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This paper focuses on additive manufacturing (AM) of single-crystal (SX) nickel-based
superalloy CMSX-4 through scanning laser epitaxy (SLE). SLE, a powder bed fusion-based AM
process was explored for the purpose of producing crack-free, dense deposits of CMSX-4 on top
of similar chemistry investment-cast substrates. Optical microscopy and scanning electron
microscopy (SEM) investigations revealed the presence of dendritic microstructures that
consisted of fine y” precipitates within the y matrix in the deposit region. Computational fluid
dynamics (CFD)-based process modeling, statistical design of experiments (DoE), and
microstructural characterization techniques were combined to produce metallurgically bonded
single-crystal deposits of more than 500 um height in a single pass along the entire length of the
substrate. A customized quantitative metallography based image analysis technique was
employed for automatic extraction of various deposit quality metrics from the digital
cross-sectional micrographs. The processing parameters were varied, and optimal processing
windows were identified to obtain good quality deposits. The results reported here represent one
of the few successes obtained in producing single-crystal epitaxial deposits through a powder
bed fusion-based metal AM process and thus demonstrate the potential of SLE to repair and
manufacture single-crystal hot section components of gas turbine systems from nickel-based

superalloy powders.
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I. INTRODUCTION

NICKEL-BASED superalloys are used extensively in
gas turbine engines for the manufacture of hot section
components primarily because of their superior proper-
ties such as excellent mechanical strength, higher resis-
tance to thermal creep deformation, corrosion,
oxidation, and good surface stability in elevated tem-
perature environments. Typical nickel-based superalloys
used in gas turbine engines contain several alloying
elements to optimize the material for the best possible
performance in aggressive loading scenarios. These
superalloys have higher yield strength due to the
presence of secondary )" phases that precipitate within
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the y phase and form an anti-phase boundary prohibit-
ing the dislocation or partial dislocation movements.!"!
Turbine components cast with a polycrystalline or
equiaxed (EQ) morphology are susceptible to failure
because they contain grain boundaries that are trans-
verse to the direction of applied load. Voids are likely to
form at these transverse grain boundaries."! To alleviate
this problem, directionally solidified (DS) morphologies
are used where the resulting grain structure is parallel to
the major axis of loading and contains a limited number
of transverse grain boundaries. Elimination of these
transverse grain boundaries results in additional creep
and rupture strength. In addition, alignment of the
grain structures provides a favorable modulus of
elasticity in the loading direction, thereby enhancing
the fatigue life. Creep strength and fracture toughness
can be further enhanced by casting the blade with a
single-crystal (SX) morphology that contains no grain
boundaries at all. The single-crystal morphology also
allows removal of grain boundary strengthening ele-
ments such as carbon and boron that are typically
responsible for reducing the melting temperature and
the fatigue life of the alloy.”)

CMSX-4 is a rhenium containing second-generation
ultrahigh-strength SX superalloy developed through the
joint efforts of Canon-Muskegon and Allison. The alloy
demonstrates a 308.15 K (35 °C) turbine airfoil temper-
ature capability improvement compared to the first
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generation single-crystal alloys such as CMSX-2 and
CMSX-3.1 The addition of rhenium delays coarsening
of the y’ phase, and increases /)’ misfit. Clustering of
rhenium was initially believed to act as an obstacle
against dislocation movements, resulting in an improve-
ment in the superalloy strength.®’ However, recent
studies using atom probe tomography have failed to
find evidence of rhenium clusters in the y phase, y/y’
interfaces, and in the center of the y channels of the
CMSX-4 superalloy.ly CMSX-4 is strengthened by the
solid solution-strengthening effects of chromium (Cr),
tungsten (W), and tantalum (Ta). The presence of
aluminum (Al) and titanium (Ti) provides additional
strength due to the precipitation-hardening effects of the
7" phase.l” Although this second phase is the main
reason for the improvement in properties, it also results
in increased processing difficulties. These alloys are
prone to crack formation and, therefore, hard to cast.
Strain age cracking is also observed during welding and
is a consequence of the precipitation of 7" phases,
hardening of the alloy during thermal exposure, and
transfer of solidification strains onto the grain bound-
aries. The susceptibility to strain age cracking and the
alloy weldability are often qualitatively described for
nickel-based superalloys by plotting Al vs Ti content in
the alloys.”™ The alloy is considered “non-weldable™ if
the total Al+Ti content exceeds 4 wt pct. The total
Al+ Ti content in CMSX-4 is 6.6 wt pct, thus making it
a “non-weldable” alloy.

A single-crystal deposit formed through an additive
process can be characterized by several microstructural
parameters such as the primary dendrite arm spacing
(PDAS), the columnar-to-equiaxed transition (CET), the
oriented-to-misoriented transition (OMT), and the pres-
ence of stray grains (SG). An increase in the dendrite arm
spacing adversely affects the high-cycle fatigue life.
Fatigue cracks are found to originate at shrinkage
porositP/ and the largest pores are correlated with a large
PDAS."! During solidification, the solidified region acts
as a heat sink, and the temperature gradient ahead of the
solidification front decreases, resulting in a change from
the single-crystal microstructure to an equiaxed
microstructure. This change is referred to as the colum-
nar-to-equiaxed transition (CET). CET limits the epitax-
ial single-crystal growth and makes the deposit near the
top surface polycrystalline in nature.'” A second solid-
ification phenomenon, known as the oriented-to-misori-
ented transition (OMT), occurs when there is a change in
the direction of the temperature gradient in the solidifying
metal. This occurs primarily because of the competition
between the possible columnar growth directions.!'"! Both
CET and OMT are critical to the quality of the sin-
gle-crystal deposit as they limit the single-crystal (SX)
height. Existing literature reveals that the local inhomo-
geneity in the temperature gradient and the solidification
velocity or the presence of broken dendritic arms and
subsequent convection of those broken pieces acts as
sources of new nucleation sites that result in the formation
of stray grains (SG). Due to segregation of y/y” eutectics, a
liquid film forms around the SG boundary. Such forma-
tion results in higher grain boundary wetting making the
material prone to cracking.!'”
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Repair attempts on superalloys started in the late
sixties using different welding processes. The most
commonly used processes are gas tungsten arc (GTA)
welding or tungsten inert gas (TIG) welding, electron
beam (EB) welding, and laser welding. However, the
introduction of single-crystal superalloys necessitated
the development of new repair techniques as the usage
of existing welding processes such as TIG resulted in the
formation of stray grains (SG)!'* as well as cracking.!'”
Limited literature is available on the repair of sin-
gle-crystal hot section components using AM based
processes primarily due to the tremendous processing
challenges associated with these alloy systems. Achiev-
ing single-crystal microstructure is challenging and
requires tight control of the processing parameters such
as energy source power, scan speed, and spot diameter.
Sufficient remelting of the underlying substrate is
required along with columnar dendrite growth in the
newly consolidated material to form SX deposits.

Epitaxial laser metal forming (ELMF) was the first AM
process to demonstrate the formation of multiple sin-
gle-crystal laP/ers of CMSX-4 on top of like chemistry
substrates.!'” Similar results were also obtained for
dissimilar material systems such as M-Cr-Al-Y!'® and
Ni-Cr-Al-Y!'”! depositions on CMSX-4 and SRR99
substrates, respectively. SX deposits of René N4 on
CMSX-4 substrates were produced using the direct metal
deposition (DMD) process where the deposits grew
epitaxially from the substrate.'® Powder bed-based
electron beam melting (EBM) process was applied to
process René 142 powders where epitaxial DS microstruc-
ture of more than 400 ym was obtained.'” The CMSX-4
powder was processed through EBM process and the
resultant microstructure followed SX morphology.*”
The powder blowing mechanism used for cladding or
directed metal deposition processes are typically limited
by the speed of the mechanical powder feed assembly that
limits the speed at which the energy source can scan across
the substrate. In addition to this, in laser cladding
processes, the high-velocity powder particles can disturb
the convective flow inside the melt pool and act as new
nucleation sites that disrupt the single-crystal structure
while promoting the formation of stray grains (SG).

Simulations can provide valuable insights into under-
standing the physics of the AM process. Approaches
based on finite volume methods (FVM)?! and finite
element methods (FEM)®? have extensively been
employed for thermal modeling of the system. A
CFD-based model allows simulation of convection
inside the melt pool.’® The shape of the deposited
layers has been predicted using modified immersed
boundary method with a finite difference scheme.[**
Level set methods have also been attempted recently to
track the free surface motion of the molten pool with the
powder material feeding and scanning of the laser beam
for multi-layer cladding.® A coupled flow—thermal
model was developed in order to simulate the conditions
inside laser melt pool while considering surface tension
gradient-driven flows known as Marangoni convection
(or Bernard-Marangoni convection).”® These models
represent a single weld bead and do not consider the
effect of high-speed raster scanning on the melt pool.
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The raster scan employed in SLE changes the shape of
the melt pool from an ellipsoid®”! to a convex hull.”*
Acharya et al. developed a three-dimensional (3D) CFD
model incorporating the raster scanning strategy and
obtained good agreement with experimental data for the
melt depth in CMSX-4 processed through SLE.*®
Acharya et al. implemented a two-dimensional (2D)
approach to simulate the melt pool characteristics for
IN100 and obtained good agreement for the melt depth,
the average melt pool temperature, and the melt pool
area.[*’

Scanning laser epitaxy (SLE), a direct descendant of
the selective laser sintering (SLS) for metals developed in
the late 1990s,2% is a powder bed fusion-based additive
manufacturing process that uses a high-power tightly
controlled fiber laser beam to initiate a melt pool by
performing raster scans that are adaptable to the
geometry under consideration. The melt pool travels
along the length of the substrate fusing the partially
melted substrate to the fully melted pre-placed powder
that lies on top of the substrate. SLE has been
demonstrated to maintain epitaxy between the substrate
and the newly formed deposit, and thus, the process has
shown significant potential allowing one step repair of
single-crystal nickel-based superalloy CMSX-4.[%31
This study was performed using a continuous wave
1064 nm 2.4 kW Nd:YAG laser that produced a
1.5-mm-diameter Gaussian spot size. Fiber lasers can
provide a much smaller beam diameter at high mean
powers compared to Nd:YAG lasers. A large beam
diameter (D) is not economical since the reduced beam
intensity rapidly limits the process. Thus, when a large D
is inevitable, it is necessary to increase the laser power in
order to achieve sufficient remelting of the substrate to
ensure a continuous metallurgical bond. The require-
ment for tighter beam diameter control to aid real-life
complex turbine blade processing has necessitated the
use of a fiber laser that has shown encouraging results
with regard to the processing of the “‘non-weldable”
equiaxed superalloys IN100”°" and René 80.5%

In the present study, the single-pass deposition of SX
CMSX-4 superalloy using a high-power fiber laser beam
of 20 um Gaussian beam radius utilizing a powder bed
of thickness exceeding 1000 ym was demonstrated. The
microstructural investigation revealed the capability of
SLE to produce dense, crack-free deposits for CMSX-4
that resulted in more than 500 ym of SX deposits in a
single pass. The structure of the deposits was investi-
gated through optical microscopy and scanning electron
microscopy (SEM). Acharya’s model® was extended to
simulate melt pool characteristics for CMSX-4. The
CFD model was validated using quantitative metallog-
raphy and thermal data obtained from an IR camera.
Excellent agreement between the simulation and the
experimental results was achieved for the melt depth, the
average melt pool temperature, and the melt pool area.
The melt back depth was a critical parameter in the
present study as it controlled the quality of the metal-
lurgical bond between the substrate and the deposit. In
addition, for SX components, sufficient amount of melt
back was required to ensure SX growth from the
partially melted substrate. Multiple CFD simulations
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were performed to select the SLE processing parameter
ranges to achieve the desired melt back depth before
performing costly design of experiment (DoE)-based
experimental runs. The DoE trials were performed to
study the effects of various SLE processing parameters
on the deposit quality and an operating regime was
identified to obtain desired SX deposits. A previously
developed MATLAB code was applied to extract
necessary information from the digital images using
quantitative metallography techniques.**

II. EXPERIMENTAL PROCEDURE

In the experimental setup, a single-mode 1kW Ytter-
bium fiber laser (IPG Photonics, model: YLS-1000) was
used with a 3-axis galvanometer scanning system (Cam-
bridge Technology) to process the substrate coupons
inside a controlled-atmosphere processing chamber. A
thermal imaging camera and a melt pool video micro-
scope were used to measure the melt pool temperature
and to capture a video of the SLE processing, respec-
tively. The fiber laser was focused through the 3-axis
galvanometer scanner to a spot size of 20 um Gaussian
beam radius, enabling tight control of the energy
density. The typical scan speeds used in SLE were of
the order of hundreds of mmy/s although the scanner had
the ability to move the laser beam at speeds of up to
several m/s. The raster scan pattern with alternate scan
vector is illustrated in Figure 1(b) for the coupon placed
in position 2. After each pass, the laser moved over by
the scan spacing and started traveling along the direc-
tion opposite to the previous scan path.

The SLE process was conducted inside a con-
trolled-atmosphere process chamber purged to less than
10 parts-per-million (PPM) oxygen at atmospheric
pressure using 99.999 pct high-purity Argon. The
substrate coupons and the pre-placed powder were
initially at ambient temperature, and no pre-heating was
done prior to the SLE processing. The process was
carried out on rectangular investment-cast SX CMSX-4
coupons having dimensions of 35.56 mm x 6.86 mm x
2.54 mm with (001) columnar orientations. Each sub-
strate was placed inside a 35.56 mm x 6.86 mm
recession cut into an IN625 base plate. The thickness
of the powder bed was kept fixed at 1.4 mm. Figure 1(a)
shows an overview of the SLE process equipment, and
Figure 1(b) shows the placement of substrate coupons
and powder bed on top of it. Hereafter, the substrate
coupon with the pre-placed powder fused to it after SLE
processing is referred to as ‘sample.’

A. Materials

The CMSX-4 powder used in this study was produced
by the Praxair Surface Technologies. It was an argon
gas-atomized powder, and the composition is reported
in Table I. The morphology, size distribution, and
cross-sections of powders were analyzed using optical
microscopy and SEM. The CMSX-4 powder particles
were mostly spherical with particle diameter varying
from 90 to 150 um as shown in Figure 2(a). The powder
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Fig. 1-—(a) The SLE workstation (b) placement of superalloy coupons in the SLE process. The rightmost position shows the blank base to simulate
the hollow passages below the tip in high-pressure turbine blades. Positions 3 and 4 show bare substrate coupons, and positions 1 and 2 show sub-
strate coupons with pre-placed powder on top. The rastering movement of the scan is shown for the coupon in position 2 (Color figure online).

Table I. Composition of the CMSX-4 Powder (Weight Percent)
Cr Co Mo Re Y Al Ti Ta Hf B C Zr Ni
CMSX-4 6.5 9.7 0.4 3.0 6.4 5.6 1.0 6.5 — — — — Bal

SU8200 20.0kV 15.1mm x250 SE(UL)

(a)

Fig. 2—(a) SEM image of the CMSX-4 powder and () optical microscopic image of the CMSX-4 powder cross-section after polishing.

was mounted in Bakelite and polished to a mirror finish.
The cross-section was analyzed under an optical micro-
scope for the inspection of internal porosity. Limited
internal porosity was detected as shown in Figure 2(b).

B. Methods

1. Optical microscopy

A Buehler automated saw was used to section the
samples for microstructural investigation. Each section
was mounted in Bakelite and polished to a mirror finish,
starting with 80 grit paper and progressively increasing
the size to 1200 grit. The samples were then polished
using 5- and 3-uym diamond solutions. Finally, the
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samples were polished using a 0.5 um colloidal alumina
suspension. The polished samples were then etched
with Marble’s reagent (50 ml HCI, 50 ml H>O and 10.0
gm CuSO,) to remove the 7 phase revealing the
dendritic microstructure. Imaging was then completed
using a Leica DM6000 optical microscope at 100x
magnification.

2. Quantitative image analysis

Each sample was analyzed to determine the SX ratio,
the average deposit height, the deposit height unifor-
mity, the number of stray grains, the melt back depth,
and the lack of deformation of the substrate. In this
study, the SX ratio was defined as the ratio of the
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average SX height to the average of the total deposit
height. A customized image analysis code written in
MATLAB (The MathWorks Inc., Natick, MA, USA)
was used to extract all the metrics that were essential for
the DoE-based process parameter optimization.™!

3. Scanning electron microscopy (SEM )

SEM investigation was carried out on a Hitachi
SU8230 SEM to characterize the microstructural com-
position of the SLE-processed CMSX-4 deposit. Mar-
ble’s reagent (50 ml HCI, 50 ml H>,O and 10.0 gm
CuSO,4) was again used. The Marble’s reagent prefer-
entially attacked the )" precipitate phase and left
the residual y channels visible for metallographic
investigations.

III. COMPUTATIONAL MODELING

A two-dimensional (2D) transient, multi-domain model
with temperature-dependent thermo-physical properties is
used to simulate the flow—thermal behavior of the SLE
process to predict the melt pool characteristics. The CFD
model has been previously applied to simulate the
flow-thermal behavior of equiaxed superalloy IN100.”

A. Geometry and Mesh

The pseudo-2D model included two separate
domains—(1) the deposit domain consisting of the
substrate at the bottom and the powder layer at the
top and (2) the IN625 baseplate domain as shown in

Domain

(c)

Baseplate

/ Domain

Fig. 3—(a) Experimental coupon setup showing the section plane location AA’ that generates the pseudo-CFD domain; ANSYS CFX simulation
model showing (b) deposit domain and baseplate domain, and (¢) mesh details in the deposit and the baseplate domain (Color figure online).
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Figure 3(b). The domain was obtained by taking a
section at AA’ as shown in Figure 3(a). The sectionin
direction is perpendicular to the plane of the paper.”®
Figure 3(b) shows the geometry and mesh for the 2D
configuration. The deposit domain had a finer mesh to
accurately capture the 20 um radius laser heat source.
The total node count of the mesh was close to 137k, and
the skewness was below 0.2. The simulation was
performed in ANSYS CFX solver.

B. Flow Physics and Boundary Conditions

The solid and liquid component enthalpy equations,
expressed in terms of volume fractions, r, are

% + Ve (psrsUshs) =V o (rsksVTs) + 1, [la]
Apy rLh
% + Ve (purUph) =V e (rklVTL) — 1,

[1b]

Here p is the density, / is the enthalpy (including the
latent heat), 7 is the temperature, U is the velocity, and 7
is the interphase heat transfer. The subscripts S and L
refer to the solid and liquid components respectively.
Equations [la] and [1b] can also be expressed more
compactly as

MJrv.(pgh):V-(EVT)

ot 2]
— Ve (pYs(U—Ug)(hL — hs)) + S

Here p is mixture density, / is the mixture enthalpy, k is
mixture conductivity, and Yg is the mass fraction of
solid.* The final term in Eq. [2] represents an additional
source due to the difference in velocity between the solid
and the liquid components. This term has a finite value in
the mushy region of the flow (0 < Ys, Yp < 1). In the
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Fig. 4—(a) Representative laser heat source intensity variation in the y-direction obtained from the 3D model

tance as function of temperature for CMSX-4.
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4.00E-03  6.00E-03

regions of pure liquid or pure solid, the mixture enthalpy
equation reduces to the appropriate component enthalpy
equation.

The volume fractions of liquid and solid components
were incorporated using tabular data representing the
solid and liquid fraction of the superalloys in the melting
range. The Boussinesq approximation was implemented
to model the effect of variable liquid density. A
Darcy-like source term was incorporated to model the
resistance to flow in the mushy region. The permeability
was modeled using Kozeny—Carman equation.*®’ To
prevent division by zero, the term is bounded by a
user-specified maximum, C:

N DRy (D i
Sy =min{ GRS U=t )

In the turbulence equations, sink terms similar to the
Darcy term in the momentum equation were applied to
damp the turbulence in solid regions?®™:

2 2
_%(1 ;ifL) k, S‘g:_@(l _fL) c. [4]

S =
: Ko £

Marangoni convection was implemented by imposing
a surface tension-driven shear force at the free surface
through the following equations®”:
oUy oyor ou, dy oT 5]
=TIL =7 — =T —_—.
Fox = arax "oy ~Maray

For the baseplate domain, the conduction heat
equation was solved:

a(g[H) ~ V.(KVT) + So. 6]

Here p is the density, H is the enthalpy, K is the
thermal conductivity, and Sy is the source/sink term.

045} .
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B34 and (b) variation of absorp-
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The laser heat source was modeled as a Gaussian
moving heat source in 3D.*® The spatial profile in the
y-direction was averaged over a single scan length over
the sample width and fitted with a 10th-degree polyno-
mial. This particular profile was then used as a line
source with Gaussian distribution applied in the x-di-
rection. The polynomial used for the laser heat source
intensity in the y-direction was found to be flat in the
middle region with some reduction of intensity near the
edges of the sample as shown in Figure 4(a).** This
small variation in y-direction was neglected while
modeling the problem physics in 2D. This line source
represented the term S in Eq. [2].

Thermal energy was conserved at all interfaces. A
surface sink using Newton’s law of cooling was used to
model the convection heat loss. Radiation loss was also

modeled using a sink term. The transient model was
solved using a time step value approximately equal to
0.002 second. The inclusion of Marangoni convection,
phase change models, and Darcy sink terms required a
smaller time step value for solver stability. The conver-
gence was assured once the RMS value of residuals was
reduced below 1 x 107% Once solved, the result was
post-processed in CFD-post to analyze the melt pool
nature, the melt depth profile, and the temperature
distribution.

C. Material Properties

Thermo-physical property data for liquid and solid
phase CMSX 4 were accurately modeled using tabular
data.*¥ The properties for IN625 were also modeled

(@)

Fig. 5—Representative transverse optical micrographs of CMSX-4 samples showing (@) crack-free and dense deposit, (b) lack of fusion at the
starting edge due to reduced number of repeat scans, (¢) deformation/warping due to higher scan speed, and (d) lower single-crystal height due

to lower scan spacing.
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using tabular data.®! The absorptance of laser energ
was modeled using the Hagen—Rubens relationship.*”
Since this relationship did not account for the powder
phase, a discrepancy was expected during the repeat
scan period as the laser beam could directly interact with
the powder. However, repeat scans in SLE ensured the
formation of a continuous melt pool at the leading edge
of the substrate. Hence, the Hagen—Ruben relationship
could provide a reasonable estimation of the absorptiv-
ity.*”) Figure 4(b) describes the variation of absorptance
for CMSX-4 as a function of temperature. The temper-
ature-dependent values marked by square bullets in
Figure 4(b) were used as tabular data in CFX to
perform the simulation.

IV. DESIGN OF EXPERIMENT (DOE)-BASED
STUDY

In SLE, a melt pool is initiated by the raster scan
pattern across the width of the sample. The melt pool
propagates linearly along the length of the substrate
fusing powder to the substrate. The number of repeat
scans, the laser power, the scan speed and the scan

spacing were varied in SLE. The number of repeat scans
was defined as the number of raster movements that the
laser performed at the leading edge of the sample
without moving in the forward direction during the start
of the scan process. The laser power and scan speed
determined the amount of energy being applied while
the number of repeat scans affected the formation of a
melt pool at the leading edge of the substrate. Sufficient
number of repeat scans was required to pre-heat the
underlying substrate and ensure a continuous metallur-
gical bond across the entire length of the substrate.

The SLE process parameters were combined into two
different measures—the total repeat scan energy and
the scan energy density. The total repeat scan energy
was of immense interest as it determined whether or not
a good metallurgical bond was formed between the
deposit and the substrate from the beginning of the
scan, whereas the scan energy density played a critical
role in maintaining the deposit quality along the entire
length of the substrate. The total repeat scan energy
was calculated as

Px N

0= 7

Fig. 6—Representative transverse optical micrograph of CMSX-4 sample showing (a) oriented-to-misoriented transition (OMT) and colum-
nar-to-equiaxed transition (CET), and (b) stray grain (SG) morphology (Color figure online).

SU8230 20.0kV 6.2mm x11.0k LAOUL)

(a)

.2mm x45.0k LAO(U

(b)

Fig. 7—Representative scanning electron microscopy (SEM) image showing y/y” morphology in the (a) substrate region, and (b) deposit region.
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Fig. 8—Representative contours of (a) velocity, (b) temperature, and (c) velocity vectors due to the moving heat source for CMSX-4 inside the
melt pool. The black lines indicate the original substrate position before laser processing, and the red lines indicate the instantaneous position of
the laser. Laser movement direction is from the left to the right (Color figure online).

Similarly, the scan energy density was defined as

P

- 8
SS X Vs X tp []

Here P is the laser power, N is the number of repeat
scans, Vs is the raster scan speed, SS is the raster scan
spacing, and ¢, is the powder thickness.

The effects of various processing parameters on
metrics such as the SX ratio, the average deposit
height, the deposit height uniformity, the number of
stray grains, the melt back depth, and the lack of
deformation were assessed. The “‘lack of deformation”
was calculated by developing a linear fit for the bottom
edge of the substrate and then calculating the average
R® or goodness of fit between the 1n1t1a1 horizontal line
and the linear fit. The higher the R value, the less
deformed was the substrate, and hence, this parameter
was termed ‘““lack of deformation.” The deposit uni-
formity was also calculated following the aforemen-
tioned procedure. The details of the calculation
procedure are given elsewhere and skipped here for
brevity.*
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V. RESULTS AND DISCUSSION

A. Analysis of the SLE Deposition Through Optical
Microscopy

The SLE-deposited CMSX-4 samples were analyzed
using optical microscopy to investigate the overall
deposition characteristics. Figures 5(a) shows the trans-
verse microstructure of a typical SLE-processed
CMSX-4 sample demonstrating an excellent metallurgi-
cal bond between the substrate and the deposit region.
The SLE-processed CMSX-4 deposit was demonstrated
to be crack free and dense as shown in Figures 5(a)
through (d). Lack of a sufficient number of repeat scans
resulted in discontinuous substrate-powder metallurgi-
cal bond (Figure 5(b)); however, too many repeat scans
caused excessive melt back near the starting edge as
shown in Figure 5(c). Similarly, if the scan speed was
too high, there would be a thermal lag in the substrate
region, resulting in deformation or warping of the
sample as shown in Figure 5(c). Inhomogeneity in the
local flow field due to excessive raster scan speed or
lower power could promote stray grain formation
thwarting epitaxial SX growth (Figure 5(c)). Lower
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position before laser processing, and the red lines indicate the instantaneous position of the laser. Laser movement direction is from the left to

the right (Color figure online).

scan spacing resulted in a higher scan energy density and
therefore expanded the melt pool and reduced the
temperature gradient. This could expedite EQ grain
formation, lowering the SX height as demonstrated in
Figure 5(d). It was, therefore, critical to investigate and
determine optimum parameter sets that would result in
acceptable deposit characteristics.

Figure 6(a) provides a detailed view of two different
microstructural transitions. The first transition is known
as the oriented-to-misoriented transition or OMT. The
single-crystal changes the growth direction from (001)
to (100) primarily due to the change in the direction of
the dominant temperature gradient as the substrate and
the powder become increasingly hot toward the end
of the scan.'! The second transition is known as
the columnar-to-equiaxed/polycrystalline transition or
CET. This occurs due to an increase in isotherm velocity
near the surface and a decrease in the temperature
gradient resulting in the formation of a constitutionally
undercooled zone.'” Despite this loss of epitaxy due to
CET and OMT, all SLE-processed samples showed SX
deposit height of at least 500 um. By optimizing the
process parameters, the SX height could be further
increased to 1000 pum in a single pass as shown in
Figure 6(a).

Figure 6(b) provides a detailed view of the stray grain
morphology. Due to the presence of local inhomogene-
ity in the temperature gradient and the solidification
velocity, grains within the SX region can nucleate with
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tilted boundaries. One reason for such stray grain
formation is the breaking of secondary dendrite arms
and convection of those broken pieces to a new location.
The broken dendrite arms can act as sources of
nucleation in the new site. Optimization of the SLE
processing parameters can thus be useful to minimize
the stray grain formation.

B. Analysis of the Microstructure Through Scanning
Electron Microscopy (SEM)

The SLE-deposited CMSX-4 samples were analyzed
using SEM to characterize the microstructure.
Figures 7(a) and (b) represent the SEM images of
etched CMSX-4 in the substrate and deposit region,
respectively. The primary y” was of the order of 0.5 to 1
um in the substrate region, while the secondary y” was of
the order of 50 nm. Microstructural refinement in the
deposit region was observed as the primary 7" here was
of order 100 nm as shown in Figure 7(b).

C. Effects of the SLE Processing Parameters on the
Deposition Characteristics Using CFD

The effects of the SLE processing parameters on the
melt pool characteristics were analyzed using the 2D
CFD simulations. The moving energy source in SLE
generated two vortices inside the melt pool as the laser
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for CMSX-4 sample (Color figure online).

traveled over the substrate. Figures 8(a) and (b) show
the velocity and temperature field generated inside the
melt pool for CMSX-4, respectively. The melt pool was
identified in the regions with liquid CMSX-4 mass
fraction of 0.99 or more. This calculation was validated
by the fact that inside the melt pool, the temperature
was greater than 1654 K (1380.85 °C), the liquidus
temperature of CMSX-4. The maximum velocity
reached a value of 1.38 mm/s at the top of the melt
pool while the bottom of the melt pool showed a
velocity of 0.32 mm/s. The higher viscosity of CMSX-4
resulted in higher shear stress and forced the trailing
edge vortex to follow the surface velocity pattern as
shown in Figure 8(c). This showed up in the velocity
vector plot inside the melt pool where the vortices were
partially developed for CMSX-4 as opposed to IN100
which had lower li(ﬂzuid viscosity and thus showed fully
developed vortices.*”!
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Figures 9(a) and (b) show the mushy zone and its
temperature contour. The mushy zone showed temper-
ature ranging from 1649 K to 1675 K (1375.85 °C to
1401.85 °C) in the representative scenario. Figure 9(c)
shows the temperature gradient at the solid-liquid
interface. The temperature gradient again reduced to
2.2 x 10° K/m at the trailing edge as compared to a
value of 2.8 x 10° K/m at the leading edge.

Figure 10(a) shows the comparison of the experimen-
tally obtained profile of the melt pool size and the
average temperature with the simulated results for one
particular CMSX-4 trial. The simulated melt pool size in
the x-direction was multiplied with the sample width (70
pixels) to compute the melt pool size at the top surface.
The IR camera also fixed the bounding box of the melt
pool to 70 pixels. The melt pool extent in the x-direction
obtained by simulation was lower at the beginning and
of the order of 0.7 mm or 7 pixels, while the
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experimental value was close to 1.4 mm or 15 pixels.
However, these two values gradually converged as the
scan progressed. In the steady state, the value was close
to 32 pixels or 3 mm in the x-direction. The simulation
identified the melt pool if the liquid mass fraction is
above 0.99. It might be possible that the molten powder
and the mushy region ahead of the actual melt pool were
detected by the IR camera. During the repeat scans, the
anomaly was higher, since in reality the extension of the
melt pool might not be gradual, and it could occur in
discrete steps. The simulation predicted an average
temperature in the range of 1900 K to 1800 K (1626.85
°C to 1526.85 °C), whereas the IR camera recorded an
average temperature ranging from 1500 K to 1750 K
(1226.85 °C to 1476.85 °C). Since the molten powders
and mushy region were detected as melt pool by the IR
camera, the average temperature value was reduced.
The melt depth profile was of particular importance for
the present study, and hence, it was compared
with the actual cross-sectional optical micrographs.
Figure 10(b) illustrates the melt depth comparison
between simulation and experimental results for
CMSX-4, showing excellent agreement. The average melt
depth for this particular experimental run was 98 um.
Multiple CFD simulations were performed to narrow
down the SLE processing parameters to achieve the
average melt depth of more than 75 yum but less than 175
um. The desired average melt depth was of order 100 pum.
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However, in the present study, a broader parameter range
was explored to accurately characterize the effects of SLE
processing parameters on the deposit. Higher values of E
and Q increased the average melt depth, while lower
values of E and Q resulted in interface fusion error
between the substrate and the deposit region. Using the
results from the 2D CFD model, the DoE runs were
conducted with Ein the 15 to 70 J/mm® range and Q in the
250 to 700 J/mm range.

D. Optimization of SLE Processing Parameters Using
DoE-Based Approach

Figure 11(a) shows the effect of £ on the average
deposit height. Higher values of E caused the melt pool
to expand drawing more powder inside the melt pool
which increases the average deposit height. Figure 11(b)
shows the effect of E on the deposit height uniformity.
Higher values of E were associated with higher power
and/or lower scan speed. Together, they caused a
smoother flow of powder particles into the melt pool,
thus removing surface instabilities. Figure 11(c) shows
the effect of E on the “lack of deformation.”” The higher
the value of the “lack of deformation” parameter, the
lower was the deformation amount. Higher values of E
associated with lower scan speeds resulted in lower
thermal lag, whereas lower values of E associated with
higher scan speeds promoted thermal lag between the
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melt pool and the bulk substrate. Thus, lower values of
E caused more deformation and consequently lower
value of the “lack of deformation” parameter in the
substrate region. The average melt depth increased with
an increase in £ (Figure 11(d)) as more energy was being
provided to the substrate in this case.

It was also observed that the number of stray grains
decreased for higher values of E. The lower scan speeds
and higher laser powers caused smoother flow of
powder and lowered the Marangoni velocity at the top
surface of the melt pool, thus decreasing the convection
of broken dendrites. This reduced stray grain formation
as shown in Figure 12(a). However, the SX ratio
decreased significantly for higher values of E as shown
in Figure 12(b). The higher laser powers and lower scan
speeds expanded the melt pool, thus reducing the
temperature gradient in the vertical direction. This
caused nucleation of new grains due to constitutional
undercooling resulting in lower SX ratios at higher
values of E. Figure 12(c) shows the effect of Q on the
number of stray grains. Higher values of Q decreased
the number of stray grains as this ensured expansion of
the melt pool causing a smoother flow of the powder
toward the melt pool. The SX ratio also decreased as Q
is increased as shown in Figure 12(d). An increase in Q
increased the average substrate temperature and
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decreased the vertical temperature gradient, thus lower-
ing the SX height. SX ratios exceeding 0.5 and number
of stray grains of less than 8 could thus be obtained
simultaneously with E in the 35 to 50 J/mm? range and
Q in the 400 to 500 J/mm range.

VI. CONCLUSIONS

The difficulties associated with the additive manufac-
turing of SX superalloys are well published.!'®-!3%
However, the present study conducted on the processing
of SX CMSX-4 through SLE demonstrated the capa-
bility of the process in producing uniform deposits of
CMSX-4 without any instances of cracking. The
absence of cracking in the SLE process was due to a
large amount of pre-heat and post-heat applied to each
segment of the sample because of beam overlapping.
The beam overlapping was ensured by scanning with
extremely short scan spacing. The fabrication of dense,
crack-free deposits of thickness exceeding 1000 pm,
widths exceeding 6000 um and lengths exceeding 35,000
um with SX height of more than 500 ym using a tightly
focused rastering fiber laser beam proved the capability
of SLE as an additive manufacturing process for
repair and manufacture of single-crystal hot section
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components. The SX CMSX-4 deposit also showed
refinements of the dendritic structure and reduction in
the size of the primary y” precipitates.

The pseudo-2D model built for the fiber laser allowed
the flow field to be explored in shorter computation time
as compared to a full 3D simulation. The model was
previously validated for IN100.*”) For CMSX-4, the
model showed excellent agreement for the average melt
pool temperature, melt pool area, and melt depth profile
when compared to the experimental results. The shorter
computation time was helpful in performing multiple
CFD simulations. From the simulation results, the
ranges of SLE processing parameters for the DoE
experimental runs were chosen such that the simulated
average melt depth was of order 75 to 175 um.

DoE-based optimization was thereafter used to assess
the effects of SLE processing parameters on the deposit
quality. The deposit quality parameters were identified
and calculated using an active contour-based image
analysis technique. The image analysis code took the
digital optical micrographs as input and calculated
several analysis metrics such as the SX ratio, the average
deposit height, the deposit height uniformity, the melt
back depth, the number of stray grains, and the lack of
deformation. Laser power, scan speed, and scan spacing
were combined to define the scan energy density and the
total repeat scan energy which served as critical param-
eters to characterize the SX deposit. Higher scan energy
density expanded the melt pool drawing more powder
inside the melt pool which increased the average deposit
height and made the deposit uniform. Higher scan
energy density also reduced the number of stray grains;
however, it decreased the SX ratio. An increase in the
SX ratio could be achieved by decreasing the values of E
or increasing the scan speed which is a significant
restriction in laser cladding systems. Such restriction
arises from the fact that in the cladding or directed metal
deposition processes, the speed of the energy source is
limited by the speed of mechanical powder feed assem-
bly. Powder bed-based systems hence can be proved
beneficial in maintaining the epitaxy for SX superalloys.

Future efforts will include the fabrication of mul-
ti-layer deposits, and application of the CFD model to
predict the melt depth profile for the same. Refinement
in microstructure was observed in the present study.
Such refinement theoretically can impart more strength
to the deposit region. The effects of y” precipitate size on
the mechanical properties will be studied in future.
Measurement of mechanical properties will include
tensile, creep, and shear strength evaluation at elevated
temperatures for the as-deposited and the heat-treated
CMSX-4. Detail microstructural analysis will also be
performed, and the effects of heat treatment on the
microstructure will be reported in future studies.
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