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ABSTRACT

A NEMERICAL AND EXPERIMENTAL STUDY FOR RESIDUAL STRESS
EVOLUTION IN LOW ALLOY STEEL DURING LASER AIDED
ADDITIVE MANUFACTURING PROCESS

by
Hyung Min Chae

Chairperson: Jyotirmoy Mazumder

One of the challenges in laser aided Direct Metal Deposition (DMD) process is
control of the residual stress generated during the process due to thermal loads and solid
state phase transformation. However, in situ residual stress monitoring in DMD process,
used as an on-line sensor for a feedback control system, is difficult and also requires
relatively high cost to accurately monitor mechanical deformations. Therefore, a
fundamental understanding of the correlations between processing variables and the
thermal and mechanical behaviors of material in DMD process is essential, because the
residual stress field can be controlled in the stage of developing laser tool paths and the
corresponding processing parameters. Mathematical models in DMD process are
developed and utilized to obtain the correlations, rather than performing a series of

experiments in the study. A self-consistent transient 3-D model is adopted to predict

XVi



thermal behaviors and the model is experimentally validated by comparing temperature
history, melt pool flow, and deposition geometry with different processing parameters.
The results from the thermal model are used to predict mechanical deformations in DMD
process using a commercial software package ABAQUS with proper user subroutines. X-
ray diffraction residual stress measurements are conducted for validation purpose, and the
validated mathematical model is utilized to explain the evolution of stress in DMD
process and to investigate the effects of processing parameters on the residual stress. The
considered processing variables are metal powder flow rate, laser power, scanning speed,
scanning direction, and deposition layer thickness. The residual stress is determined in
three stages: thermal expansion by a heat source, restoration by melting, and thermal
contraction by cooling, and the residual stress can be controlled by altering melt pool
geometry with processing variables due to the dependence of residual stress on melt pool
geometry. The most significant factor to determine the magnitude of the residual stress is
the melt pool penetration to the substrate and the most influential parameter defining the

residual stress profile along the depth direction is the amount of energy density.

XVii



CHAPTER1

INTRODUCTION

Laser aided Direct Metal Deposition (DMD) process, developed in the Center for
Laser Aided Intelligent Manufacturing (CLAIM) at the University of Michigan, is an
attractive and innovative laser aided manufacturing technique that produces a 3-D
complex metallic shape pixel by pixel directly from CAD data (See Figure 1.1). Materials
can be designed for a chosen performance using DMD process with a feedback control of
deposition geometry and melt pool temperature with altered processing parameters.
Mazumder and Qi [1] reviewed the state of the art of DMD. A selection of processing
parameters, such as laser power, scanning velocity, scanning path, and powder flow rate,
determines heat transfer and it plays a significant role in defining deposition geometry,
and mechanical and metallurgical properties of the deposited material. Due to the
characteristic of laser material processing of metallic product, mechanical deformations
remains after the process due to severe thermal loads and solid state phase transformation,
which may leads to premature failure during life cycle. Controlling heat transfer with
providing optimized processing parameter set is, therefore, essential to achieve the
required residual stress field of the DMD fabricated product. A fundamental
understanding of the processing variable effects on the heat transfer and residual stress

delivers an optimal parameter set for required criteria, and the set will be assigned in the



stage of generating laser tool paths. Since DMD process involves sequence of melting
and solidification, mathematical simulations with different processing conditions, rather
than a series of experiments, have been performed to understand physical phenomena in

the laser material processing.

To date, tremendous efforts have been made to analytically and numerically study
the effects of processing parameters on thermal behavior in laser additive manufacturing.
Hoadley and Rappaz [2] investigated the relationship between laser power, scanning
velocity, and deposition height using a 2-D finite element model, but they ignored fluid
flow in the model. Melt pool shape was predicted by a simplified 3-D analytical heat
transfer model [3], and the model was to guide processing engineers as choosing
parameters. Kelly and Kampe [4] correlated cooling curves and phase transformation in
multi-layer depositions with different scanning velocities using a simplified 2-D
numerical model. The recent improvement of CPU performance has allowed numerically
solving for more complex 3-D physical problems. A 3-D transient finite element model
[5], using an energy balance equation, was developed to predict deposition geometry with
different scanning speeds and powder flow rates. The model first predicted the melt pool,
and governing equations are repeatedly solved with an addition of thin layer, but the
model did not include the coupled heat transfer between temperature and fluid flow.
Thermo-kinetic model [6] was developed to investigate the effects of substrate size and
idle time between deposition layers on microstructure and hardness of the material. The
authors used a 3-D finite element heat transfer model to predict temperature fields with
assuming all powder particles reach liquidus temperature before falling into the laser

melted pool, but convective term due to fluid motion inside melt pool was not considered



in the model. The alternate-direction explicit finite difference method model [7] was
developed to numerically simulate thermal behaviors and to investigate how cooling
cycles are controlled by different laser processing parameters, which determines
microstructure and mechanical properties of the laser processed material. However, the
authors also used a heat conduction model with ignoring fluid flow on a simplified
cylindrical geometry and laser-powder interaction during powder travel below the nozzle

is not included in the model.

In addition to thermal model in laser additive manufacturing processes, many
authors [8-14] have conducted research to predict the residual stress using mechanical
deformation models and to investigate the effects of processing variables on the stress
field. Kahlen and Kar [8] developed a simplified 1-D heat transfer model to calculate
temperature profile and to predict the residual stress using thermal strain only in their
constitutive model. Deus and Mazumder [9] constructed a 2-D thermal model to predict
temperature field with geometry dependent laser beam absorptivity and the
mathematically calculated temperature history was used to predict the residual stress, but
melt pool flow effects were ignored in the study. A thermal gradient map with non-
dimensional process variables [10] was constructed by a 2-D conductive heat transfer
model to quantify the effects of processing parameters and melt pool size on the residual
stress. Dai and Shaw [11] built a 3-D finite element model to investigate how the residual
stress develops with temperature change during laser material deposition, and the model
was used to study the effects of processing parameters and material properties on the
thermal and mechanical behaviors of the laser processed material. However, they did not

consider the effects of changes in melt pool shape and deposition geometry on the



behaviors. Ghosh and Choi [12-14] developed a 3-D finite element model to predict
temperature and the residual stress distributions for single- and multi- layer depositions.
The model described the significant effect of solid state phase transformation on the
residual stress field and it was used to investigate the correlation of deposition pattern to
the stress field. The heat transfer model did not consider convection inside melt pool and
the metal powder was added by pre-defined deposition geometry obtained from
experimental data. Therefore, the effects of melt pool shape with different processing

parameters on thermal and mechanical behaviors could not be investigated in the model.

In this study, a self-consistent transient 3-D model for depositing metal powders
with laser as a heat source, which has been developed in the previous research [15, 16],
has been used in thermal analyses of DMD process. Level-set method allows tracking the
evolution of the liquid / vapor interface during the process; thus the effects of changes in
deposition / melt pool geometry with processing variables on the residual stress field can
be analyzed in this study. Non-equilibrium partitioning at the solidification front is
adopted in solidification process due to the characteristic of laser aided manufacturing
process. The deposition of AISI 4340 steel on a low carbon steel, AISI 1018 steel, is
numerically simulated using two different types of lasers (CO2 and DISC laser) with
TEMoo, TEMo1*, and Top hat modes. Since AISI 4340 steel has a number of alloying
elements as shown in Table 2.2, alloying elements of carbon and nickel are chosen to
define the mushy zone and to examine the solute transport of the elements in liquid iron
solution. The temperature histories from the model are utilized to predict metallurgical
phases using empirical relationships because martensitic phase transformation occurs in

laser processing of medium carbon steel and it significantly influences the mechanical



deformation in the process [17]. To validate the mathematical thermal model,
temperature history, melt pool flow velocity, and the changes in geometry with
processing conditions have been compared with experimental results and the numerical
results agree with experimental measurements. The temporal evolution of geometry,
temperature, and solid state phase transformation are imported into a commercial
software package ABAQUS with proper user subroutines to predict the mechanical
deformation of the DMD fabricated material and the model is experimentally validated
by X-ray diffraction residual stress measurements. The model explains the evolution of
residual stress with heating / melting / solidification / cooling and the dependence of the
residual stress on melt pool geometry; therefore, the melt pool geometry effects with
altered processing conditions are necessary to be included in the stress analysis in DMD
process. Then, martensitic phase transformation effects also have been investigated in the
study, and processing parameters such as laser power, laser scanning speed, powder flow
rate, scanning direction, and deposition layer thickness have been varied to investigate

how the parameters influence the residual stress distribution / magnitude.
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CHAPTER II

NUMERICAL MODELING: THERMAL MODEL

2.1 Introduction

In Direct Metal Deposition (DMD) process, powdered metal particles interact
with laser beam during the travel from powder nozzle to substrate. Laser energy is
attenuated by the powder particles and the particles are heated and melted by the
absorbed laser energy. The attenuated beam energy and the energy carried by metal
particles are mostly dissipated into the substrate by conduction once deposited, and the
rest of energy is lost by radiation and convection to the ambient. It should be noted that
the energy loss by evaporation is ignored in the study since DMD process typically uses
relatively lesser laser intensity (an order of 10° W/cm?) than other laser aided

manufacturing processes.

A self-consistent transient 3-D model was developed for laser material interaction
in laser aided welding / drilling processes in the Center for Laser Aided Intelligent
Manufacturing (CLAIM) at the University of Michigan. For numerical analyses in laser
additive manufacturing process, the model has been modified with considering powder
addition which includes laser powder interaction during powder delivery. To develop a

mechanical deformation model in DMD process, an accurate temporal evolution of



temperature, geometry, and metallurgical phases should be obtained from the thermal
model with minimal computational costs; therefore, non-equilibrium partitioning is
considered in solidification process, which influences solute transport and cooling
behavior in DMD process, ternary system (carbon-nickel-iron) is analyzed with two
binary sub-systems for AISI 4340 steel deposition, metallurgical phases such as
martensite and pearlite are predicted with empirical relationships, and two dimensional
the Courant-Friedrichs-Lewy condition has been used to optimize the time step and mesh
size. The modified thermal model accurately predicts temperature, melt pool flow, solute
transport, deposition geometry, and solid state phase transformation in DMD process and
it is experimentally validated by comparing temperature history, fluid flow, and the
deposition geometry with processing variables. Temperature of the material in the
process is monitored by an infrared pyrometer and the linear velocity of the melt pool

surface is obtained from successive melt pool images taken by a high speed CCD camera.

2.2 Assumptions

The assumptions made in the thermal model in DMD process are provided below

1) Material properties at the liquid / solid interface are determined by the law of
mixture

2) Material properties at the liquid / vapor interface are smoothed by a sinusoidal
function (See Equation 2.2) to increase the degree of continuity across the
interface

3) Thermo-physical material properties at high temperature are extrapolated

4) Fluid flow is laminar and incompressible



5) Plasma is not considered for simplicity

6) Laser attenuation due to powder particles follows the Beer-Lambert law but the
dynamic motion of the particles into the melt pool is ignored

7) Effects of shielding gas on flow motion / heat transfer are ignored

8) Evaporation of the material is negligible in DMD process

9) Liquid / vapor interface moves with powder addition and advection force of the
laser melted pool

10) Mass diffusion in solid state is ignored

11)There is no diffusion phase transformation within the martensite phase

transformation temperature

2.3 Boundary conditions / Governing equation / Flow chart

In the present analyses, AISI 4340 steel powder is deposited on a substrate of
AISI 1018 steel, and the simulation domain is 27 x 14 x 5 mm in x; direction where the
subscript i is the integer (1, 2, or 3) index that represents one of Cartesian direction. The
simulation model of plane symmetric (x2=Y=0) uses non-uniform meshes to reduce
computational cost as shown in Figure 2.1. The elemental composition [18] and thermo-
physical properties of AISI 4340 steel used in the thermal analyses are provided in Table
2.2 and 2.3, respectively. The thermo-physical material properties at high temperature are
extrapolated due to the limitation of an access in database and the material properties,
such as density, thermal conductivity, specific heat, enthalpy, solute concentration, and
mass diffusion coefficient at mushy zone (the liquid / solid interface) are determined by

the generalized law of mixtures as follow [19-23]



pr=f_-pr_+fs-prg Equation 2.1

where pr is the material property, f is the volume fraction of the phase, and the subscript

L and S represent the liquid and solid phase, respectively.

The material properties at the liquid / vapor interface rapidly changes compared to
those at the liquid / solid interface. To guarantee full convergence with significant
difference in material properties, a sinusoidal function H(g) is used to smooth out the

difference across the interface as follows (also See Figure 2.3)

1 if p<—¢
H(¢)= 1—0.5(1+§+(%jsin(%¢n if | ¢|<e Equation 2.2
0 ifp>e¢

where ¢ represents the state of matter such that positive and negative ¢ values represent
gas and liquid (or solid) phases, respectively, and & is the smoothing thickness. The
smoothing thickness chosen in this study is 2xsn (xan: mesh size in x3 direction), and the

material properties at the liquid / gas interface are calculated by

pr(p) = pr_ +(pr. - pry)-H(p) Equation 2.3

10
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Figure 2.1 Numerical simulation domain: plane symmetric (Y=0) with non-uniform mesh
for minimal computational cost

Table 2.1 Temperature dependent electrical resistivity of AISI 4340 steel

Electrical resistivity Temperature
(ohm-cm) (K)

2.48E-5 293.15
2.98E-5 373.15
5.52E-5 673.15
7.97E-5 873.15

11



Table 2.2 Elemental composition of AISI 4340 steel [18]

Element wt %

C 0.43

Mn 0.7

P 0.008

S 0.008 (Max)
Si 0.23

Cr 0.81

Ni 1.75

Cu 0.16

Al 0.90-1.35

Ti 0.01

N 0.01 (Max)
O 0.0025 (Max)
Co 0.01

Mo 0.25

12



Table 2.3 Material properties of AISI 4340 steel used in thermal analyses

Property Symbol Value Unit
Melting temperature Tm 1800.4 K
Latent heat of fusion Lm 2.26E+5 Jikg
Solid density ps 7870 Kg/m?®
Liquid density pL 6518.53 Kg/m?
Solid thermal conductivity Ks See Figure 2.2 (a) W/m K
Liquid thermal conductivity kL 43.99 W/m K
Solid specific heat Cps See Figure 2.2 (b) Jikg K
Liquid specific heat CpL 804.03 Jikg K
Kinetic viscosity U 4.936E-7 m?/sec
Laser absorptivity for flat surface n See E.quation “

and Figure 2.5
Carbon content Cc See Table 2.2 wt%
Nickel content Cni See Table 2.2 wt%
Electrical Resistivity Re See Table 2.1 ohm-cm
(I:Ee(lquéicl)inbrium partition coefficient for ke 0.2
Equilibrium partition coefficient for Koo 0.9

nickel

13
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Figure 2.3 A sinusoidal function, used to smooth out the significant difference in material
properties across the liquid / gas interface, guarantees the full convergence during
computation

AISI 4340 steel is composed of a number of alloying elements as provided in
Table 2.2. Two significant alloying elements, carbon and nickel, among the elements of
AISI 4340 steel are chosen in thermal analyses for simplicity. Carbon is the significant
alloying element in steel, and nickel is the primary alloying element in AISI 4340 steel
and it remains in iron-carbon solution without forming carbide compounds. Since the
DMD fabricated product is rapidly heated, melted, solidified, and cooled by a cooling
rate above -650 K/s from austenite temperature, diffusions in solid state material during

the process is assumed to be negligible. The mass transport of carbon and nickel elements

15



in liquid iron solution can be predicted by Equation 2.13 if a ternary phase diagram with
proper diffusion coefficients is provided, which accurately provides solute transport of
the carbon-nickel-iron ternary system and the mushy zone information such as solid /
liquid volume fraction of each element. However, the numerical model uses two different
solute diffusion equations for carbon and nickel in liquid iron solution (two of binary sub-
systems) due to the limit of access in database of the ternary system. Once material cools
down and the temperature is within liquidus and solidus temperature, solid Cs and liquid
CL compositions are obtained from dynamic non-equilibrium binary phase diagrams,
described in Section 2.4.Liquid volume fraction at mushy zone is then calculated by lever
rule (see Equation 2.4). It should be noted that the sum of liquid and solid volume

fraction must be unity for mass conservation.

CC Cc,s +CNi_CNi,S

_ Equation 2.4
CC,L _Cc,s CNi,L _CNi,S

fomr =fct+fu=

where C is the solute concentration and the subscript C and Ni represent carbon and
nickel, respectively. To solve for the solute concentration in the diffusion equations,
temperature dependent diffusion coefficients D in iron-solution for carbon and nickel [25]

are used as in Equation 2.5 and 2.6, respectively.
D(cm? /s)=0.0012-(Carbon wt %)exp(—13.8/RT) Equation 2.5
D(cm?/s)=4.92-10"° exp(—16.2(kcal /mol )/ RT ) Equation 2.6

The amount of carbon and nickel contents of AISI 4340 steel powder are given at the

laser melted surface and the carbon content of AISI 1018 steel is given at the melting
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front of the substrate as seen in Figure 2.4, which describes the overall boundary
conditions in the DMD thermal model such as energy balance and solute transport. It

should be noted that evaporation of the material during the process is ignored.
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Heat loss ‘x‘. powder interaction |
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°

Deposition Melting pool

C=Powder composition
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Solidification front
Non-equilibrium partitioning

Liquid fraction = 1.

ST Btk Melting front
Liquid fraction = 0.0 C= Substrate
Substrate composition

Figure 2.4 Boundary conditions used in the DMD thermal model

Several types of high power lasers are commonly utilized in real DMD production
line. In this study, DISC and CO2 lasers are selected to conduct the mathematical
simulations and experiments. Top hat-CW-DISC laser has a wavelength of 1050 nm and
300 micron focused beam, TEMg-CW-CO?2 laser has a wavelength of 10.6 micron and
500 micron focused beam, and TEMo:*-CW-CQO?2 laser has a wavelength of 10.6 micron
and 1/ 2/ 4 mm focused beams. Since laser energy is the main heat source in DMD

process and laser absorption of the material depends on wavelength and temperature, the
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temperature / wavelength dependent absorption coefficient for CO2 laser, proposed by

Bramson [26], is obtained as
Re (T) Re (T) R (T))? .
n(T)=0.365 ET —0.0667ET+0.006[ET] Equation 2.7

where 7 is the absorption coefficient, Re is the electrical resistivity of the material, and 1
is the laser wavelength. For DISC laser, temperature dependent absorption coefficient [27]

is used in the model as seen in Figure 2.5.
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Figure 2.5 Temperature dependent absorption coefficient of AISI 4340 steel with DISC
laser

As laser beam is delivered from DMD nozzle to a substrate, there is an efficiency

loss by radiation absorption in metallic particles [28], angles of incident, and surface
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roughness of the substrate. For simplicity, the effects of radiation absorption in the
particles and substrate surface roughness on laser efficiency are ignored in this study.
However, the changes in absorption due to an incident angle between material surface
and laser beam is continuously adjusted with material deposition. The absorptance of
powdered metal is greater than that of a dense material due to pores and multiple
reflections between particles [29], thus 0.4 is chosen as the absorption coefficient of AlSI
4340 steel powder with CO2 laser. Due to the limit of database in DISC laser case, the
same absorption coefficient of bulk material with DISC laser for the metallic powder

absorption coefficient is used when DISC laser is a heat source.

To consider energy balance in DMD process, the authors [15, 16, 30] developed

the laser-powder interaction model using the Beer Lambert Law as
q’(r,I) = q(r) exp(—AeNI) Equation 2.8

where ¢ ’(r,l) is the attenuated beam intensity, q(r) is the beam intensity, Ap is the powder
particle area exposed to the beam, N is the number of powder particles in a unit volume V,
and | is the powder travel distance. With an assumption that powder particles are

distributed in Gaussian form, the radial distribution N(r) is calculated as

Flow, r? :
N(r)=——F~—exp| 2— Equation 2.9
" Ve Pp (”RPZ)V p( RPZJ

where Flowp is the powder flow rate, Rp is the radius of the powder distribution, vp is the
powder travel velocity, and pp is the powder density. The axial distance | is divided into

several steps along the Z axis to calculate the beam attenuation using Equation 2.8, and
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the temperature and the state of powder material at the laser melted surface are

determined by Equation 2.10.

mP (CpL (TP _Tm) + Lm +Cps (Tm _Tamb)) If TP >Tm
Ex =Me (Cps (T, = Toao) + L fL — L s ) if T, =T, Equation 2.10
me (Cps(rp _Tamb)_CpS(Tm _TP)_Lm) if TP <Tm

where Ep is the energy absorbed by powder particles, m is the mass, Cp is the heat
capacity, Tm is the melting temperature of metallic powder, Tamp is the ambient

temperature, L is the heat of fusion, and the subscript P represents the metallic powder.

With provided boundary conditions, temperature, fluid flow, and species are
solved by Equation 2.11, 12, and 13 in a coupled manner using SIMPLE algorithm, and
the overall flow chart of the thermal simulation is shown in Figure 2.6. The equations are
solved for velocity components and scalar variables such as temperature, solute
concentration, pressure, and material properties; therefore, the equations are discretized

by an upwind-differencing scheme.

M+v-(,ouh)=v-(kVT)—v-[p(h, ~h)u]+s

Equation 2.11
ot

energy

Equation 2.12

velocity

a(pu‘)JrV-(puui)zv- u L-vu —ﬂﬁui—@JrS
ot PL K o 2

d(pC.)

+V-(puC_ )=V-(pD,VC, )+

a(pfC o(pf
%—kneCL%ij'[pDLv( fs (kne _1)CL)}+S

solute

Equation 2.13
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where, h is the enthalpy, t is the time, u is the velocity in Cartesian vector form (u = usi +
uzj + uzk), k is the thermal conductivity, p is the viscosity, K is the isotropic permeability,
p is the pressure, D. (= fL. D) is the liquid diffusion coefficient in iron solution, ke is the
non-equilibrium partitioning coefficient, and S is the source term in each equation shown

in Table 2.4.

Table 2.4 Source term at the liquid / vapor interface in each governing equation

Governing equation S Description

Attenuated beam energy
Temperature q'=&,0(T=T,) =Coon (T-T,) Radiation loss

m

Convection loss

do Capillary force
Xi-momentum -6 | ok VT —F .

dT Thermo-capillary force
Species Cc + Chni Powder addition

The Courant-Friedrichs-Lewy condition (CFL condition) is necessary to limit the mesh
size Axin and time interval At for convergence due to the hyperbolic PDEs. Since heat,
Navier-Stokes, and solute diffusion equations are the second order system, CFL condition

has the following form of

2
At < c-(AX‘n)/ Equation 2.14

where c is the constant and v is the maximum velocity of the melt pool.
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Figure 2.6 Flow chart of thermal model in DMD process
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The liquid / vapor interface changes with metallic powder deposition during
DMD process and the evolution of the interface is tracked by level-set method, which

was developed by Osher and Sethian [31]. The interface @ is defined in a 3-D Cartesian

coordinate system by the zero level-set function such that ®={(x,y,z)|¢(x,y,z)=0}. The

detailed explanation of level-set method in laser material processing can be found in the
previous numerical studies in laser welding / drilling process [32]. The liquid / vapor
interface moves normal to the interface with a speed F, and the speed function F is
decomposed into the powder force Fp, the advection force Faav, and the force due to the

liquid / vapor interface curvature Feyrv as

F=Fp + Fag + Feurv Equation 2.15

where Fp is mp(r)v% and Fagv is u(x;t). The curvature force Fcun is ignored for
P

simplicity in this study, and the auxiliary function ¢ in the level-set equation is defined as

o =F |V¢| = (Fpowder + Fadv) V(p| Equation 2.16

The auxiliary function ¢ is discretized by a second order space convex scheme to solve
for . To reduce the computational time, only in a narrow band of interest is calculated as

shown in Figure 2.7.
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Figure 2.7 Schematic drawing of narrow band level-set method

2.4 Non-equilibrium partitioning in solidification

The alloy solute is rejected from an advancing solidification front into liquid zone
because it is more soluble in the liquid alloy, and the ratio of the solid to the liquid
composition is solute partitioning coefficient. Due to the characteristic of laser
manufacturing process, rapid solidification, the partitioning of liquid and solid
composition during solidification is non-equilibrium. Non-equilibrium partitioning

coefficient [33] is thus adapted in the mathematical calculations as expressed in

C. 1+p C

Li

C, k C .
k,=—+ Lﬁ(l— —L] Equation 2.17

Li

where Cy; is the liquid solute concentration at the liquid-solid interface (See Figure 2.8),
ke is the equilibrium partitioning coefficient, and £ is the dimensionless solidification rate

defined as

B=a’|v,|/[(a+b)Dy | Equation 2.18
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where a and b are the mushy zone dimension, Dags is the inter-diffusion coefficient of
species A with respect to species B in the solid phase, and vi is the interface velocity.
When the material temperature drops from melting temperature to liquidus temperature,
the calculated solute concentration by Equation 2.13 at the temperature is recorded as an
initial concentration Cy, to calculate the composition of solid (Cs) and liquid (C.) at the

mushy zone with the following Equations 2.19 and 2.20.

Cs=Ci+e7(Cs—-Cy,) Equation 2.19
C. =C,+e”(Cl-Cp) Equation 2.20

where C; and C; are the solidus and liquidus composition obtained from the equilibrium

phase diagram. From the calculated solidus and liquidus composition, dynamic non-
equilibrium phase diagram can be built and Figure 2.9 shows an example of carbon-iron
binary dynamic phase diagram. With considering non-equilibrium partitioning, solidus
composition shifts to the left and the shift becomes greater as temperature decreases.
However, liquidus composition is almost the same as the equilibrium liquidus

composition.
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Figure 2.8 Geometric model for solid / liquid interface at mushy zone during
solidification in laser material processing [33]
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Figure 2.9 Dynamic non-equilibrium phase diagram of binary carbon-iron system
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2.5 Numerical results

This section shows the numerical results from the mathematical model described
in the previous sections. Temperature profile of AISI 4340 steel powder with various
laser modes and the number of powder density along the Z axis are presented, and the
optimal laser mode and powder distribution for better metallurgical properties of the
DMD product is proposed. Temperature profile and fluid flow of the melt pool are also
predicted and the temperature histories at different locations are used to calculate cooling
rates. Lastly, solute transport of carbon and nickel in liquid iron solution is investigated

with the Pectlet numbers.

2.5.1 Laser powder interaction

Powdered AISI 4340 steel temperature with three different CO2 laser beam
modes, TEMoo, TEMo1*, and Top hat mode, with the same power of 1400 Watts are
calculated as shown in Figure 2.11, 2.12 (a) and 2.13, respectively. The normalized beam
intensity profiles with different mode are compared in Figure 2.10 and the figure shows
that the beam intensity of TEMoo mode is the greatest and the energy intensity of Top hat
mode is the smallest, but evenly distributed. The maximum temperature is found where
the peak intensity of the beam is located for TEMoo and TEMo1* cases; however, the
maximum temperature of the powder with Top hat mode is found at the edge of the beam.
The number density of AISI 4340 steel powder is the greatest at the center of the beam
with Gaussian distribution (See Figure 2.12 (b)) and the energy is uniformly distributed
within the beam; therefore, the powders at the edge of the beam have the greatest energy

absorption during travel, but the temperature difference between the edge and the center
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of the beam is only 50 degrees (maximum temperature of 1150 Kelvin). Note that none of
liquid state powder is found within the given processing parameter ranges in the study.
With different powder flow rate and laser power, some of liquid powder particles can be

observed.

The peak temperature of the powdered metal with TEMo1* mode is the highest
even though the peak energy intensity of TEMoo mode is the greatest among the three
modes due to the difference in the amount of powders interacting with the laser energy
during travel. In order to control the metallurgical properties, such as the size and the
growth direction of grains, melt pool temperature control is essential. Therefore, using
Top hat mode laser with proper laser power in DMD process is beneficial among the

three different modes although the peak temperature with Top hat mode is the least.
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Figure 2.10 Laser intensity profile with various laser mode, TEMoo, TEMo1*, and Top hat
mode

X
o
o
(@)
Vi

Temperature (K)
(@]
3

-5 -5 X

Figure 2.11 Powder temperature profile at the substrate with TEMo1*-CO2 laser
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Figure 2.13 Powder temperature along the Z axis Top hat-CO2 laser

2.5.2 Temperature / fluid flow / solute transport

Two different lasers (DISC and CO2 lasers) are used in this section to predict the
evolution of temperature, fluid flow, and solute transport. Figure 2.14 shows the results
with a 1 mm Top hat-CW-DISC laser beam. The processing parameters used in the
model are laser power of 1350 Watts, scanning speed of 21.2 mm/s, and AlSI 4340 steel
powder flow rate of 3.6 g/min. The maximum temperature of the melt pool and the rising
time to melting temperature found in the simulation are 2200 Kelvin and 0.19 seconds,
respectively. The area chosen for measuring the rising time is the top surface of the
substrate because the material above the substrate was in gas state before the material

deposition.
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Figure 2.15 shows the temperature field with a 2 mm TEMo:*-CW-CO2 laser of 2000
Watts, scanning velocity of 10 mm/s, and the powder flow rate of 14 g/min. The
maximum temperature of the melt pool and the rising time to melting temperature found
in the model are 2020 Kelvin and 0.16 seconds, respectively. The temperature contour in
the figure shows that the temperature gradient is the greatest right below the melt pool

interface.
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Figure 2.14 Temperature field and fluid flow in DMD process (cross sectional view of X-
Z plane with Imm-Top hat-CW-DISC laser)

To investigate the temperature change with the amount of energy, laser power is
varied from 1400 Watts to 2300 Watts using a 0.5 mm TEMgo-CW-CO2 laser and the

temperature histories with laser power are plotted in Figure 2.16. Note that proper

32



deposition could not be achieved by the power below 1400 Watts. Both the maximum
temperature of the melt pool and the rising time increase with power, but the maximum

temperature remains at 2500 Kelvin above the power of 2000 Watts.

0.002 0.004 0.006
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Figure 2.15 Temperature field and fluid flow in DMD process (cross sectional view of Y-
Z plane with 2mm-TEMo1*-CW-CO2 laser)

From the obtained temperature histories, two different cooling rates are calculated:
one (CR1) is from melting temperature to austenite temperature and another (CR2) is
from austenite temperature to martensite start temperature. Note that cooling rate until the
ambient temperature is not shown here due to the fact that cooling rates are calculated to
be compared with experimentally measured cooling rates by an infrared pyrometer and

the measurable temperature range of the pyrometer is from 820 to 2800 Kelvin. As
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shown in Figure 2.17, the deposition top surface has the maximum cooling rate and the
cooling rate decreases as being close to the bottom of the substrate. There is a difference
in cooling behavior between CR1 and CR2. At higher temperature range (CR1), the
deeper the location into the substrate, the lower the cooling rate is predicted; however, at
relatively moderate temperature range (CR2), the cooling rate closer to the bottom of
substrate is higher by 8~9 % than that at the melt pool interface because heat transfer by
conduction toward the substrate is rapid at higher temperature range, but heat transfer
becomes slower as temperature drops and the heat transfer at the location away from the

melt pool interface is influenced by the free surface (the bottom of substrate) at ambient

temperature.
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Figure 2.16 Maximum temperature of the melt pool with different laser power range from
1400 to 2300 Watts (1 mm TEMogo-CW-CO2 laser)
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Figure 2.17 Mathematically predicted cooling rates at different locations in DMD process

The mathematically predicted solute concentrations of carbon and nickel in liquid iron

solution are shown in Figure 2.18 and the Pectlet number for both elements are calculated

as 3.15E4 for carbon and 1.69E5 for nickel by Equation 2.21, which indicates that

advection transport is dominant in mass transport in DMD process and nickel element is

more influenced by fluid flow than carbon.

o  Advective transport rate _ Lv

~ Diffusive transport rate D

where L is the characteristic length.
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Figure 2.18 Solute transport in the laser melted pool of AISI 4340 steel: The Pectlet
number for Carbon: 3.15E4 and for Nickel:1.69E5, Advective transport >> Diffusion
transport

36



2.5.3 Effects of processing parameters on deposition geometry

Laser power and scanning speed have been varied to investigate the effects of the
parameters on melt pool geometry. As shown in Figure 2.19, laser power increases the
overall melt pool size with higher energy density and laser scanning speed leads to
shallower penetration depth to the substrate and lower deposition height. But the
deposition width relatively does not vary with scanning speed. In real DMD production
line, faster scanning speed with higher amount of energy as much as possible is required
for cost. To figure out the main effect of scanning speed on the deposition, scanning
speed is varied with constrained energy density. An increase in interacting time between
laser and a target material with slower scanning speed initially raises the deposition
height with a slight increase in the width and penetration depth. However, above a certain
amount of interacting time, the deposition height remains the same and the penetration
depth rapidly increases which is not appropriate in real DMD applications. Providing the
proper ranges of processing parameters is thus required to have a better deposition quality

and lesser energy consumption.

d Scanning speed decreased

Power increased Scanning speed increase , )
9P (Energy density constrained)

Figure 2.19 Melt pool geometry changes with processing conditions
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2.6  Experimental validations

In this section, the numerical model is experimentally validated by comparing
temperature history, fluid flow, and the deposition geometry (height, width, and
penetration depth to the substrate) with laser power. Temperature of the material is
monitored by an infrared pyrometer and the velocity of the melt pool surface is calculated
from successive melt pool images taken by a high speed CCD camera during DMD

process.

2.6.1 Evolution of temperature and fluid flow

An infrared pyrometer, of which spot size is 0.6 mm and the measurable
temperature range is from 820 to 2800 Kelvin, is used to monitor the temperature of a
melted and solidified area and the monitored temperature history is compared with the
mathematical predictions. The maximum temperature is found as 2400 + 200 Kelvin and
it is greater than the numerically predicted value by 8 %, and the rising time, obtained
from the minimum measurable temperature range of an infrared pyrometer to the melting
temperature of AISI 4340 steel, is measured as 0.075 + 0.032 second. The rising time
predicted by the mathematical model within the same temperature range is calculated as
0.13 second, and the predicted value is greater than the experimental value by 73 %. The
reason for the dissimilarity in the rising time is the fact that the pyrometer measures the
maximum temperature of a selected top moving surface within the spot size (0.6 mm).
Although there is a discrepancy in rising time, Figure 2.20 shows the overall temporal
temperature behavior at the top surface predicted by the model is close to the

experimental measurement, and the experimentally measured cooling rate from melting
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temperature to austenite temperature is 3800 + 300 K/s, which also agrees with the

mathematically calculated cooling rate in Section 2.5.2.
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Figure 2.20 Numerically and experimentally obtained temperature history of the DMD
fabricated material. The locations (a)~(d) are shown in Figure 2.17

The predicted melt pool velocity also has been validated by comparing the melt
pool surface velocity that is calculated [34] by the relative motion of a hump at the melt
pool surface using the successive images of melt pool taken by a high speed CCD camera
as seen in Figure 2.21. An assumption used in the calculation is that the phase velocity of
the wave is relatively small at the center of the hump. The calculated top surface velocity
is 0.84 + 0.19 m/s, which agrees with the mathematically predicted values 0.72 £ 0.16

m/s.
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Figure 2.21 Successive images of melt pool in DMD process taken by a high speed CCD
camara
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2.6.2 Geometry changes with processing parameter

The deposition geometries such as height, width, and penetraion into the substrate
with different laser power are predicted and compared with the experimental
measurements in Figure 2.22. The range of laser power simulated is from 650 W to 1300
W, and the predicted values are mostly within the experimental uncertainties. The major
source of the experimental uncertainties are from replications. A few data points are
slightly off from the experimental data and the discrepancies are from the fact that
thermo-physical material properties at high temperature is extrapolated; however, the
comparison shows that the behavior of geometry change with different power are silimar
and the amount of discrepancy is also small.
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Figure 2.22 Experimental validation of melt pool geometry (width, height, and
penetration to the substrate) with different laser power
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2.7

Conclusions

The numerical thermal model in this chapter presented several important features of

Direct Metal Deposition (DMD) process as provided below

1)

2)

3)

4)

5)

6)

The maximum powder temperature at the deposition surface with TEMogo and
TEMo1* mode is found where the maximum laser beam intensity is; however, the
peak temperature with Top hat mode is found at the edge of beam because of the
difference in distribution of laser energy and powder flow. The highest
temperature of metallic powder is achieved with TEMo:* among the three
different modes.

The uniform temperature of powder can be obtained with Top hat mode beam,
which is ideal for temperature control of the laser melted area.

Temperature gradient is the highest around the melt pool interface

The maximum temperature of melt pool and the rising time (Tamb ~ Tm) increases
with laser power. Above 2000 Watts with given CO2 beam size, the maximum
temperature remains the same.

Cooling rate (CR1) at high temperature range (Tm ~ austenite temperature) is the
highest (3500 K/s) at the top of deposition surface and CR1 decreases with deeper
location toward the substrate. Cooling rate (CR2) at moderate temperature range
(austenite temperature ~ Trm) is the highest (680 K/s) at the top of deposition
surface and the cooling rate at the bottom of substrate is higher than that at the
melt pool interface by 8~9 %.

Numerically obtained the Pectlet number for carbon and nickel in liquid iron

solution are 3.15E4 and 1.69E5, respectively, which indicates advection due to
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fluid flow generated by laser heat source is dominant in mass transport of the
DMD melt pool.

7) The overall melt pool size increases with higher laser power and lower scanning
speed. The increase in the melt pool width and penetration depth with scanning
speed is relatively less than the increase in melt pool height

8) With constrained energy density, the longer interacting time between energy and a
target material with slower scanning speed initially increases the melt pool height;
however, there is a certain limit of the increase with the given beam size.

Excessive interacting time leads to unnecessary diluted area.

The comparisons of temperature history, fluid flow, and the deposition geometry
(height, width, and penetration depth to the substrate) with several experiments support
the validity of the mathematical thermal model. The maximum temperature of the melt
pool is found as 2400 + 200 Kelvin and it is greater than the numerically predicted value
by 8 %, and the rising time, obtained from the minimum measurable temperature range of
an infrared pyrometer to melting temperature of AISI 4340 steel, is measured as 0.075 +
0.032 second, which is 57 % less than the mathematically calculated rising time. Due to
the fact that the pyrometer measures the maximum temperature of a selected surface
within the spot size of 600 micron and the temporal temperature behaviors during cooling
for both experiment and mathematical calculation are very close, we can conclude that
the mathematical model is valid. The experimentally measured top surface linear velocity
of AISI 4340 steel melt pool is 0.84 £ 0.19 m/s, which also agrees with the numerically
obtained values 0.72 + 0.16 m/s. Lastly, the mathematically predicted melt pool

geometries with the laser power range from 650 W to 1300 W are mostly within the
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experimental uncertainties. The minor discrepancy is from the fact that thermo-physical

material properties are extrapolated at high temperature.
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CHAPTER 111

NUMERICAL MODELING: MECHANICAL DEFORMATION

MODEL

3.1 Introduction

Mechanical deformation in DMD process occurs due to severe thermal loads and
solid state phase transformations such as martensitic phase transformation, and the
residual stress is directly related to the fracture and fatigue behavior of the DMD
fabricated product. For example, the presence of severe tensile residual stress leads to
premature failure during life cycle. In situ monitoring of mechanical deformation is
difficult due to the characteristic of laser material processing such that the process
involves sequence of heating and melting. Therefore, the evolution of residual stress is
investigated and the correlations between DMD processing parameters and the residual
stress are found using a mathematical model, so that the residual stress can be controlled
in the stage of constructing tool path with providing the corresponding processing
variables. The obtained temporal information of temperature, geometry, and martensite
formation from the model in Chapter Il is imported into a commercial software package
ABAQUS and the mechanical deformation in DMD process is predicted with user

subroutines to include martensitic phase transformation in stress analyses.
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3.2

Assumptions

The assumptions made in the mechanical deformation model in DMD process are

provided below

3.3

1)

2)

3)

4)

5)

6)

Material is homogeneous and isotropic, and it follows Hooke’s law.

Material follows Johnson-Cook plasticity model, but strain rate dependence is
ignored.

Newly added element in ABAQUS for material deposition is stress-free element.
Yield stress at mushy zone is proportional to the solid fraction.

Mechanical deformation of the DMD fabricated material occurs by thermal loads
and martensitic phase transformation.

Martensitic phase transformation induced plasticity is relatively small compared
to the volumetric dilatation by the phase transformation [35]; therefore, only the

volumetric dilatation is considered in the study for simplicity.

Boundary conditions / Constitutive model / Flow chart

The plastic behavior of AISI 4340 steel is assumed to follow Johnson-Cook

hardening model and the material constants [36] are shown in Table 3.1. However, the

strain rate effect on the plastic behavior is ignored for simplicity. Since DMD process

involves severe thermal loads using intense laser energy within a small spot and

diffusionless martensitic phase transformation, the material rapidly deforms during the

process and strain rate is must be greater than the reference strain rate 7500 s, which

makes the second term in the Johnson-Cook model (Equation 3.1) unity. Therefore, our

assumption of the strain rate independence is reasonable.
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Table 3.1 Plastic behavior of AISI 4340 steel: Johnson-Cook hardening model [36]
AISI 4340 steel

Johnson-Cook model material Value
constants
I' [MPa] 2100
. 1T y A [MPa] 1750
_ =\? i _ — 'amb

o, —[F+A(s) }{Hl‘lln(%ﬂ{l (—Tm _Tame } - 0.0028

Equation 3.1 y 0.65

Z 0.75

The total strain changes A¢ at each time step in DMD process are assumed to be
thermal strain (Ae™), volumetric dilatation (A¢") due to martensite phase transformation,
and phase transformation induced plasticity (As®). The mechanical response due to the
strain changes is decomposed into elastic (A¢®) and plastic (A&P) strains. Therefore, elastic
strain component can be expressed as As® = Ac —AgP, and the elastic strain in tensor form

at the end of each time step is updated as

& =(&5), +As =(s5), + Mgy —As) Equation 3.2

Then, the stress at t + At is updated with assumptions that material is homogeneous and

isotropic, and it follows Hooke’s law as written in Equation 3.3.
o :(Gij )t +Aoy :(O'ij )t +2G Ag; + A A&y 5; Equation 3.3

where AL is the Lamé parameters and G is the shear modulus. If the calculated stress
exceeds yield surface, the stress state is corrected by the radial return method with the

plastic correction term as shown in Figure 3.1.
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Figure 3.1 Stress state correction using radial return method

The von Mises yield surface ¢ is described in terms of effective stress oe, temperature T,

and effective plastic strain £ as
¢=