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Abstract

Laser Directed Energy Deposition (LDED) is one of the
advanced manufacturing technologies for building near-net-
shaped engineering components in a layer-by-layer fashion
using high power lasers as an energy source. Hastelloy-X
(Hast-X) is one of the prominent nickel-based superalloys
suitable for high-temperature applications due to its
appropriate blend of high-temperature strength, toughness,
and resistance to degradation in a corrosive or oxidizing
environment. This work aimed to investigate the effect of key
process parameters on the single-track deposition to identify
the process window. Further, the identified process window
has been used for building thin-wall structures and bulk
structures. The acquired know-how has been used to correlate
the effect of the process on the various properties including
geometrical characteristics, microstructure formation and
mechanical behaviour. The study has also been extended to
understand the effect of in-situ and ex-situ treatments on the
behaviour of the built structures. Finally, a process
methodology has been developed to build a prototype printed
circuit heat exchanger (PCHE) using LDED. These studies
will fill the gap for an immediate need of the additive
manufacturing community through a systematic acquisition of
know-how on the processing and properties of LDED built
Hast-X.

1. Introduction

Additive manufacturing (AM) is a “process of joining
materials to make parts from 3D model data, usually layer upon
layer, as opposed to subtractive manufacturing and formative
manufacturing methodologies” [1]. As metals are most used
material in the industries, AM evolved to build metallic
components by transforming itself from a process for “design
validation and prototyping” to a process for building “near-net
shaped components” [2]. Being the tool of power and
precision, lasers are also used for these applications and laser-
based AM process is called Laser Additive Manufacturing
(LAM). It provides freedom of shape design, material design,
post-processing, and logistics, which attracts its deployment in
several sectors including aerospace, power, medical and
automotive, with rising demand in aerospace [3] and power
sector [4] to build high-performance components subjected to
extreme duty conditions. These extreme duty conditions
require the materials with high strength, oxidation resistance
and corrosion resistance at elevated temperatures [5], for
which nickel-based superalloys are preferred choice.
Hastelloy-X (Hast-X) is one of the nickel-based superalloys
suitable for high-temperature applications due to its excellent
blend of high-temperature strength, toughness, and resistance
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to degradation in a corrosive or oxidizing environment. The
application of Hast-X includes components for various
advanced power generation cycles like supercritical cycles and
concentrated solar power plants [6], combustion zone
components such as transition ducts, combustor cans, spray
bars and flame holders in gas turbine engines [6], and
intermediate heat exchanger for high temperature reactor
applications [7]. Some of these applications use advanced
designs and materials for improved performance, which can
not be built using conventional manufacturing processes due to
inherent process limitations. These limitations motivated to
take up an assignment in this direction and the present work is
focused on investigation and employment of the versatile
LDED based LAM technique to deposit defect free Hast-X for
building thin-wall and bulk structures and investigate their
behavior at different process and service conditions.

The literature review indicates that only some of the nickel-
based superalloys are explored by LDED. Significant amount
of work on nickel-based superalloys are carried out on the
processing of Inconel 718 [8-10] and Inconel 625 [11-13], with
little work carried out on Inconel 100 [14], Inconel 690 [15],
Inconel 738 [16], Rene [17] and Waspaloy [18] using LDED.
The literature indicates that the material specific LDED
processing strategies and parameters are essential for defect
free deposition and the mechanical properties are a function of
processing strategies, parameters, and the resultant
microstructure [19]. In case of Hast-X, the major challenge in
the processing is its susceptibility to hot cracking or
solidification cracking. The solidification cracking
temperature range (SCTR) of Hast-X is 190 °C, which
indicates that the material has moderate to high crack
susceptibility [20]. Based on the extensive literature survey,
the following gap areas are identified:

(a) There is limited published literature on LDED of Hastelloy
grade materials, like Hast-X, which shows a knowledge gap
especially on the effect of process parameters on the track
geometry and track quality for defect free deposition using
LDED.

(b) LDED built thin-wall structures (multi-layer deposition)
are basic blocks for building complex engineering components
and thus, it is necessary to understand the characteristics of thin
walls. There is a lack of comprehensive studies on the effect of
process parameters and interlayer delay conditions on the
geometry, microstructure and mechanical properties of LDED
built nickel-based superalloy wall structures.

(¢) Bulk structures (multiple overlapped tracks and multi-layer
deposition) are necessary to build complex shaped engineering
components with higher build rate. Literature shows the
studies on the microstructure and mechanical properties of
fusion welded and Laser Powder Bed Fusion (LPBF)
processed Hast-X [21-23]. However, there is no literature
available on the microstructure and mechanical properties of
LDED built Hast-X bulk structures.

(d) LDED built bulk structures are generally subjected to
several in-situ and ex-situ treatments for defect rectification
and tailoring its properties [19]. In-situ sequential layer-by-
layer laser re-melting (SLLR) can be deployed for reducing
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the porosity, grain refinement and improving surface finish of
LDED built components. Hast-X, being a solid solution
strengthened superalloy, requires probing into the
microstructural and mechanical characteristics of LDED built
Hast-X in solution treated condition. There is no study
available in open literature on the effect of in-situ SLLR and
solution treatment on the behavior of LDED built Hast-X
components.

(e) Literature confirms the suitability of Hast-X for building
printed circuit heat exchangers (PCHE) [7]. However, there is
no study available in public domain on the development of an
LDED methodology using wall and bulk structures as basic
blocks for realization of Hast-X heat exchanger.

In view of the above, there is a strong need for in-depth
scientific understanding and detailed investigations on the
processing, analysis of microstructure and mechanical
properties of LDED built Hast-X wall and bulk structures at
different process conditions.

2. Experimental details
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Fig. T.3.1: (a) System used for LDED of Hast-X and (b) powder
morphology.
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In the present work, an in-house developed 2 kW fiber laser
based LDED system has been used for the deposition as shown
in Figure T.3.1(a). The system consists of a 5-axis workstation
inside a glove box, dual hopper powder feeder, and a co-axial
nozzle. As the commercially available Hast-X powder has
been used in the investigation, it was first characterized for
morphology and chemical composition to confirm the quality
and suitability for LDED deposition. It is observed that the
powder is spherical in shape with fine satellites attached to it
(Figure T.3.1(b)). The composition of the Hast-X powder is
found to be within the nominal composition of Hast-X alloy
[23].

3. Results and discussion

3.1 LDED built Hast-X single tracks

The geometry of LDED built Hast-X single tracks are analyzed
using analytical modelling and verified by experimental
analysis. In general, the geometry of the single track is a
function of the LDED process parameters and the major LDED
process parameters governing the single-track characteristics
are laser power, scan speed and powder feed rate at a particular
laser beam diameter. An analytical model is developed to
predict the track geometry. The temperature distribution due to
a continuous heat source, i.e., a Gaussian laser source can be
calculated by considering a number of point sources. The
Gaussian laser distribution is discretized into five different
point heat sources and energy available at each point source is
selected as per the Gaussian distribution. Track width is
predicted by estimating the limit of the melt-pool to the
substrate melting point by calculating the temperature
distribution, while track height is estimated by using a
combination of excess enthalpy and mass-balance approach. A
comparison between experimental and modelling results
exhibits a good agreement. It is observed that the maximum
deviation in track width and track height are 12% and 18%,
respectively. Experimental analysis shows that the track width
and track height increases with an increase in laser power,
reduction in scan speed and increase in powder feed rate.
However, it is observed that the track width is highly
influenced by the laser power, while the effect of powder feed
rate is more significant on track height. It is also observed that
the track aspect ratio (ratio of track width to track height)
increases with an increase in laser power and scan speed; and
decreases with an increase in the powder feed rate.

Investigations on the process window identification show that
deposits are irregular at laser energy per unit powder feed
(LEPF) of 4.5 kJ/g and 7.2 kJ/g, while cracked deposits are
observed at higher LEPF of 19.2 kJ/g. Uniform deposits
without cracks are observed for moderate LEPF in the range of
8.25 kl/g to 13.2 kl/g at all scan speeds (0.3 m/min to 0.7
m/min).
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Fig. T.3.2(a): Single track morphology- (a) discontinuous, (b)
continuous, (c) cracked and (d) Si segregation along crack.
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When the LEPF is lower than 4.5 kJ/g, the requisite amount of
energy for continuous deposition of material is not available,
which yielded an irregular deposition. Figures T.3.2(a),
T.3.2(b) and T.3.2(c) present the surface morphology of the
discontinuous, continuous and cracked deposits, respectively.
The cracking at higher LEPF can be due to a combination of
higher thermal stresses in the solidifying deposit caused by
large thermal strain and elemental segregations. Elemental
mapping of the crack by scanning electron microscopy -
energy dispersive spectroscopy (SEM-EDS) confirms the
segregation of carbon and silicon (Figure T.3.2(d)) along the
length of the crack. Porosity analysis of the tracks performed
using area fraction technique show that the area fraction
density of the continuous tracks is found to be greater than
99.5%. Further, a combination of the build rate analysis and
porosity analysis is used to select process parameter
combination for multiple overlapped track deposition. The
multiple overlapped track depositions are analyzed and
observed to be defect free in the macro and micro scale.

3.2 Effect of LEPF and interlayer delay period on LDED
built Hast-X thin wall structures

One of the exciting applications of LDED is the building of
complex shaped thin wall structures with improved material
utilization. However, the major issues associated with LDED
of thin walls is the deviation in the wall dimensions primarily
due to the accumulation of thermal energy leading to
temperature rise during continuous layer by layer deposition
[24]. Thus, a detailed investigation is carried out to understand
the effect of LEPF and interlayer delay on the wall geometry
and Hast-X material property. Finite element based numerical
simulation tool is deployed to understand the experimental
results. For the walls built at different LEPF, it is observed that
the variation in wall height increases with an increase in LEPF
(see Figure T.3.3(a)) due to relatively higher melt-pool flow at
higher LEPF, while the variation in wall width decreases with
an increase in LEPF due to reduction in necking phenomenon
near the base of the thin wall. The geometry analysis along the
build direction shows the maximum deviation for 8.2 kJ/g at
lower layers primarily due to necking and presence of partially
melted powders, while the maximum deviation for 13.2 kJ/g at
the top layer can be due to excessive melt-pool flow. Cellular/
dendritic growth at all conditions using microstructural
analysis and a marginal reduction in mechanical properties,
i.e., average microhardness (~ 10%), yield strength (~ 3.7%)
and ultimate tensile strength (~ 4%) are observed with an
increase in LEPF due to reduction in the cooling rate.
Numerical simulation shows that the preheat temperature on
the previously built layers increases with an increase in LEPF
and number of layers.
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In case of walls built with different interlayer delay, it is
observed that the average wall height is slightly higher for
walls built with higher interlayer delay as shown in Figure
T.3.3.(b). This is attributed to reduction in preheat temperature
(reaching closer to initial temperature) and relatively lower
outward flow of the melt-pool with an increase in interlayer
delay. The width and variation in wall width decreases with an
increase in interlayer delay. Microstructural studies show the
presence of cellular and dendritic growth at all conditions with
relatively fine grain structure at higher interlayer delay period
due to less heat accumulation. The increased interlayer delay
yields higher cooling rate and leads to the reduction in
elemental segregation along with improved mechanical
properties.

3.3 Microstructural and mechanical behavior of LDED built
bulk structures

The as-built structures are observed to be defect free in the
macro-scale. However, porosity analysis revealed the presence
of micro-pores and a relative density of ~ 99.5% is obtained
using area fraction technique. The porosity is a mix of circular
and irregular pores indicating the presence of gas porosity and
lack of fusion porosity, respectively. Optical microscopy and
scanning electron microscopy show that the microstructure is a
mix of fine cellular and dendritic growth (see Figure T.3.4) and
the presence of FCC matrix is revealed during X-ray
diffraction studies.

Secondary Branching

Build Direction

/d 3
Fig. T.3.4: Microstructure of bulk structures.
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The as-built samples revealed random grain orientation with
slightly preferred texture along the <100> plane. The
elemental mapping revealed the presence of elemental
segregations of C, Mo, and Si during the non-equilibrium
solidification in LDED. In addition, the presence of Mo rich
carbides is also detected, which can be due to the continuous
thermal cycling during LDED leading to higher bulk
temperature, remelting and carbide formation. Residual stress
measurement reveals predominantly tensile stress on the
deposited surface with a maximum value of 252 MPa. The
measured average micro-hardness is 239 HV1.96N, which is
higher than hardness of conventional counterparts (180 HV)
[6]. The mechanical properties are analyzed at the room
temperature and elevated temperature (up to 600 °C) using
automated ball indentation (ABI). The comparison of the
mechanical properties at room temperature is presented in
Table T.3.1. It is revealed that the yield strength of LDED built
Hast-X structures are higher than the conventionally built
Hast-X at room temperature and elevated temperature. The
higher strength values of LDED built structures can be
primarily due to the higher cooling rate resulting in finer grain
structure and higher dislocation density in LDED as compared
to conventional counterparts. It is also observed that the
mechanical strength of bulk structures is higher than that of
wall structures built at the same process parameters due to
higher cooling rates in bulk structures as compared to wall
structures.

Table T.3.1. Comparison of yield strength, ultimate tensile
strength and yield ratio for Hast-X through different
fabrication routes.

Condition Yield Ultimate Yield
strength strength ratio
(MPa) (MPa) (MPa)

LDED 478 765 0.62

Conventional

[6] 340 760 0.44

LPBF[21] 650 700 0.92

3.4 Effect of in-situ sequential layer-by-layer re-melting
(SLLR) and post heat-treatment of Hast-X bulk structures

LDED built Hast-X structures are observed to have lack of
fusion porosity, higher surface roughness and non-uniform
microstructure. In-situ sequential layer-by-layer laser re-
melting (SLLR) and post heat-treatment on the as-built
structures are carried out to understand their effect on the
properties of LDED built Hast-X. SLLR, a process involving
laser re-melting after LDED of each layer, is used to improve
the surface and bulk properties of LDED components. SLLR
deploys the same laser source used for LDED and scans the
laser beam over the previously deposited layer. Initially, single
track trials are carried out to select process parameters for bulk
deposition. Further, SLLR of bulk structures shows a
significant reduction in surface roughness and porosity. Both
lack of fusion and gas porosity is observed in the as-built
sample, while only gas porosity is witnessed in samples by
combining SLLR with LDED. The relative density
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increased from 99.5% in as-built samples to 99.99% after
SLLR and average surface roughness reduced by 71.4% (Ra
from 10.5 um to 3 pm) after SLLR. Microstructure is found to
be relatively fine after SLLR without preferential growth along
<100> direction as opposed to that without SLLR due to
thermal effect during SLLR. Mo, Si and C segregations and
presence of Mo rich carbides are present in LDED and SLLR
samples. The finer dendritic microstructures in SLLR samples
led to an increase in the microhardness by 12% and yield
strength by 7% along the build direction as compared to
samples without SLLR.

Further, the microstructure and elevated temperature
mechanical properties of Hast-X bulk structures built using
LDED is investigated in as-built and post heat-treated
conditions. Hast-X, being a solid solution strengthened alloy,
solution treatment is carried out at 1177 °C followed by water
quenching [6]. Microscopic analysis shows the presence of
recrystallized and coarsened equiaxed grains in solution
treated samples as opposed to fine cellular and dendritic
growth in as-built samples as seen in Figure T.3.5. The solution
treated samples revealed random grain orientation as opposed
to slightly preferred texture along the <100> plane in the as-
built samples. Further, the elemental segregation of Mo, Si and
C and precipitation of Mo-rich carbides revealed in the as-built
samples are not observed in the solution treated samples. X-ray
diffraction studies reveal the presence of nickel y-matrix and a
peak shift is observed after solution treatment, primarily due to
change in surface residual stress. The average micro-hardness
changed from 239 HV1.96N to 208 HV1.96N after solution
treatment, which is similar to microhardness of conventional
Hast-X. Single cycle ball indentation studies indicate an
increase in energy storage capacity by a factor of 1.55 after
solution treatment. ABI tests are used to evaluate the
mechanical properties in as-built and solution treated
conditions from ambient temperature to 873 K. It is observed
that the strength and ABI hardness decreases with an increase
in test temperature. The yield strength of solution treated
sample is similar to that of conventionally processed wrought
Hast-X taken from literature at all test temperatures.

Fig. T.3.5: Microstructure of heat-treated samples.
3.5 Process methodology for LDED of PCHE using wall and

bulk structures
PCHE is one of the typical applications of Hast-X in power
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sector. LDED is attractive for developing PCHEs considering
the inherent process advantages. In order to build channels
with complex geometries, fabrication of overhang structures is
necessary. Overhang walls are deposited using LDED to
understand the effect on the angle and uniformity of deposition
by varying the process parameters such as percentage overlap
(x-shift) and a fraction of layer height (z-increment), shown in
Figure T.3.6 (a). It is observed that when all the other process
parameters are kept constant, the maximum x-shift that can be
deployed for fabricating overhang walls without failure is
15%. When the x-shift percentage is above 15%, the wall
collapsed after initial few layers. This may be due to the
dominance of gravitational force over surface and viscous
forces in overhang portion of the wall. The angle made by the
wall with the horizontal plane decreases with increased value
of x-shift for the same z-increment. It can also be observed that
the angle made by the walls reduces as z-increment decreases.
The PCHE is built using a combination of straight walls,
overhang walls and bulk structures using the know-how
developed from the comprehensive studies as presented in
Figure T.3.6(b). LEPF of 10 kJ/g is used for wall deposition
and 12 kJ/g is used for bulk deposition. Re-melting of the bulk
deposition is also carried out to control surface quality and
density. Figure T.3.6(c) presents one of the typical channels
built using LDED and Figure T.3.6(d) presents a view of
prototype PCHE of size 200 mm x 200 mm x 170 mm built
using LDED.
AX

— —

Overhang
Deposits

Substrate

(a)

(c)
Fig. T.3.6: Overhang wall strategy- (a) schematic, (b)
channels and (c) prototype heat exchanger.
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4. Conclusions

The present research brings out and contributes to the
understanding on the LDED of Hast-X structures from single
tracks to multiple overlapped and multi-layer tracks yielding
thin walls and bulk structures in terms of processing, geometry,
microstructural and mechanical characteristics under different
process conditions. It provides insights on to the effect of in-
situ treatments and ex-situ post-processing on the behavior of
LDED built Hast-X components. The work also contributes to
the process methodology development for building PCHEs
using LDED.
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