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The aim of this work is to characterize the microstructural and mechanical
behaviors of Additive Manufactured (AM) Inconel 718 and investigate the feasibility of
using this material to produce thermal management devices. This was done in two parts:
a literature review of AM phenomena that effect heat transfer rates and impede or benefit
production using these methods, and a study that characterized Laser Engineered Net
Shaping (LENS) Inconel 718 while investigating and manipulating the thermal history.
The literature review provides evidence that while there are still many unsolved issues,
it’s quickly becoming possible to use AM to produce thermal management devices that
will exceed current limitations. The study showed that although LENS Inconel 718
exhibits nonstandard material behaviors, evidence indicate that it’s possible to control
these behaviors to influence desired results. Overall, it is believed that the use of AM in
producing thermal management devices will be inevitable and beneficial.
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INTRODUCTION
1.1

Inconel 718
First produced in 1959, Inconel 718 is a nickel-based superalloy known for its

ability to maintain its high strength when subjected to extremely high temperatures, its
ability to resist oxidation while doing so, and its superior weldability [1].
The high strength of Inconel 718 is derived from its microstructure, a matrix of
fcc γ, cubic γ’ and bct γ’’ phases resulting from a 3-part heat treatment consisting of a
solutioning treatment and total dual aging treatment process [2]. Before heat treatment,
there are several other phases that can form during initial solidification. While the γ phase
forms first, larger atoms will be forced out and become segregated during solidification,
leading to the formation of LAVES and δ phases. The LAVES phase is intermetallic and
brittle, and known to be detrimental to tensile strength and other material properties as it
impedes the precipitation of the desired γ’ and γ’’ phases [3]. The δ phase is often found
in small amounts at grain boundaries, causing increased ductility and fracture toughness,
however, when present in large amounts, it will cause a similar loss in strength as the
LAVES phase.
1.2

Additive Manufacturing
Although it has been around in its earliest forms since the 1980’s, additive

manufacturing (AM) has become a major topic of interest in engineering since the turn of
1

the millennium. Additive manufacturing techniques create a part from a CAD file by
continuously adding material in layer by layer fashion until there is a finished product in
a usable or near usable state. While there is much has been interest recently in this sort of
technology stemming from the wider availability of machines that use plastics and
polymers for these methods, the bulk of industrial interest stems from techniques that
produce metallic parts. Metal AM is most often seen as advantageous against traditional
manufacturing for a variety of reasons, including reduction in waste material, decrease in
complexity of manufacturing process and number of steps. In academia, a large portion
of the interest in AM comes from differences in the material and physical properties of
the parts, leading to research efforts investigating these differences [4].
1.2.1
1.2.1.1

Common Additive Manufacturing Methods
Powder Bed Fusion
Powder bed fusion (PBF) has become the most commonly researched and used

method of AM techniques. PBF works by heat source, either supplied from a laser or
electron beam, to melt selected areas in a bed of powder [5]. A mirror controlled by
computer numerical control (CNC) to aim at specific areas in a bed of metallic powder to
form a single layer, after which the build stage is lowered, another layer of powder is
brushed on top of the previous layer, and the process is repeated until a final part is
produced. PBF has several advantages over other metal based AM methods, including
smaller layers and finer details and the ability to create internal structures without
supports over previous layers of unmelted powder. To date, PBF has been shown to be
effective in producing parts using a wide variety of metal alloys, including many different
titanium, steel, aluminum, nickel based alloys and even some commercially pure copper
2

[4], [6]. Table 1.1 gives a non-extensive list of common or unique alloys that have been
used successfully with PBF methods. In industry, this method has successfully been used
to create parts, such as the fuel injector for a new GE jet engine [7], a copper combustion
chamber for NASA [8] and even biocompatible tissue scaffolds [9]. PBF machines
typically fall under one of three different groups, selective laser melting, selective laser
sintering, and electron beam melting, which all have slightly different processes, as well
as their own advantages and disadvantages that will be discussed in the paragraphs
below.
Table 1.1

Common or unique metals proven to be usable with PBF
Alloy
Group
Al
Cu
Ni
Steel
Ti

Alloys

Reference

Pure Al, Al6061, AlSi10Mg
Pure Cu
Inconel 718, Inconel 625, NiTi
SS 304, 316, 17-4 PH, H13
Pure Ti, Ti-6Al-4V

[6]
[10]
[6][11]
[6]
[6]

Selective Laser Sintering (SLS), uses a laser to heat only the surface of the
powders to their melting point so that they will bond with adjacent powders without
having to be fully melted. These systems have utilized a variety of metals, polymers, and
composite materials, and have also shown to be effective in creating different mixtures of
materials. When using only metals, the process is often referred to as Direct Metal Laser
Sintering (DMLS). However, they are at a disadvantage because the powders are not
fully melted and therefore the resulting part must be heat treated to achieve a consistent
microstructure. Furthermore, porosity is likely to form in the spaces between powder
[12].
3

Selective Laser Melting (SLM), uses a high-powered laser to fully melt the
powders so they solidify into one solid part. In comparison to SLS, the full melting
process of SLM creates a more consistent alloy, as well as a more fully dense final
product. However, high thermal gradients during the solidification process can lead to
porosity and unusual microstructures. Furthermore, the machines must be designed to
minimize oxygen near the melt pool to avoid oxidation [12].
Electron Beam Melting (EBM) uses an electron beam to melt the powders into a
solid part. This method quickly preheats the powder layer with a low current electron
beam before returning to melt the powders for the layer. Also, the chamber is kept at a
heated vacuum where the elevated temperatures help to prevent residual stresses and nonequilibrium microstructures caused by rapid solidification and cooling [13]. Currently,
there is only one EBM machine available, the ARCAM A2 [14].
1.2.1.2

Directed Energy Deposition
Directed Energy Deposition (DED) is another method of AM techniques. Unlike

PBF methods, DED feeds material to a specified spot where it is then melted as it is being
deposited [5]. In these systems, the material can either be supplied as a powder, similar to
PBF, or in wire form. Heat can be applied using either a laser, electron beam or through
plasma arc.
DED methods have a several advantages over PBF methods that will be briefly
discussed. One such advantage is that DED methods have substantially larger build areas
than PBF methods, as the deposition head used in DED can be moved freely and is not
constrained by a single mirror. DED methods also tend to have significantly higher
deposition rates than PBF as more material is typically deposited at once. Furthermore, as
4

parts are not constrained to a powder bed, DED methods can often work with extra axis
of motion, and often employ rotation/tilt to deposit features that may be difficult to
otherwise manufacture with no supports underneath. Finally, the deposition of material at
the melting spot makes it possible to use DED for component repair instead of just
fabrication [4].
1.2.2

Current State of Additive Manufacturing Research
Due to the relatively young “age” of AM methods, much of the research is still

based around the unique nature of the AM processes and the resulting features of the
manufactured parts. Most commonly, published research journals involving AM involve
some combination of experimental or numerical optimization processes to decrease
porosity, microstructural material characterization, mechanical behavior testing, and the
effect of varying different parameters on these subjects. There are numerous literature
reviews focusing on AM that attempt to summarize these avenues of research, often
focused on either one of the specific processes [15], work related to individual materials
[11], [16], or measured qualities. The following sections will give brief overviews of
three primary areas of AM research, namely parameter based optimization studies,
microstructural and mechanical investigations, and thermal process studies. The last
section briefly reviews the state of AM research on Inconel 718.
1.2.2.1

Parameter Based Optimization Studies
One of the most common types of studies performed in AM is what can be

referred to as a parameter based optimization study. These generally aim to correlate
some group of parameters to either porosity, microstructure of material behavior.
5

Generally, the parameters most commonly studied include heat source power (P) and
scan speed (V), hatch spacing, layer height and in the case of DED systems, mass flow or
feed rate (ṁ). These studies are often done when working with a material that has not
been fully established in either AM as a whole, or for a specific system.
1.2.2.2

Microstructural and Mechanical Investigations
Though AM techniques offer many advantages over traditional manufacturing

techniques, many of the process-structure-property-performance relationships are not yet
fully understood. In particular, the resultant microstructures have been shown to differ
drastically from those of wrought materials [4], [17], [18]. It has been shown that the
resultant microstructures vary greatly as a variety of process parameters change, and in
some cases these changes can lead to increases in material properties such as hardness
and tensile strength [14], [19]. Overall, these parameters combine to create unique
thermal histories for the parts produced by AM techniques.
As the resultant microstructures and their resultant mechanical behaviors become
more understood in AM, there has been some movement to begin studying the fatigue
behavior of AM parts.
1.2.2.3

Thermal Process Studies
One of the most interesting aspects of AM is the uniqueness of the thermal history

that any part manufactured will have. It is these thermal histories that are the primary
cause of the many differences in the microstructural and mechanical behaviors discussed
above.
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In order to get a better understanding of the thermal histories in some AM
processes, nondestructive thermographic inspection (NTI) has been employed for to
measure various metrics including surface temperature, cooling rates and solidification,
and often this data further used to predict microstructure and mechanical behavior [20],
[21]. In some cases, NTI methods have been used to achieve feedback loops by adjusting
laser power to keep a constant melt pool temperature or even “feed forward” loops by
measuring heat transfer and predicting heat transfer at later points [22], [23]. NTI
methods in DLD are commonly achieved using infrared (IR) cameras to measure
temperature of previously deposited layers as well as the cooling and reheating rates
resultant from successive laser passes and duel-wavelength (DW) pyrometers to measure
melt pool temperatures [20], [21], [23], [24].
As there is a significant amount of experimental research investigating the
thermal process, numerical simulation investigating the thermal process of AM is also
quite common.
1.2.2.4

Current State of AM Research on Inconel 718
As it is difficult to machine, expensive, and is very wieldable, Inconel 718 has

become a good candidate for AM processes. However, the rapid solidification resultant
from these processes can cause high segregation of refractory elements, resulting the
formation of LAVES and δ phases in large quantities. These unique microstructural
results have led to research being performed on the heat treatment schedule to obtain the
best combination of microstructure and mechanical behavior. In many cases, AM Inconel
718 has shown to match or exceed the material strength of similar wrought material after
heat treatment, though has been shown to underperform as well [16]. Apart from the
7

standard studies, there has also been research investigating AM Inconel’s use in
composite mixtures [25], functionally graded materials, and it is even one of few AM
metals that has begun fatigue testing .
1.3

Thermal Management Devices
The need to manage heat generated by moving and working parts has been a

substantial issue in modern engineering. Today, almost every product manufactured that
generates heat has some form of thermal management designed in. There are a wide
range of different types of heat management devices designed for all manner of products,
found in every industry from aerospace, to electronics and everything in between. On the
cutting edge of the issue, the need for advances in heat thermal management has never
been higher as efforts to increase efficiency and decrease the size and form factors of
many new products cause heat to be dissipated over smaller areas. The most common
example of this is Moore’s Law, stating that the number current carrying components in
an integrated circuit will increase exponentially [26], which has famously held true for
over 50 years and explains why there is such a need for smaller and more efficient heat
exchangers in the electronics industry, though it is hardly alone.
In this work, thermal management device is a broad term used to describe any
device used to enhance heat transfer from a heat source or sources. Though other material
types can and have been used in a growing number of scenarios, a vast majority of
thermal management devices are manufactured using metals, most commonly copper and
aluminum alloys, though steel and titanium alloys as well as many others have been used.
There are multiple different types of heat exchangers commonly researched and in use
today. The following paragraphs give basic explanations of fin based and pipe based heat
8

sinks, both basic and broad categories of heat exchangers that have been used for
decades, and thermal ground plates, a more novel set of heat exchangers.
Heat sinks are devices that work to enhance heat transfer from a surface by
creating an extended surface of either a single fin or, more commonly, an array of fins.
Often, they are used when forced convection by a fan or other method can be employed.
The most common example is a found in desktop computers, where a fin array heat sink
is almost always sitting on top of the CPU in order to maintain a suitable operating
temperature [27]. Research on these devices continues to create new fin designs to
increase heat transfer and decrease pressure drops.
Heat exchangers are devices that which are generally use forced convection
through a pipe or series of pipes to increase heat transfer through two fluid bodies. This is
the largest body of the differently thermal management devices, and often the case can be
made that the other two types are heat exchangers. There are many different types of heat
exchangers, often grouped by flow arrangement and construction. The different types
include concentric tubes, shell-and-tube heat exchangers, and fin tube heat exchangers,
among many others. Research on these is quite extensive, including creation of novel
design methods and attempts to increase and optimize previous designs [28], and there
has also been significant interest in miniaturization and using microchannel pipes [27].
Heat pipes are devices designed to diffuse thermal energy between two solid
interfaces. Often, they are designed to work in conjunction with a heat sink to further
increase heat transfer away from the source. They work by creating passive, cyclic phase
change inside of a sealed chamber with capillary forces driving liquid through wicking
structures from the heat sink, or condenser, to the evaporator, or heat source, after which
9

vapor flows over the wicking structure back to the condenser. They have been shown to
both transport heat over distances with minimal thermal gradients, as well as being very
effective at rapidly diffusing extreme heat generated over small areas. such as vapor
chambers or oscillating heat pipes, which create passive, cyclic phase change of a
working fluid internally to drive heat transfer. These undergo significant research in
attempts to boost heat transfer in more novel ways such as creating novel wicking
structures in vapor chambers or designing multilayer oscillating pipe enclosures [29].
Though there are vast differences across the different types of thermal
management devices, they tend to experience several similar challenges in regards to
manufacturing. One example is the issue of thermal resistance between adjoined surfaces,
typically caused by small gaps between the surfaces, though the issue also is present
when two surfaces are joined using traditional joining methods [27]. Furthermore, as
research in designing thermal management devices is often done computationally to
create highly optimized designs [30], it is quite easy for a computer to generate a great
design that is impractical or even impossible to manufacture. Furthermore, as
miniaturization becomes increasingly prevalent, the challenge becomes what
manufacturing method will be used to create these parts. On top of this all, for every
advance made in thermal management devices, its benefit must be weighed against the
potential cost of manufacturing and implementing it.

10

THERMAL MANAGEMENT USING ADDITIVE MANUFACTURING
In recent years, there has been a joining of these two subjects, with both
researchers and companies looking to use AM techniques to produce next generation
thermal management devices. AM methods offer a number of advantages over traditional
manufacturing methods in this area. The most commonly claimed advantage it the ability
to create objects with geometries that would be impossible to manufacture traditionally.
With this comes the ability to create internal complex internal structures in a single
manufacturing step. In comparison, most heat exchangers designed with internal
structures must be assembled using various joining methods that can cause thermal
resistance and decrease heat transfer rates. Furthermore, AM has been shown to be
capable of accurately creating features as small as 150 μm using SLM of Ti-6Al-4V. This
would directly benefit the research on vapor chambers mentioned above, as it could allow
for any number of custom designed wicking structures. However, one of the most
overlooked benefit of AM is the fact that the cost of manufacturing the most advanced
parts and features using AM is the same as the cost to manufacture the simplest
geometries given the same manufacturing time and material requirements. In this paper,
an overview of AM research relevant to thermal management devices will be given,
followed by a review of said devices that have already been produced using AM
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techniques. This will be summarized with an overview of where more research should be
done to increase the use of AM in producing thermal management devices.
2.1

AM Phenomena Related to Thermal Management
In section 1.2.2, a broad-based overview of the bulk of research in the AM field

was presented. Overall, much of the research previously discussed does not significantly
effect thermal management. Instead, the literature reviewed in this section aims to
overview research into topics that are relevant to thermal management design and
manufacturing using AM. Topics reviewed include investigations in surface roughness,
overhangs and relevant warpage, intentionally porous materials and minimum feature
size.
2.1.1

Surface Roughness
All powder AM methods are known for having rough surfaces on manufactured

parts. Under many circumstances, these surfaces are either machined off undergo
sandblasting or something similar, however some researchers have chosen to study the
surface roughness and attempt to influence it. While surface roughness is unwanted in
structural and moving parts undergoing fatigue, it can both a benefit and hindrance in
heat exchangers. It has been shown to increase heat transfer by causing more local
turbulence in working fluids and providing more surface area, however it has also been
shown to increase pressure drops across the surface.
The rough surface is a direct result of the AM process, though there are different
mechanisms that cause it. The most visible surface roughness is caused by the successive
passes of the heat source only partially overlapping, causing successive groves visible
12

between where the heat source had passed and between successive layers. This is due to
the influence of surface tension causing the liquid melt pool to sphere up. Furthermore,
this same process can cause some molten particles to “splash” early on, which will then
solidify as much smaller bumps if they land on a previously melted section. Finally, it is
common for particles just outside the melt pool to partially melt on their surface and
become sintered to the part as the heat source moves away [31].
Overall, most studies point to surface roughness being dominated in large part by
process parameters when producing basic samples. Hatch spacing directly influences the
distance between groves, with lower hatch spacing decreasing this distance [31]–[33],
while layer thickness causes the similar effect in the z direction, though not in DMLS
[32]. Build direction is another important factor as surface roughness as vertical and
horizontal surfaces will have drastically different surface roughness [32], [34]. Scan
velocity and heat source power have been shown to have some influence on surface
roughness as they influence both the heating and subsequent cooling rates, though this is
not always a significant influence [32], [33], [35]. Finally, powder size and size
distribution have a quite significant effect on surface roughness, as smaller powder sizes
will decrease surface roughness as will smaller size distributions [31], [36]. The degree of
influence all these parameters does vary based on the method and material used. Some
parameter optimization studies have been attempted to find parameter sets that result in
the lowest surface roughness. Calignano et al. [35] investigated the effects of different
SLS process parameters on the surface roughness of AlSi10Mg and used the Taguchi
method to determine an ideal set of parameters for the best surface roughness. Optimal

13

parameters were chosen based on this analysis, and samples produced using them were
found to have a surface roughness average of Ra=15.68 μm.
While mentioned briefly above, geometry orientation plays a substantial role in
surface roughness once complex geometries become involved. The work of Pakkanen et
al. [37] studied this using SLM to produce variations of tubing 10 mm thick out of
AlSi10Mg and Ti-6Al-4V. The AlSi10Mg tubes were produced at various angles
between horizontal and vertical conditions while the Ti-6Al-4V sample was produced
only at a 45º angle. The tubing samples were cut in half and surface roughness
measurements were taken from the top and bottom of the internal channels to be
compared. All cases were found to have an Ra of 20 μm with an error of ±5 μm attributed
to relatively large peaks and valleys in the samples impeding effective measurement.
SEM images taken of these surfaces however show differences in the causes of the
surface roughness. The bottom surfaces show surface roughness coming from peaks in
the scan path, with layers becoming more visible where partially melted powders are
sintered as the build angle increases, while the surfaces show more partially melted
particles, with large clusters appearing at 0º, though dissipating as the build angle
increases, as shown in Figure 2.1.

14

Figure 2.1

Internal channel surfaces of AlSi10Mg tubing.

a) 0º top, b) 0º bottom, c) 45º top, d) 45º bottom, e) 60º top, and f) 60º bottom surface
[37]
2.1.2

Overhangs and Warpage
Though AM methods can theoretically build any geometry, they run into issues

when attempting to build long, unsupported structures, often called overhangs, on top of
only the powder bed in PBF, or nothing in the case of DED. Blind attempts at this can
often lead to part warpage that may be significant enough to cause build failure. This
effect can be and most often is mitigated by manufacturing support structures. However,
in cases where support structures would be undesirable, special considerations in the
design process or other methods can be introduced to lessen or avoid these negative
effects. Investigations into successfully manufacturing overhangs and decreasing relevant
warpage will be discussed in this section.
Warping in AM processes is generally caused by thermal stresses resultant from
the solidification process. When producing a simple geometry such as a block, the
solidification process takes place over previously built material, and the thermal stresses
15

normally are not significant enough to have major effects assuming proper parameters are
used. However, when an overhang is built off a central structure, the new layer will only
have powder under it during the melting process in PBF, or nothing in DED. When
solidification occurs in this scenario, there is nothing to counteract the thermal stresses,
and if they are greater than the material strength of the metal, constriction will occur and
cause plastic deformation, pulling the new layer back toward the existing structure, as
well as up slightly due to the thermal gradient between the top and bottom of the new
layer. The further away from the existing structure the end of the new layer is, the greater
this effect becomes. If new layers continue to go past the end of the last one, this effect
will compound until the height of the most recent layer is above the intended height of
the next layer, at which point either the powder scraper will start to collide with the
warped section in PBF, which will cause damage to the machine if it is not stopped, or,
when using DED systems, the decreased distance from the energy source can cause
vaporization of the working material. Alternatively, in PFB, if the melt pool is too far
from the support structure, the underlying powder will absorb significantly more energy
causing the melt pool to be larger. If this melt pool gets big enough, gravity and capillary
forces will cause it to sink into the powder and dross will form [38].
As this is an issue that stems primarily with design, there have been several
research attempts investigating the issue and attempting to solve it from a design side.
One of the most basic solutions is to adjust the build angle so that there are no fully
unsupported faces. For PBF, this is only feasible in the most basic of cases, however this
is easy for DED systems that operate in more than 3 axes. Less simplistically, research
has shown that there exists a critical angle that is material and parameter dependent that
16

can be determined experimentally that can be used as a design limitation [38], [39], with
45º generally accepted as safe, self-sustaining angle [40]. Lastly exists the ability to
create support structures, and while this was said above to be a less than desirable
approach in some cases, optimization methods have been developed and can be put into
use to decrease material use when supports are necessary or appropriate [41].
While design considerations haven’t fully solved the overhang problem, work to
control these phenomena through process parameter optimization and scan strategies has
shown much more promise for PBF systems. Through controlling heat source power and
scan speed, it becomes easier to control the heat input to the melt pool and its cooling
period, which has shown to be some of the biggest factors in the formation of overhang
defects [38], [42]. Furthermore, controlling layer thickness and beam width directly
influences the critical design angle [38], [39]. However, the most important parameters
for controlling overhang are scan orientation and strategy. As the technology and
associated software has aged, it has become possible to use different parameter sets at
different locations and times. The work of Clijsters et al. was among the first to use these
methods in a preplanned method to optimize overhang structures for PBF [43]. Four
parameter sets were chosen using numerical analysis and experimental verification, one
set for fully dense sections, another set to be used for initial overhang sections without
resulting in warpage or dross formation and two transitional parameter sets for an
incremental transition. Overhangs were produced by depositing 3 groups of 5 successive
layers starting from the initial overhang parameter set and then working through the
incremental sets before finally transitioning to the fully dense parameter set. The 15
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layers that weren’t fully dense were found to be easily removable via sand blasting.
Vertical and circular overhangs were tested as case studies and found to be successful.
2.1.3

Intentionally Porous Materials
Though most research in AM is aimed at decreasing porosity, the value of being

able to intentionally produce porous material by design is realized and often given brief
mention. In thermal management devices, porous materials are often used in heat pipes as
wicking structures, often implemented through metal foams or sintering processes.
However, these applications come with a high degree of randomness where the
effectiveness cannot always be considered optimal. In comparison, AM methods could be
used to manufacture artificially porous structures that can be designed to give the highest
possible effective heat transfer coefficients. The work of Bodla et al. numerically showed
that well designed artificial porosity can produce significant increases in effective heat
transfer over other traditionally produced materials [44].
While porous conditions could be created by simply using parameters known to
result in high degrees of porosity, this offers no significant advantage over other porous
materials, and instead producing and using cellular lattice structures has been proposed
and utilized. These are beneficial due to their high surface area and continuous nature to
increase effective heat transfer. So far, many different cell types have been successfully
manufactured, with much work being done to investigate the manufacturability of
different volume fractions, as well as to change the strut and pore sizes [45]–[47]. Some
shapes have been tested and confirmed to have higher effective heat transfer coefficients
than found in otherwise porous materials [47], however there are many more structures to
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be tested in many more conditions. Also worth mentioning, the design of these structures
is currently limited by the minimum producible feature size [47].
2.2

Thermal Management Devices produced using AM
Different thermal management devices produced using AM will be reviewed next.

These illustrate the ability of PBF methods to create complex and otherwise impossible
geometries with comparable or higher performance characteristics. All examples will
discuss manufacturing methods and materials, as well as size, heat transfer medium and
performance.
2.2.1

SLM fin array heat sinks
Wong et al. used SLM to produce heat sink arrays of Al 6061 and some SS 316L

with different geometries to compare the heat transfer achieved by the different
geometries as well as the pressure drops resultant from air flow through the arrays
through several studies [48]–[50]. Geometries produced included cylindrical, rectangular,
diamond shaped and elliptical pins, as well as an alternating “V” array and a lattice array.
In all studies, the heat sinks were manufactured on a 50 mm x 100 mm substrate of the
same material used in fin production. Testing was performed using a 16mm copper block
heated by two 6 mm diameter electrical cartridge heaters bolted to the bottom surface of
the heat sinks. Air at ambient conditions was forced through piping at varying velocities,
and piping lengths were designed for fully developed conditions both before the heat sink
and before final measurements were taken. The heated section was surrounded by
insulation. Pressure and temperature were measured before and after the heat sink to be
compared. In all cases, surface roughness was estimated to be between 15-25 μm.
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Over the different studies, many conclusions were drawn. Where SS 316L heat
sinks were tested, they were found to significant underperform compared to similar Al
6061 heat sinks by over half due to the poor thermal conductivity of SS 316L [50]. When
comparing the different geometries, the cylindrical pins and “V” shaped array perform
roughly the same at equal Reynolds numbers, the diamond pins produce vastly higher
heat transfer as much lower Reynolds numbers and the elliptical pins produced the lowest
heat transfer. However, the cylindrical pins resulted in a nearly constant pressure drop,
the diamond pins initially created higher pressure drops that decreased as Reynolds
number increased, the “V” array produced significantly lower pressure drops that also
decreased with increasing Reynolds number until eventually leveling out, and the
elliptical pins fell roughly in the middle. [50], [51]. When rectangular pins and lattice
structures were tested, as well as a modified cylindrical and elliptical pin dimensions,
these results changed. With better dimensions, the rectangular and elliptical pins were
found to have similar heat transfer when tested at equal flow rates while the cylindrical
pins still were inferior. The lattice structure however had significantly lower heat transfer
despite having increased surface area. This is in part because the lattice is designed to
have channels that allow air flow channels with little interaction with the lattice structure
which reduces heat transfer. When pressure drops were compared, the elliptical pins
produced the lowest pressure drops while the cylindrical pins produced the highest, while
the rectangular pins and lattice structure were roughly equal and split the difference.
However, it was shown that rounding the edges of the rectangular pins did decrease the
pressure drop to a moderate degree, though did not have a significant effect on heat
transfer except at low flow rate conditions.
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2.2.2

Titanium multi-layered oscillating heat pipes produced using SLM
Thompson et al. used SLM to produce multi-layered flat plate oscillating heat

pipes (FP-OHP), a type of heat pipe where phase change is occurring in enclosed series
of microchannel instead of through wicking structures, and reported effective thermal
conductivity under use in horizontal and vertical conditions [52]. The FP-OHP had a total
size of 5.08 cm × 3.81 cm × 1.58 cm, and had a closed loop, serpentine-arranged mini
channel with a diameter of 1.52 mm. A fill port was also attached to the side for
adding/removing working fluid as necessary. Furthermore, 9 “vent holes” were
integrated into the design to facilitate the removal of powder trapped in the channels,
which was done by repeatedly flushing the channels with acetone. All exterior surfaces
had excess powder brushed off, and top and bottom surfaces were faced to give a smooth
finish. Figure 2.2 shows the schematic of the FP-OHP.
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Figure 2.2

Schematic of multi-layered FP-OHP

[52]
After post processing, all ports were sealed using threaded plugs and the heat pipe
was filled with HPLC-grade water to a filling ratio of 0.67 ±.02. Heat was applied using a
custom-made aluminum hot plate consisting of two 150 W cartage heaters, and was
measured using a digital multimeter. Cooling was applied to the opposite side and face of
the FP-OHP using a custom-made aluminum water block, which consisted of 2 circular
holes of 8.7 mm for in-series flow of deionized water at 20 °C by a circulator/refrigerator.
Thermal paste was applied between all contact surfaces, and 4 thermocouples were
applied on both faces opposite the hot plate and water block, while 2 were attached to
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each side half way between the hot plate or water block and the closest adjacent layer of
inner channel. Power was applied in 5 W increments and held at steady state temperature
for 3 min. for and repeated until the FP-OHP exceeded a temperature of 115 °C or the 50
W heat limit was reached. These tests were completed in both vertical and horizontal
orientations in both a filled and empty state.
Experiments found that the FP-OHP operated successfully in both the horizontal
and vertical conditions. It was found that there were a critical power inputs required to
initiate the OHP operation, which were between 15-20 W for the vertical operation and
20-25 for the horizontal orientation. Effective thermal conductivities were calculated at
different powers for both orientations, and were found to be nearly identical at 45 °C with
keff=110 W/m K, or roughly 500% higher that a solid block of Ti-6Al-4V, while the
empty pipe had a keff=18 W/m K, making the filled FP-OHP.
2.2.3

Topology optimized air cooled heat sink
Dede et al. used 3d topology optimization methods to generate a geometry file for

a pin based heat sink, which was then manufactured by SLM using AlSi12 [30]. Figure
2.3 shows the cad geometry of this optimized heat sink. The printed heat sink was then
tested against heat sinks traditionally manufactured heat sinks from literature made from
Al 7075 and oxygen free Cu. These are tested using air jet infringement and pressure
drops and air temperatures are recorded. The heat sinks were mounted to a heater, which
was backed by PEEK insulation.
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Figure 2.3

Geometry of optimized heat sink

[30]
Experimentally, air flow rate was set and the heater ramped up to a temper
difference of 15 K between the heater and average temperature of surface mounted
thermocouples. The system was allowed 30 min. to reach steady state before
temperatures and pressure drops were recorded. Using temperature and pressure data,
thermal resistance was calculated. There were two cases, one using all aluminum heat
sinks were used and data was gathered using a jet flow rate between 5-20 cubic feet/min
(CFM). In this case, the optimized heat sink had a thermal resistance of 0.72 ºC/W, lower
than all but one of the other heat sinks, which had a thermal resistance of 0.6 ºC/W,
though it also had a significantly higher pressure drop. A comparison of coefficient of
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performance (COP), defined as 1/(Rth(cnv)ΔPV), was used and found that the printed
heat sink had a favorable advantage over all other heat sinks tested, with a COP of 2.37.
The second case tested the optimized heat sink against the copper heat sinks using flow
rates between 5-15 CFM. In this case, the optimized heat sink had a lower thermal
resistance that 2 of the copper heat sinks, while the third had the lowest measured at
0.249 °C/W. However, this was again found to be decreased by the significantly higher
pressure drop of this heat sink compared to the printed heat sink. In this case, the
optimized heat sink was again found to have the highest COP, with a value of 0.197.
2.2.4

High-pressure micro-pump
Wits et al. designed a micro-pump aimed at meeting weight to heat transfer that

would be sufficient for use in small satellites as well as meeting a maximum working
pressure target [53]. These requirements were 2 g/W heat transfer to weight for a 100 W
power estimate, and a 60 bar maximum pressure requirement for a two phase CO2
cooling loop. Micro-pumps are so called as they are simply pumps designed with feature
dimensions being in the micrometer range. The design of this micro-pump was based off
the Bartels mp6 micro-pump, which uses two pumping chambers in series with
piezoelectric disks actuating the pumping. Ti-6Al-4V was chosen as the design material
and SLM was chosen for manufacturing.
To ensure fluid flow continued in the forward direction, several passive check
valves were designed and studied. Two types of check valves were designed, a
springboard type and a cross type, using different dimensions, and they were tested in a
generic micro-pump assembly, where it was determined that the cross type micro-valve
was more effective, especially at the right dimensions.
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Final construction consisted of a base, which included the internal fluid lines and
cutouts for the micro-valve and piezoelectric disk placement. The lid was designed to be
able to both hermetically seal the micro-pump as well as pressurize the topside of the
piezoelectric disks, which would otherwise not be able to withstand the 60 bar working
pressure. Figure 2.4 shows the final design of the assembled micro-pump. A laser
welding technique was used to seal the base and lid around the complete boundary line.
The seal was tested for leaks and was found to have a leak rate of less than 10-10 mbar/s.
Galden HT-90 was used as a working fluid, though no heat transfer values were reported.

Figure 2.4

Final micro-pump design

[53]

2.3

Current Research Challenges and Opportunities
Though there is clearly good evidence supporting the case for using PBF in the

manufacturing of thermal management devices, there are still significant obstacles and
challenges that must be overcome, as well as potential research avenues that have yet to
be explored. For example, though PBF methods have shown a wide range of metals that
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can be used, many of the materials and alloys typically used for thermal are not among
them. Most notably, AM has traditionally had trouble producing copper and it was never
fully considered to be usable, however most recently there has been some success
manufacturing copper using EBM [10]. Furthermore, though there is much interest in
designing internal features, PBF and other powder based AM systems will leave any
internal feature full of power, and removal would require either special design
considerations or physical drilling into the structure and plugging the hole after [52].
Also, any internal features designed will be subject to the same surface qualities as seen
in the outside of the part, and it would significantly more difficult to influence it.
Furthermore, there appears to be limitations on the minimum size of any feature that can
be produced before warpage will become unavoidable, though more research is needed
on this subject [47]. However, one of the biggest opportunities for merging thermal
management methods and AM is the ability to design and manufacture heat moving parts
that generate heat or work in high temperature environments with thermal management
already integrated into them. This could lead to significantly more efficient heat transfer
in less space, as it would remove the need to have external heat exchangers, would
completely remove thermal resistance between a heat source and heat exchanger and
could be designed to passively handle thermal spreading. However, before that can occur,
almost all the concerns addressed in this work must be addressed, as well as many others
not addressed or considered here.
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STUDY OF INCONEL 718 MANUFACTURED USING
LASER ENGINEERED NET SHAPING
To demonstrate the use of AM to produce Inconel 718 parts, as well as increase the
knowledge available with doing so, a case study was performed. In this study, Laser
Engineered Net Shaping (LENS), a laser based DED method, was employed to produce
cylindrical samples of Inconel 718. This study further uses nondestructive thermographic
inspection (NTI) to measure various metrics including surface temperature, cooling rates
and solidification, and often this data further used to predict microstructure and mechanical
behavior [20], [21]. NTI methods in DED are commonly achieved using infrared (IR)
cameras to measure temperature of previously deposited layers as well as the cooling and
reheating rates resultant from successive laser passes and duel-wavelength (DW)
pyrometers to measure melt pool temperatures [20], [21], [23], [24], both of which are
employed here.
3.1
3.1.1

Materials and Methodology
Parameter Selection
An OPTOMEC LENS™ 750 machine (with a 1 kW Nd:YAG laser) was used to

prepare five cylindrical rods of Inconel 718. Each rod was produced individually on an
unheated substrate of Inconel 718 with dimensions of 76.2 x 76.2 x 3.2 mm3 set atop a
copper spacer measuring 6.35 mm in thickness. Rods were designed to possess a height
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of 76.2 mm and a diameter of 6.35 mm. Spherical Inconel 718 powder (Phelly Materials,
Inc.) prepared using a Plasma Rotating Electrode Process (PREP) with a mesh size of 100/+325 (d50: 230 µm, d90: 120 µm) [54] was used in its as-received condition. The
build chamber was sealed and purged with industrial grade argon for all builds. The
manufacturing environment inside the LENS machine is shown in Figure 3.1.

Figure 3.1

Interior of LENS manufacturing environment.

Clamps normally fixing spacer and substrate to CNC stage not shown
Process parameters, such as laser power, scan speed and powder flow rate, were
tested systematically, via trial-and-error inspection, for obtaining parts of high
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dimensional accuracy and minimal macro porosity. Dimensional accuracy was tested by
manufacturing test cylinders with nominal dimensions of 6.35 mm in diameter by 6.35
mm in height. Porosity was investigated visually by sectioning test cylinders and visually
inspecting for macro porosity. The parameters that passed both of these were rechecked
by manufacturing a cylinder that measured 6.35 mm in diameter by 12.7 mm in height.
Final process parameters used were as follows: laser power of 350 W, a traverse speed of
8.47 mm/s, a powder flow rate of 4.63 g/min, a hatch spacing of 529 µm and a layer
height of 760 µm. These process parameters were held for each layer during the
manufacturing process. A rotating hatch pattern was used in a 0º, 90º, 180º and 270º
intervals.
Cylindrical specimens were built, one-at-a-time, using different inter-layer time
intervals, i.e. 0 s, 5 s and 10 s; herein referred to as the non-time-interval (NTI), lowtime-interval (LTI) and high-time-interval (HTI) specimens, respectively. This was
accomplished by inserting a wait time in the digital motion controller (DMC) code to be
executed after the laser was turned off on the last hatch fill. A total of 15 specimens were
produced, 7 NTI specimens, 7 LTI specimens and 1 HTI specimen.
3.1.2

Thermal Monitoring Setup and Calibration
In order to relate encumbered microstructure and mechanical properties of the

DLD Inconel 718 to process parameters, the AM of one specimen of each group was
monitored using a DW pyrometer and IR camera. The IR camera (Sierra-Olympic)
consisted of an uncooled microbolometer detector and was mounted to the CNC build
stage within the LENS chamber while the pyrometer was located atop the LENS chamber
and aimed through the deposition head to monitor the melt pool. As time stamps were not
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exported with the temperature data in the spreadsheet files and the frame rate of the
cameras were not entirely constant, frame rate was approximated using the timestamps in
the raw data, and these frame rates were found to be 6.62 Hz for the pyrometer and 6.41
Hz for the IR camera. Initial calibration for both cameras had been performed and
documented by Marshall et al. [20]. Adjustments were made by comparing the IR image
of the melt pool region, which is measured as absolute temperature, when it intersects the
IR camera focal plane, measured as radiation, during the deposit of the contour of each
new layer, is compared with the temperature measured via the pyrometer for instances in
which both the IR and pyrometer images were collected at similar times, and setting the
proper conversion factor so these two measured temperatures were the same. The
calibration assumes an idealized, time-invariant HAZ emissivity. However, there is
expected to be some error in this method, as the thermal emissivity of Inconel 718 is
going to change as the surface of the build cools. Greene et al. showed that the
hemispherical thermal emissivity of Inconel 718 ranges from 0.20 at 200 ºC to 0.33 at
1000 ºC, with the majority of the decrease of emissivity occurring after cooling below
roughly 700 ºC where emissivity is roughly 0.3 [55]. This will cause greater error at
lower temperatures, however these temperatures are below any microstructural
transformation temperatures. Substrate plates were mounted at the center of the CNC
build stage and the start point of the deposition head positioned set so that the center of
the build would intersect the middle of the IR camera’s field of vision before every build.
Figure 3.2 shows an approximation of the views of the two thermal cameras with respect
to the build.
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Figure 3.2

Thermal camera set up. Substrate and IR camera move together while
pyrometer stays constant above.

Once all data were gathered and calibrated, it was converted from proprietary file
type into spreadsheet files, with each cell corresponding to a temperature at a point, to be
imported into MATLAB for analysis. Figure 3.3 shows sample images from both a) the
pyrometer and b) IR camera. Note that the layers of interest include the 10th, 20th, 40th
and 70th layers, i.e. L10, L20, L40, L70.

Figure 3.3

Sample images of a) the pyrometer and b) the IR camera with the extracted
points and substrate marked and labeled. HAZ indicated by rising
temperature
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3.1.3

Microstructure Evaluation
In order to investigate microstructure, as-built and heat treated specimens were

sectioned into thirds radially at intervals of roughly 24 mm, then further in half along
their height. The lower (near substrate) and middle sections, near L20 and L50,
respectively, were identified as the sections of interest, and were cut again radially at
these layers and mounted to show the radial plane. The remaining half of the center
segments underwent the standard ASTM heat treatment for Inconel 718 and mounted
with the center section visible to study the microstructural differences visible after heat
treatment. The heat treatment consisted of ½ hr. at 925 ºC followed by air cooling,
followed by a dwell at 725 ºC for 8 hr., furnace cooled to 625 ºC and held for 10 hr.
before air cooling [2]. These samples were hot mounted in PolyFast and then ground and
polished using a standardized procedure before being etched using Kallings etchant for
roughly 10 s. Imaging was performed on a ZEISS Axiovert 200 optical microscope.
3.1.4

Tension Testing
Tension testing was performed on as-built and heat treated NTI and LTI

specimens. Six bars of each were printed out using the same methods as the thermal/
microstructural samples, though without monitoring thermal data. The specimens were
machined into tension specimens following ASTM standard E8 [56], with a gauge
section diameter of 2.5 mm, gauge length of 10 mm, fillet radius of 2 mm and grip
diameter of 5 mm. Three specimens from each group underwent the standardized heat
treatment schedule to investigate the difference in mechanical behavior resultant from
heat treatment. Tension testing was performed using an Instron EM Model 5869.
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3.2
3.2.1

Results
Melt Pool Behavior
The melt pool temperatures measured during the manufacture of the NTI, LTI and

HTI specimens was inspected. Melt pool temperatures above the liquidus of Inconel 718
and maximum melt pool temperatures were captured and analyzed. Each melt pool
image was time stamped, with the first image corresponding to the beginning of the build
(i.e. ~ 0 s). The average melt pool temperatures were calculated using MATLAB by
taking the mean, recorded melt pool temperatures greater than the liquidus temperature of
Inconel 718 (i.e. 1336 ºC), while the maximum temperature was the highest recorded
temperature recorded for each image.
The observed trend for each average melt pool temperatures of build included: the
melt pool possessed temperatures between 1425-1475 ºC during L1 deposits near the
substrate, increased to temperatures between 1450-1500 ºC between L5-L10, and then
returned to near the initial temperature range of 1425-1475 ºC by approximately L20L30. This trend was also present and more noticeable with maximum melt pool
temperatures: L1 temperatures between 1600-1725 ºC, rising to 1800-2050 ºC at L5-L10
before dropping back to 1500-1700 ºC at steady state conditions. This trend is due to a
transient melt pool response that exists during the near-substrate deposits during DLD, in
a so-called ‘substrate affected zone’ (SAZ). This effect can be seen by investigating the
raw pyrometer images, as shown in Figure 3.4. This transient melt pool response is
attributed to the part heat transfer transitioning from substrate-dominated conduction for
early layer deposits, to more convection/radiation-dominated cooling at layers further
from the substrate. The observed increases and subsequent decreases in temperature are
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caused by a thermal capacitance effect as the SAZ is unable to fully dissipate the heat
input through the DLD process, though the convection/radiation-dominated equilibrium
state can. The length of the substrate affected zone (SAZ) was influenced by the time
intervals, with increasing time interval causing both peak and equilibrium conditions to
occur at later layers. Also, the time intervals caused the greater fluctuation in the recorded
maximum temperatures: increasing time interval caused greater spread of temperatures
recorded, decreased the maximum peak temperatures recorded but increased the
maximum steady state temperatures. After the equilibrium is reached, the melt pool
temperature remained steady, and this was observed independent of time interval. Error!
Reference source not found. shows a plot of the average and maximum melt pool
temperatures of the different builds.
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Figure 3.4

Pyrometer images showing changes in the temperature profile of the NTI
build.

Constant scale a) L1, lower temperatures caused by thermal dissipation into the substrate.
b) L5, rising temperatures in transitional zone. c) Layer ten, highest temperatures, near
peak on transitional zone. d) L20, temperatures back down near levels at layer zero,
within steady state zone
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Bulk temperature curves of different layers of a) NTI (0-450 s), b) LTI (0650 s) and c) HTI builds measured via IR camera
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Figure 3.5 (continued)
a) NTI (0-300 s) b) LTI (0-800 s) and c) HTI (0- 900 s) builds (time cut after equilibrium
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38

3.2.2

Heat affected zone
Bulk temperature data gathered by the IR camera were extracted at predefined

specific points of interest using separate MATLAB code. The points chosen
corresponded to the point closest to the camera, and within the focal plane, at specific
layers, in this case L10, L20, L40 and L70 as shown in the sample image in Figure 3.3
(b). These were them given time values and plotted both against the other layers in the
same build to see how height effects the cooling rate, and separately with a certain layer
from each build to more directly compare the effect the pause time has. As mentioned
above, there was overbuild occurring during all four builds, and the IR camera did record
the exterior temperatures of the overbuild. Figure 3.6 shows the bulk temperature data
separated by build, while Figure 3.7 shows the bulk temperature data of all builds only at
L40. As expected, the inter-layer time intervals significantly affected the cooling time
and introduced reheating as subsequent layers were deposited over the measured layer.
For the LTI build, Also, the NTI and LTI build show the higher layers cooling slower
than the lower layers due to a steadily rising thermal capacitance effect though this effect
was nearly insignificant for the HTI build, where the cooling time was large enough to
avoid significant heat build-up at the top of the build. Maximum cooling rates, as well as
reheating rates for the LTI and HTI builds, were pulled from the slopes of the first peak
from the bulk heat graphs in all conditions, and average cooling rates were calculated via
arithmetic methods between the first data point of a layer until the measured temperature
was under 800 ºC consistently. This point was chosen because, as explained above, the
emissivity of Inconel drops significantly around 700 ºC causing the data to be less
accurate. These results are presented in Table 3.1, with reheating rates displayed as
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negatives. This data shows that the time intervals didn’t have a measurable effect on the
maximum cooling and reheating rates, which fluctuate between 2500 ºC/s both cooling at
heating, though this data is likely not completely accurate as it is limited by the resolution
and frame rate of the camera. However, the average cooling rates decreased as the build
got higher, and were significantly affected by the pause times introduced. The average
cooling rate decreased for LTI build, though increased again for the HTI build, likely as
an effect of too long a cooling time.
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Bulk temperature curves of different layers of a) NTI (0-450 s), b) LTI (0650 s) and c) HTI builds measured via IR camera
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Bulk temperature curves of NTI, LTI and HTI builds at L40 measured via
IR camera (0-650 s)

Table 3.1

Maximum and average hemispherical cooling rates

Build NTI
LTI
HTI

3.2.3

Layer, measurement
10, max. 10, avg.
1530 ºC/s 5.7 ºC/s
2500 ºC/s, 2.1 ºC/s
-500 ºC/s
650 ºC/s, - 3.8 ºC/s
2150 ºC/s

20, max.
1140 ºC/s
1010 ºC/s,
1520 ºC/s
1140 ºC/s,
1190 ºC/s

20, avg.
4.5 ºC/s
- 1.4 ºC/s
- 3.8 ºC/s

40, max.
40, avg. 70, max.
1150 ºC/s 3.2 ºC/s 1520 ºC/s
500
ºC/s, 1.3 ºC/s 1500 ºC/s,
-1800 ºC/s
1500 ºC/s
760 ºC/s, - 2.6 ºC/s 900 ºC/s,
1440 ºC/s
2400 ºC/s

70, avg.
2.3 ºC/s
- 1.5 ºC/s
- 2.9 ºC/s

Microstructure
As mentioned above, the two sections were chosen for microstructural analysis

were near the plate at roughly L20 and in the middle section, near what would be L50.
Analysis of the melt pool temperatures shows the different builds undergoing a transition
from substrate dominated cooling to steady state cooling concluding between L20-L30,
and this area will display a transitional microstructure very different than at L50, when
cooling becomes more steady state, and the microstructure more readily represents what
would be found in the rest of the specimen. Comparing Time-Temperature42

Transformation (TTT) charts for wrought Inconel 718 found at [57] to the plotted bulk
temperature curves, the material phases that will be found in the builds can be
approximated. As the initial cooling rates upon solidification of the melt pool are very
high, they do not allow for much phase transformation, and the TTT chart shows that the
primarily phase should be the initial γ matrix with much δ and some LAVES phases
mixed in. However, in the LTI and HTI builds, we should see lesser amounts of these
phases as the HAZ response becomes longer for each layer. It should be noted that these
microstructures were found to be around the circumference of all builds and analysis
locations, and homogenizes roughly half the hatch spacing distance from the surface, i.e.
250 μm in. This effect is common in AM, and Figure 3.8 illustrates this phenomenon in
the lower section of the NTI specimen, as the microstructure changes from a mix of
equiaxed and dendritic structures near the edge to entirely dendritic structures moving
away from the circumference. Note that sintered Inconel 718 particles are observed
along the edge of the specimen. This captured image of the sintered particles
demonstrates the high sphericity of the powder used for manufacture and that surface
roughness exists.

43

Figure 3.8

Microstructure of NTI specimen near the circumference of the build

Circumference of specimen shows very disordered dendritic structures of γ matrix with
some equiaxed structures while interior shows longer, more ordered dendritic structures
and no equiaxed structures
At the L20 section, there is already a drastic difference in the microstructures
exhibited between the NTI, LTI and HTI samples, as shown in Figure 3.9(a). In the NTI
sample, the microstructure is primarily very disordered dendritic structures with large
sections of the δ and LAVES phases mixed in randomly. In the LTI specimen, dendritic
structures become more ordered and the δ structures become less clumped to form more
in an inter-dendritic manner with LAVES phases dispersing in a more interdendritic
manner as well, while some equiaxed structures begin to appear. In the HTI sample, the
microstructure appears as an even mix of very fine dendritic and equiaxed with the δ and
LAVES phases are very well dispersed, though there also seems to be more equiaxed
structures.
Moving up to the L50 section, the exhibited microstructures have changed
significantly from the lower sections, as shown in Figure 3.9(b). With the NTI sample,
44

the microstructure changes from disordered dendritic structures to primarily equiaxed
structures with the γ matrix becoming clearly visible. The large clumps of the δ and
LAVES phases are still mixed in randomly. In the LTI sample, the microstructure
continues to shows a mix of equiaxed and dendritic structures, however the δ and LAVES
structures dispersed in both intergranular and interdendritic ways, forming very wide
grain boundaries. In the HTI sample, long, fine dendritic structures have formed with
both smaller dendritic and equiaxed structures dispersed throughout, while the δ and
LAVES phases are dispersed.
After heat treatment, the microstructures appear to have changed into the expected
matrix of γ, γ’ and γ’’, as shown in Figure 3.9(c). with many residual structures from the
original microstructure showing through. In the NTI sample, you can see that the bulk of
the microstructure is in an equiaxed structure, with the γ matrix clearly visible inside.
Some of the delta phase has dispersed to form much thicker grain boundaries, however
much of the δ and LAVES structures remain clumped randomly. The LTI sample
developed primarily equiaxed structures with the previously dendritic structures
developing into the γ matrix. Some of the δ and LAVES phases dispersed into
intergranular regions or dissolved, however much of it remains in what was the
interdendritic regions. In the HTI sample, fine equiaxed structures have developed and
are filled by the γ matrix appearing very similarly to the dendritic structures there before.
Again, the LAVES and δ phases become dispersed in an intergranular fashion as well as
in what remains of the interdendritic regions, however in much smaller amounts
compared to the other samples.
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Figure 3.9

Microstructural images

a) L20 b) L50 and c) Heat treated specimens.
All rows: Left, NTI. Center, LTI. Right, HTI. All images at 20x magnification
The δ and LAVES phases still occurring indicates that the temperature and length
of the solutioning treatment were not sufficient to dissolve these phases, and therefore
there was not enough Ni for the full formation of the γ’ and γ’’ precipitates. However, it
appears that the introduced pause times did help disperse the δ and LAVES phases, and
slightly helped the solutioning process. It appears this effect was more successful in the
LTI build, most likely because the bulk cooling rates were low enough to allow internal
temperatures to remain high enough for solutioning to occur.
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3.2.4

Tensile Behavior
In order to discern the effect of time interval and heat treatment on the mechanical

properties of DLD Inconel 718, tension tests were performed on non-SAZ portions of the
NTI and LTI specimens. Tension testing was performed at a strain rate of 0.001
mm/mm/s. The maximum strain was 0.25, and this was reached before many samples
reached the fracture point. The results are presented below in Table 2 separated by build
group and in as printed (AP) and heat treated (HT) conditions. It may be seen that the
imposed time intervals have a minor effect on the yield strength, increasing it by just
under 5%, but a much larger effect on the ultimate strength, with an increase of roughly
13%. After heat treatment, the difference found in yield strength virtually vanished to less
than 1%, and the difference in ultimate strength dropped to roughly 2%. Most
significantly however, the mechanical behavior heat treated samples yielded much earlier
than expected, with yield strengths of 782 MPa for the NTI and 786 MPa LTI samples,
which correspond to 75.5% and 76% of the yield strength of wrought 718. However,
ultimate stresses, which were found to be 1146 MPa and 1170 MPa, were 90 and 91% of
the 1275 MPa traditionally quoted for wrought 718. Also, though not enough samples
reached failure to accurately calculate elongation, the 25% strain limitation is more than
double the 12% of wrought 718. While there is often variance in the mechanical
properties compared to wrought in other AM studies, this one is the perhaps most
significant reported so. Based on the microstructure results reported above, it can be
concluded that the large presence of δ and LAVES phases post heat treatment indicate
that the formation of the γ’ and γ’’ strengthening precipitates was significantly impeded.
Graphs of selected tensile tests are shown in Figure 3.10.
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Table 3.2

Tension testing results

Build
Condition
Yield Strength
UTS

NTI
AP HT
546 782
891 1146

LTI
AP
571
1005

HT
787
1170

Wrought
HT
1035
1275

Cast
758
862

Tensile Results
1200

Stress (MPa)

1000
800
0 s AP

600

0 s HT

400

5 s AP
5 s HT

200
0

0

0.05

0.1

0.15

0.2

0.25

Strain (mm/mm)

Figure 3.10

3.3

Tensile test results

Discussion
It was observed through the microstructure images that the NTI build had a high

amount of δ and LAVES phases, while the LTI builds had lesser observed amounts and
the HTI build less than that. As mentioned above, the δ and LAVES phases are caused by
segregation of refractory elements at highly elevated temperatures. This segregation
would have been most prevalent at initial deposition where the data showed that melt
pool temperatures were significantly superheated. Furthermore, the difference between
the observed amounts of these phases between the lower and middle samples, where the
lower samples displayed more δ and LAVES phases than the middle samples, can be
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explained by the lowering of maximum melt pool temperature after transition into
convection dominated cooling. Meanwhile, the introduced time intervals, which were
measured to decrease the cooling rate, allowed for cooling to occur at slightly lower
temperatures than were otherwise observed before the subsequent depositions were no
longer significant enough to drive the microstructural changes. These cooling rates and
the temperatures achieved caused a rehomoginization effect to counteract the previous
atomic segregation and the microstructure images show that this did result in the δ and
LAVES phases being observed in the LTI and HTI samples, while the tensile results
confirm this for the LTI samples.
3.4

Study Conclusions
The goals of this case study were to investigate the thermal history,

microstructure and mechanical behavior of DLD Inconel 718 with inter-layer time
intervals. The major conclusions are summarized as follows:
1.

Monitoring of the melt pool provided that a substrate affected zone (SAZ)
exists for the specimens investigated. The SAZ cooling method was found
to transition from conduction dominated heat transfer into the substrate
initially to a convection/radiation dominated equilibrium condition after
L25-L30. SAZ cooling was insufficient to disperse heat through initial
layers, causing a thermal capacitance effect superheating the melt pool
which decreased as the transition continued.

2.

Inter-layer time intervals were found to draw out cooling time causing
measured temperatures to be higher for longer periods, though higher time
intervals lessened this effect.

3.

Microstructures were discovered to contain large amounts of detrimental δ
and LAVES phases. Introduced time intervals helped to dissolve some of
this and dispersed large clumps into intergranular positions.
Microstructural changes were observed between transition section close to
the substrate vs the middle of the build. Heat treatment did not fully
disperse these phases as they were still found in post treatment
microstructural analysis.
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4.

Tensile strength was higher for time interval builds before heat treatment,
however difference was nearly insignificant after heat treatment. δ and
LAVES phases in heat treated samples caused significantly lower tensile
strength than comparable wrought values, though much higher ductility

Based on the ASTM standard [3] the solutioning treatment for Inconel 718 is ½
hr. at 924ºC before the dual aging. However, this work shows that due to the high
amounts of LAVES phases observed due to the extremely rapid cooling associated with
the LENS process and still present after full heat treatment, the ASTM standard
solutioning treatment is insufficient for LENS manufactured IN 718, and either the
solutioning temperature and/or time must be increased, or a full homogenization should
be prescribed. Nonetheless, the thermal data and other results do support the theory of
being able to influence microstructure through prescribed pause times, and did translate
to higher tensile strength. In this study, the surface temperatures of the LTI build were
measured to stay near or above the 924 ºC annealing temperature for approximately 3.5
minutes at L20 and just over 4 minutes at L40. While this is not nearly long enough to
replicate the results of the annealing treatment, this extension of the thermal history is the
most likely cause of the differences in microstructures observed, and the dispersal of
some of the LAVES phase clumps observed in the NTI build. However, there are other
factors to be considered, primarily that there is going to be difference between the
measured surface temperature and the interior temperatures due to the convective and
radiative heat transfer acting on the surface instead of just the conductive heat transfer
inside the specimen. This difference in thermal histories can be seen in the differences in
the microstructures at the circumference of the builds. Furthermore, the specimens
produced in this study had a relatively small volume, with only the HTI pause build even
exceeding a total time of 30 minutes. However, increasing the diameter of the builds
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would increase the total time of the build as well as the time for each layer and would
cause the temperature curve to be drawn out as well.
With these assumptions and conclusions drawn from this work, it can be
concluded that given the right conditions, it would be feasible to have an as built sample
of Inconel that would not require the annealing heat treatment, and would likely not result
in any LAVES phases. While more work needs to be done before this is confirmed, it
could potentially lead to being able to produce complex parts out of Inconel 718 that
require less overall heat treatment, which would translate to lower manufacturing times
and costs, thus further increasing the use and benefit of DLD in the industrial world.
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SUMMARY
The aim of this work was to characterize the microstructural and mechanical
behaviors of AM Inconel 718 and investigate the feasibility of using this to produce
thermal management devices that would match or exceed something similar produced
using traditional methods. This was done in two parts: a literature review of AM
phenomena that effect the effectiveness of thermal management devices, or that can
impede or assist production of thermal management devices using these methods, and a
case study that characterized LENS Inconel 718 while investigating and manipulating the
thermal history.
The literature review showed that through understanding and inevitably
controlling relevant AM phenomena, thermal management devices can be designed and
manufactured that would be impossible to create otherwise. Already, some of these have
been produced and are able outperform competition. Moving forward, more research
needs to be done to better understand and phenomena that influence issues such as
minimum feature, surface roughness and dimensional accuracy to create more precise and
efficient thermal management devices using AM.
The case study shows evidence that although LENS Inconel 718 currently
produces large amounts of undesirable microstructure phases that hinder mechanical
behavior and must be specially considered when determining a heat treatment schedule.
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However, it also provides evidence that it is possible to control the formation of these
microstructural phases by manipulating the thermal history, thereby improving
mechanical strength. Currently, the thermal history was only influenced by the
introduction of an inter-layer time interval, while there are countless other methods of
influencing it. It is very likely that the solutioning treatment could become unnecessary
by manipulating a parts thermal history to produce the desired microstructural phases.
This would require much more research on topics such as specimen and substrate size
effects, parameter effects, substrate preheating, and more inter-layer time intervals, as
well as other methods of influencing thermal history. This would increase the adoption of
AM techniques for this metal by cutting heat treatment cost and time by a fair amount.
The joining of these topics seems not only feasible but quite possibly inevitable.
The need for thermal management devices to operate at more extreme conditions has
already led to the use of Inconel 718 in this field, while the continuing need for these
devices to be smaller and more efficient will continue to drive AM adoption. Eventually,
the idea of using AM to produce thermal management devices will go from a crazy
possibility to a common reality.
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