given in Eq. (24).
P = M (ri2+rer+r.2) (24)
The penetration depth of beam is defined in Eq. (25).
dp =2 — % (25)

By substituting Egs. (24) and (25) into Eq. (21), the top-hat heat flux model is described by
Eq. (26).”

3P
dp (12 4reri+re2)

Qr2)= (26)

The radial distance from the center of beam (r) can be associated with Cartesian coordinates,

asin Eq. (27)
r= (X2 +Y?)05 (27)

where X, and Y, are the x-coordinate relative to the frame of beam and the y-coordinate relative to
the frame of beam, respectively.

The actual heat being absorbed by the material is less than the actual power of heat source
due to reflection of wavelength and evaporation of material. These unpredictable losses are taken

into consideration by the efficiency of heat source (n) in Eq. (28).

3nP
24reri+re2)

D= (28)
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Hence, top-hat heat flux model in Cartesian coordinate system, with consideration of the

boundary of heat application region, is given in Eq. (29).

3nP

R < <Z<
QXY Z)= ety ¢ S ToOTHSIsze
0

(29)
, T >rgorz;>7Zor 71>z,

Unlike Gaussian heat flux model in Eq. (19), the definition of boundary of heat application region
is critical for top-heat heat flux because the top-hat heat flux model does not contain the r and Z
terms.

The integral of volumetric heat flux with respect to volume is inputted as the heat generation
term in a three-dimensional governing equation, given in Eq. (30), to solve for transient heat

conduction analysis in a solid body
QY Z)=p(T)-C,(T) (5;) — {35 (kM T) + = (kD) ) + 2 (kM T} (30)

where Q(X,Y,Z,t) is the heat generation, T is the temperature, p(T) is the temperature dependent
density, Cy(T) is the temperature dependent specific heat, k(T) is the temperature dependent
thermal conductivity, and t is time.

Heat transfer boundary conditions such as convection and radiation contribute to heat loss
from surface. These heat losses are accounted as the integral of surface heat flux with respect to
surface area and deducted from the heat generation term in Eq. (30).

The heat loss due to convection (q”cony) is described as a surface heat flux in Eq. (31) based

on Newton’s law of cooling™?®

q"conv = heony(Ts — To) (31)
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where hey is the coefficient of convection, T; is the surface temperature, and T, is the ambient
temperature.

The heat loss due to radiation (g”vqg) is estimated as surface heat flux based on Stefan-

Boltzmann law, as given in Eq. (32)*%

q"rad = €05 (Ts4 - Té;) (32)

where ¢, and o, are the emissivity of a material and the Stefan-Boltzmann constant, respectively.
The Stefan-Boltzmann constant is 5.670x10® W/m?-K* .}

Eqg. (32) can be rewritten in the form of Newton’s law of cooling, as given in Eq. (33)

q"rad = hrad(Ts — To) (33)

where hyq, is the coefficient of radiation, as given in Eq. (34)

hpaq = €05 (Tsz + Tozo)(Ts + Te) (34)

The heat losses due to convection and radiation (g”j,ss) Can be grouped into a single first

order equation, as described in Eq. (35), which can be solved more efficiently in FEA.

q"loss = (heony + hrag) (Ts — To) (35)

3. Material Properties and Boundary Conditions

In order to simulate a DED process that involves high temperature, temperature dependent
material properties are required in the numerical analysis for better accuracy. In this thesis, the

selected material for the substrate and deposited bead is an alpha-beta titanium alloy Ti-6Al-4V.
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Fig. 27 shows the thermal conductivity (k), specific heat (C,) and density (p) of solid Ti-6Al-4V
for thermal analysis.*?” The melting temperature (T,,) of Ti-6Al-4V is in the range of 1,600 °C to

1,650 °C."*® The beta transus temperature (Tg) of Ti-6Al-4V is estimated at 995 °C.***%

a0 5,000
2 T 4,000 |
£ __30 g -
29 3,000
S 20 > [
sE £2,000
[:-} = r
E= 10 & 1,000 |
£ 0 ) o L . : : ,
0 500 1,000 1,500 2,000 0 500 1,000 1,500 2,000
Temperature (°C) Temperature (°C)
(a) Thermal conductivity of Ti-6Al-4V (b) Density of Ti-6Al-4V
1,000
c(;_) +
% 800 /\//'
_{ L
= 600 |
‘a' L
2 400 |
= r
-;:,- 200 [
w D 1 1 1 J
0 500 1,000 1,500 2,000

Temperature (°C)

(c) Specific heat of Ti-6Al-4V

Fig. 27 Thermal properties of Ti-6Al-4V

In this study, the convective cooling by all exposed surfaces of the deposited bead and
substrate to the surrounding is considered with a coefficient of convection (heny) of 25 W/m?*-K.'%
Emissivity (¢) for solid Ti-6Al-4V is assumed at 0.8."*° A Poisson’s ratio (v) is assigned for Ti-6Al-
4V as 0.342.** These boundary conditions are applied in the FEAs of single bead deposition to

calibrate the penetration depth and efficiency of heat source.
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C. Calibration of Penetration Depth and Efficiency of Heat Flux

1. Calibration Methodology

Fig. 28 shows the calibration methodology of penetration depth and methodology according
to process parameters such as power of laser and travel speed of table. The experiments of single
bead deposition are conducted for different power of laser and travel speed of table in order to

determine the bead section profile, as described earlier in Chapter Il Section B.

Calculation of error in
width and depth of HAZ
Determination of bead Estimation of HAZ using between experiment and Selection of penetration
profile, width and depth of temperature distribution FEA, and prediction of depth and efficiency of
HAZ from experiment results of FEA efficiency at acceptable heat flux
error range using

regression

1.0 --=5,=0% == 5,=10%
0.8 =0= 9, =-10% 64=-10%
0.6
0.4
0.2
0.0

0.04 0.08 0.12 0.16 0.20
D, (mm)

Fig. 28 Procedure to calibrate penetration depth and efficiency of heat flux™

From the experimental results, the width and depth of heat affected zone (HAZ) according to
power of laser and travel speed of table is obtained. Finite element models according to the process
parameters are created based on the actual bead section profile. Thermal FEAs are performed using
various penetration depth and efficiency of heat flux. From the temperature distributions of the
FEAs, the width and depth of HAZ is estimated from the section of bead where it is undergoing a

quasi steady-state heat transfer during the DED deposition.?

The width and depth of the estimated HAZ and measured HAZ are compared. The width
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error (8y,) and the depth error (84) of HAZ are determined by Eqgs. (36) and (37), respectively.

8y = (WHAZe=WHAZ,2) % 100% (36)
WHAZ,a

84 = (dgaz,e—dHaza) % 100% (37)
dHAZa

where Wyaze is the estimated width of HAZ, wyaz, is the actual width of HAZ, dyaze is the
estimated depth of HAZ, and dyaz 4 is the actual depth of HAZ.

The acceptable range of width errors of HAZ is set at -10% to 0% such that the estimated
width of HAZ is smaller than the actual witdh of HAZ, because the estimated dimension is an ideal
case. The depth of HAZ is smaller than width of HAZ, thus may result in higher error in depth of
HAZ. The acceptable range of depth errors of HAZ is set at -10% to 10% to avoid over-constraint
conditions. Using linear regression analysis, the efficiencies for different penetration depths of heat
flux are predicted at errors 8, = -10%, 8., = 0%, 64 = -10%, and 34 = 10%. A penetration depth of
heat flux that has low errors within the acceptable ranges for all process parameters is selected.
Using the selected penetration depth of heat flux, the efficiency of each process parameters is
selected. Hence, this methodology indirectly calibrates the penetration depth and efficiency of heat

flux model for different process parameters.

2.  Finite Element Analysis

A symmetrical three-dimensional FE model is created to estimate the dimension of HAZ
according to different penetration depth and efficiency of heat flux. The FE model contains a 25
mm straight bead on a 180 mm x 100 mm x 5 mm substrate, as shown in Fig. 29. Temperature

dependent thermal properties of Ti-6Al-4V are assigned to the bead and substrate. The thermal
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FEAs are carried out using commercial FE software SYSWELD 12.0.

Deposition bead
(Ti-6AI-4V)

................. h/“'/ stmetry line

l'l‘——'— Applied heat flux
I i

Substrate
(Ti-6AI-4V)
Penetration depth

: Deposition bead
100:;,,” eovrmesmr— > Substrate

Fig. 29 FE model to estimate the dimension of HAZ according to different penetration depth
and efficiency of heat flux*

The top-hat heat flux model is applied at the top of the bead. The applied parameter for the
heat source model is listed in Table 13. The effective radius of heat flux at surface of bead (r¢) is
assumed to be equal to the radius of beam (r,). The effective radius of heat flux at penetration depth
(r;) is assumed to be half of the effective radius of heat flux at surface due to decrease in heat input

at penetration depth.*?>*3

Table 13 Parameters of heat flux to estimate penetration depth and efficiency of laser

Effective radius | Effective radius
Parameters of beam at of beam at Penetration depth Efficiency of laser
surface z, surface z; (dy, mm) m)
(re, mm) (ri, mm)
Range 0.75 0.375 0.04,0.08, 0.12, 0.16, 0.20 0.40-0.70

3. Results and Discussion

Fig. 30 shows the measured dimensions of HAZ according to different power of laser and
travel speed of table. The HAZ of Ti-6Al-4V is associated with the change in microstructure from
an alpha-beta phase to a body-centered cubic structured beta phase due to peak temperature.®

Therefore, the HAZ is estimated by the region that is heated above the beta transus temperature (Tp)
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of 995 °C during the simulation of a deposition process.**

From Fig. 30, it is revealed that the DED process produces a shallow peripheral penetration

type of fusion zone (FZ). This can be attributed to the usage of cold wire, which is not preheated

when being fed to the heat source. Due to the waviness of the fusion zone, the heat transfer to the

side of substrate is more accurate and consistent than to the depth of substrate.

v (mm/s)

Peripheral
penetration

Peripheral
penetration

Peripheral

Peripheral
penetration

penetration
of FZ

2.0 25
P (kW)

Fig. 30 Sectional view of deposited bead and heat affected zone®

From the thermal FEAs, the width and depth of HAZ for different penetration depth and

efficiency of heat flux has been estimated, as shown in Fig. 31. It is revealed that the width and

depth of HAZ grow with the increase of penetration depth for the same process condition due to

higher heat input near the substrate. The increase of efficiency also produces a larger HAZ due to

increase of overall heat input. Thus, proper calibration of penetration depth and efficiency of heat

flux is critical for the estimation of HAZ using FEAs.
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Fig. 31 Estimated heat affect zone using different penetration depth and efficiency of heat

flux®®

The width errors and depth errors of HAZ are calculated. The calculated results are used to

estimate the efficiency of heat flux at errors &, = -10%, &y, = 0%, 4 =
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penetration depth of heat flux via linear regression, as shown in Fig. 32. The hatched region

represents the region that fall within the targeted acceptable ranges of width error and depth error

of HAZ.
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Fig. 32 Estimated efficiency at limit of acceptable ranges of width errors and depth errors of
HAZ for different efficiency of heat flux*
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A low width error of HAZ is desired in this study because the width of HAZ is easier to
predict accurately than the depth of HAZ for a DED process using a cold wire. In Fig. 32, the width
error of HAZ is the lowest, and within the satisfactory region, when the point 64 = 10% is nearer to
the point &, = 0%.

In this study, only one penetration depth is selected for all the process conditions because a
laser beam penetrating the same material possesses the same penetration depth. The penetration
depth of heat flux at 0.2 mm gives the best minimal width error of HAZ, and within the satisfactory
region in most of the process condions. Therefore, the penetration depth of heat flux at 0.2 mm is
selected.

Subsequently, the efficiencies of heat flux that are used in the FEA at the selected
penetration depth of heat flux at 0.2 mm are selected in order to obtain an accurate estimation of
error for each process condition. The efficiency of heat flux that has the lowest width error of HAZ
and falls within the satisfactory region is selected. The selected penetration depth and efficiency of
heat flux with their calculated errors for each process condition is tabulated in Table 14. Using the
selected penetration depth and efficiency of laser for different process conditions, the heat flux

model is now properly calibrated according to the dimension of HAZ, as shown in Fig. 33.

Table 14 Calibrated penetration depth and efficiency of laser®

Power of laser Travel speed of Penetration Efficiency of Width error of | Depth error of
(P, KW) table depth laser HAZ HAZ
(V, mm/s) (dp, mm) m (B, %) (8¢, %)
15 4 0.20 0.70 -1.11 10.00
2.0 4 0.20 0.65 -6.09 7.80
25 4 0.20 0.55 -2.15 6.96
15 8 0.20 0.60 -3.60 12.20
2.0 8 0.20 0.45 -7.94 8.39
25 8 0.20 0.40 -7.92 3.03
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Fig. 33 Comparison of dimensions of HAZ between experiments and FEAs

From the selected efficiency of heat flux for different power of laser shown in Table 14, it is

noted that the efficiency of laser reduces when the power of laser increases for the same travel
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speed of table. The increase of power of laser produces higher peak temperature on the bead and
thus a wider deposited bead. This resulted in a larger amount of heat loss and higher material loss
via evaporation. Hence, the efficiency of heat flux is lower when the power of laser is increased.

At the same power of laser, it is revealed that the higher travel speed of table has lower
efficiency of laser. This can be attributed to the fact that the higher travel speed of table has a
shorter laser-metal interaction time for proper conversion of energy from the laser beam to the
useful heat absorbed by the material. At a high travel speed, most of the heat energy is used to heat
the cold wire and substrate before fusion of material can occur. This heat energy is considered as
heat loss and is not accounted for actual heat transfer of the system simulated in the FEAs, which
the bead has fused to the substrate. Subsequently, the efficiency of heat flux is reduced when the
higher travel speed of table is applied.

These calibrated penetration depth and efficiency of laser are applied in FEAs using
SYSWELD for further investigation of thermo-mechanical characteristics of parts during a wire

feeding type DED process.
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V. SELECTION OF DESIGN PARAMETERS AND
DEPOSITION STRATEGIES FOR AWIRE FEEDING
TYPE DIRECTED ENERGY DEPOSITION PROCESS

A. Derivation of Proper Gap Between Deposition Beads

1.  Description of the Analysis

Finite element analyses are used to estimate the heat transfer characteristics and stress-strain
characteristics of part during a DED process. From these results of FEAs, important information
such as change in microstructures, size of melt pool, hardness, distortion and residual stress can be
predicted'27,60,87,90,95,132

In AM processes, multiple parts are usually fabricated on a single substrate in order to save
experimental setup time. The microstructure changes in a heat affected zone (HAZ) and formation
of residual stress at the vicinity of bead may affect an adjacent part deposited on the same substrate.
To the knowledge of the author, this has not been studied by other researchers. In this study, the
formation of heat affected zone (HAZ) and the stress influenced region (SIR) are estimated
according to power of laser, travel speed of table and length of bead during a deposition of single
bead using a wire feeding type DED process. An appropriate gap between deposited beads is
proposed according to process condition with the goal to minimize undesired thermal effects and
residual stress of a deposited bead on an adjacent bead. The work presented in this Section has
already been published by the author in 2018.%

The FE models of single bead deposition and calibrated heat flux models in Chapter Il are

applied for the thermo-mechanical analyses in this study.
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2. Analysis Conditions

Fig. 34 shows a three-dimensional FE model with a single layer straight bead. The shape of
the bead has been obtained and regenerated from experiments according to different power of laser
and travel speed of table, as described earlier in Chapter 11 Section B. Different lengths of bead (Lg)

are applied in this study with a fixed location of start point, as listed in Table 15.

Substrate
(Ti-6AI-4V)

v(mm/s)

Deposition bead
(Ti-6AI-4V)

1:5 2:0 2..5
P (kW)
(a) Dimension of FE model (b) Estimated shapes of beads for different

deposition conditions

Fig. 34 FE model to estimate the dimension of HAZ according to different penetration depth
and efficiency of heat flux®®

Table 15 Analysis conditions for investigation of proper gap between deposition beads
Power of laser Travel speed of table Length of bead
Parameters (P, KW) (V. mm/s) (Lg, mm)
Range 15,2.0,25 4,8 25, 50, 75, 100

A moving top-hat heat flux model with calibrated penetration depth and efficiency is applied
at the top of the bead. Temperature dependent thermal properties of Ti-6Al-4V are applied to the
bead and substrate. Temperature dependent Young’s modulus (E), yield strength (o) and plastic

strain-stress curve of Ti-6Al-4V are assigned, as shown in Fig. 35.2%%%

A Poisson’s ratio (v)
assigned for Ti-6Al-4V is 0.342."* The convective cooling by all exposed surfaces of the deposited
bead and substrate to the surrounding is considered by using a coefficient of convection (heony) Of
25 W/m?-K.**® Emissivity (¢) for solid Ti-6Al-4V is assumed at 0.8.° A cooling time of the
specimen after end of deposition is set as 10 seconds. All nodes at four corners are constrained in

translation and rotation. The thermo-mechanical FEAs are carried out using SYSWELD 12.0.
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Fig. 35 Mechanical properties of Ti-6Al-4v'*31%
3. Results and Discussion
Fig. 36 shows the estimated HAZ for different power of laser, travel speed of table and

length of bead. The HAZ is estimated by the region that are heated above the beta transus

temperature (Tg) of 995 °C during the simulation of a deposition process, similar to description of
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methodology in Chapter 11l Section C.***% Fig. 37 shows the influence of the power of laser, the
travel speed of table and the length of bead on the formation of HAZ in the vicinity of the deposited
bead. From the Fig. 37, it is noted that the dimension of HAZ grows when the power of laser
increases. The applied heat flux increases when the power of laser increases. As a result of
increased heat flux, the temperature of the bead rises and heat is transferred to a wider region of the

specimen. Hence, the increased power of laser forms a wider and deeper HAZ.

Temperature
(°C)
995
P=2.0 kW
V=8mm/s
0
Temperature
(°C)
995
P=2.0 kW
V=8mm/s
-.. > R 0
=—s5.91mm
P=2.0 kW
V=4 mm/s
(b) Lg =50 mm
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Fig. 36 Estimated HAZ according to different process parameters®
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Fig. 37 Influence of process parameters and length of bead on the width and depth of HAZ?

However, the dimension of HAZ reduces when the travel speed of table increases. The laser-
to-metal interaction time is shortened as the tranverse speed of table is increased. Hence, the
specific heat energy (Es), defined previously by Eq. (10), transferred to the specimen is reduced as

the travel speed of table increases. As a result, the dimension of HAZ reduces as the travel speed of

table increases.

From the Fig. 37, it is noted that the width and the depth of HAZ are identical regardless of
the length of bead for the same power of laser and travel speed of table. Hence, it is revealed that

the length of bead has negligible influence on the formation of HAZ in the quasi-steady state heat

transfer region.
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In order to quantify the influence of power of laser and travel speed of table on the

increment of width and dept of HAZ, four measures are introduced in Eqs (38)-(41)

wp = Az (38)
wy = =g (39)
pp = ~Haze (40)
hy = oz (41)

where wp is the increment of width of HAZ per unit increment of power of laser, wy is the
increment of width of HAZ per unit increment of travel speed of table, pp is the increment of depth
of HAZ per unit increment of power of laser, and py is the increment of depth of HAZ per unit
increment of travel speed of table.

The influence of the power of laser and the travel speed of table on the increment of the
width and the depth of HAZ are shown in Fig. 38. As shown in Fig. 38(a), the wp lies in the ranges
of 0.94-1.02 and 0.60-0.74 for the travel speed of table of 4 mm/s and 8 mm/s, respectively. The pp
falls in the ranges of 0.56-0.62 and 0.32-0.41 for the travel speed of table of 4 mm/s and 8 mm/s,
respectively. This reveals that the influence of power of laser on the width and depth of HAZ grows
when the travel speed of table reduces due to the increase of specific heat energy being transferred
to the specimen. The wp is greater than the pp by the factor of 1.66-1.70 and 1.82-1.88 for the travel
speed of table of 4 mm/s and 8 mm/s, respectively. This indicates that the HAZ is growing faster in
the direction of width than in the direction of depth due to the increment of width of bead when the
power of laser increases. Besides, greater heat is transfered to the peripheral of the bead because it

has larger surface area for heat dissipation.
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Fig. 38(b) shows that the wy falls in the range of -0.32 to -0.31, and the py lies in the range
of -0.17 to -0.16. From this result, it is revealed the HAZ is shrinking faster in the direction of
width than in the direction of depth when the travel speed of table increases. This is attributed to
the decrease of width of bead when the travel speed of table increases and a larger surface area for
heat dissipation at the peripheral of the bead.

By comparing the magnitude of wp and wy, it reveals that the influence of the power of laser
on the width of HAZ is 1.9 to 3.2 times larger than the influence of travel speed of table on the
width of HAZ. Similarly, it is revealed that the influence of the power of laser on the depth of HAZ

is 2.0 to 3.7 times greater than the influence of travel speed of table on the depth of HAZ, by

comparing the magnitude of pp and py.

op (mm/kW),V =4 mm/s .

10 | —_——

:
£ 0.8 | @ (mm/kW),V=8mm/s,
=
3
g

0 25 50 75 100 125
Lg(mm)
(a) Influence of power of laser and travel speed of table on the increment of width of HAZ

0.0
E-0.1 o (5)
Zo2 T T i
s 0.3 . L e X
0.4 . ,
0 25 50 75 100 125
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(b) Influence of power of laser and travel speed of table on the increment of depth of HAZ
Fig. 38 Influence of power of laser and travel speed of table on the increment of width and

depth of HAZ?
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The stress influenced region (SIR) is defined as the region where the estimated thermal
stress is greater than a critical stress of the Ti-6Al-4V. Depending on the type of critical stresses,
two SIRs, namely the stress influenced region for yield strength (SIR,) and the stress influenced
region for fatigue limit (SIRy), are estimated. The critical yield stress (o) and the critical ultimate
stress (oy,c) for estimating SIRy an SIRy, respectively, are defined based on safety factors (A, and As),

as given in Egs. (42)-(43)

Oyc = i—z (42)
Ofc = ‘;—f (43)

where oy is the yield strength, A, is the safety factor to estimate critical yield strength, o, is the
ultimate strength, and A is the safety factor to estimate critical fatigue limit.

In this study, the A, is set to be 2.0.%° The X is set to be 4.0 due to the fatigue limit of Ti-6Al-
4V is observed to be greater than 25% of the ultimate tensile strength.*****® The SIRs are estimated
at the end of the cooling process because the thermal stress after the cooling process is slightly
greater than that before the deposition process, as shown in Fig. 39.

From the heat transfer FEA, the maximum temperatures (Tmax) Of the deposited beads after
cooling process are obtained, as shown in Fig. 40. It is revealed that the highest temperature for
each travel speed of table occurs when the power of laser is 2.5 kW and converges when length of
bead is greater than 50 mm. Hence, reference temperatures (T, of 568°C and 401°C are selected
for travel speed of table of 4 mm/s and 8 mm/s at power of laser 2.5 kW and length of bead 50 mm,
respectively. Using the strength-temperature curves of Ti-6Al-4V in Fig. 41, the critical yield stress

and the critical fatigue limit are predicted at the reference temperatures, as given in Table 16.
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Fig. 39 Comparison of thermal stress distributions at the end of deposition of bead and at the
end of cooling process (Lg = 100 mm)?®
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Fig. 40 Maximum temperature of the bead after cooling process®
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Fig. 41 Temperature dependent yield strength and ultimate strength™*

Table 16 Estimated critical stresses at reference temperatures®

Travel speed of Reference Yield strength Ultimate Critical yield Crltlc_al fatlgue
table temperature (o, MPa) strength stress limit
(V, mm/s) (Trer, °C) o (o, MPa) (oye, MPa) (o1, MPa)
4 568 404 502 202 125.5
8 401 562 682 281 170.5

The SIR, and SIR¢ are predicted using the estimated critical stresses, as shown in Fig. 42.
The regions with gray color are the SIRs, which has its thermal stress greater than the critical
stresses. The estimated width of SIR, and SIR; for different process conditions and length of bead

are shown in Fig. 43. The width of SIR, and SIR¢ grow when the power of laser increases.
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However, the width of SIRy and SIR¢ reduces when the travel speed of table increases. This
formation characteristic of SIRs is associated with increase of specific heat energy due to the
increase in power of laser and the decrease of travel speed of table. The increase of specific heat
energy induces higher temperature and thus larger thermal stress in the vicinity of bead. By
comparing the width of SIR, and SIR; in Fig. 43, it is revealed that SIR; is larger than SIR,, for all

deposition conditions. Hence, the width of SIR; is selected as the width of SIR.

Von Mises
stress (MPa)
281
P=15kW, V=8 mm/s P=2.0kW,V=8 mm/s P=25kW,V=8 mm/s 0
Von Mises
27.1mm 28.5 mm 29.4 mm stress (MPa)
202
P=15kW,V=4mm/s P=2.0kW,V=4 mm/s P=25kW,V=4mm/s 0
(a) Formation of SIR,
Von Mises
24.0mm stress (MPa)
171
P=15kW,V=8 mm/s P=2.0kW,V=8 mm/s P=25kW, V=8 mm/s 0
38.2 mm 39.4 mm 40.2 mm Von Mises
stress (MPa)
126
P=15kW,V=4mm/s P=2.0kW,v=4mm/s P=25kW,V=4mm/s 0

(b) Formation of SIR¢

Fig. 42 Formation of SIRy and SIR; according to power of laser and travel speed of table for
Lg = 100 mm*
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Fig. 43 Width of SIR, and SIR according to power of laser, travel speed of table and length of
bead %

From the Fig. 43(b), it is noted that the width of SIR¢ almost converges for both travel speed
of table at 4 mm/s and 8 mm/s when the length of bead is 100 mm. Therefore, the widths of SIR¢
are compared with the width of HAZ when the length of bead is 100 mm, in order to determine the
appropriate gap between adjacent beads, as shown in Table 17. The width of SIRs is greater than
the width of HAZ by a factor of 6.2-7.1 and 4.7-4.8 when the travel speed of table is 4 mm/s and 8
mm/s, respectively. Thus, the width of SIR; is used to determine the appropriate gap between
adjacent beads for successive deposition. The appropriate gap between adjacent beads for a
combination of power of laser and travel speed of table is determined as the shortest distance

between adjacent beads such that their SIR; regions do not overlap, is shown in Table 17.

Table 17 Appropriate gap between adjacent beads®

POV\(I;F Ii)\f/\};iser Traveé\ip;enci/(s);‘ table a\tNIi(:tE 2{)05 Ir:]?rfn a\ivliitz ci]:)OH'rA\fn Apprcéﬁl rrina)te gap

' ' (mm) (mm)

15 4 38.2 5.42 38.2
2.0 4 394 5.90 394
25 4 40.2 6.36 40.2
15 8 20.0 4.24 20.0
2.0 8 22.1 4.60 22.1
2.5 8 24.0 4.98 24.0
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Using the proposed appropriate gap between deposited beads according to power of laser
and travel speed of table, the undesired thermal effects and residual stress of a deposited bead are

minimized during deposition of adjacent parts on the same substrate.
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B. Influence of Corner Deposition on Formation of Heat Affected

Zone, Stress Influenced Region and Thermal Stress

1.  Description of the Analysis

Past investigations of induced residual stress are limited to a straight bead deposition.
However, most of the AM parts contain not only straight beads, but angled beads to form a desired
shape of structure. The angled bead is defined as the bead deposition where a straight bead change
direction at a specific angle to form a corner. In order to investigate the influence of the corner
deposition on the formation of HAZ and SIR during a wire feeding type DED process, thermo-
mechanical FEAs are carried out according to power of laser and angle of corner deposition (6) in
this study. Travel speed of table at 8 mm/s is applied in this study because it produces a favourable
bead profile with proper wetting angle for a wire feeding type DED process, as discussed earlier in
Chapter Il Section B-3. It is assumed that the bead profile of a single straight bead remains
unchanged at the corner deposition in these analyses. The work presented in this Section has
already been published by the author in 2018.%

The bead section profile of single bead deposition and calibrated heat flux models described

in Chapter 111 are applied for the thermo-mechanical analyses in this study.

2. Analysis Conditions

Fig. 44 shows a three-dimensional FE model with a corner deposition bead and different
angle of corner deposition (8). The single pass bead starts with a 20 mm straight bead, followed by
a corner deposition bead with a radius of 5 mm, and ends with a 20 mm straight bead. The angle of
the corner deposition is defined as the angle that encompasses the two straight beads. The 20 mm
straight beads are included before and after the corner deposition to eliminate the transient thermal

effect at the beginning and the end of a deposition bead. Different shapes of beads are applied
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according to power of laser and travel speed of table. The shapes of bead at the straight bead and at
the corner deposition are the same. Different angle of corner deposition (0) are applied in this study

with a fixed location for the start point, as listed in Table 18.

Outer region
of deposited Substrate
corner (Ti-6AK4V)

Inner region of
deposited corner

Deposition bead
(Ti-6AI-4V)

8=120
(a) Dimension of FE model (b) Top view of corner deposition bead
Fig. 44 FE model to investigate the influence of angle of corner deposition on formation of

HAZ and SIR®

Table 18 Analysis conditions to investigate the influence of angle of corner deposition on
formation of HAZ and SIR

Radius of corner Angle of corner
Power of laser Travel speed of table - e
Parameters (P, kW) (V. mmis) deposition depozltlon
(mm) ©
Range 15,20,25 8 5 60, 90, 120

A moving top-hat heat flux model with calibrated penetration depth and efficiency is applied
at the top of the bead. Temperature dependent thermal and mechanical properties of Ti-6Al-4V,
which have been implemented previously in Chapter IV Section A, are assigned to the bead and
substrate. The coefficient of convection and emmisivity are set to be 25 W/m?-K and 0.8,
respectively.’”*?® A cooling time of the specimen at the end of deposition is set to 10 seconds. All
nodes at four corners are constrained in translation and rotation. The thermo-mechanical FEAs are

carried out using commercial FE software SYSWELD 12.0.
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3. Results and Discussion

In order to investigate the influence of angle of corner deposition on the formation of HAZ
and SIR, thermal and mechanical FEAs have been carried out. Fig. 45 shows the temperature
distribution at the vicinity of the bead at the end of deposition of bead and at the end of the 10
seconds cooling process. From the result of the thermal FEAs, it is revealed that the maximum
temperature is located at the inner region of the deposited corner. This phenomenon is clear by
observing the temperature histories of the nodes located 5 mm away from the middle of the corner
deposition bead, as shown in Fig. 46. This is due to the fact that the smaller angle of corner
deposition results in the straight beads within closer proximity with each other. Hence, the heat
from the deposition of the straight bead is accumulated within the small region at the inner region
of the deposited corner. Consequently, the maximum temperature decreases when the angle of

corner deposition increases.

Temperature
(°C)
995.0

[ 895.5

796.0

P=15kW,6=60° P=2.0kW,06=60° P=2.5kW,6=60°

— 696.5
597.0
497.5

P=15KkW,6=90° P=2.0kW,06=90° P=2.5kW,6=90° 398.0

298.5
199.0

99.5

6 =120°

P=1.5KW, 6 =120° P=2.0 kW, 6 =120° P = 2.5 kW, 6 = 120° 0
(a) Temperature distribution of the specimen at the end of deposition of bead
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(b) Temperature distribution of the specimen at the end of cooling process
Fig. 45 Temperature distribution of the specimen at the end of deposition of bead and at the

end of cooling process®®
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Fig. 46 Temperature histories at measured locations for different angles of corner deposition
(P=1.5kw)

From the results of the temperature distribution, the formation of HAZ according to the
power of laser and angle of corner deposition is estimated by using the beta transus temperature of
Ti-6Al-4V at 995 °C, as shown in Fig. 47.°>'% It is noted that the inner distance of HAZ (L;az) is

larger than the outer distance of HAZ (L, naz) at the deposited corner by a factor of 1.09 to 1.17, as
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shown in Fig. 48. This is due to the fact that temperature is higher at the inner region of the
deposited corner during the corner deposition. The inner distance of HAZ reduces when the angle
of corner deposition increases. On the other hand, the outer distance of HAZ increases when the
angle of corner deposition increases. The eccentricity of HAZ (Enaz) at corner deposition is

estimated by Eq. (44).

Linaz+Lonaz _ Linaz—Lonaz (44)
2 2

Ehaz = Li,HAZ -

It is noted that the eccentricity of HAZ reduces as the angle of corner deposition increases
for the same power of laser, as shown in Fig. 48(b). The corner deposition using power of laser 2.0
kW has the highest eccentricity of HAZ at the angle of corner deposition of 60° and 90°, while the
corner deposition using power of laser 1.5 kW has the highest eccentricity of HAZ at the angle of
corner deposition of 120°. This is due to the change in the shape of bead that has affected the
temperature distribution at the vicinity of the bead. Hence, the eccentricity of HAZ is not dependent

on the power of laser, but the shape of bead.

Temperature
(°c)

995

—— '-|3.=_’.=
2.47 mm 2.23 mm 2.63 mm 2.42 mm 0
P=15kW.6=120° P=20kW,6=120° P=2.5 kW,06=120°

—————

2.35mm ' 2.08 mm

| [&———=5

Fig. 47 Estimated HAZ at the middle of corner deposition for different power of laser and
traverve speed of table®
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From the Fig. 48(c), it is revealed that the estimated depth of HAZ grows slightly when the
angle of corner deposition becomes smaller. This is because the smaller angle of corner deposition
has larger heat accumulated at the inner region of the deposited corner during bead deposition. This
raises the temperature at the vicinity of the bead and produces a sligthly deeper HAZ when the

angle of corner deposition is small.

=0 Loz (P=LEKW) —o—L 7 (P=1.5 kW)
=0 -1 g (P=2.0 kW) —O—L; 7 (P=2.0 kW)

28  ° &=L, 4z (P=2.5 kW) —2—L;,,,(P=2.5 kW)
E26 | T
¥24 oo - -
J22 | g----o----10
_——— O = ——0
j20 &
-l 1.8 L L L J
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0(°)
(a) Inner and outer distance of HAZ
0.2 . Centerline
"'0 of bead
—_— Centerline ., side) Si
E % of HAZ  jn
<01 f Linaz*Llonaz 8
" ——
—0—P=15kW —0—P=2.0kW —A—P=2.5kW
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(b) Eccentricity of HAZ
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E .
g8 & R .
316 0 —0
= o . R
14 L L
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6(%)
(c) Depth of HAZ
Fig. 48 Estimated dimensions of HAZ at the middle of corner deposition for different power
of laser and traverve speed of table®®
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The effect of the angle of corner deposition on the formation of thermal stress on the corner
deposition bead after cooling process is investigated using thermo-mechanical FEAs, as shown in
Fig. 49. The formation of residual stress is the highest at the inner side of the deposited corner. This
is associated with the higher temperature observed at the inner side of the deposited corner. Hence
the outer side of the deposited corner, which cool faster, stop to contract earlier than the inner side

of the deposited corner. This induces stress at the inner side of the deposited corner.

of dep on First Principal
Stress (MPa)
oﬂ ’\ 850
‘ ' 600
493.7 MPa 510.6 MPa 516.3 MPa 550
P =1.5 kW, 6 = 60° P=2.0 kW, 6 = 60° P =2.5 kW, 6 = 60°

500
450
— 400
— 3560

G

542.8 MPa 552.7 MPa -'552.5 MPa -
P=1.5kW,0=90° P=2.0 kW, 6 = 90° P=25kW,0=90° y 200
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i 100
— B0
o
/‘E-- /F'. -80

4 < - .
582 2 MPa 582.1 MPa 578.4 MPa 100
P=1.5KkW,0=120° P =2.0 kW, 6 = 120° P =2.5 kW, 0 = 120° -150

-200
Fig. 49 Residual stress distribution of the deposited bead after cooling process®®

The residual stress at the deposited corner reduces when the angle of corner deposition
reduces for the same power of laser and cross section of bead, as shown in Fig. 50. This is
attributed to the fact that the larger angle of corner deposition has higher cooling rate to produce
lower temperature as compare with those with smaller angle of corner deposition. Hence, large
angle of corner deposition should be avoided during design of parts in order to reduce the residual
stress acting on the corner deposition. These informations are useful during the design of a part

fabricated by a wire feeding type DED process.
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Fig. 50 Influence of angle of corner deposition and power of laser on residual stress at the
deposited corner®

The SIR is estimated based on the critical fatigue limit at 170.5 MPa, as discussed and listed
in Table 16 of Section A-3. It is observed that the SIR extends drastically at the inner region of the
deposited corner when the angle of corner deposition reduces, as shown in Fig. 51 because the
formation of residual stress is the highest at the inner side of the deposited corner. Therefore, the
increment of angle of corner deposition can greatly reduce the inner distance of SIR (L;sir) while
slightly increase of outer distance of SIR (Losir), as shown in Fig. 52. The inner and outer

distances of SIR fall in the range of 3.0-10.7 mm and 6.2-7.7 mm, respectively.
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Fig. 51 Formation of SIR according to power of laser and angle of corner deposition®
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Fig. 52 Inner and outer distances of SIR at the deposited corner®

The inner and outer distances of SIR are smaller than the selected width of SIR of 100 mm

straight bead, as reported previously in Table 17, by a factor of 1.95-6.90. Therefore, the

appropriate gap between adjacent beads for straight beads can be used for corner deposition bead

with small radius of 5 mm in order to prevent the critical stress region to overlap.

Although the residual stress is highly dependent on the quality of the deposition such as

surface roughness and formation of void in the bead, the knowledge of formation of HAZ, SIR and

thermal stress according to the power of laser and angle of corner deposition of a single bead is

beneficial for engineers to reduce the residual stress on AM part at the design stage.
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C. Influence of Deposition Strategy on Thermo-Mechanical

Characteristics of a Multi-Layer Deposition

1.  Description of the Analysis

Residual stress induced in a part fabricated by DED process can be reduced by in-situ

feedback control of process parameters, deposition strategy, and mechanical control.®*

Typically,
the setting of process parameters such as power of laser and travel speed of table is kept consistent
throughout a DED process in order to avoid unpredictable change in bead shape. Hence,
manipulation of deposition strategy such interpass time and deposition pattern can be used to
control the quality of deposited parts. According to the standard guide for DED of metals, an
interpass time is defined as the period of time between ending of a specific bead and starting of the
subsequent bead.*” The layer is allowed to cool before the new layer of deposition commences.

In order to investigate the influence of deposition strategy on the formation of residual
stresses in a multi-layer deposited part, three influencing factors such as interpass time, deposition
direction, and deposition pattern are considered. Short interpass times of 2, 5 and 10 seconds are
chosen to minimize the overall process time. The deposition patterns include unidirectional
deposition and alternative directional deposition. Sideward and upward deposition directions are
considered in this study. The power of laser and travel speed of table are selected as 1.5 kW and 8
mm/s, respectively, because it produces a favourable bead profile with high deposition rate and
suitable wetting angle for a wire feeding type DED process. Three layers of beads are simulated
during multi-layer deposition. It is assumed that these beads are deposited with symmetrical bead
profile and constant width. Argon gas is supplied on top of substrate and beads as the shielding gas
during the DED process. The supply of argon is terminated 3 seconds after the end of the
deposition. The specimens are cooled by natural convection of air thereafter for 40 minutes after

the end of the deposition.
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2. Analysis Parameters and Boundary Conditions

Fig. 53 shows a three-dimensional FE model with three layers of straight bead to form a
multi-layer deposit. The bead section profile for multi-layer deposition is created based on the
constant width model, as decribed in Chapter Il Section C. The room temperature is assumed at
20 °C. Calibrated penetration depth and efficiency for top hat heat flux model in Chapter Il is
applied at the top of the bead. Different interpass times, deposition directions and deposition
patterns are applied in this study, as shown in Table 19. All nodes at surface of clamped region are
constrained in translation and rotation. Temperature dependent material properties of Ti-6Al-4V
are assigned. Heat loss via conduction at clamp region is neglected because the contact area is

37 The thermo-mechanical FEAs are

small and gap conductivity between wood and metal is low.
carried out using SYSWELD 12.0. Fig. 54 depicts the time frame of multi-layer deposition for

different interpass times.

Deposition bead Fixed constraint z | &———p  NEVL
(Ti-6AI-4V) P 2 “Layer-2
: substrate t.. Layer 1
ky / (Ti-6AI-4V)
; 5mm Substrate
= Unidirectional
A 3.4mm "
..... i z | O————  NEVT
" Losamm  f e —0lor]
1.094 mm X T ... ayer
1:6'mm Substrate
i Alternative directional
(a) Dimension of FE model (b) Deposition patterns

Wood Wood

Deposition
bead

Deposition
bead

\ Substrate Substrate
Sideward deposition direction Upward deposition direction

(c) Deposition directions

Fig. 53 FE model to investigate the influence of deposition strategy on thermo-mechanical
characteristics of multi-layer deposition
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Table 19 Analysis conditions to investigate the influence of deposition strategy on thermo-
mechanical characteristics of multi-layer deposition

Parameters Power of laser Travilazp;:ed o Interpass time Deposition Deposition
(P, kW) (V. mmis) (s) direction pattern
Sideward Unidirectional,
Range 15 8 2,510 U ' Alternative
pward L
directional
- Deposition process 40 minutes cooling process
- 10 5 10 5 10 5 'l 2400 Depusition
E « Deposition process >t 40 minutes cooling process >
2 5|5 5 6 5 B 2400 Interpass
Q Tt} » .
g e Deposition process >t 40 minutes cooling process > Cooling process
E 2|5 2 5 2 5 2400
0 10 20 30 40 50 60

Process time (s)
Fig. 54 Time frame of multi-layer deposition for different interpass times

In this study, a long cooling process is involved in order for the part to reach mechanical
steady state. The high temperature applied at a localized region of a part during DED process
induces a variation of natural convection on a surface due to the buoyancy of air. The natural
convection changes during the cooling process. Besides, an inert gas such as argon is applied
directly to the heating zone. Hence, coefficient of convection based on the change in condition
during the DED process should be considered. Temperature dependent properties for air and argon,
as shown in Fig. 55, are implemented to improve the accuracy of the simulation.*®

The average coefficient of convection is determined by Eq. (45)'%°

NU.L'k
heony= L
C

(45)

where Nug is the average Nusselt number, k is the thermal conductivity of air, and L. is the

characteristic length of the model.
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Fig. 55 Gas properties of air and argon™®

The average Nusselt numbers for different surface are estimated by using the recommended

correlations in Eqs. (46)-(48)'%°

NuL=0.54Rai/4 (Condition : 10* < Ray, < 107, Pr = 0.7) for upper surface (46)
NuL=0.52Rai/5 (Condition : 10* < Ra;, < 10°, Pr = 0.7) for lower surface 47)
0.670Ra;’* . 9 )

Nu;, = 0.68 + 75| (Condition : Raj, < 10°) for side surface (48)

(1+(0.492/Pr)9/16)
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where Ray, and Pr are the Rayleigh number and the Prandtl number, respectively.

The Rayleigh number (Ra,) and the air temperature (T;) are estimated by Egs. (49)-(50)*?°

_ g(Ts—Te)L3
Vo Te

RaL (49)

(50)

where g is the gravitational acceleration constant, T; is the surface temperature, T, is the ambient
temperature, vy is the kinematic viscosity of air, and a is the thermal diffusivity of air.

By using Egs. (45)-(50), the average coefficients of convection for different surface
temperatures and surfaces of substrate are estimated, as plotted in Fig. 56. It is observed that
coefficients of natural convection changes rapidly when temperatures of surfaces increase from
room temperature to 500 °C. Besides, coefficients of natural convection are dependent on surfaces
of substrate. Hence, the implementation of temperature dependent coefficient of natural convection

for different surfaces of substrate is important for long period of cooling time.

40  Uppersurface
Side Side surface of substrate

< 35 } Substrate * curface 1
5 30 Lower surface
g
S 25
o
S E 20
E E Upper surface of substrate
2=15 60—l e
= 'S o
T} 10
[=]
o

1
Lower surface of substrate

(] 500 1,000 1500 2,000 2500 3,000 3,500
Temperature of surface (°C)

Fig. 56 Temperature dependent coefficient of natural convection for different surfaces of
substrate
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An inert gas such as argon is applied directly to the part during the DED process to shield
the process zone from oxidation. In order to determine whether a forced convection should be
applied in the FEA, the measure of buoyancy relative to inertial forces must be lesser than 1, as

described in Eq. (51)'%°

S« (51)

where Gri, and Re_ are the Grashof number, and the Reynolds number, respectively. Due to the
variation of temperature on the surface of substrate during DED process, the measure of buoyancy
relative to inertial forces is calculated based on liquidus melting temperature of Ti-6Al-4V in order
to ensure that the forced convection is applicable at the melt pool.

These dimensionless parameters of Grashof number and Reynolds number can be estimated

by Egs. (52)-(53)"%

_ 8B(Ts—Too)Lc®
GI'L = gBT (52)
RelF% (53)

where 3 and Vi are the volumetric thermal expansion coefficient of gas, and the velocity of gas,

respectively.

Based on the empirical correlation due to an impinging jet from a single round nozzle shown

in Fig. 57, average Nusselt number can be estimated by Eqgs. (54)-(55)'?°
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_ p.042 |282°(1-2.2A0%) 05 0.5510.5
Nu; = Pr [—1+0.2(%—6)A?'5 [2Re%>(1 + 0.005Re®>>)"] (54)
DZ
Ar=5 (55)

where A is the relative nozzle area, H is the distance between nozzle to impingement surface, D is

the diameter of round nozzle, and R is the effective distance from stagnation point.

Diameter
of nozzle

Round nozzle w Ambient

temperature
(T.)

|
Shielding gas —» |
(Argon) |

| Gas temperature (T,)
Impingement surface 1

R
Substrate Temperature of surface (T,)

Stagnation point

Fig. 57 Schematic diagram of impinging jet from a single round nozzle**®

The calculated measure of buoyancy relative to inertial forces by Eg. (51) shows that the
supply of argon has contributed to forced convection. The coefficient of convection due to supply
of argon is estimated by applying Egs. (52)-(55), as listed in Table 20. The coefficient of
convection is applied to the upper surface of substrate and deposited beads of the FEA models
during the supply of argon gas.

Heat loss via radiation is considered by applying temperature dependent emissivity (g) for
solid Ti-6Al-4V, as shown in Fig. 58."* The emissivity above 787 °C is extrapolated as a constant

value.
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Table 20 Parameters to estimate the coefficient of convection due to supply of argon

Fig. 58 Temperature dependent emissivity

3.  Results and Discussion

Temperature (°C)

127

Measure of Eéi&?g:r? EE:;::X: Coefficient
Gas buoyancy Flow rate Diameter | Velocity of nozzle to from Relative of
temperature | relative to . of nozzle gas . |nozzle area| convection
o : : (L/min) plate stagnation
(Ts, °C) inertial (D, mm) | (Vg mis) " - (A (heonvs
forces surtace point W/m%K)
Hm | (R mm)
20 0.17 20 7 8.66 0.025 45 0.006 46.3
1.0 r
08 | X
B‘ Iy
S 0.6 | ottt
2
E 04 |
]
02
o.o n n 2 '}
0 500 1,000 1,500 2,000

Fig. 59 shows the temperature distributions of the part for different deposition strategies at

the end of deposition. The temperatures at the mid-length of layer-3 bead are discussed for different

deposition strategies because the mid-length of layer-3 bead is located at the center of the specimen

and suitable to represent the overall temperature distributions. The followings observations are

obtained from the results of numerical analysis:

(1) For the same interpass time and deposition pattern, the temperature distributions on the

part are same regardless of deposition direction. This is because heat transfer FEAs are

performed with same process parameters and boundary conditions.

(2) Regardless of deposition pattern and deposition direction, the temperature of the mid-

length of layer-3 bead at the end of deposition is decreasing when the interpass time is

increasing, as shown in Fig. 60. This is due to the fact that longer interpass time allows

beads to cool down before the next deposition takes place.
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(3) For the same interpass time and deposition direction, the temperature of the mid-length
of layer-3 bead for alternative directional deposition pattern is slightly lower than those
in unidirectional deposition pattern. This is attributed to the alternative directional
deposition pattern that allows one side of the bead to have longer cooling time than the
other before the laser beam irradiates the same location again. This is illustrated by
comparing temperature histories for different deposition patterns at interpass time of 2 s
and upward deposition direction, as shown in Fig. 61.

(4) In Fig. 61, it is shown that the temperatures during irradiation of laser beam at same
location for layer 1, 2 and 3 (A-1, A-2, and A-3) are almost similar in the case of
unidirectional deposition pattern. In the case of alternative directional deposition pattern,
the temperature during irradiation of laser beam at same location for layer 1, 2 and 3 (A-
1, A-2, and A-3) are different due to the variable cooling time. This contributes to the
variable heat transfer characteristics and variable size of melt pool along the deposition
of bead using alternative directional deposition pattern.

(5) High peak temperature above vaporization temperature of Ti-6Al-4V is observed in
temperature histories in Fig. 61. This behavior has been reported in FEAs performed by
Fu et al. (2014) and Parry et al. (2016) as an isolated singularity inside a melt pool
region.®*** This is because heat transfer in melt pool due to Marangoni convective flow
is not considered in FEAs.** The application of computational fluid dynamics (CFD)
into heat transfer FEAs is beyond the scope of this thesis.

(6) From the results of FEAs, the temperatures of the mid-length of layer-3 bead for all
cases have converged to the same temperature of 24.7 °C after 40 minutes cooling,
regardless of interpass time, deposition direction and deposition pattern. This indicates
that the cooling time is sufficient for the specimen to reach mechanical steady state.
Hence, the influence of deposition strategy on displacements and residual stresses is

discussed based on the mechanical states after cooling process.
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Fig. 59 Influence of different deposition strategies on temperature distributions of part at the
end of deposition
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Fig. 60 Influence of interpass time on temperature of the mid-length of layer-3 bead at the
end of deposition (upward deposition direction)
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Fig. 61 Comparison of temperature histories for different deposition patterns (interpass time
of 2 s and upward deposition direction)

Microstructure transformation of metallic material is closely related to cooling rate.*** In
order to maintain similar microstructure, consistent cooling rate is desired. Fig. 62 shows the
maximum cooling rates of selected nodes occurs after laser beam irradiates at the nodes during the
deposition of layer-3 (process time between 14 s to 19 s). The cooling rate (C;) is estimated using
rate of change of temperature in Eq. (56)

ﬂ _ Tt_T(t-l)

Cr = dt At

(56)
where t is the time, T, is the temperature at time t, and T.1) is the temperature at time (t-At).
Cooling rate has a negative rate of change of temperature due to temperature drop.

In the case of alternative directional deposition pattern, the maximum cooling rates increase
from node L-3 to node N-3. This is attributed to cooling time increases from node L-3 to node N-3
during deposition of beads using an alternative directional deposition pattern. The maximum
cooling rates reduces to a similar cooling rate from node L-3 to node N-3 in the case of
unidirectional deposition pattern because it has fixed cooling time.

Hence, alternative directional deposition pattern should be avoided due to variable heat
transfer characteristics along the bead, particularly when the deposited bead is long. In contrast, the
beads produced by unidirectional deposition pattern undergo similar cooling time and cooling rate.
This characteristic is desired in order to produce uniform fusion zone and grain size of

microstructure along the bead deposition direction.
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Fig. 62 Comparison of cooling rates for different deposition patterns (interpass time of 2 s
and upward deposition direction)

Thermo-mechanical FEAs are carried out to predict the displacements and residual stresses

on deposited part. In order to evaluate the deflection of specimen with respect to the horizontal

plane surface of substrate, vertical displacement distributions of the part for different deposition

strategies after 40 minutes cooling process are evaluated, as shown in Fig. 63. The vertical

displacements at the mid-length of layer-3 are discussed for different deposition strategies because

the mid-length of layer-3 bead is located at the center of the specimen and suitable to represent the

overall displacement of the specimen. The followings observations are obtained from the results of

FEAsS:

(1) For the same interpass time and deposition pattern, it is shown that the deposition

@)

direction greatly affects the vertical displacement distribution and location of maximum

displacement. This is attributed to the different heat transfer characteristics towards the

free end of specimen. The heat source is moving toward the free end of the specimen in

the upward deposition direction and contributes to high displacement at the free end. In

the case of sideward deposition direction, heat is transferred from the deposited bead to

the free end of specimen. Therefore, the maximum vertical displacement for upward

deposition direction is higher than sideward deposition direction.

By comparing Fig. 64(a) and Fig. 64(b), it shows that the deposited beads in the

sideward deposition direction displace downward at the mid-length of layer-3 bead more
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than those of upward deposition direction. This is attributed to the fact that the
displacement of deposited beads is restricted when the beads are aligned parallel to the
clamp.

(3) For the same interpass time and deposition direction, the displacement of the mid-length
of layer-3 bead for alternative directional deposition pattern is slightly higher (in
negative direction) than those in unidirectional deposition pattern. This is because the
alternative directional deposition pattern has variable cooling time and contributes to
higher temperature gradient along the deposited bead as compare to unidirectional
deposition pattern.

(4) Regardless of deposition pattern and deposition direction, the increment of interpass
time slightly increases the displacement of the mid-length of layer-3 bead, as shown in
Fig. 64. This is attributed to the fact that longer interpass time allows beads to deflect
before the next deposition takes place. This characteristic has been reported by Bandari

et al. in their experimental study.***
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Fig. 63 Influence of different deposition strategies on vertical displacement distributions of
part after cooling process
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Fig. 64 Influence of different deposition directions on vertical displacement of mid-length of
layer-3 bead after cooling process

Fig. 65 shows residual stress distributions of the part for different deposition strategies after

40 minutes cooling process. From the results of numerical analysis, the followings observations are
obtained:

(1) Beads deposited in upward deposition direction have lower residual stress compared to

those in sideward deposition direction, as shown in Fig. 66. This is because beads

deposited in upward deposition direction have reduced the residual stress by larger

displacement.
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(2) The increment of interpass time contributes to small reduction of residual stress of the
deposited bead, as shown in Fig. 66. This is attributed to the fact that longer interpass
time allows beads to deflect in order to reduce residual stress before the next deposition
takes place.

(3) From Fig. 67, it shows that the residual stresses of beads deposited by unidirectional and
alternative directional deposition patterns are almost similar. The residual stresses of
beads deposited by alternative directional deposition pattern are slightly lower than

those deposited by unidirectional deposition pattern for interpass time of 5 s or greater.
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Fig. 65 Influence of different deposition strategies on residual stress distributions of part after
cooling process
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Fig. 66 Influence of different deposition patterns on residual stress of mid-length of layer-3

bead after cooling process
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Fig. 67 Influence of different deposition directions on residual stress of mid-length of layer-3

bead after cooling process

From these observations, it is revealed that deposition strategy using upward deposition

direction and long interpass time of 10 s produces the lowest residual stress in deposited part.

However, the long interpass time lengthens the process time and promotes undesirable large

temperature drop in beads during cooling between depositions. From this viewpoint, the shorter

interpass time of 2 s is recommended. The unidirectional deposition pattern is preferred during a

wire feeding type DED process because it offers similar cooling time and cooling rates along the

bead deposition direction. These understandings of influence of different interpass times,

deposition directions and deposition patterns on formation residual stresses of a multi-layer

deposition by a wire feeding type DED process are beneficial in the selection of proper deposition

strategy.
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D. Verification of Thermo-Mechanical Analysis for a Multi-Layer

Deposition

1.  Description of the Experiments

In order to validate the results of proposed thermo-mechanical FEAs for a multi-layer
deposition using a wire feeding type DED process in Chapter IV Section C, vertical displacements
at two locations of the substrate (Pt-1 and Pt-2) are measured experimentally and compared with
results of FEAs, as illustrated in Fig. 68. Three layers of 40 mm straight beads were deposited on a
90 mm x 90 mm x 5 mm substrate using unidirectional deposition pattern and interpass time of 2 s.
The beads were deposited in sideward and upward deposition directions. The conditions of the
experiments are listed in Table 21. The vertical displacements at locations Pt-1 and Pt-2 were
measured using strain gauge displacement transducers at 5 minutes, 10 minutes, 25 minutes and 40
minutes of cooling process.

The proposed thermo-mechanical FE models for a multi-layer deposition using a wire
feeding type DED process in Chapter 1V Section C are applied. The vertical displacements at
locations Pt-1 and Pt-2 were compared between the estimated results of thermo-mechanical FEAs

and those obtained through experiments.

Measurement of vertical displacement (experiment) Estimation and comparison of vertical displacement (FEA)
3.16mm it 0.2416mm

’q l!L > ﬁ‘
o T—— \ 0.1528 mm

cotionview o Sideward FEA model model Estimated displacement

Sideward 3 layers bead

3.4mm

KT 0.4943mm
Pt
)
A5

0.5014mm

3

Experiment using a wire

feedin e DED \ Pt2 Sectionview of
(courtesyof KIMIM) Upward 3 layers bead Upward FEA model Estimated displacement

Fig. 68 Procedure to verify the results of thermo-mechanical FEAs
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Table 21 Conditions of experiments to verify the thermo-mechanical FE models

Parameters Power of laser Trz}/i;rl’:w Interpass time| Deposition Deposition Pceoré?i?]gf
(P, kW) (V. mm/s) (s) direction pattern process (min.)
Range 1.5 8 2 Sideward, Unidirectional 40
Upward

2.  Results and Discussion

Fig. 69 shows the specimens of the experiments for different deposition directions. In order

to ensure that the proposed multi-layer deposition beads estimated using the constant width model

are proper, the beads are cut to obtain the cross section view of the three-layer deposition beads, as

shown in Fig. 69. Average heights and average widths of multi-layer beads are obtained from the

measurement of cross section views of multi-layer beads using a video microscope system (ICS,

Sometech Inc.).

Isometric view of specimen

(a) Sideward deposition direction

nm'<'>=|"
nm‘—’. ‘
'nm<—>

Locations of sectlon views

(v ecnseester,)
Locations‘of
sectlon VIews

Cross gectlon of bead

Isometric view of specimen

10
20

Locations of
section views
+ * i
mm <>| | I
mm <—>
mm l

ons of section views

Cross section of bead

(b) Upward deposition direction

Fig. 69 Experimental specimen of multi-layer deposition beads for sideward and upward
deposition directions

Table 22 shows that errors between the estimated dimensions of the deposition beads and

those measured from experiment. The estimated height and width of multi-layer deposition beads

are greater in FE models by 6.8% - 12.5% and 7.6% - 10.4%, respectively. In order to normalize

the dimensions of the multi-layer beads for further comparison, the height-to-width ratio (Ruu) is
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determined using Eq. (57).

h
Ryw = =

Wp

(57)

Errors of height-to-width ratio are +4.7% and -3.5% for sideward and upward deposition

directions, respectively. These errors are relatively small and acceptable.

Table 22 Comparison of dimensions of multi-layer deposition beads between the estimated
from constant width model and those from experiments

Height of multi-layer beads | Width of multi-layer beads Height-to-width ratio
Deposition (hp, mm) (Wp, mm) (Riw)
direction - FE . FE : FE
Experiment ] Error | Experiment o Error | Experiment R Error
Sideward 3.36 3.78 |+125% 3.16 34 | +76% 1.06 1.11 +4.7 %
Upward 3.54 3.78 | +6.8% 3.08 34 [+104% 1.12 1.11 -3.5%

Table 23 shows the results of vertical displacements at measurement points Pt-1 and Pt-2,
which were conducted by KIMM. The histories of estimated vertical displacements at points Pt-1
and Pt-2 are obtained from the result of thermo-mechanical FEAs. Fig. 70 illustrates the
comparison of vertical displacement at points Pt-1 and Pt-2 between the estimated results from
FEAs and those from experiments. Differences (Ad) between the estimated results from FEAs and

those from experiments are calculated by Eq. (58)

Ad = |dgga — dexpl (58)

where dega and dey, are the vertical displacement estimated by FEA and the vertical displacement
measured in experiment, respectively.

Fig. 71 shows that differences (Ad) between the estimated results from FEAs and those from
experiments, for different cooling times are less than 94 um. These differences are small compared

with those in literatures. Hence, the thermo-mechanical model is verified.
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Table 23 Experimental results of vertical displacement at measurement points according to
cooling time (courtersy of KIMM)

Sideward Upward
Cooling time (min.) Vertical Vertical Vertical Vertical
displacement at Pt-1|displacement at Pt-2|displacement at Pt-1|displacement at Pt-2
(mm) (mm) (mm) (mm)
5 0.263 - 0.468 -
10 0.264 0.183 0.461 0.413
25 0.262 0.178 0.452 0.413
40 0.258 0.175 0.451 0.408
06 Pt-1 i . 0.6
= ——Pt-1(FEA) Pt-1 (Experiment) =
g 05 ____pt2(FEA) 4 Pt2 (Experiment) g 05 g - -
S 04| g 04 A A A
2 E 2F,
23T 0 o a] ] ggo-:i ]
3 0.2 E ______ A Ao A 5 0.2 —— Pt-1 (FEA) Pt-1 (Experiment)
'g 0.1 £ 0.1 -=---Pt-2 (FEA) 4 Pt-2 (Experiment)
@
= 00 L L > 00 L L L ;
0 10 20 30 40 0 10 20 30 40

Cooling time (min)

Cooling time (min)

(a) Sideward deposition direction (b) Upward deposition direction

Fig. 70 Comparison of vertical displacement between estimated results from FEAs and those
of experiments

93.4
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—_ 20.7 _
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(a) Sideward deposition direction

(b) Upward deposition direction

Fig. 71 Differences of vertical displacement at measurement points for different cooling times
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E. Investigation of Optimum Interpass Time for a Multi-Layer

Deposition

1.  Description of the Analysis and Methodology

In a multi-layer deposition of thin wall structure, temperature of deposited layer increases as
the number of layer increases due to reduced heat dissipation via conduction to substrate.”®'** As a
result of the increased temperature without proper cooling, continuous deposition in a multi-layer
deposition results in poor surface finish and the possibility of bead collapse.®®*** Implementation of
interpass time is an important process strategy in multi-layer deposition to passively control the
interpass temperature. Interpass temperature is defined as the temperature of the previous deposited
layer, immediately before a new layer is deposited.**® Interpass temperature influences the
formation of microstructure, phase concentration and mechanical properties of AM parts. By
maintaining a suitable interpass temperature, geometric accuracy and residual stresses within AM
parts are improved.'*3*°

It is a challenging task to select a proper interpass time via experiments. Recently,
Montevecchi et al. (2018) proposed an algorithm to compute specific interpass time for multi-layer
deposition using wire-arc additive manufacturing process based on heat transfer FEA.X*® The
algorithm is implemented in MATLAB coding, which continuously runs heat transfer FE
simulations in a FEA software, monitor the estimated temperature of specific nodes from heat
transfer FEASs, calculate the suitable interpass time, and update the FE models for the subsequent
simulations. The implementation of the algorithm is difficult.

A simple and practical methodology is proposed in this study to investigate the optimum
interpass time for multi-layer deposition using heat transfer FEAs, as illustrated in Fig. 72. The
optimum interpass time is estimated for each layer such that a fixed interpass temperature at the
start position of each layer is maintained. The interpass temperature for Ti-6Al-4V is assumed to be

400 °C, based on the recommended interpass temperature for titanium aluminide.™*
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Layer Interpass time (s) Layer number

Fig. 72 Procedure to estimate optimum interpass time for multi-layer deposition

Four FEAs are performed using four different fixed interpass times. From the results of these
FEAs, the temperatures for all layers using different fixed interpass times are obtained. Each layer
is represented by an interpass temperature control node. The interpass temperature control node is
selected to be the first node on the surface of the bead that the center of laser beam is irradiating, as
shown in Fig. 73. From the temperature histories, temperature for each layer after different
interpass times is estimated using regression analysis. The optimum interpass time is predicted
from regression equation for each layer. For practical implementation during a DED process,
optimum interpass time for each layer is rounded to the nearest second. Besides, the optimum
interpass time is set to be at least 1 second to provide sufficient time for the worktable to navigate

to the desired location before the start of subsequent deposition.

!
Interpass — Center of heam Direction of Deposition
i 2 - >
i temperature )\
; —— “Newlayer _ _ _——————————————————~—
‘___——r-— control node — Previous LayeT

Substrate

Fig. 73 Location of interpass temperature control node
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2. Analysis Parameters

In order to investigate the optimum interpass time, twenty layers of 40 mm beads are
simulated during multi-layer deposition using heat transfer FEAs, as shown in Fig. 74. The
dimension of substrate is 80 mm x 40 mm x 5 mm. The power of laser and travel speed of table are
selected as 1.5 kW and 8 mm/s, respectively. The bead section profile for multi-layer deposition is
created similar to those in Chapter IV Section C. The unidirectional deposition pattern is applied in
this study. Argon gas is supplied on top of the substrate and beads as the shielding gas during the
DED process. Due to similar setup, the proposed heat transfer boundary conditions for a multi-
layer deposition using a wire feeding type DED process in Chapter IV Section C are applied. The
coefficient of forced convection is assumed to be constant regardless of the increase in number of
layers, in order to maintain the same boundary condition at the melt pool because the distance of
shielding gas supply nozzle to the melt pool remains constant during deposition. Temperature
dependent material properties of Ti-6Al-4V are applied in these heat transfer FEAs using

SYSWELD 12.0.

20 layers deposition
beads

(Ti-GAl-4V) \

Substrate
/ (Ti-6AI-4V)

;5mm

22.29 mm

Fig. 74 Finite element model of 20 layers deposition to investigate optimum interpass time

Fixed interpass times of 10, 20, 30 and 40 seconds are chosen based on the interpass times

range between 0 to 40 s applied in experiments by Denlinger et al. (2015) , as shown in Table 24.”

-114 -

Collection @ chosun



Finally, a FEA using the selected optimum interpass time based on the proposed methodology is
carried out in order to evaluate the applicability of the methodology from the viewpoint of interpass

temperature and dimension of melt pool.

Table 24 Conditions of analyses to investigate the optimum interpass time for multi-layer

deposition
Parameters Power of laser Travel speed of table Interpass time Deposition pattern
(P.kW) (V. mmis) ©) posTion P
10, 20, 30, 40, S
Range 1.5 8 optimum time Unidirectional

3. Results and Discussion

Heat transfer FEAs for 20 layers depositions are carried out using different fixed interpass
times. Fig. 75 shows the interpass temperatures estimated from FEAs at the interpass temperature
control node of each layer. It shows that the desired interpass temperature of 400 °C can be attained
using interpass time of 10 s and 20 s after 6 layers and 16 layers, respectively. Multi-layer
deposition using 20 s interpass time results to almost converged interpass temperature at slightly
higher than 400 °C. The convergence of interpass temperature is achieved when the deposition

occurs far from the substrate, and heat loss occurs mainly at the wall structure.
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Fig. 75 Interpass temperatures of multi-layer depositions using different interpass times
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Based on the decaying characteristic of cooling, interpass temperatures (T;,) for different

layers are estimated by logarithmic regression equations in the form of Eq. (59), as shown in Fig.

76 and Table 25

Tip = A+B log, (tip) (59)

where A and B are constants of the regression equation, and tj, is the interpass time.

By solving Eq. (59), the optimum interpass time to maintain a target interpass time can be

predicted using Eq. (60).
M
ti =e< B ) (60)

Fig. 77 shows optimum interpass times estimated for different layers in order to maintain a
target interpass temperature of 400 °C. Selected optimum interpass times after deposition of each
layer are rounded to the nearest second with minimum value of 1 second, for practical
implementation during a DED process. The curve in Fig. 77 shows a sigmoidal trend, similar to
those estimated by Montevecchi et al. (2018). The same trend indicates that the proposed

methodology to estimate optimum interpass time is proper.
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Fig. 76 Estimation of interpass temperatures at each layer for different interpass times
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Table 25 Regression relationship between interpass temperature and interpass time for

different layers

Layer Regression relationship_ between i nterpass temperature (Tip) Coef_ficie_nt of ,
and interpass time (t;,) determination (R%)
1 Tip = 239.013 — 41.030 logk (tip) 0.9986
2 Tip = 372.801 — 66.897 logk (tip) 0.9984
3 Tip = 483.909 — 90.737 logk (tip) 0.9988
4 Tip =590.262 — 115.977 log (t;y) 0.9988
5 Tip, = 693.395 — 141.854 log (t;y) 0.9986
6 Tip = 788.830 — 166.282 log (t;p) 0.9987
7 Tip = 872.259 — 187.600 loge (t;p) 0.9989
8 Tip = 941.713 — 205.071 loge (t;p) 0.9991
9 Tip = 997.458 — 218.740 log (t;y) 0.9993
10 Tip = 1,040.989 — 229.052 log (t;,) 0.9995
11 Tip = 1,074.282 — 236.604 logk (t,) 0.9996
12 Tip = 1,099.394 — 242.011 logk (tip) 0.9997
13 Tip = 1,118.200 — 245.810 logk (t;p) 0.9998
14 Tip = 1,132.220 - 248.440 log (t,) 0.9998
15 Tip = 1,142.726 — 250.251 log (t,) 0.9998
16 Tip = 1,150.653 — 251.490 log (t;y) 0.9999
17 Tip = 1,156.691 — 252.342 log (t;y) 0.9999
18 Tip = 1,161.325 - 252.924 log (t;,) 0.9999
19 Tip = 1,164.750 — 253.270 log (t,) 0.9999
20 Tip = 1,167.590 — 253.545 log (t;,) 0.9999
25 ¢
o
.E 20
g 15 |
§
=
g 10 —1— Selected optimum interpass time
.E 5 -0+ Estimated optimum interpass time
]

6 7 8 9 10 11 12

Layer

13

14

15 16 17 18 19 20

Fig. 77 Estimated and selected optimum interpass times for different layers
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A heat transfer FEA is performed using the selected optimum interpass time in order to
investigate the interpass temperature and dimension of melt pool. By implementing the optimum
interpass time, it is revealed that the target interpass temperature is achieved rapidly and converged
within £5% range of target interpass time after eight layers of deposition, as shown in Fig. 78. This
converging characteristic is faster than those using a fixed interpass time. The highest interpass

temperature obtained from FEA using the optimum interpass time is 442 °C at layer 4.

| 5% above target interpass temperature = 420 °C Optimum interpass time

<

5% below target
interpass temperature =

380°C Interpass time=20s

Steady state region

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Layer

Fig. 78 Comparison of interpass temperatures between optimum interpass time and fixed
interpass time of 20 seconds

Fig. 79 illustrates the dimensions of melt pool is in steady state region after eight layers of
deposition when the interpass temperature is close to the target interpass temperature. The depths
and lengths of melt pools at the steady state region vary in the range below 58 um and 166 um,
respectively. These variations are small relative to the dimensions of bead. The steady state
dimensions of melt pool and interpass temperatures after eight layers of deposition ensure that the
heat transfer characteristic during multi-layer deposition is constant. Hence, the formation of
similar microstructure, mechanical properties and cross section of deposited bead after six layers of

deposition are consistent. From this viewpoint, the first eight layers have been identified as the
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transient layers that should be removed. Therefore, a desired AM part should be fabricated after
eight layers of deposition in order to ensure a consistent microstructure and mechanical properties

within the part.
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Layer Layer
(a) Depth of melt pool (b) Length of melt pool

Fig. 79 Dimensions of melt pool at different layers during deposition process using optimum
interpass time

Fig. 80 shows that the application of optimum interpass time produces promising result in
optimizing the total deposition time for 20 layers of beads as compare to those using fixed interpass
times. From the aforementioned results and discussion, the proposed methodology to estimate
optimum interpass time has been investigated, which can contribute to the improvement of quality

and productivity of a wire feeding type DED process.
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Fig. 80 Comparison of total deposition time for 20 layers of beads using using different
interpass times

-119 -

Collection @ chosun



F. Investigation of Influence of Power of Laser on Interpass

Temperature for a Multi-Layer Deposition

1.  Description of the Analysis and Methodology

In order to shorten the process time during a multi-layer deposition, short interpass time is
desired. This study is to investigate the viability of controlling the power of laser to maintain a
constant interpass temperature, instead of optimum interpass time.

In this study, short interpass times of 2 seconds and unidirectional deposition pattern are
chosen to provide sufficient time for the table to travel to the desired start location of subsequent
bead. The travel speed of table is selected as 8 mm/s, respectively. The powers of laser, which can
create a bead, are applied such as 1.5 kW, 2.0 kW and 2.5 kW. Twenty layers are simulated during
multi-layer deposition. It is assumed that these beads are deposited to form a constant width bead

profile. Shielding gas using argon is applied on top of substrate and beads during the DED process.

2. Analysis Parameters

Fig. 81 shows the FEA models of twenty layers deposition are created for different power of
laser on a substrate is 80 mm x 40 mm x 5 mm, which are similar to those in Chapter IV Section E
to investigate the influence of power of laser on temperature distributions. The unidirectional
deposition pattern is applied in this study. Calibrated heat flux is applied according to different
power of laser. Due to similar setup, the heat transfer boundary conditions for a multi-layer
deposition in Chapter IV Section E are applied. Heat transfer analyses based on analyses conditions
shown in Table 26 is carried out using SYSWELD 12.0.

Using the results of FEA, interpass temperatures for different powers of laser are estimated
using regression analysis. The applicability of power of laser to maintain a constant interpass

temperature and melt pool is evaluated.
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Fig. 81 Finite element model of 20 layers deposition to investigate influence of power of laser
on interpass temperature

Table 26 Conditions of analyses to investigate the influence of power of laser on interpass
temperature for multi-layer deposition

Parameters Power of laser Travel speed of table Interpass time Deposition pattern
(P, kW) (V, mms) ) 2 2
Range 15,20,25 8 2 Unidirectional

3. Results and Discussion

Heat transfer FEAs for 20 layers depositions are carried out using different powers of laser
with a fixed 2 seconds interpass time. Fig. 82 shows estimated dimensions of melt pools from
temperature distributions during deposition of layer 5, 10 and 20 using different powers of laser. It
reveals that dimension of melt pool increases as the number of layers increases due to decrease in
heat dissipation. The power of laser of 1.5 kW creates the largest size of melt pool due to highest
layer thickness and smallest surface area of bead for convection. The size of melt pool is the
smallest when the power of laser is 2.0 kW because its efficiency has reduced and its surface area

of bead for convection has increased. Even though the power of laser of 2.0 kW has increased, its
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reduced efficiency at 45% results to the same total heat input with power of laser of 1.5 kW at
efficiency of 60%. At power of laser of 2.5 kW, the size of melt pool increases due to increased
total heat input. The observation of size of melt pool matches to the estimated trend of deposition

rate for different powers of laser.

S | e Temperature

0 165 330 495 660 825 990 1,155 1,320 1,485 1,650 (°c)

Direction of Direction of Direction of
Deposition Location of Deposition Deposition
pos > po: I'-W
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oS 2.43 i § 9 ‘ Lajcrsnns s

Location of
laser beam

Deposition \ 3.07.mm!}
of Layer 5

Deposition
of Layer 10

Substrate

Location of
laser beam
layer 20— — —

Location of
laser beam

Deposition
of Layer 20

Substrate
Power of laser = 1.5 kW (1) = 0.60) Power of laser = 2.0 kW (1) = 0.45) Power of laser = 2.5 kW (1) = 0.40

Fig. 82 Estimated melt pool at layer 5, 10 and 20 using different powers of laser

From the results of FEAs, interpass temperatures of each layers are estimated, as shown in
Fig. 83. It shows that the interpass temperature approaches a converged value when the number of
layers increased for each power of laser. However, none of the power of laser has converged to the

desired interpass temperature of 400 °C using interpass time of 2 seconds.
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Fig. 83 Interpass temperatures of multi-layer depositions using different powers of laser

From the observation, interpass temperatures (Tj,) according to power of laser for different

layers are best estimated by second order polynomial equations, as shown in Fig. 84. It shows that

only polynomial regressions for layer 1 to 3 can be used to predict the power of laser that attain the

target interpass temperature of 400 °C. Within the range of power of laser that can create a bead,

only polynomial regression for layer 3 can be applied to attain the desired interpass temperature.

Hence, control of interpass temperature using power of laser is not viable for this wire feeding type

DED system.
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Fig. 84 Estimation of interpass temperatures at each layer for different powers of laser
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G. Influence of Interpass Time and Deposition Pattern on Thermo-

Mechanical Characteristics of a Planar Deposition

1.  Description of the Analysis

Planar deposition is required in DED process in order to obtain a desired width of part. In
common practice of DED process, multiple adjacent deposition beads are deposited in succession
according to a hatch pattern on a layer.®” Deposition of beads on the same layer usually occurs with
minimal interpass time.

In order to investigate the influence of deposition strategy on the formation of residual
stresses in a planar deposited part, two influencing factors such as interpass time and deposition
pattern are considered. Short interpass times of 1 second, 2 seconds and 3 seconds are chosen to
provide sufficient time for the table to travel to the desired start location of subsequent bead. The
deposition patterns include unidirectional deposition and alternative directional deposition. In this
study, the power of laser and travel speed of table are selected as 1.5 kW and 8 mm/s, respectively.
Six beads are simulated during planar deposition. It is assumed that these beads are deposited at
optimum hatch spacing to form a flat top bead profile. Argon gas is supplied on top of substrate
and beads as the shielding gas during the DED process. The supply of argon is terminated 3
seconds after the end of the deposition. The specimens are cooled by natural convection of air

thereafter, for 40 minutes after the end of the deposition.

2. Analysis Parameters and Boundary Conditions

Fig. 85 shows a three-dimensional FE model with six overlapping beads to form a planar
deposit. The bead section profile for planar deposition is created based on the flat top overlapping
model, as decribed earlier in Chapter Il Section D. The room temperature is assumed at 20 °C.

Calibrated penetration depth and efficiency for top hat heat flux model in Chapter 11 is applied at
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the top of the bead. Different interpass times and deposition patterns are applied in this study, as
shown in Table 27. All nodes at surface of clamped region are constrained in translation and
rotation. Temperature dependent material properties of Ti-6Al-4V are assigned. The proposed heat
transfer boundary conditions such as coefficients of natural and forced convections in Chapter IV
Section C are applied due to similar size of substrate and beads. The thermo-mechanical FEAs are

carried out using SYSWELD 12.0.

z Deposition bead

Yodwx (Ti-BAI-4V)

i Substrate
Fixed v
constraint \ / (Ti-6AI-4V)

Substrate
Unidirectional

Substrate
Alternative directional

3.4mm

(a) Dimension of FE model (b) Deposition patterns
Fig. 85 FE model to investigate the influence of deposition strategy on thermo-mechanical

characteristics of planar deposition

Table 27 Analysis conditions to investigate the influence of deposition strategy on thermo-
mechanical characteristics of planar deposition

Power of laser Travel speed of table Interpass time L.
Parameters (P, kW) (V. mm/s) s) Deposition pattern
Unidirectional,
Range 15 8 123 Alternative directional

3. Results and Discussion

Finite element analyses are carried out to investigate the heat transfer characteristics on the
formation of melt pool during deposition of beads. Fig. 86 illustrates the temperature histories at
different measured locations during deposition of three beads for unidirectional and alternative

directional deposition patterns. The temperatures during laser irradiation along the same bead are
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almost similar, regardless of deposition patterns. This deduces that dimensions of melt pool for the

same bead should be similar.
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Fig. 86 Comparison of temperature histories on bead 1, 2 and 3 for different deposition

patterns (interpass time of 1 s)

From the results of temperature distribution, the dimensions of melt pool for different beads
are estimated during DED planar deposition, as shown in Fig. 87. The melt pool is estimated as the
region that has temperature exceeds 1,650 °C, which is the liquidus melting temperature of Ti-6Al-
4V.

In the same process condition, it is observed that the depth of melt pool increases slightly
from bead 1 to bead 3, due to increase in temperature of substrate. Partial remelting of adjacent
bead occurs during deposition of subsequent beads. The increment of depth of melt pools for
different beads is less than 0.08 mm, which is relatively small and neglegible.

An increment of 0.01 mm in horizontal distance of melt pool measured from the center of
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laser beam is observed from deposition of bead 2 to bead 3. The increase of horizontal distance of
melt pool is much smaller compared to the increase of depth of melt pool. This indicates that the
conductive heat transfer to the substrate is greater than to the adjacent bead due to larger volume

for heat dissipation.

Unmelted Unmelted .
. Overlapping . Overlapping
2.07mm nvereI:i;;pmg surface , 2.05 mm over:;z[:lmg surface «—

................... :

-+ )
Cross section view at

mid-length of beads

....................

Temperature (°C)

1,650
1,485
1,320
1,155
990
825
660
495
330
165

Interpass time=1s Interpass time=2s 0
(a) Unidirectional deposition pattern
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=
2
i

Cross section view at
mid-length of beads

Temperature (°C)

I 1,650
1,485
1,320

- 1,155

T 990

T 825

660
495
330
165

Interpass time=1s Interpass time=2 s 0
(b) Alternative directional deposition pattern
Fig. 87 Estimated dimensions of melt pool during formation of bead 1, 2 and 3 using different

interpass times
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From detail examination of bead 2 in Fig. 87(a), it shows that the horizontal distance of melt
pool almost reaches the top surface of bead 1 to form a flat top overlapping surface. Only a tiny
unmelted overlapping region is observed. This observation of negligible unmelted overlapping
region is crucial to reveal that a flat-top overlapping bead is properly formed by melting across the
overlapping surface. Hence, it is deduced that the distance between centers of bead has been
properly selected.

For the same deposition pattern, the increment of dimensions of melt pool is slightly reduced
when the interpass time is increased due to longer interpass cooling. The dimensions of melt pool
for the same interpass time are identical, regardless of deposition pattern. From these observations,
it is revealed that the deposition strategy has negligible influence on the formation of melt pool.

Thermo-mechanical FEAs are carried out to estimate the displacements and residual stresses
on the planar deposition using different deposition strategies. Vertical displacement distribution of
the deposited part for different deposition strategies are evaluated after 40 minutes cooling process,
as shown in Fig. 88. It is observed that the maximum vertical displacement occurs at the free end
corner of substrate, which lies nearest to the bead 6. The unidirectional deposition pattern causes
greater maximum vertical displacement as compared to the alternative directional deposition
pattern. This is attributed to the heat source moving consistently towards the free end of substrate
and causes the free end to deflect upward in the unidirectional deposition pattern. The maximum
vertical displacement of the substrate increases as the interpass time increases. This is because

longer interpass time allows more thermal expansion to occur on the substrate.
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(b) Alternative directional deposition pattern
Fig. 88 Influence of different deposition strategies on vertical displacement distributions of

planar deposited part after cooling process

In order to further investigate the influence of deposition strategy on vertical displacement of
deposited part, estimated vertical displacements at the mid-length of bead 6 are compared and
discussed for different deposition strategies in Fig. 89(a). It is revealed that the increase of interpass
time slightly increases vertical displacement in the downward direction due to the fact that adjacent
beads have longer time to deflect before the next deposition takes place. Hence, slightly larger

displacement is accumulated within the bead.
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Fig. 89 Influence of different interpass times on vertical displacement after cooling process

The unidirectional deposition pattern produces slightly lower vertical displacement on the
deposited bead as compared to the alternative directional deposition pattern. This characteristic is
related to the influence of deposition pattern on the formation of maximum vertical deflection of
the substrate because the planar deposition beads are deposited directly on the substrate, as shown
in Fig. 89(b). Therefore, alternative directional deposition pattern is preferred for planar deposition
to reduce overall distortion of specimen.

Fig. 90 shows residual stress distributions of the part for different deposition strategies after
40 minutes cooling process. It is revealed that induced residual stresses increase from bead 1 to
bead 6. The maximum residual stress within the deposited beads lies in the mid-length of bead 6.

In the case of same deposition pattern, the increase of interpass time contributes to small
increment of maximum residual stress induced in beads, as shown in Fig. 91. This is attributed to
the fact that shorter interpass time produces slight slower cooling rate within the bead. Hence, the
induced residual stress is slightly relieved, similar to the effect of preheating.

Planar deposition using alternative deposition pattern induces almost similar maximum
residual stress within mid-length of bead 6 as those deposited by unidirectional deposition pattern
in case of same interpass time. This is because the alternative directional deposition pattern induces
almost identical vertical displacement at the mid-length of deposited bead 6 as compared to the
unidirectional deposition pattern. Thus, influence of deposition pattern on the formation of residual

stress is negligible.
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Fig. 90 Influence of different deposition strategies on residual stress distributions of planar

deposited part after cooling process
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Fig. 91 Influence of different interpass times on maximum residual stress within bead 6 after
cooling process
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Since the deposition pattern has negligible influence on the formation of residual stresses
within deposited bead, alternative directional deposition pattern is recommended for planar
deposition from the viewpoint that it induces lesser distortion to the deposited beads and substrate.
The short interpass time of 1 s is recommended to produce slightly lower residual stress within
deposited beads. However, the selection of proper interpass time to maintain a constant interpass
temperature is more critical from the viewpoint of maintaining the similar microstructure and size
of melt pool.

Based on the same methodology proposed in Chapter IV Section E, proper interpass time for
each bead on planar deposition is estimated using heat transfer analyses of planar deposition of
sixteen beads. From the results of heat transfer FEAs, estimated interpass temperatures at the
interpass temperature control node of each bead are estimated, as shown in Fig. 92. The
convergence of interpass temperature is achieved when the number of bead deposition increases on

the substrate. This is because the temperature of substrate has become stable.

800
700 |
600
500 )
400 = _ _ _ _ _ _ — — — _ _ Jarsetinternass temperature - 400 °C_
300
200 |
100 | =C=|nterpass =1s ={=Interpass=2s ===Interpass=3s
0 . . . . . . . . . . ,
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Bead
Fig. 92 Interpass temperatures of planar depositions using different interpass times

Interpass temperature (°C)

Fig. 93 shows the interpass temperatures for different beads estimated by logarithmic
regression equations. Using the logarithmic regression equations, proper interpass time of each
bead for maintaining a target interpass temperature of 400 °C during planar deposition is predicted
and shown in Fig. 94. Selected proper interpass time of each bead is rounded to the nearest second

with minimum value of 1 second, for practical implementation during a DED process.
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Fig. 93 Estimation of interpass temperatures at each bead for different interpass times
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Fig. 94 Estimated and selected proper interpass times for different beads during planar

deposition

Fig. 95 illustrates the interpass temperature lies within £5% of target interpass temperature at
the ninth bead of deposition and onwards. Fig. 96 shows the depth of melt pool is in steady state
region at ninth beads of deposition and onwards when the interpass temperature is close to the
target interpass temperature. The variation of depths of melt pools at the steady state region is small,
which is in the range below 17 um. The steady state dimensions of melt pool and interpass
temperatures ensure that the formation of HAZ and microstructure transformation during planar
deposition is constant. From these viewpoints, the selected proper interpass time should be used
since the increment of interpass time does not have significant influence on residual stress as

compared to the yield strength of Ti-6Al-4V.
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Fig. 96 Depth of melt pool for different beads during deposition process using different
interpass times

These understandings of influence of different interpass times and deposition patterns on
formation residual stresses of planar deposition by a wire feeding type DED process are important

insight for the selection of proper deposition strategy and plan.
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V. ACTIVATION ALGORITHM OF FINITE ELEMENTS

A. Introductory Remarks

1.  Description of Activation Algorithm

In order to simulate the deposition of material on the substrate during a DED process in a
FEA model, progressive element activation is applied. The volume of deposited material is
assumed to be equal to the volume of elements being activated for numerical consideration in the
FE software. The activation of finite elements depends on the usage of either quiet elements or
inactive elements.%’

The quiet elements are the finite elements that have been assigned with reduced material
properties so that their presence in the FEA model has minimal effect on the analysis. Therefore,
quiet elements are included in FEA model at the beginning of simulation. The quiet elements are
turned into active finite elements later, by reassigning their material properties to the actual
material properties.®®®*” A proper selection of reduced material properties is required to avoid ill-
condition in the solution matrix.

The inactive elements are the finite elements that have been deactivated in FEA model at the

809047 Dyring the solution of analysis, the inactive elements are not

beginning of simulation.
included in the system of equations. In order to simulate the material being added, the inactive
elements are reactivated progressively during the simulation. Therefore, reactivation of inactive
elements requires reconstruction of system of equations during the computation steps. This
technique is more accurate than quiet elements method. However, this method is more complicated
and may consume more time.*

In this study, the activation of inactive elements is chosen to be implemented in a FE

software ABAQUS in order to evaluate the accuracy of this method against the commercial

software SYSWELD, due to its better performance.
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2. Related Works

Activation of quiet elements has been implemented by commercial software such as
SYSWELD and researchers due to its ease of implementation via subroutines and faster.’*3>146147
Small reduction factor of 1x10°® to the material properties of the quiet element has been assigned

by Yang et al and Michaleris.*"**’

However, it can result in errors and long computational time
depending on the selection of reduction factor of material properties.®***’ In order to determine the
accuracy of quiet element technique, researchers have used the inactive element activation
technique as the reference.'"’

Activation of inactive elements has been implemented by several researchers for a DED
process such as Chiumenti et al. (2010) and Lundbéck et al. (2011).2%% In their study, volume of
inactive element, which will be activated during the process, was represented by one finite element
cross section that has equal volume as the filler wire at each time-step.®* The activation of
inactive elements is according to the position of the center of the heat source. For a heat source
model with small radius of beam, a large portion of the heat flux was not absorbed by the yet to be
activated element.

Besides, Chiumenti et al. (2010) initialized the elements to be activated with liquidus
temperature to prevent high thermal stress during element activation. This setting of temperature
was estimated to contribute additional 2.5% to the input power.*

Michaleris (2014) applied a complicated element search algorithm to activate inactive
elements within the heat application region of 95% of the peak value from the center of heat
source.™*’ This criteria for element activation is only suitable for the FEA model with finite
elements that are much smaller than the heat application region.

Anca et al. (2011) set the inactive element activation according to process time.?* They also

set the initial temperature of the newly activated element to be equal to the metal liquidus

temperature.®® A double elliptical heat source model, which has large heat application region, was
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applied in their study.

From these literatures, none of the activation algorithm of inactive elements has been
developed for heat source model with small radius of beam such as laser or electron beam. In view
of that, an element activation algorithm suitable for heat source model with small radius is required
to properly capture the heat flux without burdening the computational load in a FE software. A
portion of the work presented here has already been published in the International Journal of

Precision Engineering and Manufacturing in 2019.®
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B. Proposed Element Activation Algorithm

1.  Description of Proposed Element Activation Algorithm

This study proposes an activation algorithm of inactive element to be implemented in a general
purpose FEA software, ABAQUS. This algorithm is general and can be adapted to be implemented
in other general purpose FEA software. In this algorithm, the following assumptions are made to
simulate a DED process:

(1) The substrate and deposited bead are represented by active elements.

(2) The material yet to be deposited was represented by inactive elements.

(3) A bead is created with a constant cross section with full layer thickness during material

deposition.

(4) Finite elements are activated before the heat source is applied on the top of the bead at

the beginning of each calculation step.

(5) The displacement of specimen is small such that the location of activated elements on

the specimen is predictable based on the location of center of beam.

Fig. 97 shows the activation of inactive elements at the begin of computational steps and the

corresponding position of heat source during the steps.

|:| Active element Newly activated element i_____i Inactive element
Heat Directi.orn of Heat Directi.ori of Heat Directif:uj of Heat Direc‘ti-oE\ of
. deposition . deposition . deposition . deposition
source L— » source N — source —  » source N

Layer
thickness

Substrate

Begin of step i End of step i Begin of step i+1 End of step i+1

Fig. 97 Schematics of the inactive element activation

A high intensity heat source for additive manufacturing, such as laser and electron beam,
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usually has a small radius of beam. In order to capture the heat flux distribution of a heat source
model with small radius, the mesh size of finite element (x.) can be designated such that it satisfies

the range in Eq. (61)

05r<x.<r (61)
where X, and r are the mesh size of finite element and radius of beam, respectively. The heat source
model covers at least three nodes along the direction of deposition when Eq. (61) is satisfied, as
shown in Fig. 98. Further reduction of mesh size will increase the computational load, which is not
practical for a FEA analysis of a DED process with multiple beads. On the other hand, increasing

the mesh size beyond the recommended range can result to loss of heat source profile.

r

Heat source Direct!;:_n of Heat source ' Direction of Heat source r Direction of
deposition iti s ki
Finite \ N X, - sposttion » Finite ; deposition > Finite ! deposition >
elements elements elements X
R \

—
) W X N
Nodes with [~ Nodes with ™~ Nodes with
heat input heat input heat input
B B
@ x.=r (b) 0.5r<x. <r () x.=057

Fig. 98 Heat flux on top of elements

The step time (tsep) is determined by the mesh size (x.) and travel speed of table (V), as
described in Eqg. (62).
Cstep = Ze (62)

\'

The elements to be activated are searched by comparing the coordinate of the nodes with the
location of heat source and the list of elements for each layer of bead. The elements to be activated

for each step are located within the lower and upper bounds of coordinates in Egs. (63)-(65)
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¥ = { [0, bx,], for first step of each layer (63)
[bXe, (b + 1)xe], otherwise

Y = [—O.SWb, 05Wb] (64)

Z =[—hy, 0] (65)

where X is the x-coordinate relative to the center of beam, Y is the y-coordinate relative to the
center of beam, Z is the z-coordinate relative to the center of beam, b is the contant number of front
element cross section to be added ahead of beam center, wy, is the width of deposited bead, and hy, is
the height of deposited bead. Fig. 99 shows the schematic of element cross section being activated

with respected to the contant value of b.

DActive element Newly activated el t i____i' ti | t
Heat Heat Heat

Direction of Direction of Direction of Direction of

source deposition Source deposition Source n deposition source deposition
cross cross %% cross %%% cross %%%% i

section 4% section —&Z224 section —AZZ24 section WA |

Vi ez prizz vz

Substrate
@b=1 (b)b=2 (©b=3 d)b=4

Fig. 99 Setting of front element cross section activated ahead of center of beam

Based on the step time and process time, the set of inactive elements to be activated can be
selected programmatically via an external program such as Matlab. The set of elements to be
activated are inserted into their designated step of a FEA. The predetermined set of elements are
activated during step iteration using model change interaction in ABAQUS.

Fig. 100 shows the flowchart of the activation algorithm of inactive finite elements for a heat

transfer FEA. In this algorithm, it is clearly revealed that the selection of finite elements is
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performed independently using Matlab before they are included into FEA in ABAQUS. This
independency has the advantages of saving computational time and memory because each program
runs separately and restart files in ABAQUS are not required to be reloaded into memory for every
computational step. The sets of inactive finite elements to be activated are grouped into individual
input files and included into a main heat transfer FEA file in ABAQUS according to the sequence
of steps. The heat transfer FEA is then carried out using ABAQUS to progressively activate the
inactive elements until the end of steps. The heat transfer FEA using ABAQUS produces the result

of temperature distribution for each node.

—————————————————————————— —h————————————————— — — — — — — — —]

| Heat transfer FEA using ABAQUS
|
—:—»[ Perform FEA with ABAQUS for stepi=1 )

A 4
Extract information about nodes and
elements from a FE model into Matlab

Identify elements that are located within
the lower and upper bounds of coordinates

forstepi Stepi=i+1
¥
( Generate input file for step i J

Activate the predetermined inactive
elements for step i using ABAQUS keyword
“*model change”

v
[ Perform FEA with ABAQUS for step i J—

Include input files for all steps into a main

Fig. 100 Activation algorithm of inactive finite elements for heat transfer FEA using Matlab
and ABAQUS

The activation algorithm of inactive finite elements is extended for a decoupled thermo-
mechanical FEA, as illustrated in the flowchart in Fig. 101. Decoupled thermo-mechanical FEA
refers to thermo-mechanical FEA that has the heat transfer analysis carried out before the
mechanical FEA is performed based on the temperature distribution results of the heat transfer

analysis. Hence, the deflection of clamped part during process does not affect the heat transfer
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analysis. Decoupled thermo-mechanical FEAs are preferred in most welding and additive
manufacturing FEAs because it is less computational expensive and the deflection of clamped part
is neglegible as compare to the magnitude of travel speed of table during material deposition of an
additive manufacturing process. Similar to the activation algorithm of inactive elements for heat
transfer FEA, the Matlab code is applied to generate individual input files according to
computational step by including the set of inactive elements to be activated. Each individual input
file is set to read temperature distribution from result of heat transfer FEA for the corresponding
step. These individual input files are included into a main mechanical FEA file in ABAQUS
according to the sequence of steps. The mechanical FEA is then carried out using ABAQUS to
progressively activate the inactive elements until the end of steps. The mechanical FEA using
ABAQUS predicts the displacement and stress distribution on the part based on the input of

temperature distribution.

——————————————————————————— 1T EFEmTT T ——————————— ————

Mechanical FEA using ABAQUS
|
—+—{  Perform FEA with ABAQUS for stepi=1 )

Y
Extract information about nodes and
elements from a FE model into Matlab

the lower and upper bounds of coordinates
for step i
¥

( Generate input file for step i

Identify elements that are located within ]

Activate the predetermined inactive
elements for step i using ABAQUS keyword

Results from heat transfer|
FEA using ABAQUS
Temperature

distribution for step i
L Yes  ___—_————_ |

“*model change”

[ Perform FEA with ABAQUS for step i J—
- |

Include input files for all steps into a main

Fig. 101 Activation algorithm of inactive finite elements for mechanical FEA using Matlab
and ABAQUS
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C. Selection of Front Element Cross Section for Proposed Element

Activation Algorithm

1.  Description of Heat Transfer Analysis and Boundary Conditions

In order to investigate the applicability of the proposed activation algorithm of inactive
elements, a simple three-dimensional finite element model is designed as shown in Fig. 102. A heat
transfer FEA is performed to simulate three layers DED deposition on a 90 mm x 90 mm x 5 mm
substrate. A laser beam with power of 1.5 KW is assumed. The specimen is moving at 8 mm/s in x-
direction relative to the position of laser beam during the deposition process. A rectangular cross-
sectional bead of 3.4 mm (width) x 1.6 mm (height) is created during the process. An interpass
time of 2 s is added in between each deposition layer. Temperature dependent material properties
are assigned to the deposited bead and the substrate. All surfaces are subjected to natural

convection and radiation, based on values used by Michelaris (2014).*

The initial temperature of
substrate and deposited bead are assumed to be at the ambient temperature. The values for these

boundary conditions are shown in Table 28.

Deposition bead

i-GAl- 3.4 mm
™ Gf‘“ 2 Substrate 3
Layer 3
~ < " TigAlay) LEmm
Dj * 1.6 mm_‘i Layer 2
Drecty, <90 . v
‘ epoSi”o;f 16 mm ] Layer 1
v
7y
9
o’-'?n, £
£
o
16
== Natural convection & radiation v

Fig. 102 FEA model to investigate the influence of number of element cross section
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Table 28 Analysis parameters and boundary conditions to investigate the influence of number

of element cross section

Number of Coefficient
front Ambient of natural i civsi . Material of
" Emissivit .
Parameters | element |temperature| convection y '\gjgesi:,zltgf deposited I?itrings
Cross section (°C) (heonvs ) bead
(b) W/m?-°C)
Range 1-4 20 10 0.5 Ti-6Al-4V | Ti-6Al-4V 2

2.  Heat Flux Model

A heat source with Gaussian heat flux distribution is assigned to the top surface of a bead.
The heat flux intensity of a surface, which decreases with increasing value of Z-coordinate, is

defined by Eq. (66):

K(X2+Y2)]
- 2
b

QD) = Q- (1-2) ¢ (66)

where K is the Gaussian beam propagation factor.

By taking the integral of heat flux equal to the input power of laser, as defined in Eq. (67),

P = fodp I f:ﬂ Q(r,Z) dbgys " rdr- dZ (67)
the volumentric heat source model is obtained in Eq. (68):
WK [ 2 . [_&;Yz)]
QXY,Z) = ol (a) . (1 - d_p) e T (68)

where Q is the heat flux, n is the efficiency of laser, P is the power of laser, and d, is the
penetration depth of laser. The conditions of the heat source model are assigned as in Table 29. The

Xe are chosen to be 0.5 mm to satisfy Eq. (61).
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Table 29 Conditions of heat source model and mesh size of finite element

. Penetration .
. Radius of laser Mesh size of
Efficiency of Power of laser depth of laser -
Parameters beam finite element
laser beam (n) P, W) (o, M) beam (X, mm)
by (dp| mm) e
Range 0.6 1,500 0.75 0.2 0.5

Using the Lagrangian coordinate system, the coordinates are defined as relative coordinate

with respect to the moving frame of heat source by Egs. (69)-(71):

X=x—-V- tlayer

Y=y— Vy * Hayer

Z=Z—hb

(69)

(70)

(71)

where X is the x-coordinate relative to fixed frame, y is the y-coordinate relative to fixed frame, z is

the z-coordinate relative to fixed frame, V, is the travel speed of the table along x-axis, V is the

travel speed of the table along y-axis, tiayer is the process time of the corresponding layer, and h, is

the height of deposited bead. The moving frame of heat source is attached to the center of heat

source.

3. Results and Discussion

From transient heat transfer analyses for various values of front element cross section (b),

the temperature history for three nodes are obtained as shown in Fig. 103. The highest temperature

is observed when the center of heat source is located at the measured location of nodes. This
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distribution is expected when a Gaussian heat flux is assigned on the surface of bead because the
highest heat flux is at the center of beam. The nodal temperatures remain at ambient temperature
before the inactive elements are being activated. These nodal temperatures characteristics show that
the inactive elements are not affecting the overall heat transfer and are proper in accordance to the

phenomena of DED deposition.
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Fig. 103 Temperature histories at measured nodes for various constants of front element cross
section

Fig. 104 shows the temperature distributions on the part when the laser beam is irradiating at

the middle (x = 20 mm) of first layer and third layer of bead. The second layer of bead is not shown
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because its results lie in the first layer and third layer of beads. Therefore, the focus of discussion
will be on first layer and third layer of beads, which represent a deposition on a substrate and a
deposition on a preceding layer, respectively. The gray color region represents the melt pool, where
the temperature exceeds the liquidus melting temperature of Ti-6Al-4V.

The followings observations are obtained from the results of numerical analysis:

(1) The highest temperature during irradiation of laser using the proposed activation
algorithm with 1-front element cross section (b = 1) is the lowest as compare to other
cases. This is due to the fact that there is insufficient front element cross section to
receive the heat flux at the end of computational step, as shown in Fig. 104(a). Hence,
the length of melt pool is significantly shorter compared to the other three cases. This
result is not proper and may cause the temperature to fluctuate during analysis.
Eventually, the fluctuation in heat flux may cause computational error during iterations.

(2) The highest temperature during irradiation of laser decreases when the number of front
element cross sections increases from b = 2 to b = 4. This is due to the fact that the
additional number of front element cross section provides larger volume of finite
elements in the vicinity of the heat source to dissipate heat.

(3) By increasing the number of element cross sections, the length of melt pool in front of
the beam center has increased from 0 mm for case b = 1 to 1.5 mm for case b = 4. Since
the radius of laser beam is 0.75 mm, the length of melt pool in front of the beam center
below 1 mm is more realistic.

(4) From the close-up figures of section views, it is observed that the melt pool formed at
the front of deposited bead (known as melt pool front) does not reach the preceding
layer for b = 1 and b = 4. For the case of b = 2, the melt pool front is nearly reaching to
the substrate during deposition of layer 1 and has reached the preceding layer during
deposition of layer 3. Meanwhile, the melt pool front does not reach the substrate during
deposition of layer 1 but reaches the preceding layer during deposition of layer 3 in the

case of b = 3. The characteristics shown in the case of b = 2 is preferred due to the fact
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that the melted wire is deposited on a melted preceding layer to form a proper fusion.
Therefore, the melt pool front of bead should reach the preceding layer when the new

material is added.
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Fig. 104 Temperature distributions and length of melt pool on part during first layer and
third layer deposition for various constants of front element cross section
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Fig. 105 shows the time taken by a central processing unit (CPU) to complete the simulation
of three-layer deposition according to number of element cross sections. The simulation using b =1
took almost five times longer (471% - 489%) than the other cases due to increase number of
iterations per step to reach a converged solution. This can be attributed to the fluctuation in heat
flux, as discussed earlier. The fastest analysis among all four cases was completed within 20,250 s
using b = 3. The heat transfer analysis using b = 2 and b = 4 took 2% and 4% longer time to
complete, respectively, as compared to simulation using b = 3. From these results, it is revealed that

simulations for all cases except case b = 1 are acceptable in term of computational time.

120,000
— 100,000 | 38382
}E'; 80,000 |
= 60,000 |
=
% 40,000 |

20.000 F 20,704 20,250 21,000

0 BN e
1-element 2-element 3-element 4-element

Number of element cross sections

Fig. 105 Computational time required to complete a three-layer deposition

Based on the discussions above on the length of melt pool from beam center, characteristics

of melt pool front and computational time required, 2-element cross section is recommended.
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D. Heat Transfer Characteristics Using Proposed Element

Activation Algorithm

1. Description of Analysis and Analysis Conditions

In order to further investigate the applicability of the proposed activation algorithm of
inactive elements using the selected two-element cross section, three-dimensional finite element
models for multi-layer deposition and planar deposition are created, as shown in Fig. 106. The
process conditions such as heat source model, interpass time, and heat transfer boundary conditions
similar to previous analysis described in Chapter VV Section C-1 are applied in the heat transfer

analyses.

3 planar

3 multilayer
deposition beads

deposition beads
(a) Multi-layer deposition (b) Planar deposition

Fig. 106 FEA model to investigate the heat transfer characteristics using proposed element
activation algorithm'*®

2.  Results and Discussion

In order to ensure the correctness of the implementation of the proposed element activation
algorithm for a heat transfer analysis, the temperature distributions of nodes that the Gaussian heat

flux has passed through are observed. Fig. 107 shows the temperature distribution at the vicinity of
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heat source for the first three steps of the heat transfer FEA using the proposed element activation
algorithm during a multi-layer deposition. The analysis begins with two-element of cross section
being included. The temperature at node-1, Ty, is the highest during the first numerical iteration in
step-1. This is because the Gaussian heat flux has the highest heat flux at the center of beam. At the
end of step-1, it shows that highest temperature has shifted to node-2 as the center of beam had
approached the node-2. The temperature at node-3, T3, has risen above melting point of the
material. This indicates that the two-element section has been melted under the heat flux. This
phenomenon is proper due to the fact that the material must be melted in order to be fused with the
substrate.

In order to maintain two-element cross sections ahead of the center of laser, one-element
cross section is added at the start of subsequent step-2. The temperature of the newly added node-4,
T4, has the initial temperature of 20°C. The temperature for the newly deposited elements is
interpolated between nodes. This causes a partial region of the newly deposited elements to be
melted. This phenomenon is proper because the newly deposited elements should be heated by the
adjacent material during the material deposition in a DED process. Therefore, the artificial energy
being introduced into the model during inactive element activation, as stipulated by Michaleris*’,
is negligible. A heat transfer FEA is solved numerically based on the temperature distribution at the
start of step-2. As the center of beam has moved to align at node-3, the highest temperature at the
end of step-2 is shifted to the node-3. Similar to the step-2, the element activation and heat transfer
analysis are carried out for step-3. This produces the expected maximum temperature at node-4 at
the end of step-3. From the characteristics of nodal temperature, it is confirmed that the proposed
element activation algorithm and the heat transfer FEA using a moving heat source has been

applied properly.
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Fig. 107 Temperature distribution at middle of bead section during element activation*®

Fig. 108 shows temperature distribution of the specimen during deposition of layer 1, 2, and
3, and after 10 s cooling, obtained from a heat transfer FEA carried out using the proposed element
activation algorithm. It is observed that the heat from the small radius of beam has been transferred
and melt across the width of the activated bead. The temperature is increasing with increasing
number of deposition layer in the multi-layer deposition. This is attributed that the upper layer is
deposited at the top of a preceding layer, which had not been cooled to the ambient temperature.
Furthermore, the heat conduction from at the upper layer must flow through the preceding layer.
Hence, these heat transfer characteristics are proper, in order to explain a multi-layer deposition
process.

The heat transfer FEA has been carried out using the proposed element activation algorithm
for planar deposition in order to obtain the temperature distribution of the specimen, as shown in

Fig. 109. From the result of the FEA, it shows that the newly deposited bead is fully melted with
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slight overlap with adjacent bead during the application of the heat source. In contrast to the multi-
layer deposition, the maximum temperatures of the bead during planar deposition are almost
similar because the deposition is not directly affected by the preceding deposition of bead. The
major heat conduction of new deposition of bead is passed direct to the substrate. From these
observations, it shows that heat transfer charateristics of a planar deposition is properly simulated

using the proposed element activation algorithm.

Temperature
(°C)
11,115
1,650
1,485
Melt pool across Melt I
the width of thoviithat o 1,320
Layerl  activated bead Layer2 activated bead 1155
(Time =2.5 s) (Time =9.5 s) i
T=11,115°C T=578°C 990
/ 825
660
495
Melt pool across 330
the width of
Layer 3 activated bead After 10 s cooling 165
(Time =16.5s) (Time =29 s) 0

Fig. 108 Temperature distribution during a multi-layer DED deposition
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Fig. 109 Temperature distribution during a planar DED deposition*®
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In order to validate the heat transfer result of the proposed activation algorithm on inactive
elements, a commercial FEA software SYSWELD is used as the benchmark. The SYSWELD
performs heat transfer analysis on quiet elements.

Fig. 110 shows the estimated temperature from the result of heat transfer FEAs for nodes
that lie along the top of bead of layer 3 of the symmetry plane when the center of beam is at x = 20
mm. Both analyses results show that the highest temperature is at the node, which the center of
beam is aligned with during the transient heat transfer phenomena in DED process due to the
application of Gaussian distribution of heat source.

The temperatures for the nodes that are more than 1 mm ahead of the center of laser beam
remain at initial temperature of 20 °C using the proposed algorithm. This accurately simulate the
DED process because material is only deposited near the vicinity of the center of beam. In contrast,
all the nodes ahead of center of beam have an unrealistic temperature above 480 °C due to heat
from preceding layer that has been transferred to the quiet elements in the SYSWELD. Besides, it
is observed that the temperature for the nodes behind the center of laser beam is lower in the
SYSWELD than in the proposed algorithm due to the larger amount of heat transferred ahead of
the center of laser beam. Therefore, heat loss in SYSWELD is greater as compare with the

proposed algorithm due to the application of quiet elements.

14,000 Centerof
12.000 m / Iasira;’::‘:'r A — Layer 3 (Proposed algorithm)
16000 a o | --- Layer 3 (SYSWELD)
oS 8,000
= 6,000
4,000
2,000
0
0 4 8 12 16 20 24 28 32 36 40
X (mm)
Fig. 110 Nodal temperature along the bead of layer 3 when the center of laser beam is at x =
148
20 mm
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In order to match the dimension of melt pool using SYSWELD and proposed algorithm, the
efficiency of heat source model is reduced for the proposed algorithm in order to compensate for
the lesser heat loss. Fig. 111 shows the predicted dimension of melt pools using the proposed
algorithm with reduced efficiency of 0.4 and SYSWELD with efficiency of 0.6. Using the proposed
algorithm, the melted region ahead of center of laser beam is kept constant. However, the melted
region ahead of center of laser beam in SYSWELD increases when the number of layer increases.
Therefore, the constant volume of material deposition in a DED process is not accurately
represented in SYSWELD.

In order to compare the dimension of melt pool, the errors in depth of melt pool and length
of melt pool behind the center of laser beam are calculated. The calculated errors in depth of melt
pool and length of melt pool behind the center of laser beam lie in the ranges of 1.0-4.7% and 1.0-
2.5%, respectively. By proper calibration of efficiency of heat source, it is shown that the proposed

algorithm can produce similar dimension of melt pool as the SYSWELD.
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(a) Estimated melt pool using proposed element activation
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(b) Estimated melt pool using SYSWELD

Fig. 111 Comparison of dimension of melt pool for a multi-layer deposition'*®

From the discussions of temperature distributions obtained from the FEAs using the
activation algorithm, it is proven that the proposed algorithm is applicable for heat transfer analysis
of a DED process. The comparison results of FEAs shows that the proposed algorithm has
produced a similar size of melt pool and a more realistic heat transfer characteristics for a DED
process compared to SYSWELD. Hence, the heat transfer FEA results using the proposed
algorithm can be applied to obtain the thermo-mechanical characteristics of a part deposited by a

DED process.
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E. Thermo-Mechanical Analysis Using Proposed Proposed Element

Activation Algorithm

1. Description of Analysis and Analysis Conditions

Thermo-mechanical analyses using the proposed activation algorithm of inactive elements
are applied to investigate the formation of mechanical characteristics of deposited part by a wire
feeding type DED process. Validation method described in Chapter IV Section D is applied in
order to verify the thermo-mechanical analysis by the proposed activation algorithm of inactive
elements. Similar three-dimensional finite element models for multi-layer deposition are created
according to those in Chapter IV Section C, as shown in Fig. 112. The process conditions such as
heat source model, interpass time, and heat transfer boundary conditions are applied in the heat
transfer analyses, as listed in Table 30. Due to different heat transfer characteristics between the
proposed algorithm and those in SYSWELD, the efficiency of heat source model is re-calibrated
according to the dimension of heat affected zone (HAZ). The vertical displacements at locations Pt-
1 and Pt-2 were compared between the estimated results of thermo-mechanical FEAs and those

from experiments.

Clamp

Multi-layer
deposition beads

Substrate

Multi-layer
deposition beads

(a) Sideward deposition direction (b) Upward deposition direction

Fig. 112 FE model to verify thermo-mechanical characteristics of multi-layer deposition
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Table 30 Conditions of analyses to verify the thermo-mechanical FE models

Power of laser VT SEE Interpass time| Deposition Deposition Perfiosl of
Parameters (P, kW) of table ) direction attern cooling
' (V, mm/s) P process (min.)
Range 15 8 2 Sideward, Unidirectional 40
Upward

2.  Results and Discussion

The efficiency of heat source model is re-calibrated according to dimension of heat affected
zone, by maintaining the characteristics of the laser beam at penetration depth of 0.2 mm. The
efficiency of the heat source model obtained is 0.4, as shown in Fig. 113. The errors of width and
depth of HAZ lie within the acceptable range of +10%. Hence, the calibrated efficiency of 0.4 is

applied in the thermo-mechanical FEAs using the proposed element activation algorithm.

d,=0.20 mm Temperature

¢

n=0.40 £
995.0
895.5
796.0
696.5
597.0
497.5
398.0
298.5
199.0
—p 99.5
2.2’mm 72.00 mm 0

Fig. 113 Comparison of dimensions of HAZ between estimated result from FEAs and those of
experiment

152imm

Fig. 114 shows that thermo-mechanical FEAs using the proposed algorithm successfully
predicted the deformation trend of the specimen similar to those from experiments, where Pt-1 is
always higher than Pt-2 during cooling process. The predicted vertical displacements from FEAS

using the proposed algorithm consistently over-estimated compared to results obtained through
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experiments for different deposition directions. In the case of SYSWELD, it under-predicts the
vertical displacements for sideward deposition direction and over-predicts the vertical
displacements for upward deposition direction. SYSWELD fails to properly estimate the vertical
displacements at Pt-1 are higher than those at Pt-2. These results show that the vertical
displacement estimated using the proposed algorithm is better than those using SYSWELD. The
estimated vertical displacements at the mid-length of layer 3 bead are slightly higher using the
proposed algorithm than those of SYSWELD. This is attributed to the application of inactive
elements in the proposed algorithm does not interfere with the displacement of those active

elements during FEAs.

-0.0664 mm Pt-1: -0.0194 mm Pt-1:
0.3488 mm 0.4609 mm

-2: Pt-2:

. 0.2699 mm 0.4413 mm
Sideward Upward Vertical
displacement
-0.15-0.10-005 0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 (mm)

(2) Proposed algorithm

-0.0660 mm Pt-1: -0.0076 mm Pt-1:
0.2416 mm 0.4943 mm

Pt-2:
} 0.5014 mm
Sideward Upward Vertical

[ s gisplacement
-0.15-0.10-0.05 0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 (mm)

(b) SYSWELD

Fig. 114 Distributions of vertical displacements estimated using proposed algorithm and
SYSWELD
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From the result of thermo-mechanical FEAs, histories of estimated vertical displacements at
points Pt-1 and Pt-2 are plotted in Fig. 115 and compared with those from experiments. The
predicted vertical displacements from FEAs using the proposed algorithm are consistently over-
estimated compared to those obtained through experiments for different deposition directions.
Differences (Ad) between the estimated results from FEAs and those from experiments are less
than 95 um, as shown in Fig. 116. These differences are small compared with those in literatures,

and similar to those obtained using SYSWELD. Hence, the thermo-mechanical model is verified.

£ 06 r ___pt1(ren) 01 Pt-1 (Experiment) £ 0.6 r
E 05 ____pto(FEA) & Pt-2 (Experiment) S P —— — -
§_04 | S _o4 r A 3 2
203 [ ZEo3
5 E™Y [Mo-eromgrommeoooe- fr--mmm-mme- n SEWT
g 02} A A A § 02 | ——Pt1(FEA) O Pt-1(Experiment)
E 01 | E 01 } ----Pt-2(FEA) A Pt-2 (Experiment)
0.0 . L L J 0.0 . . . '
0 10 20 30 40 0 10 20 30 40
Cooling time (min) Cooling time (min)
(a) Sideward deposition direction (b) Upward deposition direction

Fig. 115 Comparison of vertical displacement between estimated results from FEAs using the
proposed algorithm and those of experiments
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Fig. 116 Differences of vertical displacement at measurement points for different cooling
times
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Fig. 117 shows the distributions of residual stresses estimated using proposed algorithm and
SYSWELD. It is revealed that residuals stresses at the mid-length of layer-3 are higher in the case
of sideward deposition direction than upward deposition direction. These results are similar to
those estimated by SYSWELD. However, the proposed algorithm estimated lower residual stresses
as compared to those in SYSWELD. This is due to greater vertical displacements estimated on the

beads by the proposed algorithm.

Max:

376 MPa 1,190 MPa

1,208 MPa
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e T B e —— — ——
stress
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(2) Proposed algorithm
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P — ] ] e —— PO
200 -118 -35 47 129 211 294 376 459 541 624 706 788 871 953 1,035 1,118 1,200 (MPa)

(b) SYSWELD

Fig. 117 Distributions of residual stresses estimated using proposed algorithm and SYSWELD

From these results, it is concluded that the thermo-mechanical FEAs using the proposed
element activation algorithm can estimate the thermo-mechanical characteristics of part deposited
using a wire feeding type DED process, comparable to those of SYSWELD. In the case of vertical

displacements, the proposed algorithm offers better prediction than those of SYSWELD.
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V1. CONCLUSIONS AND FUTURE WORKS

Recent development in wire feeding type DED process applies high intensity beam such as
laser and electron beam as the heat source. These high intensity heat sources have a precise and
small beam radius for proper control of melting. However, proper thermo-mechanical analysis has
not been developed for a wire feeding type DED process using a high intensity heat source. In this
thesis, a novel comprehensive method to develop a thermo-mechanical analysis model for a wire
feeding type DED process has been proposed and studied.

The cross section profile of bead depends on the power of laser and travel speed of table. In
order to study the effect of power of laser and travel speed of table, proper cross section profile
bead must be used in the thermo-mechanical FEAs. A novel methodology to estimate the cross
section of deposited bead for different power of laser and travel speed of table via regression
analysis has been proposed. The cross section area of the estimated profile and measured profile
have shown a good agreement. Subsequently, methodologies to create bead profile for multi-layer
and planar depositions have been proposed using a new polygonal-shaped bead profile. A constant
width model and a flat top model have been suggested to estimate the cross section profile for
multi-layer deposition and planar deposition, respectively. By applying these proposed
methodologies, proper bead profile for multi-layer and planar deposition of a wire feeding type
DED process according to process parameters have been successfully estimated for further
investigation using thermo-mechanical FEAs.

In order to produce an acceptable FEA results, a novel calibration methodology of heat flux
model has been proposed. A top-hat distribution heat flux model with consideration of efficiency
and penetration depth has been applied to properly emulate the measured profile of laser beam with
radius of 0.75 mm in the wire feeding type DED process. Various heat transfer FEAs have been
carried out using different efficiency and penetration depth of heat flux model on different shape of

deposited beads of FE models to predict the geometry of heat affected zone (HAZ). Penetration
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depth and efficiency of heat flux model for each combination of power of laser and travel speed of
table has been calibrated by comparing the predicted geometries of HAZ with those of measured
geometry of HAZ.

Using the derived bead profiles and calibrated heat flux model, the thermo-mechanical FEAs
have been carried out to investigate the influence of process parameters such as power of laser and
travel speed of table on the formation of heat affected zone (HAZ), stress influenced region (SIR)
and induced thermal stress. A proper gap between deposition beads has been estimated by
comparing the width of HAZ and stress influenced region (SIR) in order to avoid the effect of heat
and residual stress between two adjacent parts deposited on a single substrate. In addition, the
influence of angle of corner deposition on the formation of HAZ, SIR and thermal stress has been
investigated and discussed.

In order to minimize the thermal stress on the deposited part, the thermo-mechanical
characteristics during planar and multi-layer deposition of a wire feeding type DED process have
been investigated according to deposition pattern and interpass time via a FEA software
SYSWELD. From the results of thermo-mechanical FEAs, a proper deposition strategy has been
identified. The vertical displacements of measured points on a cantilevered specimen have been
compared to the predicted vertical displacement from FEAs, in order to validate the thermo-
mechanical FEA model. The influences of interpass time and deposition pattern on the formation of
thermal stress of a cantilevered specimen have been studied using the validated thermo-mechanical
FEA model.

A novel activation algorithm of finite element has been introduced for thermo-mechanical
FEAs model of a wire feeding type DED process using a high intensity heat source with small
beam radius. A selection criterion of mesh size of finite element and number of front element cross
section of bead have been introduced and discussed. The activation algorithm of finite element has
been implemented using MATLAB and ABAQUS. Finally, the proposed activation algorithm of
finite element has been implemented in ABAQUS in order to obtain the thermo-mechanical

characteristics of a multi-layer deposition on a cantilevered specimen. The comparison of vertical
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displacements between those estimated from FEA and those measured from experiments has shown
a good agreement. From these findings, it has shown that the thermo-mechanical analysis method
has been properly investigated.

The development of the thermo-mechanical analysis method for a wire feeding type DED
process leads to many potential applications and advancement in process modelling of a DED
process in the future. Computational fluid dynamics (CFD) model can be augmented into the heat
transfer FEA analysis to enhance the simulation of DED process of a large specimen, which applies
a shielding gas according to location of nozzle and evolution of shape of deposited part during
deposition. The result of a thermo-mechanical FEA is significantly depends on the geometry of the
specimen and inputted material properties. Hence, additional empirical case studies for multi-layer
and planar deposition should be carried out in a controlled room temperature condition and inclined
surface to improve the estimation model of bead profile. Finally, empirical study to obtain an actual
elevated temperature flow stress curves of Ti-6Al-4V used in a DED process should be carried out.
Using the actual flow stress curves, a proper material constitutive model can be applied to properly

improve the accuracy of the thermo-mechanical analysis in prediction of residual stress.
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