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ABSTRACT OF THE DISSERTATION

Fundamental Investigation of Directed Energy Deposition: Understanding the Process Through
In-situ Monitoring and Numerical Simulations
by
Sen Jiang
Doctor of Philosophy in Materials Science and Engineering
University of California, Irvine, 2021

Professor Julie M. Schoenung, Chair

Directed Energy Deposition (DED), one of the additive manufacturing techniques, has seen
rapid growth over the last decade in multiple industries, including aerospace, medical devices, and
energy systems. Although showing great potential and having proven itself a promising
manufacturing alternative, the complex physics and highly non-equilibrium processes involved in
DED exhibit unique challenges in optimizing the design parameters and controlling the overall
quality of the final parts. Often times the entire process is treated as a “black box”, in which the
effort has been focused on correlating the final built properties with input parameters, without fully
understand the governing physics. This dissertation aims to provide a deeper understanding of the
fundamental physics at each stage during the DED process, with the aid of in situ process
monitoring tools and numerical simulations. In the first study, particle flow behavior of a gas
atomized metallic powder (Inconel 718) and a ceramic powder (TiC) during the coaxial nozzle
injection was studied through both experimental and numerical analysis. A 3-dimensional
COMSOL numerical model was formulated to simulate the particle trajectories under the influence

of gas flow, particle-gas interactions, and particle-wall collisions. High-speed photography was
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used to examine and compare the powder flow behavior of the Inconel 718 and TiC particles. The
results reveal distinct differences in particle velocity and spatial distribution between the Inconel
718 and TiC particles, due to the dissimilar particle sizes, morphologies, material densities, and
particle collision behavior. Next, thermal behavior of coated particles during the interaction with
the molten pool was studied by constructing heat and phase transfer models using COMSOL
software. Transient temperature and phase fields were calculated for coated and uncoated stainless
steel (SS316L) and Zn-Al particles under different particle size, coating thickness, molten pool
temperature and coating material conditions. Particle residence time values, defined as how long
the particle can exist before undergoing a certain phase change, were determined from the
calculations. The results show large variations in residence time due to the external parameters,
especially the thermal diffusivity of the coated materials. Recommendations regarding coating
material selection for retaining the Zn-Al particle were made based on the calculation results. In
the third study, macroscopic thermal histories for a cuboidal build were analyzed in a 3-
dimensional heat transfer model. Hatch rotation angle of 0 and 90 degrees were compared. A more
randomized thermal history was observed for the 90-degree hatch rotation angle, which may
inhibit epitaxial grain growth due to the dissimilar heat flux from pre-deposited layers. Finally, the
tensile deformation behavior and phase formation in two nickel-based superalloys, Inconel 718
and Haynes 282, plus TiC-reinforced metal matrix composites of these alloys, were characterized
experimentally for DED as-deposited samples. Scheil solidification calculations were also
performed to understand the role of Nb (in the Inconel 718) and excess Ti and C (from the partially
dissolved TiC reinforcement particles) on the phase formation sequence during solidification. The
results reveal that the excess Ti+C leads to Nb-rich carbide formation in the Inconel MMCs, which

depletes the Nb in the matrix and thus limits the formation of Laves and y” phases. This leads to
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the Inconel MMC matrix having a similar composition as in the Nb-free Haynes MMC matrix,
and yields similar tensile behavior in the two sets of bulk, as-deposited MMC samples. These
studies, combined, provide insight into the importance of materials properties and phase
transformations in comprehensively understanding the DED process to facilitate expanded

application in the industry.
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Chapter 1: Introduction to Directed Energy Deposition Process and Research

Tools

1.1. Directed energy deposition overview and process description

Directed energy deposition, or DED, refers to a type of additive manufacturing process,
which uses a high energy source such as a laser, electron beam or electric arc, to melt and deposit
feedstock materials to form dense metallic parts. The technique allows the fabrication of metallic
parts with complex geometries via a layer-by-layer building pattern by implementing computer
aided design (CAD) files. Many high-performance materials have been successfully deposited,
including stainless steels, titanium-based alloys, cobalt-based alloys, nickel-based alloys,
aluminum alloys, high-entropy alloys, intermetallics, shape memory alloys, ceramics, composites,
and functionally graded materials (FGMs) [1]. Figure 1 shows a schematic representation of a
typical laser based DED system [2]. The powder feedstock is first injected through a co-axial
nozzle onto the substrate by a carrier gas, often argon or nitrogen, and simultaneously irradiated
by a high energy density laser source from above. A small molten pool forms on the substrate upon
heating by the laser source, and the powder feedstock interacts with the molten pool, being
captured and melted. A metal track forms as the substrate moves, and desired parts can be

fabricated as the material is continuously deposited according to the prewritten CAD codes.
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Figure 1. (a) Photograph of directed energy deposition (DED) during deposition of stainless
steel part, and (b) schematic representation of DED system. Courtesy of Zheng et al. [2]

As shown from the above, DED is an extremely complicated process with many physical
and non-equilibrium phenomena happening simultaneously, including but not limited to: heat
transfer (conductive, convective and radioactive), mass transfer (Marangoni flow, gas flow,
particle-gas interactions) and phase transformations (melting, evaporating, solidification). These
physical phenomena depend on important parameters such as laser power, scan speed, and powder
flow rate, and will have strong effects on the quality and mechanical properties of the final parts
[3]. Such complexity leads to difficulties in easily understanding the overall process and direct
effects of parameters on part quality, and poses challenges to develop stable and reliable
approaches for mass production. To address the above issues, extensive research has been done to
characterize, analyze and quantify the DED process and establish good correlations between
process parameters and material properties. In-situ monitoring and simulations are two important

tools among in this research.



1.2. In-situ process monitoring tools

To achieve high levels of quality and reproducibility in metallic additive manufactured
parts, in-situ monitoring tools are necessary to characterize the process and control the key
variables [4]. This section introduces two major types of the in-situ process monitoring tools used
in additive manufacture related research, namely high-speed photography and thermal imaging.
High speed photography

As stated previously, DED is a highly non-equilibrium process that involves multiple
physical phenomenon, including turbulent flow of carrier gas and powders, rapid heating, melting,
cooling and solidification. Starting from the powder feedstock leaving at the nozzle exit to the
deposition of materials onto the substrate, the entire process takes only about several milliseconds.
Therefore, utilizing high speed photography to characterize and monitor the DED process can be
extremely useful to understand the complex physics that are happening. High-speed photography
has been used to study two aspects in the DED process: (i) powder delivery and (ii) molten pool
dynamics. For the first, particle trajectories when leaving the nozzle can be observed. Particle
speed, mass flux, and particle concentrations can be obtained by post-processing of the recorded
images. Figure 2 represents an example of work from Ref. [5], in which the images of a powder
stream of two different materials, namely NT-20 nickel alloy and WC, were captured using a CCD
camera with 30 frames per second (fps). Particle concentrations at various nozzle distances and
particle velocities for both powders were obtained from the images, and the influence of nozzle
angle, carrier gas flow rate, particle shape factor and particle diameter on particle concentration
were analyzed. Similarly, Haley et al. [6] recorded the flow pattern for gas atomized 316L stainless

steel powder during LENS® deposition at 10000 fps with an iX iSpeed 720 camera. Image analysis



software was used to count the positions of the particle from each frame, and a 2D-Gaussian
distribution analytical model was proposed.

Other than observing particle flow behavior, the high-speed videos can also be used to
study the molten pool dynamics. Molten pool morphologies and the mechanisms for particle
interaction with each other and being captured by the molten pool can be revealed from the
recorded images of the molten pool surface. Figure 3 shows an example study from Haley et al.
[7], who used four high-speed cameras with >10000 fps to capture trajectories of individual
powder particles impacting the molten pool. Different stages of particle-molten pool interactions
are recognized, and the relationship between particle residual time and surface tension of the
molten pool was obtained. Bertoli et al. [8] used similar high-speed photography to observe the
deposition of SS 316L in selective laser melting (SLM). Cooling rates were estimated from the
captured videos by dividing the difference of boiling point and melting point with measured time
interval. Cooling rates for numerous single tracks were estimated and compared to a COMSOL
finite element model, and the resultant solidification microstructure were used to validate the

calculated and measured cooling rate values.

Powder material Carrier gas flow rate (m3/s)
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Figure 2. Flow of Ni-WC powder with different mass fractions of the micro and nano-sized WC
powder and monolithic micro-sized WC powder at three different carrier gas flow rates.
Courtesy of Balu et al. [5].
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Figure 3. Color coded arrows highlight generated contrast points tracking the particle through
four characteristic stages. Courtesy of Haley et al. [7].

Thermal imaging

The temperature field near the molten pool is of great interest since important physical
values such as cooling rate and temperature gradient can be determined [9]. Due to the rapid
cooling and highly non-equilibrium nature of the laser deposition process, conventional thermal
couples may not be sufficient to quickly measure the temperature. Therefore, non-contact thermal
imaging methods have been applied to acquire temperature information from the molten pool. A
typical system contains a CCD to detect the thermal radiation signal reflected from the molten pool
and convert it into an electrical signal [4]. The intensity of the radiation can be then quantified and
converted to temperature data, upon careful calibration, according to the material properties. An
example, shown in Figure 4, is from Ref. [10], digital CCD camera is installed above the laser
beam to capture images of the molten pool, during the LENS® deposition of WC-Co thick-wall
samples. The signal was later calibrated to convert to a temperature measurement, and cooling rate
and temperature gradient information were obtained from the captured images. The temperature

data were later validated with a numerical finite difference model.
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Figure 4. A thermal image of a WC-Co thick-wall sample looking from the top when layer 5
was being deposited. The image is colorized to show temperature in degrees K. Values on the X-
and Y-axes show image size in pixels. The white arrow indicates the traverse direction of the
laser beam. Courtesy of Xiong et al. [10].

1.3. Simulation methods

Despite the advantages of the in-situ monitoring tools described above, limitations are that
both high-speed photography and thermal imaging devices can only probe the surface of the build
but not at interior locations [9]. Therefore, simulation tools are beneficial as they can provide
comprehensive analysis of physical processes, and potentially reduce the burden for extensive
experimental work.

Transient, three dimensional (3D), temperature fields are prerequisites for understanding
the most important parameters that affect the metallurgical quality of the components, such as the
cooling rates, solidification parameters, microstructures and residual stresses and distortion of the
components [9]. Due to the constraints of computing time, some simplifications need to be made
when constructing simulation models. Perhaps the most simplified (and famous) model to describe
the temperature field generated from a moving heat source is the Rosenthal equation, commonly

cited in welding literature [11]. This equation assumes an infinitely large substrate, a point heat



source, ignores any mass addition and considered only conductive heat transfer. The temperature

field has the following form [12]:

T—-T, = ZZ;;R exp [— % (R + x)] (1)

with

R=\x?+y?+22 0
where T is the temperature, To is the initial temperature, qo is the energy source power, Vv is the
scanning speed (motion is assumed to be in the positive x-axis direction), o. is the thermal
diffusivity, k is the thermal conductivity, and x,y,z are coordinates with respect to the laser spot.
Since the Rosenthal equation gives infinite temperature at the origin (laser spot), some variations
in the analytical model have been proposed, such as Ashby & Easterling [13] (assuming line-
shaped heat source) and Eagar & Tsai’s solution [14] (assuming a Gaussian distributed heat
source). These analytical models, since not considering convective fluid flow in molten pool, tend
to overestimate the temperature and molten pool size [9]. To have a better reproduction of the
molten pool dynamics, numerical simulations have been used, including finite element methods
(FEM) and finite difference methods (FDM). Solving fully coupled heat transfer and fluid flow
equations are required to obtain accurate calculations of the 3-D temperature field. The governing

equations are listed below for conservation of mass, momentum and energy [12]:
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where p is the density, u; and u; are the velocity components along the i and j directions,

respectively, and xi is the distance along the i direction, t is the time, x is the dynamic viscosity, Sj



is a source term for the momentum equation that accounts for buoyance forces, electromagnetic
forces etc., h is the sensible heat, Cp is the specific heat, k is the thermal conductivity, and AH is
the latent heat. Figure 5 shows an example of FEM simulation results for the deposition of Inconel
718 [15]. Once the transient temperature field has been calculated, important parameters such as
cooling rate, temperature gradient, molten pool size, and heat flux can be determined and

correlated with operating parameters and microstructural evolution.
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Figure 5. Simulation results showing: (a) the temperature distribution during the deposition of
10" layer of Inconel IN718; (b) the temperature and velocity field near the molten pool during
the deposition of 2" layer of IN718. Courtesy of Mukherjee et al. [15].

1.4. Current challenges for novel and emerging materials

In recent years, the DED technique has seen rapid growth, and the fabrication with pure
alloys such as steels, nickel-, titanium- and aluminum-based alloys, has become relatively mature.
As DED offers excellent flexibility compared to laser powder bed fusion (PBF), another major
type of additive manufacturing, the demand for using DED to manufacture novel materials, such
as metal matrix composites (MMC) and functionally graded materials (FGM), is also growing at
a rapid pace. Often these materials contain more than one type of feedstock powder, therefore their

inhomogeneous nature can cause unique challenges during the deposition process. For example,
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in MMC materials, the metallic powder and the ceramic reinforcement powder usually exhibit very
different morphologies, size and density. When feeding the two powders simultaneously, the
flowability of the powder mixture may be reduced due to the interlocking and entangling of
irregular-shaped ceramic particles, and therefore leads to the formation of porosity in the solidified
part [16]. Furthermore, since the melting point of ceramic particles is usually much higher than
that of metallic particles, the ceramic particle may remain mostly unaffected or only partially
melted during DED, therefore resulting in a molten pool containing solid reinforcements [16]. The
solid reinforcement particles may exert a unique influence on the solidification structure, and the
chemical interaction between any dissolved ceramic reinforcement and the metallic matrix may
lead to unexpected phase formation. Even worse, the poor wettability between the solid
reinforcements with the surrounding melt may result in the formation of porosity and cracks [16].
While the new technologies brings new opportunities, it also brings new challenges.
Understanding better the DED process is essential to improve and solve these existing issues for

manufacturing of complex material systems.

1.5. Research scope

The goal of this dissertation is to provide a fundamental investigation into the DED process
and physics involved, with the aid of in-situ process monitoring tools and numerical simulations.
The overall scope of this dissertation is shown in Figure 7. The chapters are arranged such that
each chapter discusses a stage of the DED process: powder flow behavior during powder delivery
(Chapter 2), particle-molten pool interactions (Chapter 3), macroscopic thermal histories (Chapter
4) and solidification/phase formation in as-deposited MMCs (Chapter 5). In Chapter 2, a

computational fluid dynamic (CFD) model was constructed in COMSOL for analyzing particle



flow behavior of larger, spherical Inconel 718 powder and smaller, irregular shaped TiC powder.
Particle mass concentration distribution and particle velocity were calculated, and the calculation
results were validated by high-speed videos. The work provides insight into how the morphologies
of the powder feedstocks ultimately determine the dispersion angle of the particle stream, the
particle mass concentration, and the particle focal distance, which are key design parameters for
DED. In Chapter 3, the thermal effect of particle coatings when interacting with the molten pool
was studied through numerically modeling the heat transfer and phase transformation. The
correlations between coating material, coating thickness, molten pool temperature and the particle
residence time were evaluated. In Chapter 4, the work shifts to a relatively macroscopic scale of
heat transfer phenomena, to analyze the thermal histories of the entire part. Temperature field,
histories and heat flux were calculated and compared when adopting different hatch rotation
strategies. Efforts have been made to use the calculated temperature data to explain the relationship
between scan strategy and the microstructural and mechanical properties of the deposited parts. In
the final part of this dissertation, phase formation in TiC-reinforced nickel MMCs was examined
by microscopy and rationalized with the aid of CALPHAD. Scheil solidification calculations were
performed for both Inconel 718/TiC and Haynes 282/TiC MMCs, to analyze the phase formation
sequence during DED solidification. The work highlighted the interesting role that the Nb element
plays in the composite material systems. The combination of these studies demonstrated an

integrated overview on DED process and research tools to expand the applications in the future.

10



f Ch 1. Powder flow behavior

Ch 3. Thermal history

/

/Ch 2. Particle-molten pool interaction\

;

=

/ Ch 4. Phase formation in Ni-MMC \

\= . =)

Figure 6. Schematic representation of the overall scope for this dissertation.
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Chapter 2: Directed Energy Deposition of Metal Matrix Composites:
Computational and Experimental Comparison of Powder Particle Flow

Behavior

2.1. Introduction

Laser Engineered Net Shaping (LENS®) is one of several so-called directed energy
deposition (DED) additive manufacturing techniques, which is rapidly gaining acceptance for the
fabrication of metallic components. LENS® uses a laser beam as a heat source to melt and deposit
injected metal powder onto a substrate via a line-by-line and layer-by-layer building pattern from
a computer-aided design file [17]. The powder feedstock is carried by an inert gas, usually argon,
onto a substrate, where the powder interacts with the laser beam and the molten pool and eventually
becomes deposited. In addition to a wide range of metal alloys, LENS® has also been implemented
to fabricate metal matrix composite (MMC) materials. The layer-by-layer additive material
deposition allows for the production of parts with complex geometries while eliminating the need
for postprocessing and machining [18-20]. MMCs consisting of metallic matrix materials
including stainless steel, titanium alloys, nickel alloys and aluminum alloys, and ceramic
reinforcement particles including TiC, TiB2, WC, B4C, AlOs etc., have been reportedly fabricated
via LENS® [21-27].

Despite limited success with various combinations of metal and ceramic powders, it has
become apparent that the delivery of a heterogeneous mixture during LENS® presents some unique
challenges. For the material to be successfully deposited onto the substrate, powder particles must
be efficiently delivered to and be captured in the molten pool created by the laser beam. For
metallic alloys, the powders used in DED systems are usually near-spherical shaped, gas atomized

12



powders, with diameters ranging from 45-150 pm [9]. Gas atomized powders are selected because
of their good flowability and high packing density [9,27,28]. However, ceramic particles often
have small particle sizes and irregular morphologies that make the powder delivery difficult
[16,29]. The powder flowability tends to decrease with increasing ceramic reinforcement particle
content due to the interlocking and entangling of the irregular shaped particles, resulting in non-
homogeneous microstructures and porosity in the deposited parts [29]. The range of particle
morphologies and differences in physical properties between the metal and the ceramic particles
affect their spatial distribution in the particle stream, and consequently influence the final
microstructure and local composition in the deposited materials [30,31]. Furthermore, the overall
process efficiency is critically influenced by the design and operational parameters of the powder
injection nozzle, which determines the particle mass concentration at the working distance and
thus influences the particle capture efficiency [6].

In the LENS® process, the size and morphology of the feedstock particles, carrier gas flow
conditions and nozzle geometry all affect the behavior of the particles during deposition, which
further influence the number of powder particles being delivered into the molten pool. Coaxial
powder feed nozzles are commonly adopted due to their versatility and relatively simple design
and installation [32]. For simplicity, the particle mass concentration is often analytically modelled
assuming the mass flux from each nozzle has a 2-D Gaussian distribution, with the standard
deviation increasing with increasing nozzle distance [6,33,34]. Due to the dilute particle
concentration, the collisions between particles can be safely ignored [6,34], so the overall mass
concentration is simply a superposition from each nozzle. Recently, research studies have been
reported on actual observations of the flight characteristics of various types of particles during

delivery to the molten pool using high speed photography. For instance, Haley et al. [6] recorded
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the particle flow pattern of gas atomized 316L SS during LENS® deposition using an iX iSpeed
720 camera operating at 10,000 frames per second (fps). Image analysis software was used to count
the positions of the particles in each frame, and a 2D-Gaussian distribution analytical model was
proposed. Balu et al. [5] captured the images corresponding to the particle stream of two different
materials, a nickel alloy and tungsten carbide, using a CCD camera at 30 fps. Particle
concentrations at various nozzle distances and particle velocities for both powders were obtained,
and the results were validated by a fluid dynamic simulation model. Mazzucato [35] designed a
new nozzle geometry to maximize the particle capture efficiency, and the particle flow
performance was recorded by a high-speed camera and analyzed using ImagelJ software. A
computational fluid dynamic (CFD) model was used to validate the acquired particle stream shape
and mass flux data. Their results, however, failed to reveal a clear trend as to how the carrier gas
flowrate will impact the particle stream pattern. Some researchers have considered the effect of
particle collisions against the nozzle inner wall and found that the collisions will also affect the
formation of the particle stream morphology [36,37]. Still, an in-depth, quantitative analysis of
collision phenomena remains to be established.

This work aims to reveal the distinct particle flow behavior of a gas atomized metallic
powder and a ceramic powder in the LENS® process and to provide insight into the factors that
influence the particle trajectories and spatial distributions, through both experimental and
numerical analysis. The overall scope of work is shown schematically in Figure 7. Numerical
simulations are performed using COMSOL Multiphysics® software, to investigate the gas flow,
particle-gas and particle-particle interactions. Special attention was focused on how the differences
in particle size, density and morphology between metallic and ceramic powders would result in

distinct particle stream patterns and mass concentration profiles, by carefully addressing the effect
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of random particle-nozzle wall collisions inside the nozzle. To validate the simulated results, we
implement high-speed photography to observe the particle injection in the case of the Inconel 718
and TiC powder binary system. The particle spatial distributions for both types of powders are

determined from the recorded images and statistically analyzed.
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Figure 7. Schematic representation of the overall scope of Chapter 2.

2.2. COMSOL model methodology

A 3-D finite element method (FEM) model was formulated using COMSOL Multiphysics®
5.3a software to provide fundamental insight into the relative flow fields of the argon gas and the
particles. The model solves the Navier-Stokes equations for a viscous and compressible gas with
low Reynolds number, and computes the force balance for particles under the action of the drag of
the argon flow. The computational sequence is set as two time-dependent steps: first, the argon
flow field is calculated using a time-dependent solver, starting at t=0 s until steady state has been

reached; second, powder particles are released from the nozzle inlet and injected toward the bottom
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surface due to gravity and gas drag forces. Figure 8 shows the calculation domain and the geometry

of the formulated model.
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Figure 8. (a) Calculation domain and the geometry of the 3-D COMSOL® model, and (b) the
selected cut plane.
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2.2.1 Gas flow field

The conservation of mass equation for a compressible Newtonian fluid can be expressed
as follows [38]:

% 4 div pv =0 (6)
at

where p is the density of the gas and v is the velocity vector of the carrier gas. The conservation
of momentum can be expressed by Navier-Stokes equations, in Einstein notation [38]:

dv

a av; ov; 2 .
E:pg—Vp+a—xj[u(§j+a—x’i> —g,uSij div v]
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where g is the acceleration due to gravity, p is the pressure of the gas, u is the dynamic viscosity
and &;; is the Kronecker delta.

The Reynolds number is estimated to range from 250-800 in this work, indicating the gas
flow is mostly laminar in nature. However, to account for the possible turbulent flow during the
injection, the standard k—e model was used, in which turbulent kinetic energy (k) and viscous

dissipation rate (&) are considered [39]:

okw) _ 0 [ mYok]  p _
p 6xi o ax] I:('u + O'k) 6xj + Pk pg (8)
oen) _ o [(,e\2e] o tp o 2
P ax; ox;j [(’u + crg) Ox; +Cey k Py = Cezp k (9)
Py = p[Vv: (Vv + (Vo) )] (10)
kZ
e = pCS (11)

where i,j=1,2,3, u, is the turbulent viscosity, P;, represents the sum of rate of production of kinetic
energy and the generation of turbulence due to buoyancy, the empirical constants C.,=1.44, C,,=
1.92, g3 = 1.00, o,= 1.3, and C,= 0.09. Equation (8) and (9) are solved simultaneously with the
above equation (6) and (7) for Navier-Stokes and the continuity equations. The initial inlet gas
velocity is set to be a fully developed flow, with an average flow rate of 3.78 L/min, as determined
from the experimental measurements. The shielding gas is applied with a nozzle diameter of 5 mm
and a flow rate of 20 L/min, directed downward. No slip boundary conditions are assumed for the

nozzle inner wall and the substrate, and open boundaries are selected for all other surfaces.

2.2.2 Particle movement

The force balance on the powder particle can be expressed as [40]:

du _ 3uCpRe . Pp=p
i = apdZ v—uw+g 5 (12)
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where u is the particle velocity, and p, and d,, are the density and diameter of the particle,

respectively. The drag coefficient Cp can be expressed using a correlation with the Reynolds

number, Re and the sphericity suggested by Haider and Levenspiel [41]:

24 C
Cp ==[1 + A(@)Re®@] + —1+D((<Z))) e (13)

where A, B, C, D are parameters that are all functions of ¢, the sphericity of the particle, and:

A = exp (2.3288-6.4581¢+2.4486¢2) (14)

B = 0.0964+0.5565¢ (15)

C = exp (4.905-13.8944¢+18.4222¢2-10.2599¢°) (16)
D = exp (1.4681+12.2584¢-20.7322¢2+15.8855¢3 (17)

where ¢ is the sphericity. The Reynolds number can be expressed as:

_ pdplu—v|
u

Re (18)

The sphericity ¢ is approximated from the particle projections in scanning electron microscopy
(SEM) images (presented below in Figure 9a and 9b) using Cox circularity and is defined as

follows [42]:

0 =" (19)
where A is the area of the particle projection in the SEM image, and P is the perimeter of the
particle. 170 Inconel 718 particles and 270 TiC particles were measured, respectively, and the
average sphericity value were taken. ¢ is thus calculated to be 0.9 for the gas atomized Inconel
718 powder and 0.65 for the TiC powder. The influence of the particles on the gas flow and the

interactions between particles were neglected due to the low volume fraction of particles in the

nozzle (less than 0.1 vol% for dilute suspension [43]).
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In addition to the gas flow field, particle trajectories are significantly affected by the initial
conditions as well as by the collisions that occur against the inner wall of the nozzle. In this study,
three initial and boundary conditions are considered: (a) parallel inlet; (b) cone inlet, with fully
elastic wall collisions (hereafter referred to as ‘cone-clastic’); and (c) cone inlet, with random wall
collisions (hereafter referred to as ‘cone-random’). A schematic representation of the three
scenarios is shown in Figure 9. In the first scenario, particles are released with an initial velocity
parallel to each other and perpendicular to the inlet surface. Under this condition, particles maintain
their parallel trajectories and are unlikely to collide with the inner nozzle wall, unless their
trajectory is altered by the gas field. In the second scenario, the particles are released with a certain
initial tangential velocity component thereby forming cone-shaped trajectories. The angles
corresponding to each particle follow a normal probability distribution, with the standard deviation
set arbitrarily to 10°. Most of the particles will hit the nozzle inner wall, and a fully elastic collision
is assumed for the wall boundary condition. In the last scenario, particles are released at the same
cone-shaped initial velocity but will experience random collisions against the nozzle due to the
combined effects of the roughness of the inner wall surface and the irregular particle geometry.
This irregular bouncing is handled by assuming that the incident and reflected angles follow the
relationship suggested by Sommerfeld [44]:

o = o+ Ay (20)
where a is the incident angle, a’is the reflected angle, Ay is the scatter parameter, representing the
variation in the reflected angle due to surface roughness and non-sphericity of the particles, and ¢
is a Gaussian random number with zero mean and a standard deviation of one. The Ay values for

both powders were determined via high-speed photography, as described in the next section.
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Figure 9. Select initial and boundary conditions for an inlet particle: (a) parallel inlet; (b) cone
shaped inlet with fully elastic collision (cone-elastic) and (c¢) cone shaped inlet with random
collision (cone-random)
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Figure 10. SEM micrographs for feedstock: (a) Inconel 718 powder and (b) TiC powder; and (c)
particle size distributions. Note differences in magnification.

2.3. COMSOL model input parameters

The COMSOL model requires several input parameters to be specified, including operating
parameters, powder particle sizes and scatter parameters. These values were empirically

determined as described below, and the values uses are summarized in Table 1.
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2.3.1 LENS® operating configuration

The LENS® 750 system (Optomec Inc. Albuquerque, NM, USA) used in this study consists
of four coaxial nozzles angled at 25° along the vertical direction, with an inner nozzle diameter of
2.2 mm at the upper region, which decreases to 1.1 mm at the end tip. The argon carrier gas
flowrate during normal operation was 6.3x10° m®/s, and shielding gas flowrate was 3.3x10™* m®/s.
The particle mass flowrates corresponding to these operating conditions are 3.92x10* kg/s and
2.41x10™ kg/s for the Inconel 718 and TiC powders, respectively. Furthermore, it was assumed
that the particles were generated randomly at the inlet surface with an initial velocity of 4 m/s,

which is equal to the carrier gas velocity before entering the nozzle.

2.3.2 Particle size

The powder feedstocks considered in this study are gas-atomized Inconel 718 powder
(Praxair Inc, 45 um - 125 um) and TiC powder (Advanced Powder Solutions, 5 pm - 45 pum).
Figure 10 shows representative SEM images (FEI Quanta 3D SEM) of each powder and the
associated particle size distribution (PSD) histograms. The average particle sizes were determined
to be 64 um and 14 um, for the Inconel 718 and TiC powders, respectively. The particle sphericity

was also measured from the SEM images as described in Section 2.2.
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Table 1. Input parameters for COMSOL model

Property Symbol Value Source
Average particle dp IN718: 64 um Measured
diameter TiC: 14 um
Material density Py IN718: 8200 kg/m?® [45]
of the particle TiC: 4900 kg/m?® [46]
Gas velocity Ug 4 m/s Measured
(before entering
nozzle)
Gas velocity Uo 16 m/s Measured
(entering nozzle)
Particle initial Up 4m/s Assumed equal to carrier
velocity gas velocity before
entering the nozzle
Characteristic lo 1.12 mm Measured
length (nozzle
diameter)
Dynamic U 2.1x107° Pas [47]
viscosity of Ar
Scatter parameter Ay IN718: 10° Measured
TiC: 15°

2.3.3 Scatter parameter Ay

To determine the Ay for the particles, high-speed photography was used to measure the
reflected angles and velocities of the particles when colliding with an inclined surface. Figure 11a
represents a schematic diagram of the experimental set up, and Figure 11b is a snapshot of a
captured video. A brass substrate was held steady and tilted to different angles (15°, 30°, and 45°
relative to the vertical direction) and carefully polished so that the surface roughness mimics the
inner wall of the copper nozzle. A funnel was placed 20 cm above the substrate where powders
were allowed to fall freely and collide with the inclined substrate. LED lighting was used to
provide extra illumination. The incident and reflected angle (a and «’) and velocity before and
after colliding with the substrate (U and U”) for each powder were measured, and the results are

summarized in Table S1 in the Supplemental Information. A total of 100 particles for Inconel 718
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and TiC were measured, respectively, and the Ay was determined to be ~10° for the Inconel 718
particles and ~15° for the TiC particles. These parameters were used as inputs for the wall boundary

conditions in the COMSOL model.
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Figure 11. (a) Schematic diagram of the experimental setup used to conduct particle collision
measurements. (b) Representative snapshot from recorded high-speed videos.
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2.4. COMSOL model simulation results

2.4.1 Particle velocity

Figure 12a shows the calculated gas velocity field at steady state. The gas flow maintains
laminar flow characteristics, with streamlines mostly parallel at the nozzle tip. The velocity of the
carrier gas decreases rapidly when leaving the nozzle exit and entering the open space beneath.
Figure 12b plots the velocity of the carrier gas, Inconel 718 and TiC particles. Before the particles
leave the nozzle (left side of the dashed line), the velocity of the carrier gas is higher than that of
the particles, and thus the drag force causes the particles to accelerate. TiC particles accelerate to

a faster speed, approximately 12 m/s, due to their smaller size and lower material density. The
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carrier gas velocity is significantly reduced after leaving the nozzle exit and entering the open
space (right side of the dashed line), and at the position where the gas velocity is slower than the
TiC particle velocity, the particle will be decelerated until it reaches the substrate. The particle
velocity is approximately 10.5 m/s when reaching the substrate. By contrast, for larger and heavier
Inconel 718 particles, the speed is only accelerated to approximately 5 m/s, and the gas velocity is
always higher than the particle velocity, and the particles do not experience deceleration after

leaving the nozzle.
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Figure 12. (a) Calculated gas velocity fields and (b) average velocity of the carrier gas, and the
two types of powder particles, Inconel 718 and TiC, assuming parallel inlet. Dashed line
represents the position of the nozzle tip.

2.4.2 Particle trajectories and mass concentration profiles

Figure 13 shows the calculated particle trajectories and mass concentration profiles for
Inconel 718 (a-c) and TiC (d-f) under different inlet and wall collision conditions. Figure 13a and
d assume a parallel inlet for the particle velocity initial condition, i.e., each particle is released

perpendicular to the releasing surface. The trajectories for both Inconel 718 and TiC particles
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remain straight and parallel after leaving the nozzle until they reach the substrate, and the argon
carrier gas does not significantly alter the particle trajectories. The carrier gas does, however, cause
the particle to accelerate inside the nozzle, as indicated by the velocity color scales shown in Figure
12b.

Figures 13b and e show the particle trajectories for the cone-elastic conditions. In this
scenario, the particle trajectories now diverge instead of remaining parallel when they exit the
nozzle due to the collision effect. Due to its lower particle velocity, an Inconel 718 particle will
have a lower axial velocity component when leaving the nozzle, and thus tend to be more divergent
than a TiC particle, which has a higher velocity. Figures 13c and f show the particle trajectories
for the cone-random conditions. The particle trajectories in this case appear to be more divergent
for both Inconel and TiC particles, resulting from the random collisions during the flight inside the
nozzle. In prior studies, the particle-wall collision phenomenon during the powder delivery process
in DED was suspected to cause the particle streams to diverge under the nozzle [36,37]. In this
study, the distinct morphologies of the Inconel 718 and the TiC particles lead to significant
differences in collision behavior inside the powder nozzle. The gas atomized Inconel 718 particles
are near-spherical in shape, while the TiC particles are facetted, with much lower sphericity (o=
0.65), as shown in Figure 10. The irregular-shape, low sphericity nature of the TiC particles will
result in more randomness when colliding against a flat surface, as indicated by the larger Ay value
(15° for TiC particles) compared to that for Inconel 718 particles (10°). The higher degree of
randomness in collisions associated with the TiC particles leads to a more divergent particle stream,
i.e., TiC has a larger dispersion angle than that for Inconel 718. However, the higher velocity of
the TiC particles reduces the residence time inside the nozzle and hence decreases the frequency

of particle collisions with the nozzle wall, which slightly offsets the aforementioned effect and
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leads to a more concentrated particle cloud. Furthermore, a more convergent particle stream means
a higher mass concertration at the focal point (Figure S1). For the parallel inlet conditions, the
particle streams are the most concentrated, with the highest maximum mass flux at the focal point.
When the particle stream spreading is more divergent (cone-elastic and cone-random), the
maximum mass flux decreased drastically, from 3.5 kg/m?es (parallel inlet) to 0.4 kg/m?es (cone-
random) for Inconel 718 particles, and from 2.5 kg/m?es (parallel inlet) to 0.9 kg/m?es (cone-

random) for TiC particles.
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Figure 13. Calculated particle trajectories (top rows) and particle mass concentration between
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the nozzle and the substrate (bottom rows). (a) (b) (¢) for Inconel 718 particle, and (d) (e) (f) for
TiC particle. (a) (d) parallel inlet; (b)(e) cone-shaped inlet with 10° cone angle (cone-elastic); and
(c)(f) cone-shaped inlet with random particle-wall collisions (cone-random).

2.5. Experimental validation

2.5.1 High-speed photography characterization

A Photron Fastcam SA-Z high performance high-speed camera equipped with a Model K2
long-distance microscope system was used to capture high-speed videos of the particle streams
leaving the nozzle. A pulsed laser with a frequency of 60 kHz and 638 nm wavelength was used
to provide additional illumination. Videos were recorded at a frame rate of 10,000 fps (see video
files provided in the Supplemental Information); representative snapshots are provided in Figure
14a. From the recorded high-speed videos, differences in the particle flow behavior are evident
and the following qualitative trends are observed: (1) the velocity of the TiC particles is higher
than that of the Inconel 718 particles; (2) the TiC particle stream appears to have a wider
distribution relative to that for the Inconel 718 powder; (3) the TiC particles have a focal point that
is closer to the nozzle outlet than that for the Inconel 718 particles. Particle velocity values were
determined from the captured images by multiplying the trajectory length and the frame rate. Due
to the smaller particle size and lower material density, the TiC particles tend to accelerate to a
faster velocity (6-7 m/s) as compared to that for the Inconel 718 particles (4 m/s). The particle
velocity remained mostly unchanged for the Inconel 718 particles as the particle travelled along
the nozzle axis, while the velocity decreased slightly for the TiC particles.

To further quantify the results, the captured images were processed using the MIPAR®
software, allowing the centroid positions of each particle to be identified. The number of particles
at select distances from the nozzle tip could then be determined, the results of which are plotted,

along with fitted Gaussian distribution curves, in Figure 14b. A total of 100,000 particles were
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counted for both Inconel 718 and TiC. The standard deviations are determined from the Gaussian
curve fit of the particle number measurements. The statistical measurements (Figure S2) revealed
that the standard deviation increases linearly with increasing nozzle distance, indicating that the
particle streams expand and widen as they travel from the nozzle exit tip toward the substrate. The
steeper slope for the TiC particles suggests that the TiC particle stream is expanding faster than
the Inconel 718 particle stream. From the linear relationship, a dispersion angle can be defined as
the arctangent of the slope of the linear fit. The dispersion angle is estimated to be 6° for the TiC
particles, and 3.5° for the Inconel 718 particles. The dispersion angle will have a significant

influence on the shape and focal distance of the particle stream, as illustrated in the next section.
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Figure 14. (a) Snapshots from the high-speed videos showing the particle stream, and (b)
particle centroid positions obtained from processed captured high-speed video images. A total of
100,000 particles are identified and counted, and the number density at different nozzle axial
distances (represented by the black lines: A, B and C) are each plotted and fit with a Gaussian
curve.

2.5.2 Analytical model
A good visualization of the spatial distribution of the particle mass concentration profile for four-

coaxial nozzles can be obtained by applying the analytical model developed by Haley et al. [6].
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The first section of the model was utilized and modified for the current study, in which the
superimposed particle mass concentration profiles from the four nozzles were calculated for both
Inconel 718 and TiC particles. The model assumes that the particle mass concentration profiles
follow a 2-D Gaussian distribution with the standard deviation increasing linearly along the nozzle

axial distance. The mass flux of the particle J was expressed using the following equation:

F 1 xr?+yr?

J(x,y,2) = Yi=—11 2;‘:—1,1 % ZnoZ exp(

) (21)

20

where F is the total mass flowrate of the particle stream, x” and y’ are transformed coordinates
oriented with z” being the nozzle axis direction, and the subscripts i and j represent the four nozzles.

The standard deviation o is linearly related to the tangent of the dispersion angle, Bqisp:
o=12 tan(@disp) + 0, (22)
where g, is the fit standard deviation at z’=0. The mass concentration can be calculated:

Cm(x,y,2) =2 (23)
where v is the particle velocity and is assumed to be constant. Particles are assumed to not be
affected by the carrier gas, and the diameter is assumed to be monodispersed, i.e., a constant.
Figure 15 shows the particle mass concentration contours generated when the dispersion angles
obtained from the statistical measurements (3.5° for Inconel 718 and 6° for TiC) are applied. When
ignoring the influences of the carrier gas, gravity and collisions between particles, the contours of
the particle mass concentration profiles as the powder particles exit and travel from the nozzle tip
to the substrate will depend only on the dispersion angle. As such, larger dispersion angles will
result in a wider and more divergent distribution in the particle stream, as well as a shorter focal
distance. Since the particle stream expands as particles travel along the vertical direction, the
Gaussian curves for the particle mass concentration profiles become more flattened (larger

standard deviation) at lower vertical positions (farther from the nozzle tip), and the two curves
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move closer to each other and eventually merge The expansion of the particle stream causes the
peak particle mass concentration (at the focal point) to be attained before the full overlap of the
two Gaussian curves occurs. The expansion of a particle stream with a larger dispersion angle
occurs at a faster rate than for the case with a smaller dispersion angle, and the two curves begin
to overlap at a higher vertical position (closer to the nozzle tip), thus resulting in a shorter focal
distance. Table 2 provides a summary of the focal distance for the two powders compared with the
values obtained from the COMSOL simulations for the three inlet conditions. Because of the larger
dispersion angle, the TiC particle stream has a shorter focal distance than the Inconel 718 particle
stream, and therefore the TiC particles will be out of focus for the case when the working distance
(the user-defined distance between the substrate and nozzle tips) is chosen on the basis of
successfully depositing only Inconel 718. This condition will consequently yield a lower particle
mass concentration and particle capture efficiency for the TiC powder particles. These results
indicate that the selection of deposition conditions that are simultaneously optimal for both metal
and ceramic particles present inherent challenges. It is worth noting, however, that particle mass
concentration is relatively less sensitive to vertical position (larger “depth of field”) for larger
dispersion angles, which may facilitate a more flexible selection of working distance values. The
factors that affect the dispersion angle are analyzed and discussed within the framework of the

COMSOL Multiphysics® simulation results, as presented in the next section.

31



Particle concentration
(g/m?)

30000

0.002

0.004 25000

0.006
20000

0.008
\\ “ [

%0-010 o)l | 15000
0.012
0.014 ok N\ 10000
0.016

5000
0.018 1

0.020

R (m) <107

(a)

0.014

0.016 |

0.018 |

0.020 -

Particle concentration
(g/m?)
[ 5000

4500
4000
3500
3000
2500
2000
1500
1000

500

(b)

Figure 15. Analytical model results for particle mass concentration contours: (a) IN718,
dispersion angle of 3.5°; (b) TiC, dispersion angle of 6°. Z is the vertical distance from the nozzle
tip; R is the horizontal radial distance from the center point between the two nozzles. The focal
point is shown as a red dot in each figure. Note variations in scale.

Table 2. Particle focal distance (in mm) from nozzles under different assumed inlet conditions.

Inlet conditions COMSOL model Analytical model
Parallel 10.3
IN718 Cone-Elastic 10.0 10.2
Cone-Random 9.3
Parallel 10.3
TiC Cone-Elastic 10.2 9.4
Cone-Random 9.9
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2.6. Discussion

2.6.1 Factors that determine the particle dispersion angle

As mentioned in an earlier section, the particle dispersion angle is the predominant
parameter in describing the particle stream pattern. This dispersion angle is often pre-assumed in
analytical models [34] or can be determined experimentally from high-speed photography [6].
Although it is known that many factors could potentially influence the value of the particle
dispersion angle, a thorough and detailed analysis has yet to be established. Below we describe
three parameters that are found to have significant influence on the particle dispersion angle based

on the COMSOL simulations:

Initial particle inlet angle.

The initial velocity conditions for the particles entering the nozzle space are extremely
difficult to determine, as it is almost impossible to accurately probe the particle trajectories inside
a nozzle. In this numerical simulation, the particle is assumed to have a cone shaped inlet, with a
cone angle arbitrarily set to 10° (Figure 13b). However, the actual scenario may deviate from this
assumption, and may be affected greatly by the geometry of the nozzle and particle-particle
collision effect. A smaller cone angle would result in less divergent particle streams, and when the
angle diminishes to zero, i.e., parallel inlet (Figure 13a), the particle streams become the most
concentrated and thus with the smallest dispersion angle. Further analysis and better
characterization techniques are required to fully understand the particle flow behavior inside the
nozzle.

Particle-nozzle wall collisions.
The high-speed videos and COMSOL simulation results indicate that the particle-nozzle

wall collisions play an essential role in the formation of the particle stream pattern. When taking
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into account the random collision effects, the particle stream becomes more divergent as compared
to the case when a fully elastic collision is assumed, i.e., Ay = 0. This randomness is due to both
the particle non-sphericity and the roughness of the nozzle inner wall surface. From the
measurement results shown in Table S1, the TiC particles have a larger scatter parameter value (Ay
~ 15°) than that for Inconel 718 (Ay ~ 10°), most likely due to the irregular morphology of the TiC
particles. This effectively increases the divergence of the TiC after impact and thereby results in a
larger dispersion angle. Hence, our results suggest that using spherical or near-spherical powder
feedstock could potentially facilitate the formation of a convergent particle stream. Moreover, past
studies have found that fully elastic collisions could result in a larger particle dispersion angle as
compared to the assumption of plastic collisions [36]. This result suggests that the nozzle material
needs to be carefully selected such that the collision is more plastic in nature, in order to obtain a
more convergent particle stream.

Particle speed.

The particle speed determines the particle residence time inside the nozzle, and therefore
influences the collision frequency against the nozzle wall. A higher particle speed decreases the
residence time and collision frequency, and consequently reduces the divergence caused by
irregular particle-nozzle wall collisions. A smaller particle size and higher argon carrier gas flow
rate could increase the particle velocity, and therefore contribute towards having a smaller
dispersion angle and thus a more convergent particle stream.

2.6.2 Sensitivity analysis on particle size effects

The trajectory of a particle in a fluid flow field is very sensitive to the particle size,

material density and particle morphology. A dimensionless number, the Stokes number (Stk), is

usually used to describe the particle travel characteristics under the influence of a flow field. In
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the case of Stokes flow where the Re number approaches zero, i.e., for very slow fluid velocity,

the Stokes number is defined as:

Stk = Tlﬂ (24)

0

where 7 is the relaxation time of the particle:

_ P
T= e (25)

U, is the fluid velocity far away from the particle, [, is the characteristic length of the fluid flow
(nozzle diameter), and u is the dynamic viscosity of the fluid. For Stk<<1, a particle will follow
the streamlines closely, while for Stk>>1, a particle will tend to maintain its previous trajectory
due to inertial forces. In non-Stokesian flow cases, a correction function ¥ (Rep) needs to be added
for more accurate computation of the Stokes number [48]:

Stkesr = W(Re,) - Stk (26)

where the correction function is defined as follows:

¥(Re,) = = [*% R 27)

Rep 0  Cq(Re')Rer
The drag coefficient C; for non-spherical particles is calculated using Equation (13) in Section
2.2.2. An illustration on how the particle diameter and the Stokes number would affect the particle
trajectories under a certain gas velocity field is shown in Figure S3. The Stokes number is
calculated Stkin71s = 648, and Stkric = 15 for the Inconel 718 and TiC particles, respectively. The
smaller Stokes number for TiC particles, resulting from the smaller particle size, irregular shape
and lower material density, means that it is more sensitive to changes in the fluid flow than Inconel
718 particles and could be accelerated by the carrier gas faster, as shown in Figure 12b. However,
the Stokes number for both materials is much greater than unity, indicating that the gas flow may

not have a significant effect on the particle flight trajectories. This is also supported by the high-
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speed video observations, which show that the particles mostly maintained their initial flight
direction when leaving the nozzle exit, instead of exhibiting wavy or turbulent trajectories. The
divergence in the particle distribution patterns seen in the high-speed videos is more likely due to

the collision phenomena described in the previous section.

2.6.3 Effect of molten pool vaporization

The high energy density laser beam can heat the molten pool to temperatures above the
boiling point of many metals, resulting in vigorous turbulence and vaporization flow above the
molten pool. The partial pressure of the resultant metal vapor could reach as high as several
atmospheres [49]. Figure 16 shows snapshots of the recorded high-speed video (see videos 4 and
5 in Supplemental Information) for pure Inconel 718 and Inconel 718+TiC composites during
LENS® deposition. The Inconel 718 particles are captured by the molten pool more easily than the
TiC particles due to the size and density of the Inconel 718 particles being larger than the TiC
particles. TiC particles (bright in the image), on the other hand, are shown to be significantly
influenced by the vaporization torrent from the molten pool. TiC particles tend to be blown upward
by the vapor and experience turbulent flow due to their fine particle size and low density. This
may result in the TiC particles having difficulty being captured by the molten pool surface, and
thus may lead to decreased TiC content in the final deposited part. More detailed research is

required to account for this effect on the powder delivery process.
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Figure 16. Snapshots from the high-speed videos showing the molten pool for: (a) the pure
Inconel 718, and (b) the blended Inconel 718+TiC. Videos were recorded at a frame rate of
20,000 frames per second, and can be found in the Supplemental Information (videos 4 and 5).

2.7. Summary

In this work, high-speed photography was used to observe the variation in the powder spray
pattern, flow dynamics, velocity behavior and distribution of the particles with different sizes,
morphologies and densities from four nozzles. A COMSOL numerical simulations of the gas field,
particle-gas interactions and particle-wall collisions were performed to understand the physics
during LENS® nozzle injection and to validate the experiment data. Key findings are summarized
below:

(1) TiC particles have a higher velocity and larger dispersion angle than Inconel 718
particles during the powder injection process. The larger dispersion angle for TiC is expected to
result in a shorter focal distance of the powder stream and thus decrease the TiC particle content
in the final deposited material.

(2) Initial particle inlet angle, particle-nozzle wall collisions and particle flight velocities
all affect the dispersion angle of the particle stream. Using spherical particles and higher carrier
gas velocities may be beneficial to obtain a smaller dispersion angle and thus a concentrated

particle mas concentration profile.
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(3) Vaporization in the metal matrix molten pool can cause turbulent flow of the TiC
reinforcement particles above the surface of the molten pool and may result in reduced particle

capture efficiency.
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Chapter 3: Thermal Behavior of Coated Particles in Directed Energy
Deposition
3.1. Introduction

In powder based additive manufacturing (AM), the feedstock material quality is critical for
obtaining high-level mechanical properties [50]. Studies have shown that the coatings can
effectively reduce the surface roughness of the powder and therefore enhance flowability [51-53].
By applying appropriate coating and surface modification, the flowability of the powder can be
promoted by decreasing the inter-particle friction [53], and potentially beneficial for powder
spreading in powder bed fusion (PBF) [51,53] and powder delivery in directed energy deposition
(DED) [52]. G&tner et al. [53] applied ~ 13 nm sized SiO» coating to gas atomized CoCrFeNi
powder using dry-coating method, and the flowability of the coated powders were characterized
with dynamic angles. Their results showed that the dynamic angle decreased from 63-78“to 20—
25°as the surface area coverage (SAC) increased from 0 % to 300 %. Similarly, Karg et al. [51]
dry coated Al powder with 0.3 wt% SiOx nano particle for the laser powder bed fusion process. A
20-25 % drop in angle of repose was observed when the SiOx coating was applied to <20 um Al
powder. Other than for metallic powders, the coatings are more commonly seen in AM of ceramic
and composite materials, to act as binders between ceramic particles as well as to prevent
agglomeration of particles. For example, Cavaleiro et al [54]. used stainless steel thin film sputter
coated WC for selective laser sintering (SLS), and near dense layers were produced. Zheng et al.
[52] used Ni-coated TiC powders for fabrication of Inconel 625/TiC metal matrix composites with
Laser Engineered Net Shaping (LENS®). Higher powder flowrate and TiC content were achieved

when compared to non-coated powders in the as-deposited samples.
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Coated particle can also find their applications in self-healing materials. The self-healing
concept has gained more attentions across various fields, including automotive, aerospace, and
building industries [55,56]. By enclosing micron-sized particles in an inert coating, microcapsules
can be generated that isolate themselves from the external environments [55], and once reheated
at higher temperatures such as 0.7-0.9 Tm, mass transfer of metal occurs producing either solid
state or liquid phase bonding across powder interfaces to achieve self-healing effect [57]. One such
example is in aluminum alloy, namely Al-8Zn-2.5Mg-1Cu, according to Lumley and Schaffer
[57]. They have found that the porosity decreased by 8% due to the heterogeneous precipitation of

the equilibrium of Zn-rich nj phase (MgZn,).

Despite these studies on preparing and characterization of coated particle, a systematic
understanding of how coatings would affect the thermal behavior during the particle-molten pool
interaction during DED is still lacking. Several modelling and high-speed video characterization
studies have been done to observe and analyze the particle and molten pool dynamics [7,58,59].
Based on these works, it is well established that two particle capture regimes are identified when
the particle reaches the molten pool surface: submergence regime and floating regime [7]. When
the molten pool liquid can wet the surface of the particle and particle has a relatively high initial
velocity, the particle will penetrate easily into the molten pool, resulting in a submergence regime.
By contrast, if the particle and molten pool liquid exhibit poor wetting, the particle tends to
oscillate on the surface of the molten pool because of the surface tension force, therefore leading
to a floating regime [58,60]. Particle residence time, which represents how long a particle can exist
on the molten pool surface before becoming fully melted, was either measured from the video or
calculated and correlated with parameters including particle size, molten pool temperature and

contact angle [7,58]. However, none of these works considered the effect of coating applied to the
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impinging particles. Therefore, in the current study, a heat transfer model was constructed in
COMSOL for both coated and uncoated stainless steel 316L and zinc/aluminum (ZA-8) particle.
The transient temperature and phase field were calculated, and particle residence times were
calculated and the influence of coating thickness, coating materials, particle radius and molten
pool temperature were analyzed. Specifically, for ZA-8 particles, the material and process

parameter selection criterion to retain the ZA-8 particle in the final deposited parts are discussed.

3.2. Numerical simulation methodologies

The meshes and geometries of the calculation domain are shown in Figure 17 for both
submerging and floating regime. In this study, the particle was assumed to be half submerged in
the molten pool for the floating regime. Molten pool flow and convective heat transfer were
considered to be negligible to influence the particle residence time, given the fact that the Biot
number for the particle, Bi, is estimated to be less than 0.1, which indicates that the heat conduction
would be the dominating heat transfer mechanism inside the particle. The governing equation

therefore is Fourier’s heat equation :
Py o= kV2T (28)
where p is the density of molten pool liquid, c,, is the specific heat capacity, and k is the thermal

conductivity. To account for solid to liquid phase transition inside the particle, the material

properties are expressed as functions of solid phase fraction 6:

p=0ps+(1-06)p (29)
k =0k, + (1 —0)k; (30)

1 a9
=7 (Bpscp,s + (1 - B)plcp_l) +L (31)
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where L is the latent heat of fusion and @ is an order parameter:

_ (1-8)p;—0ps
D= 2opraorpD (32)

The coating was assumed to maintain the solid phase during the entire simulation as the melting
point for coatings are much higher than the assumed molten pool temperature. The molten pool is
assumed to be in liquid phase during the entire simulation.

The molten pool far from the particle is assumed to cool down and follows the Newton’s law of

cooling, in which the cooling rate is proportional to the temperature difference:

T = == (T = Tamp) (33)
where 7 is the time constant, T; is the initial temperature of the molten pool, and T,,,; is the
ambient temperature. The time constant T can be written in the following form:

T ="t (34)
where d is the thickness of the molten pool. The molten pool temperature therefore follows
exponential decay respect to time. For a very short period of time (t<3 ms in this study), the cooling
rate can be assumed to be a constant, and thus the molten pool temperature is decreasing linearly
with respect to time:

Tmp =Ti — Tt (35)

The initial particle temperature is assumed to be equal to the ambient temperature, T, = Ty, =

293 K. All input parameters and materials properties are listed in Table 1.
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Figure 17. Meshed calculation domain for (a) submergence regime and (b) floating regime.
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Table 3. Input parameters for COMSOL models

Parameters Description Value Units Source
- SS316 824
| R o T g | SO
pactty Al5083 1176
Solid phase heat _ COMSOL
“ps capacity ps(T) JkgK) database
d Molten pool depth 2x10% m Assumption
Liquid thermal , COMSOL
i conductivity fu(T) WIMK) | Jatabase
Solid thermal _ COMSOL
ks conductivity fes (T) WImK) database
I Coating thickness 2,5, 10, 30, 50, 70 um Assumption
. SS316 247 [61]
L Latent heat of fusion 78 101 kJ/kg [62]
Latent heat of
Lvap vaporization ZA8 1782 kJ/kg [63]

01 Liquid phase density pi(T) kg/m?® Cij%':lbics)el_
Ds Solid phase density ps(T) kg/m?® Céi%z/lbics)el_
Tomb Ambient temperature 293 K Assumption
T, Particle initial 293 K Assumption

temperature
1800, 2000,
Molten pool initial SO0 2200, 2400
T, o ‘Zrature 1300, 1400, K | Assumption
P ZA8 1500, 1600,
1700

3.3. Simulation results

3.3.1. Silica coated stainless steel particle

Representative temperature fields and phase fields for a stainless steel 316 particle are
shown in Figure 18 and Figure 19 for the submergence regime and floating regime, respectively.
As the particle reaches the molten pool surface or penetrates into the molten pool, it is heated up

quickly by the molten pool and the melting process starts after a short period of time. For uncoated
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particles, the melting starts at less than 100 ps for both regimes (Figure 18b and Figure 19b). More
liquid phase is formed as the heating process proceeds and eventually reaches 100% liquid, i.e.,
fully melted. The time elapsed to reach this fully melted state is defined as the particle’s “residence
time”, indicated in Figure 18e and Figure 19e. Figure 20 shows the trend for residence time with
respect to molten pool temperature and particle radius, and Figure 21 is a 3-D surface plot that
combines these results. Significant increases in residence time are observed for increasing particle
radius and decreasing molten pool temperature. In the floating regime, the residence times are
more than twice as long as for the submerged regime, due to the reduced contact surface area
between the molten pool and the particle. Large variations in residence times are observed, from
27 us to 1400 ps.

Figure 22 shows the influence of a SiO coating on the residence time for coating thickness
values of 2 and 5 um. Significant increases in residence time are seen when a SiOz coating was
applied, as SiO acts as a thermal barrier with significantly lower thermal diffusivity than SS316

(0.739 mm?/s for SiO; vs. 4.08 mm?/s for SS316 at room temperature).
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Figure 18. Representative temperature field (top row) and phase field (bottom row) for the
submergence regime for stainless steel, SS316 particle at different simulation times: (a) t=0; (b)
t=80 ps; (c) t=180 ps; (d) t=220 ps; (e) t=260 ps.
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Figure 19. Representative temperature field (top row) and phase field (bottom row) for the
floating regime for stainless steel, SS316 particle at different simulation times: (a) t=0; (b) t=80
us; (c) t=370 ps; (d) t=630 us; (e) t=750 ps.
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Figure 20. Calculated residence times for stainless steel, SS316, for different (a) particle radius,
assuming molten pool temperature of 2000 K, and (b) molten pool temperature, assuming
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Figure 21. 3-D surface plot showing the calculation results for the influence of particle radius
and molten pool temperatures on residence time for stainless steel, SS316.
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Figure 22. 3-D surface plot comparing particle residence time under for different coating

thickness values.

3.2. Coated ZA-8 particle

Representative temperature and phase field sare shown in Figure 23 for coated ZA-8
particles for the floating regime, with a 5 um Ni coating and a 50 um particle diameter. The melting
starts within 10 ps, and the liquid phase increases along with the heating. At t=76 us the
vaporization starts as the gas phase starts to form. The corresponding time to initiate vaporization
is defined as particle residence time. This residence time is calculated for various particle radius,
molten pool temperatures, coating thickness values and coating materials. The results are
summarized in Table 4. An infinite residence time value represents when the particle does not
experienced vaporization and therefore survives during the deposition. Figure 24 represents the

calculation results in 3-D surface plots for different coating materials. The shaded regions
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represent the parameter combinations that would result in infinite residence time, and furthermore
correspond to the allowed process window to retain the ZA-8 particle in the deposited parts.

Figure 25a shows the effects of different particle radius on residence time. A Ni coating
with a 1500 K molten pool temperature was assumed in this calculation. A slight increase in
particle residence time was observed when the particle radius increased from 20 um to 50 um. The
effect of coating thickness was found to be more significant than that of particle radius.

Table 5 summarized the calculated particle residence time values assuming 10 um coating
thickness when using various coating materials, and Figure 25b presents the effect of thermal
diffusivity of the coating material on particle residence time. All assumed thermal diffusivity
values are at room temperature. A significant increase in residence time was observed when using
coating material with lower thermal diffusivity. When using SiO; as the coating material, the
calculation shows that it is possible to use a coating thickness as thin as 10 um to prevent boiling

of the ZA-8 particle, given a sufficiently low molten pool temperature.
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Figure 23. Representative temperature field (top row) and phase field (bottom row) for ZA-8
particle at different simulation times: (a) t=0; (b) t=6 us; (c) t=40 us; (d) t=76 ps; (e) t=300 ps.
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Table 4. Summary of COMSOL calculated residence time results for coated ZA-8 particles.

emperdture
1300 | 1400 | 1500 | 1600 | 1700 1300 | 1400 | 1500 | 1600 | 1700
thickness (4

5 138(us) | 96 74 50 36 150 | 106 82 48 36

0 10 176 134 | 112 84 64 _ 186 | 130 | 110 | 86 52
§ 30 435 270 | 215 | 195 | 175 § 415 | 310 | 210 | 185 | 150
§' 50 775 525 | 425 | 350 | 300 § 725 | 500 | 375 | 300 | 250
70 © 775 | 600 | 475 | 425 0 720 | 550 | 425 | 375

100 0 1150 | 900 | 825 | 700 o | 1025 | 750 | 575 | 500

5 188 130 | 112 74 48 336 | 224 | 164 | 142 98

10 276 158 | 144 | 124 9% |»> | 594 | 414 | 318 | 249 | 204

g 30 665 430 | 295 | 240 | 195 ;C;) 0 o | 1190 | 970 | 810
g’ 50 0 750 | 525 | 400 | 325 %, 0 o | 3125 | 1975 | 1700

Q

70 0 1250 | 775 | 600 | 500 0 0 0 o | 3075

100 0 o | 1350 | 1050 | 825 00 0 0 0 o0
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Figure 24. 3-D surface plot comparing ZA-8 particle residence time using various coating
materials: (a) Co; (b) Ni; (c) Ti; (d) Al20s. The shaded regions represent parameters that will
result in infinitely long residence time.
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Figure 25. (a) Calculated results for various ZA-8 particle radius values, assuming molten pool
temperature of 1500 K and a Ni coating is used. (b) Calculated results for various coating

thermal diffusivity values, assuming a coating thickness of 10 um and a particle radius of 50 pm.

Table 5. Calculated particle residence time results assuming various coating materials.

Molt |
{empeature T.hernje}l
FK) diffusivity

Coating 1300 | 1400 |1500 |1600 1700 |a

materials (mm?2/s)
[64]

Co 176(us) [ 134 | 112 |84 64 24.1

Ni 186 130 110 86 52 22.5

Ti 276 158 144 124 96 8.08

Al203 504  |414 |318 [249 |204 |32

SiOz % % 1675 |1100 |625 | 0739

3.4. Discussion

3.4.1 Factors that determine the residence time

The calculation results from this study revealed that the particle residence time is dependent
on and sensitive to many parameters, including but not limited to: particle size, molten pool local
temperature, coating thickness, particle material, coating material, particle capture mechanism etc.

Due to these many variables, large deviations in residence time have been found, and are in
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agreement with the high-speed video measurements from previous studies [7,58]. The residence
time was found to be in positive correlation with particle radius and coating thickness, and in
negative correlation with molten pool temperature and coating material thermal diffusivity. Unlike
the assumption in the simulation, the temperature of the molten pool is not actually uniform and
has a spatial distribution: with higher temperatures near the center where the laser spot is
irradiating and lower near the periphery of the molten pool. Consequently, the particle would have
a longer residence time if it landed on the region where the temperature is lower and possibly not
fully melted. Unmelted particles in the final DED parts are commonly reported in the literature
[65].

The contact angle of the particle and molten pool can also play an important role on particle
residence time, since it determines the portion of the particle submerged into the molten pool.
Figure 26 illustrates the scenarios for various contact angles and Figure 27 shows the COMSOL
simulation results for different contact angles, assuming a SS316 particle with radius of 50 uym and
molten pool temperature of 2200 K. The submergence regime is also shown for comparison. Since
the contact surface area between the particle and the molten pool decreases with increasing contact
angle, the conductive heat exchange rate will decrease and consequently result in a longer
residence time. The contact angle is a function of surface tension energy between the boundary of
the molten pool liquid and the particle, described by Young’s equation [66]:

Ysv = Vst = YiwC0S0, (36)
where ys,, Ys1» Yip are surface energy between solid-vapor, solid-liquid and liquid-vapor,
respectively, and 6, is the equilibrium contact angle. The surface energy decreases approximately

linearly with increasing temperature, according to Eotvos equation [67]:

Y3 = k(T, = T) (37)
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where V is the molar volume of the liquid, k is the Eotvos constant and has a value of 2,110’

JI(K mol?®), T, is the critical temperature. The resultant contact angle is also a function of

temperature[68]:

cos, = C(T, —T)b-a + 1

(38)

where C is a constant that determined by material properties, a and b are empirical parameters. In

general, the contact angle remains mostly unchanged at low temperature, and decrease at medium

to high temperature [68]. Larger contact angles have been observed from the high-speed videos

for molten pools with lower laser power (shown in Figure 28), indicating the molten pool

temperature has significant effect on particle contact angle. Significantly longer residence time has

also been observed as a result.
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Figure 26. Schematic representation of COMSOL models assuming different particle contact

angles. Submergence regime is also shown for comparison.
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(@) (b)
Figure 28. Snapshots from high-speed videos for molten pools using different laser parameters:
(@) 600W, 10 mm/s; (b) 400W, 10 mm/s. Larger contact angle and significantly longer residence

time were observed when lower laser power has been used.

3.4.2 Material and parameter selection for retaining ZA-8 particle
As discussed in the above sections, the particle residence time is dependent on particle size,
molten pool temperature, coating thickness and coating material. In the application of self-healing

materials, it is desired to retain the ZA-8 particle in the deposited parts. Therefore, longer residence
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time is desired. This means that coating materials and laser parameters need to be carefully selected
in order to achieve this goal. The COMSOL model results suggested that the thermal diffusivity
of the coating material has a significant effect on particle residence time (as shown in Figure 25b).
When metallic coatings (Ni, Co, Ti) with relatively higher thermal diffusivity were used, the
coating would need to be more than 30 um thick to prevent the ZA-8 particle from boiling. The
metallic coatings do not act as good thermal barriers in these scenarios due to their high thermal
diffusivity. By contrast, when using low thermal diffusivity ceramics as the coating material, such
as Al203 and SiO., the required coating thickness is much reduced. Calculation shows that a
coating thickness of less than 10 um would lead to infinite long residence time, i.e., the criterion
to retaining the particle, given a low enough molten pool temperature. Therefore, from solely a
heat transfer perspective, it is recommended to use SiO> as coating material to retaining the ZA-8

particle.

3.5. Summary

Phase and heat transfer models has been constructed in COMSOL Multiphysics to calculate
coated particle residence time in the molten pool during the DED process. Various parameters
including molten pool temperature, coating thickness, particle size, coating materials and contact

angles have been evaluated. The following key findings are listed below:

* The residence time was found to be 27-1400 us for uncoated SS316 particle. A large
range of residence time was estimated.

* The residence time was found to be in positive correlation with particle radius and
coating thickness, and in negative correlation with molten pool temperature and

coating material thermal diffusivity.
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Contact angle was found to influence the particle residence time due to the variation
in thermal contact surface area. Submergence regime is found to lead to longer
residence time than for the floating regime.

The coating material has significant influence on residence time. SiO2, due to its
extremely low thermal diffusivity, could lead to a large increase in residence time and

therefore is recommended for use to retain the ZA-8 self-healing particle.

59



Chapter 4: Numerical Simulations of Thermal History in Additive
Manufactured Parts

4.1. Introduction

In laser based additive manufacturing, it is a common practice to rotate the deposition hatch
pattern by a fixed angle between deposited layers, to minimize empty space (i.e., minimize lack of
fusion (LoF) defects) and promotes microstructure and property homogeneity. A hatch rotation
angle of 105 “between layers has been reported to most effectively eliminate LoF related to surface
corrugation, thereby increasing the density of deposits [69]. Furthermore, mechanical testing of
powder bed fusion (PBF) 304 stainless steel (SS) structures fabricated with many different hatch
rotation angles showed a 105 <hatch rotation angle improved mechanical properties [70]. It was
hypothesized, but not demonstrated, that the greater number of layers between identical scanning
directions increased the randomness of the microstructure by repeatedly altering the directionality
of heat flow, thus altering the direction of preferred grain orientation during solidification [70,71].

Numerous analytical and numerical models that have been developed to understand and
predict the heat transfer mechanisms and thermal history during DED processes provide the
foundation for the computational simulation aspect of the current study. For instance, the well-
known Rosenthal's solution set the groundwork for DED simulation by solving for the temperature
field that results from a moving point heat source [11]. Peyre et al.[72] established a COMSOL®
finite element method (FEM) model that simulates heat conduction for a single wall deposition
using the quiet element method, where the entire structure geometry is included in the simulation
with the elements not yet deposited assigned void material properties. This FEM method
successfully predicted wall morphology and thermal conductivity. Zheng et al. [2] used an

alternate-direction explicit (ADE) finite difference method (FDM) numerical simulation to solve
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the thermal history of a 20-layer single wall build, utilizing the computational simplicity to validate
experimental observations. Roberts et al. [73] built a three-dimensional FEM model to simulate
thermal history of a five-layer parallel deposition during the PBF process.

In this study, a FEM heat transfer model was constructed in COMSOL® Multi-physics
software to simulate the thermal histories resulted from laser scanning during the DED process. 0°
and 90< hatch rotation angle deposition scenarios were considered, in which differences in
temperature field and heat flux were compared. The calculation results were also used to validate
crystallographic orientation and further correlated toe compressive mechanical properties to
elucidate how hatch rotation angle influences structure-property relationships in as-deposited SS

316L samples.

4.2. Numerical model methodologies

The deposition model was designed to mimic the actual depositions while minimizing
processing time. Figure 29 shows the mesh of the COMSOL model and illustration of laser scan
direction for 0=and 90 <hatch rotation angle. The builds were simulated as 4 mm>4 mm x 3 mm
cubes with ten layers and ten tracks in each layer. The laser scan speed was 4 mm/s with 1 s for
each track, thus the time duration for each layer was 10 s and total deposition time was 100 s. The
laser scans in a serpentine pattern within each layer to replicate the actual LENS® deposition. The
bottom surface of the substrate was assumed to have a constant temperature, Ts=300K which
equals to the ambient temperature. The rest of the surfaces were assumed to be thermally insulated.
The temperature field were calculated by solving the transient conductive heat flow equations in

three dimensions:

p-Cp-aa—:+p-Cp-v-VT—V(k'VT)=Q (39)
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where p, Cp, k are the density, specific heat and thermal conductivity of the 316L SS, respectively;

v (m/s) is laser scan speed, and Q (w/m?) is the heat source from the laser beam.

0° rotation -

90° rotation l

'

2 Layern Layer n+1

Figure 29. (a) Geometry and mesh for COMSOL model (b) illustration of laser scan strategies
for adopting 0<and 90 “hatch rotation angles.
To simulate mass generation and accumulation during the deposition process, analytical

expressions are used to describe the thermal conductivity (k), density (p) and heat capacity (Cp)
as functions of time (t) and position (X,y,z). The algorithm is set up such that when the laser spot
moves to a certain point in the cube, thermal properties (k, p, Cp) of the material are switched from
those of argon to the metal. This quiet element method is similar to the one described in [72], but
differs in that the desired geometry is a 3-dimensional cube instead of a single wall. Expressions
below demonstrate the thermal properties used as functions of x,y,z and t:

For 0 degrees:
M(x,y,2,8) = Mnconer - step[H((zpos(t) + d — 2)) - H (((ypos(t) =) - (~1)%O + a) +
10(2 < (zpos(t) — d)) + 10(x < xpos(t) — W)) . H((xpos(t) +w— x)) +

10(z < (zpos(t) — d))]
(40)

For 90 degrees:
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M(x, Y, Z, t) = Miconer * Step[H((Zpos(t) +d-— Z))

-H <(ypos(t) + osl(t+10)-w — y)((—l)“l(t))osz(t) +d- osl(t)>

+ 10(z < zpos(t) —d) + 10 - osl(t)(x < xpos(t) — w))
‘H <((xpos(t) + osl()w — 1)) (=125 ®) D 4 g osi(t + 10)

+ osl(t + 10) = 10(y < (ypos(t) —w)) + 10(z < (zpos(t) — d)))]

(41)
where M represents the material’s thermal properties which can be substitute by k, Cp or p; d is
the layer thickness and w is the track spacing. H is the Heaviside step function. Functions xpos(t),
ypos(t) and zpos(t) represents the X, y, z positions of the laser spot as a function of t, respectively.

The osl(t) is an oscillation function to produce the serpentine mass accumulation pattern.

4.3. Results

4.3.1 Thermal histories for different hatch rotation angles

Figure 30 compares the COMSOL results for the thermal history of point P, located in the
middle of the edge of the first layer of the build, for hatch rotation angles of 0<and 90<hatch
rotation angle. The simulation results show that the deposited material will experience different
periodic reheating and cooling with different hatch rotation angles. The reheating occurs from both
the nearby tracks within the same layer as well as the tracks directly above point P in subsequent
layers. When the laser passes through point P at t=0.5 s, the material temperature rapidly increases,

which results in a temperature peak for both scenarios. The material then cools as the laser moves
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away from the point. Because the laser scans in a serpentine pattern in each layer, point P will be
reheated with each subsequent laser deposition track in the first layer, as shown by the periodic
temperature spikes in Figure 30 (a) and 30 (b) for times 0-10 s. The laser scan directions are
identical in subsequent layers for the 0 <hatch, but are traversed at an increasing distance from the
initial point P. For example, at t=10.5 s the laser spot is located at the same horizontal xy position
but one layer higher in the vertical z direction and the temperature of point P suddenly increases.
This temperature pattern repeats every 10 s with decreased maximum temperature as the laser
moves farther away accompanied by an increase in minimum temperature due to heat
accumulation in the build. For the 90 “hatch, the initial point P will be traversed at different time
intervals with subsequent layers due to the rotation of the hatch pattern. The effect on thermal
history is apparent during the time period between 10 and 20 s in Figure. 30 (c), where the material
experiences two reheats within a very short time duration in the middle of the 10 s window that
causes a “double peak” in the temperature plot when t=14-16 s. The repetition of these different
temperature profiles is representative of the difference in thermal history experienced by the

deposited materials in the 0<build and 90 <build.
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Figure 30. Simulated temperature history for (a) a 0°build and (b) a 90<build. (c) Geometry of
the substrate (gray) and build (blue) in COMSOL model with a red dot representing the point of

interest, P, for thermal history. The time to deposit one layer is 10 s. Laser scanning begins from
the ‘x’ at the left-front bottom corner and moves in the positive y direction.

There is evidence that during the LENS® deposition process, it may take several tracks or
even several layers for the system to reach a quasi-steady state in terms of mass capture,
temperature history and energy balance [9]. This can be supported from the change of the peak
temperature for each track in the first layer, plotted in Figure 30a. The peak temperature for the
first track is 4132K, the highest among all the tracks in first layer, and then drops significantly for
the second (3464K) and the third track (3320K). After the third track the peak temperature
stabilized at around 3300K and appeared gradually increasing until the last track due to the heat
accumulation on the substrate. The first track has the highest peak temperature, which can be

explained by the geometry of the deposited tracks. Figure 31b and ¢ show a schematic geometry
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of the deposited first track and first ten (10) tracks. The deposited first track is surrounded by inert
gas such as argon, acting as a thermal insulator whose thermal conductivity is usually very low
compared with that of alloys. As such, most of the heat can only be conducted down vertically
through the metal substrate. In contrast, when there is already deposited metal next to the current
depositing track, heat can be dissipated parallel into the previously deposited tracks, which are
metallic alloys with much higher thermal conductivity. Therefore, the peak temperature for the
first track tends to be higher than the proceeding tracks due to the thermal insulation of the
surrounding inert gas. The deposited tracks will also cause the molten pool to be asymmetric
because of the huge difference in thermal conductivity between the metal alloy and inter gas. Heat

flux near the molten pool and molten pool asymmetry are further explained in the next section.
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Figure 31. (a) Temperature profiles for each track in the first layer. The peak temperature starts
to stabilize after the third track, highlighted by the yellow arrow. (b) Schematic representation of
the geometry after the deposition of the first track and (c) after the 10" track. Red arrows

represent the laser position.

4.3.2 Heat flux and effects on microstructures

Figure 32 a, b, and ¢ show the temperature field and heat flux near the laser beam center
for 1st, 5th and 9th layer respectively, for the 90-degree rotation build. The red arrows represent
the magnitude and direction of the heat flux. The bolded circles represent T=1700K temperature
contour, which corresponds to the melting temperature of the SS316L. The asymmetric shape of
the temperature contours and the molten pools, which differ from welding literatures, are seen

because during the laser additive manufacturing process, the previously deposited track will affect
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the transient temperature distribution, heat flow, fluid flow and molten pool geometry of the
adjacent track. During the LENS® deposition, heat is accumulating in both substrate and deposited
material, causing the rise of the material temperature, as shown in Figure 33. Consequently, the
molten pool size and maximum temperature will increase as the deposition proceeds to a higher
layer. Figure 33 represents the increasing trend of molten pool area and maximum temperature
from layer 1 through 10. The increasing molten pool size would result in more powder being

captured and potentially affects the geometric consistency of the final build parts.
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Figure 32. Temperature field and heat flux near the molten pool for 90-degree rotation (a) 1%
layer; (b) 5" layer and (c) 10" layer. Black contours represent the molten pool boundaries
derived from the temperature contours.
Figure 34a and b show the simulated temperature contour and heat flux field underneath

the molten pool for hatch rotation angles of 0°and 90< respectively, at the point of interest
indicated by the ‘x’ in Figure. 34 (c). The ‘x’ is at the mid-point of the first track in the fourth layer
for the 0=hatch, and at the starting point of the fourth track in the fourth layer for the 90 “hatch.
The red arrows in Figure. 34 (a) and (b) represent the magnitude and direction of heat flux. In the
O<parallel hatched build the laser is scanning in the positive y direction, toward the right side of
the plot. In the 90<cross-hatched build, the laser is scanning in the positive x direction, i.e.,
pointing into the page. Since the grain growth direction is inversely parallel to the heat flow

direction, adopting 0 °parallel scan strategy preferred epitaxial growth, as illustrated in Figure 34.
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Because there is no layer wise rotation of the heat flux, the parallel hatch pattern produces
predisposition to similar preferred orientations and could potentially results in grain elongation
across multiple layers. By contrast, the heat flux adopting 90 cross-hatched strategy results in
significant layer-wise deviations between the preferred cellular growth directions in subsequent

layers, which reduces the proclivity for preferred grain directions and directional elongation.
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Figure 33. Peak molten pool temperature at different layers.
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Figure 34. Simulated temperature field (contour lines) and heat flux (red arrows) of (a) a0
build and (b) a 90<build (c) Cut plane of the simulated heat flux plot with the laser at point ‘x’.
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4.3.3 Feature dimensional effects

Parts geometries and feature thickness can have significant influence on heat transfer and
thermal histories. To address this issue, the above model was modified to have different leg
thickness: 0.5, 2.5 and 5.0 mm, as represented in Figure 36. The finer meshed regions were

assigned to the features scanned by the laser beam, while the coarser meshed regions were assumed
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to have thermal conductivity of 0.01 times that of the bulk SS 316L alloy, representing the powder
bed surrounding the deposited build. Rectangular elements with maximum size of 0.03 mm were
used for the central finer meshed region and free tetrahedral elements with maximum size of 0.28
mm were used for the rest coarser regions. The simulations were performed for the entire 100th
layer (2 mm away from the substrate), with laser parameters listed in table 6 for all three leg

thickness values.

0.5 mm 2.5mm 5.0 mm

Figure 36. Meshed geometries for finite element analysis (FEA) of heat flow within features of
different thicknesses.

Table 6. Laser powder bed fusion (LPBF) process parameters used for sample fabrication.
The calculated value for volumetric energy density is also provided.

Sample ID Laser Scan Hatch Layer Volumetric
power speed spacing thickness energy density

W) (mm/s) (mm) (mm) (J/mm?®)

B120 195 800 0.10 0.02 122
B200 370 2520 0.04 0.02 196

The calculated molten pool peak temperature and dimensions for the three leg thickness
values, derived from the 1600 K isotherm that corresponds to the melting point of SS 316, are
plotted in Figure 37. Since the thicker feature thickness will prefer the heat to conducting sideways,

the consequences are that both the molten pool dimensions and peak temperature decreased for
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increasing feature thickness. The width of the molten pool dropped from 122 pum for 0.5 mm leg
to 104 um for 5 mm leg, while the molten pool depth slightly decreased from 43 pum for 0.5 mm
leg to 38 um for 5 mm leg. The peak temperature reduced from 2760 K for 0.5 mm leg to 2540 K
for 5 mm leg. The thermal gradient and the cooling rate also seen decreased values for thicker
feature. The estimated thermal gradients were 3.4 x 10’ K/m, 3.0 x 10" K/m, 2.2 x 107 K/m for 0.5,
2.5 and 5 mm leg thickness, respectively, and the cooling rates were 7.0 x 10° K/s, 6.5 x 10° K/s,
4.4 x 10° K/s for 0.5, 2.5 and 5 mm leg thickness, respectively.

The effects of feature dimensions on microstructural evolution, phase composition and
mechanical properties of the additive manufactured parts have been studied from previous works
for various materials, including stainless steels 316L [74], 304L [75], Ti-6Al-4V [76,77] , Inconel
625 [78]and AISi10Mg [79]. Although a clear relationship has yet to established, some researchers
have found an increase in yield strength and ultimate tensile strength for increased sample
thickness, attributed to the surface toughness and defects. However, based on the simulation results
in this study, the lower cooling rate found in 5 mm feature thickness should favor the finer grains
which, according to the Hall-Petch relationship, promotes higher yield strength. This suggests that
other factors, such as solidification rate [80] or temperature gradient [81] could also influence the
grain growth in the as-deposited samples. More thorough experimental works are needed to further

explain and understand the relationship between feature dimension and build properties.
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Figure 37. Calculated temperature field and molten pool shape (a) and effect of feature thickness
on: (b) molten pool depth; (c) molten pool peak temperature and (d) thermal gradient.

4.4, Summary

3-D heat transfer models were constructed in COMSOL® Multiphysics software.
Temperature fields, thermal histories, temperature gradient and cooling rate were calculated and
compared for different hatch rotation angles and feature thicknesses. Distinct thermal histories
were found for 0 and 90 degree hatch rotation angles. Adopting 90 degree hatch rotation angle
results in more randomized thermal history. O degree hatch rotation angle favors epitaxial grain
growth due to the similar heat flux direction to the predeposited layers.Feature dimension was
found to influences the molten pool sizes, molten pool temperature, thermal gradients and cooling
rate. Increased feature thickness results in decreased molten pool dimension, peak temperature and

cooling rates.
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Chapter 5: Role of Nb on Phase Evolution of Ni-based Metal Matrix

Composites Fabricated via Directed Energy Deposition (DED)

5.1. Introduction

Nickel-based superalloys, such as those in the Inconel and Haynes series, are widely used
in aerospace, chemical and marine applications due to their high melting temperatures, excellent
oxidation resistance, and high creep strength and stability [82]. Incorporation of ceramic particles
such as TiC, WC and SiC into nickel-based superalloys to form particle-reinforced metallic matrix
composites (MMCs) can further modify their mechanical behavior, including strength, hardness
and wear resistance [23,83,84]. Inspection of the published literature shows that the conventional
liquid stir casting method is typically used to synthesize particle reinforced MMCs [20,24].
However, agglomeration of the reinforcement particles and poor wettability between the
reinforcement ceramic particles and the metallic matrix commonly occur, which leads to
deleterious effects on fracture toughness and fatigue life [19]. Moreover, post-processing and
machining of the as-cast MMCs present formidable challenges due to their high hardness and wear
resistance attributes, frequently rendering this processing approach prohibitively expensive [20].
Laser Engineered Net Shaping (LENS®), one of the widely adopted laser-based directed energy
deposition (DED) additive manufacturing techniques, can effectively overcome the challenges of
processing particle reinforced MMCs. The technique allows for the fabrication of metallic parts
with complex geometries by implementing computer aided design (CAD) files. The layer-by-layer
additive material deposition allows for the synthesis of parts with complex geometries and
eliminates the need for post-processing and tooling [18-20]. The temperature at the center of the

laser beam can reach as high as 3500 K, which is higher than the melting points of many ceramic
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powders such as TiC and WC [9]. Many types of alloy systems and ceramic materials have
reportedly been deposited successfully utilizing DED, including Ti6Al4V + TiC [23,85], Inconel
625 + TiC [52,86], stainless steel + WC [87] and AlSi10Mg + SiC [21]. While some of these
previous results have been encouraging, there are also issues that remain, such as the presence of
lack-of-fusion pores and cracks, as well as the decohesion of ceramic/matrix interfaces and the
formation of undesired metallurgical phases [16,88]. These challenges provide an opportunity to
further explore the underlying fundamental phenomena that drive phase formation and mechanical
behavior.

Inconel 718 is a high-strength, corrosion-resistant nickel-based superalloy that has been
extensively studied as a potential material for a wide range of high temperature applications [89].
It is strengthened by both gamma prime (y’, Ni3(Al,Ti), ordered face centered cubic, FCC) and
gamma double prime (y”’, NizNb, ordered body centered tetragonal, BCT) precipitate phases,
obtained through proper heat treatment and aging [90]. Haynes 282, on the other hand, is a
relatively newly developed, y’ strengthened nickel-based superalloy that exhibits excellent creep
strength and thermal stability as well as better weldability [91]. Although investigators have
previously studied both alloys and their corresponding MMCs via laser-based additive
manufacturing, the beneficial precipitation strengthening phase (i.e., y’ and/or y’”) is usually not
observed in the as-deposited samples, likely due to the rapid cooling and solidification process that
occurs during deposition [22,89,90,92-95]. In some studies, detrimental topologically close-
packed (TCP) phases, such as Laves phases, have been observed in the as-deposited samples due
to severe elemental segregation upon solidification, which may negatively impact mechanical
behavior [96,97]. Furthermore, the phase formation that occurs when ceramic particles are

introduced into the alloy matrix leads to additional complexities. The effect of ceramic particle
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content on the microstructural evolution and phase formation needs to be carefully addressed for
superior alloy design and adaptation of the DED manufacturing technique to MMC manufacturing.

In this work, DED was used to fabricate Inconel 718/TiC and Haynes 282/TiC particle
reinforced MMCs with variable TiC content. The resultant microstructures were characterized and
compared for the two composites to determine the differences in phase formation during DED.
The mechanical behavior of as-deposited samples was analyzed through tensile tests and
observation of the fracture surfaces. The influence of TiC content on phase formation in the as-
built samples were predicted using Scheil solidification calculations within CALculated PHAse

Diagram (CALPHAD) thermodynamic calculation software, Thermo-Calc.

5.2. Materials and Methods

The powder feedstocks used are gas atomized Inconel 718 and Haynes 282 powder (Praxair,
45 - 125 pm), and TiC powder (Advanced Powder Solutions, 25 - 45 pm). The chemical
compositions (provided by the supplier) for the two alloys are listed in Table 7. The nickel alloy
powder and TiC powder were blended in a V-blender for 1 hour before feeding the blended powder
into the LENS® machine. Figure 38 shows a representative scanning electron micrograph of the
blended powder mixture. Samples containing Inconel 718 and Haynes 282 with 0, 5, and 10 wt%
of TiC (hereafter referred as IN-0 and HA-0, IN-5 and HA-5, and IN-10 and HA-10, respectively)
were deposited using a LENS® 750 system (Optomec Inc., New Mexico, USA), with laser power
of 300 W and scan speed of 16.7 mm/s for all samples. A representative photo of an as-deposited
sample is provided in Figure 39. The dimensions for pure alloy samples were 14 x 14 x 40 mm
and for composite samples were 10 x 10 x 40 mm. The as-deposited samples were sectioned along

the vertical direction by electrical discharging machining (EDM) for tensile test coupons and
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microscopic examination. The tensile specimens were prepared with 10 mm gauge length, 2.5 mm
width and 1.5 mm thickness. The tensile tests were conducted using an Instron 8801 load frame
with a 100 kN load cell and video extensometer to measure strain. Tensile specimens were prepared
such that the build direction was oriented along the length of the gauge section. Several tests were

conducted per sample with a nominal strain rate of 1x107 s,

Table 7. Chemical composition of Inconel 718 and Haynes 282 alloys (wt%)

Ni Cr Co Mo Nb Ti Al  Fe Mn C Si

Inconel 718 55 17 1 30 55 .15 08 15 0.35 0.08 = 0.35

Haynes 282 57 20 10 85 - 2.1 15 15 0.3 0.06 = 0.15

Figure 38. Representative SEM image of blended Inconel 718 (IN718) and TiC powders.

The microstructure of the as-deposited samples was characterized by scanning electron

microscopy (SEM, FEI Quanta 3D). For higher magnification microstructural and chemical
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analysis, we performed transmission electron microscopy (TEM, JEOL 2800) combined with dual
energy dispersive X-ray spectroscopy (EDS) detectors, and high-resolution scanning TEM using
a double aberration-corrected JEOL JEM-ARM300. The TEM samples were lifted out near the
TiC/matrix interface by using focused ion beam (FIB) in an FEI Quanta 3D SEM. For SEM
characterization, all samples were mechanically polished, finishing with 1 um diamond suspension.
Pure alloy samples (IN-0 and HA-0) were etched with an electro-polisher (Buehler ElectroMet 4)
following mechanical polishing for 15 s under 12 V DC, in 10% perchloric acid and 90% ethanol.

The composite samples (IN-5, IN-10, HA-5 and HA-10) were not etched.

Figure 39. Representative photograph of LENS® as-deposited metal matrix composite sample.

5.3. Results

5.3.1 Microstructural characterization

Figure 40 and Figure 41 show representative SEM micrographs of as-deposited Inconel
718 (sample IN-0) and Hayes 282 (sample HA-0), respectively. In sample IN-0, a secondary phase
with brighter, elongated shape is observed in the interdendritic regions. EDS analysis suggests that
these regions are likely to be Laves phase with high Nb content. The chemical composition of this
Laves phase, as determined by EDS analysis, is shown in Table 8 and compared with literature

values [96]. In sample HA-0, darker and spheroidal secondary phase regions on the order of less

78



than 1 um in size are visible. High resolution TEM results presented later reveal that these regions

are likely the y’ phase.

(a) (b)
Figure 40. SEM image showing (a) LENS® as-deposited Inconel 718 (sample IN-0), with
irregular, elongated Laves phase visible in the interdentritic region. (b) is at higher magnification
image.

Table 8. Chemical composition of the Nb-rich Laves phase as determined by EDS point analysis
for sample IN-0. Literature reported values for the Laves phase are provided for comparison.

Ti Nb Ni Cr Fe Mo
From EDS 2.32 20.86 48.21 14.32 13.01 1.32
Literature 1.426 21.714 45.883 14.298 14.235 3.832
Reported
[96]
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Figure 41. SEM image showing LENS® as-deposited Haynes 282 (sample HA-0), showing
darker, fine and spherical y’ phase and carbide phases.

Figure 42 and Figure 43 show the SEM micrographs for the composite samples, IN-10 and
HA-10. Severe agglomeration of the original TiC particles, appearing as the darker regions, was
not observed in either sample. Some TiC particles show internal cracks (Figure 41b and 41d),
which are likely the result of thermal shock during the interaction with the laser beam and molten
pool, and residual stresses that result after cooling and solidification [16,98]. A large portion of the
original TiC particles present in the builds possess smooth edges, in contrast with the original
faceted morphologies found in the starting powder (i.e., compare Figure 37 to Figure 41).
Interfacial layers with submicron thickness were observed between the alloy matrix and TiC
particles in sample IN-10, while such interfacial layers were not observed in sample HA-10.
Secondary precipitate phases are also observed in both alloys and are uniformly dispersed
throughout the matrix; these are polygon shaped carbide phases with a size of approximately 1 um.
EDS point analysis at different locations in sample IN-10 (Table 9) suggests that the interfacial
layer and secondary precipitate phase have a similar chemical composition — as a multi-element
MC-type carbide, (Ti,Nb,Mo)C phase. Hong et al. reported a similar interfacial layer and

secondary precipitates in DED deposited Inconel 718/TiC composites [92]. It is noted that the Nb

80



content in the matrix region of sample IN-10 was measured by EDS to be 0 at%, while by contrast
the nominal Nb content in the original alloy was over 5 wt%. Laves phase was not observed in the

matrix region of sample IN-10.

(d)
Figure 42. SEM images showing LENS® as-deposited (a) (b) sample IN-10, and (c) (d) sample
HA-10. (b) and (d) are higher magnification images showing details of TiC particles in (a) and
(c), respectively.
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Figure 43. SEM images of TiC/matrix interfaces for (a) sample IN-10 and (c) sample HA-10. (b)
and (d) are schematic representation of the phases seen in (a) and (c), respectively. Interface
layer of 1-2 um thickness was visible in IN-10, but was absent in HA-10. Locations selected for
EDS analysis in sample IN-10: A: TiC particle, B: interfacial layer, C: Inconel 718 matrix, D:
secondary phase precipitates.
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Table 9. EDS point analysis (atom %) for select regions in sample IN-10 (see Figure 4a).

A B C D
C 56.88 62.00 0 53.68
Ti 43.12 24.86 3.24 14.96
Cr - 1.58 20.98 5.65
Fe - 0 14.64 2.39
Co - 0 2.83 1.24
Ni - 1.04 55.91 10.43
Nb - 8.11 0 8.65
Mo - 2.40 2.39 2.99

To further understand the chemical composition and crystalline orientation of the
interfacial layer and the precipitates, TEM characterization was carried out in regions adjacent to
TiC particles for both composites. Figure 44 shows a TEM bright field image near a TiC particle
in sample IN-10. The chemical composition for the interfacial layer and secondary precipitates in
sample IN-10 was determined by EDS mapping, as shown in Figure 45 and Figure 46. The results
confirm that both the interfacial layer and the secondary precipitates were Nb- and Mo-rich multi-
element MC-type carbide, (Ti,Nb,Mo)C phase. A high density of geometrically necessary
dislocations (GND) was observed in this interfacial layer, which form due to the thermal stress
induced by the mismatch of the thermal expansion coefficients during the cooling process [99,100].
The diffraction patterns at the IN-10 interface layer and TiC particle (Figure 43¢ and 43d) indicate
identical crystallographic structures and orientations. Closer examination of the diffraction pattern

indicates that the [110] signals are present in the nickel matrix, which suggest formation of the
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ordered y’ (Ni3(Al,Ti)) superlattice. The y’ phase was not identifiable in SEM images (Figure 41a
and 41b), probably due to its small size stemming from the high cooling rate during LENS®

deposition (103-10*K/s) [9].

*
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Figure 44. TEM bright field image showing region (a) near Inconel 718/TiC interface in sample
IN-10, and diffraction patterns at (b) Inconel 718 matrix, (c) TiC particle, and (d) interface layer.
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Figure 45. EDS mapping results near TiC/Inconel 718 interface in sample IN-10.
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Figure 46. EDS mapping results of multi-element carbide precipitation phase in Inconel 718
matrix in sample IN-10.

Figure 47 shows a TEM bright field image near the Haynes 282/TiC interface in sample
HA-10. A less than 100 nm thick layer region can be observed. EDS data suggest that the interface
is rich in Mo. The diffraction patterns corresponding to the TiC and matrix regions are shown in
Figure 47 b and 47 c, respectively. Similar to the findings for sample IN-10, the [110] signals that
correspond to the y’ superlattice are again identified in the nickel matrix. High-resolution TEM
was performed in the matrix region, as shown in Figure 48a. Precipitate phases in the size of 5-7
nm can be identified. The [110] signals (red circles in Figure 47¢) in fast Fourier transform (FFT)

results further confirm the formation of the y’ phase.
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Figure 47. (a) TEM bright field image showing region near Haynes 282/TiC interfaceHA-10,
and diffraction patterns at (b) TiC particle and (c) matrix.

@ ©

Figure 48. (a) HRTEM image of Haynes 282 matrix in sample HA-10, and (b) (c¢) FFT applied at
different regions. The [110] signals (red circles in (c)) suggest formation of the y’ phase.
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5.3.2 Mechanical Behavior

The tensile test results for the as-deposited Inconel 718/TiC and Haynes 282/TiC samples
are presented in Table 10. For both alloys, significant increases in yield strength (YS) and ultimate
tensile strength (UTS) are observed for the TiC reinforced composites, as is expected for MMCs
[100,101]. The YS values for samples IN-0, IN-5 and IN-10 are 555, 1008 and 1033 MPa,
respectively, and the UTS values are 928, 1168 and 1208 MPa, respectively. The YS values for
samples HA-0, HA-5 and HA-10 are 548, 967 and 1138 MPa, respectively, and the UTS values
are 876, 1168 and 1248 MPa, respectively. The ductility for both alloys, however, decreased
drastically for the TiC reinforced composites, as expected [101]. The ductility for each of the as-
deposited pure alloys is greater than 40%, whereas the values were ~2% for samples IN-10 and

HA-10.

Table 10. Tensile test results for Inconel 718/TiC and Haynes 282/TiC as-deposited samples.
YS =yield strength; UTS = ultimate tensile strength

Sample ID YS (MPa) UTS (MPa) Ductility (%)
IN-0 555 928 44
IN-5 1008 1168 4.4
IN10 1033 1208 23
HA-0 548 876 48
HA-5 967 1223 4.8
HA-10 1138 1248 2.0

Figure 49 shows the fracture surfaces of the tensile test specimens for samples IN-10 and

HA-10. Ductile fracture is seen in the alloy matrix as evidenced by the presence of a high density
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of micron-sized dimples, while the TiC reinforcement particles exhibit brittle transgranular
fracture and possibly act as the crack initiation site during tensile tests. No decohesion of the TiC
particles is evident for either alloy, and cracks are not seen propagating into the alloy matrix. In
related work, Gu et al. reported that no cracks, pores or other defects were formed at interfaces

during sliding wear tests [102].

5pm

Figure 49. Fracture surface of (a) sample IN-10 and (c) sample HA-10, after tensile tests. (b) and
(d) are higher magnification images of (a) and (c), respectively.
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5.4. Discussion

5.4.1 Nb segregation and Laves phase in sample IN-0

In sample IN-0, Laves phase formed in the as-deposited samples due to the Nb segregation
during solidification. Nb, having the lowest partition coefficient among the other alloying elements,
often experiences severe segregation in the interdendritic region in Nb-containing superalloys
[96,103]. The Nb content in the interdendritic regions can reach as high as ~24 wt% in as-cast
Inconel 718 alloy, while the nominal composition is approximately 5 wt% [96]. Nb segregation
and formation of the Laves phase are a common and undesired phenomenon reported for cast
Inconel 718 alloys. Proper heat treatment and aging processes are often required to eliminate the

Laves phase in order to assure desirable mechanical behavior.

5.4.2. Influence of TiC content on phase formation in the two nickel-based composites

During the LENS® process, some fraction of the TiC particles will undergo melting and
dissolve into the nickel alloy matrix, as the molten pool can be overheated to a temperature greater
than 3500 K by the laser beam. The smoothed edges of the TiC particles, as shown in Figure 40,
provide evidence of partial melting during the interaction with the laser beam and the molten pool
[52,92]. Although the exact amount of TiC dissolved is difficult to determine, it is expected that
the increased TiC content in the matrix alters the phase evolution in the as-deposited samples. To
understand the elemental segregation and phase formation for the two composite systems during
LENS®, solidification calculations, based on the Scheil-Gulliver model [104] were performed for
both the pure alloys and the composites using Thermo-Calc®. The Scheil-Gulliver model assumes
perfect mixing in the liquid and no diffusion in the solid phase, and despite these limiting

assumptions has been successfully used to predict solid phase formation in AM [34-39]. 1t is
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plausible that the presence of Marangoni convective flow and liquid diffusion in the melt pool may
result in conditions that are close to those for ideal mixing in the melt during solidification. In this
work, TiC content values of 2 wt % and 4 wt % in each composite system were selected, to consider
the melting and dissolution of TiC into the nickel alloy matrices during deposition. A temperature
resolution of 1 K was used for all the calculations.

Figure 50 shows the calculation results for the Inconel 718/TiC system. When there is no
TiC content in the system (Figure 50a), the y matrix phase starts to form at a temperature of 1598
K, followed by the precipitation of the Nb-rich multi-element MC-type carbide phase starting to
form at a temperature of approximately 1580 K. & (Ni3Nb) and topologically close packed (TCP)
phases including the Laves phase and ¢ phase are predicted to form at lower temperatures. For the
system with 2 wt% TiC (Figure 50b), notable differences in the phase formation sequence are
observed, as the MC-type carbide phase precipitates before the formation of the y matrix phase at
much higher temperature of 1900 K . 6 and Laves phase are still predicted but start to form at lower
liquid fractions. For higher TiC content (4 wt%, Figure 50c), a similar solidification curve is
predicted, except that the TCP phases were not predicted when solidification is complete. These
results suggest that the formation of the Nb-containing phases, including Laves phase and NizNb
in Inconel 718 samples is inhibited as TiC is introduced. These results are in agreement with those
from the EDS point analysis provided in Table 9, specifically, no Nb content is observed in the
Inconel 718 matrix (point D in Figure 43a) for sample IN-10. In Inconel 718, Nb is one of the most
active carbide forming elements, and during the solidification process Nb will compete with Ti
and Mo to form the MC-type carbide phase. In Ni-based superalloys, the preferred order of
formation for MC type carbide (in order of decreasing stability) is HfC, TaC, NbC and TiC, and

less reactive element such as Mo can also substitute in these carbides [105]. This results in the
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formation of the (Ti,Nb,Mo)C interfacial layers surrounding the TiC particles and fine precipitates
in the matrix, which are discussed further in the next section. Consequently, as all the Nb appears
in the aforementioned (Ti,Nb,Mo)C phase, none is left in the Inconel 718 matrix, and therefore
Laves phase and Ni3Nb will not form. On the one hand, the elimination of Laves phase is beneficial
since the Laves phase is known to be brittle and detrimental to the alloy mechanical behavior,
while on the other hand, y”” (Ni3Nb), an important strengthening phase for Inconel 718, will also
be inhibited as TiC content increases. Further study is needed to understand the overall effect on
the mechanical behavior due to this altered phase evolution.

Figure 51 presents the Scheil calculation results for the Haynes 282/TiC system. Unlike in
the Inconel 718/TiC system, only the multi-element MC-type carbide phase and the Cr-rich o phase
are predicted, other than the y matrix phase. The composition of the MC-type carbide is mostly (Ti
(Mo))C for this Haynes-based composite, instead of Nb-rich carbide, as was seen for the Inconel
718/TiC. The Mo content in the MC-type carbide phase is slightly higher in the Haynes/TiC than
in the Inconel 718/TiC. Table 11 compares the calculated chemical composition of the multi-
element MC-type carbide phase in both composites.

Figure 52 presents the calculated mole percent of each phase for the two composite systems.
v matrix phase is not shown in these diagrams so that the y-axis can be expanded for easier viewing.
For both alloys, the amount of MC-type carbide phase increases as more TiC is added into the
system. For the Inconel 718/TiC system, 6 and Laves phases exhibit a decreasing trend as the TiC
content is increased from 0 to 4 wt%, while y’ phase exhibits an increasing trend, due to the higher
Ti content. For the Haynes 282/TiC system, other than the increase in Ti-rich MC-type carbide
phase content, the other secondary phases (y’ and o ) do not exhibit significant changes as a

function of TiC content. As Nb is competing with Ti to form the multi-element MC-type
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(Ti,Nb,Mo)C carbide phase, more Ti will remain in the matrix, and therefore favor the formation
of the y’ (Ni3Ti) phase in Inconel 718. The mole percent of Ni3Ti phase increases from 0 to 2.2 %
as the TiC content is increased to 4 wt%. The above phenomena in Inconel 718/TiC system can be
expressed by the following reaction:

TiC + Ni + Nb + Mo — (Ti,Nb,Mo)C + Ni3Ti (1)
By contrast, the increased TiC content in the Haynes 282 alloy does not have a significant influence
on phase formation in the matrix, as there is a lack of Nb in the Haynes 282 alloy, and therefore
the carbide composition remains roughly Ti:C=1:1. The Ni3Ti phase remains at a value of
approximately 0.5-1 mole % for all the TiC compositions in the Haynes 282/TiC system. Although
the y’ strengthening phase typically forms after proper heat treatment, HRTEM (Figure 48) and
diffraction patterns in TEM (Figure 44b) suggest that fine, spherical y’ precipitates with a scale of
several nanometers are observed in both composites. Several studies have reported the formation
of fine y’ phase in DED as-deposited Ni superalloy samples [92,94,95]. The accumulation of
thermal energy and continuous heating and cooling cycles that occur during the deposition may
promote the formation of the y’ phase [95]. Since Inconel 718 is designed to be strengthened
primarily by the y”” phase and usually contains much less y’ phase, the decrease in y” content and
increase in y’ content due to the TiC addition may affect the mechanical behavior and stability of
the Inconel 718 matrix. The above results suggest that y’ strengthened superalloys might be more
suitable and experience less severe undesirable phase alteration when TiC is added as a

reinforcement particle during DED processing.
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Figure 50. Scheil solidification calculation for (a) Inconel 718, (b) Inconel 718 + 2 wt.% TiC,
and (c) Inconel 718 + 4 wt.% TiC.
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Figure 51. Scheil solidification calculation for (a) Haynes 282, (b) Haynes 282 + 2 wt.% TiC,
and (c) Haynes 282 + 4 wt.% TiC.
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Table 11. Calculated chemical composition (mole %) for the multi-element MC-type carbide
phases after complete solidification, as determined from the Scheil solidification curves.

T
IN718+2wt% TiC

T
IN718+4wt% TiC

(a)
Figure 52. Calculated phase composition in (a) Inconel 718/TiC and in (b) Haynes 282/TiC for
various TiC content values. Values for the y phase (balance of composition) are not shown.
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IN718+ | IN718+ HA282+ | HA282+
IN718 _ | HA282 _ _
2%TiC | 4%TiC 2%TiC | 4%TiC
Cr | 0067 | 0062 | 0072 | 0094 | 0260 | 0.120
Ti 11.1 18.4 24.2 52.9 49.8 52.4
C 477 48.1 482 45.7 463 45.9
No | 4038 333 273 - - -
Mo | 0.15 0.16 0.20 1.29 3.58 1.55

5.4.3 Formation of interfacial layers and precipitates in sample IN-10

The formation of the (Ti,Nb,Mo)C carbide phase interfacial layers and precipitates has
been previously reported in the literature for additively manufactured TiC reinforced Nb-
containing nickel superalloy composites [92]. In their work, the formation mechanism for this
(Ti,Nb,Mo)C phase was explained via a diffusion and dissolution-precipitation phenomena: the Ti
and C atoms are released from a TiC particle during heating and diffuse into the molten pool, and
then react with Nb and Mo from liquid Inconel 718 to form the (Ti,Nb,Mo)C interfacial layer and

precipitates. From the EDS analysis and TEM diffraction patterns in the current study, the
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interfacial layers and precipitates in sample IN-10 have been identified to be a MC-type carbide
phase, with an ordered FCC crystal structure. The Scheil solidification calculations shown in
Figures 50b and 50c suggest that the (Ti,Nb,Mo)C phase will precipitate first before the
solidification of the y matrix when the TiC content is greater than 2 wt%. On this basis one can
speculate that when unmelted TiC particles are present in the molten pool, (Ti,Nb,Mo)C is likely
to nucleate on TiC particles as the molten pool undergoes solidification, and eventually forms an
interfacial layer surrounding the TiC particle. Since the TiC, MoC and NbC share the identical
FCC crystal structure with very similar lattice parameters, it is plausible that the Nb-rich carbide
phase interfacial layer grows epitaxially with the same crystalline orientation as the TiC particle.
TEM diffraction patterns in Figures 44b and 44c confirm the FCC crystal structure for both the
interface and the TiC particle, and indicate that there is no detectable difference in lattice
parameters. From another perspective, this phenomenon could be described as the TiC particle
experiencing “grain growth” during the solidification of the molten pool, with increased Nb
content in the “growth” regions, observed as an interface in both SEM and TEM. The other portion
of (Ti,Nb,Mo)C forms as fine and polygon shaped precipitates that are evenly distributed in the
matrix, as shown in Figure 42b. In ref. [102], the homogeneous distribution of the (Ti,Nb,Mo)C
precipitates was attributed to the vigorous Marangoni convection flow in the molten pool resultant
of the large temperature gradient. Large portions of the fine precipitates exhibit diamond or
triangular morphologies, which are consistent with (Ti,Nb,Mo)C phase particles nucleating and

growing freely relative to the (111) closest packed planes [106,107].

5.4.4 Tensile behavior

The LENS® as-deposited Inconel 718 and Haynes 282 composites exhibit similar YS and
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UTS values for a given TiC content, even though there are Nb-rich interfacial layers present in
samples IN-5 and IN-10. The hypothesis that the interfacial layer could potentially enhance the
wettability of TiC in the N1 matrix and therefore be beneficial to the tensile properties may not be
valid given the very similar YS and UTS values for samples IN-5 and HA-5, as well as for samples
IN-10 and HA-10. Instead, for both alloy systems the 5 wt% TiC composite samples exhibit
significantly higher YS and UTS values when compared to the pure alloys, and these values
increase further when the TiC is increased to 10 wt%. The increase in YS and UTS is mainly
attributed to the well-known strengthening effects caused by thermal mismatch induced strain
hardening [16][101], which led to the high density of geometrically necessary dislocations
observed in Figure 43a. The morphology of the fracture surfaces suggest that failure was initiated
inside the TiC particles, as they may undergo thermal shock when interacting with the laser beam
and molten pool [3,98]. No apparent delamination was visible at the interface between the TiC and
the matrix for both alloys (Figure 49). In this work, the size of the reinforcement TiC particles is
as large as 20-45 um, which favors crack initiation inside the particle instead of occurring at the
particle-matrix interface [108,109]. Thus, for both sets of as-deposited composites, the tensile
behavior is dominated by the response of the TiC particles rather than the variations in phase and

composition in the matrix, as described above.

5.5. Summary

In the present work, Inconel 718/TiC and Haynes 282/TiC MMC samples were
successfully fabricated via LENS®. The phase formation and microstructure were characterized in
SEM and TEM and analyzed with Scheil solidification calculations. Some of the key findings are

summarized below:
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(1) Submicron interfacial layers of (Ti,Nb,Mo)C-type multi-elemental carbide phase with
the same crystalline orientation as the ex-situ added TiC particles were observed in the Inconel
718/TiC composites. High geometrically necessary dislocations density was observed within the
interfacial layers.

(2) Fine, spheroidal y’ phase was identified by HRTEM in the matrix phase for both the
Inconel 718/TiC and Haynes 282/TiC as-deposited samples.

(3) Scheil solidification calculations indicate that an increase in TiC content inhibits the
formation of the detrimental Laves phase and o phase in Inconel 718/TiC samples, since the Nb
has a higher tendency to form MC-type carbides during solidification. On the other hand, the
increased Ti content remaining in the matrix tends to promote the formation of the y’ phase. The
increased TiC content was not found to have a significant effect on the phases in the matrix of the
Haynes 282/TiC MMC:s.

(4) Significantly higher YS and UTS values were observed in the as-deposited MMC
samples, compared to the as-deposited pure alloys. Examination of the fracture surfaces indicated

that failure possibly initiated from cracks that form within the TiC particles.
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Chapter 6: Conclusions and Future Work

This dissertation investigated the complicated physics that occur at different stages during
the DED process, with the aid of high-speed photography and simulation models. These tools can
be continuously used for the research of DED processing of other material system. One such
example would be the functionally graded materials (FGM). Because DED has excellent flexibility
in delivering different types of powder feedstocks, it would be a good fit for additively
manufacturing FGM in which the composition of the material is constantly changing at different
location. By carefully implementing process control to adjust the powder flowrate for each
component, a graded structure can be achieved. In Chapter 2, we have seen that feeding
inhomogeneous particle leads to unique challenge to obtain desired compositions in the final
product, due to the different flow behavior. In FGM systems, this challenge will persist and will
be even bigger when more than two components are used, plus the introduction of another temporal
dimension. Different powder flow behavior, latent system response when changing the flowrate,
instability during the process and unexpected chemical/physical interactions between each
component could all add to the challenges and require more efforts to address. Developing reliable
process control methods and design of an effective manufacturing route would be key to
successfully implementation of such a complex system.

In Chapter 3 of this dissertation, we have used high-speed photography to observe the
molten pool and interactions of particle with the molten pool surface. Although much useful data
were acquired, the high speed videos only probe the surface of the molten pool, while the details
the surface of the molten pool cannot be revealed. Synchrotron X-ray method can effectively fill
this gap. The X-ray is able to capture the dynamic processes radiographically at a high spatial (a

few micrometers) and temporal (microseconds to milliseconds) resolution [110], and much
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research has been done using this method to observe the formation of pores inside the molten pool
as well as the stability of keyholes [110,111]. The method may be especially useful for studying
the deposition process of MMCs, in which the movement of the reinforcement ceramic particles
can be observed within the molten pool, providing valuable information such as the distribution of
the ceramic particles in the matrix, the interaction between the solid phase ceramic and liquid
alloy, the solidification of the molten pool etc.

Finally, in Chapter 5, Scheil solidification calculation were performed to understand the
phase formation sequence and element segregation during solidification. As mentioned in the text,
this method assumes infinitely fast diffusion of the elements and therefore representing
equilibrium condition. However, as the cooling rate in DED can reach as high as 108 K/s, high
undercooling may exist during the solidification and therefore the equilibrium assumptions are no
longer valid. A good kinetic model is needed to better describe the rapid solidification process and

more accurately predict the phase formation in DED.
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