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ABSTRACT

Post processing has been dominated for the last few centuries by heat treatments with relatively
little advancements in technology. These processes require extreme temperatures for extended periods of
time. The need for high temperatures to promote mobility in materials has become a fundamental part of
altering microstructures in materials. This thesis aims to challenge this idea. Post processes utilizing
electricity have recently become an interest of material researchers due to observations of energy and time
savings. Even though the use of electricity to affect microstructures was first realized in the 1960’s,
studies have only just come out detailing how to control microstructures with a constant electrical current.
Some research has hinted that this electrical annealing process does not require heat in order to achieve
microstructural changes. This thesis details a unique electrical processing technique that can be done at
room temperature. With a focus on austenitic stainless steel, special material properties, such as low
stacking fault energy, allows for a unique microstructural characteristic such as a large number of
annealing twins. Analysis is performed using electron backscattered diffraction, grain boundary
misorientation plots, grain size analysis, and x-ray diffraction. This novel annealing and grain refinement
process resulted in the grain size increasing by up to 74 percent for the grain growth experiments and the
grain size decreasing by up to 74 percent for the refinement experiments. The results also showed
significant changes in misorientation angle distributions for both grain growth and grain refinement with

the average misorientation angle increasing up to 500 percent.
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Chapter 1

Introduction

The Microstructure of a metal is crucial in determining the properties of the material. Often the
properties of the material are undesirable and need to be altered by changing the material’s
microstructure. Unfortunately, methods of altering microstructure is limited with most methods having an
approach of starting the microstructure over from scratch and controlling the process until the desirable
grain size and shape is achieved. These methods are called heat treatments and have been around since the
bronze age. New methods of altering microstructure, such as strain induced grain boundary migration,
have been discovered within the last century that utilize unique mechanisms that completely skip the
starting over step. Even more recently, a new form of strain induced grain boundary migration has been
discovered that has exciting efficiencies and unique results. This method utilizes electrical current to drive
microstructures to achieve states of superior mechanical properties. This process completely eliminates
the archaic need for high temperature and can be completed in a fraction of the time required for
traditional heat treatments. By first reviewing the necessary background information, then performing
practical experiments, and finally discussing the experimental results, this thesis will demonstrate how
electrical annealing can drastically change a microstructure as seen in Figure 1-1. This thesis will also

demonstrate how this type of post processing differentiates itself from other post processes.
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Figure 1-1: A Graphical abstract of the electrical annealing process.

Traditional Post Processing

Traditional post processing steps that would compete with the electrical annealing process would
include heat treatments since the goal of these processes are to normalize and control the microstructure.
It is worthy to mention the process of hot isostatic pressing since it would be commonly used for
materials that are additively manufactured, like the material that is the focus of this study. Hot isostatic
pressing has a primary goal of eliminating porosity defects which differs from electrical annealing. Hot
isostatic pressing can often be combined with heat treatment by performing a HIP step and then
controlling the cooling rate to perform the desired heat treatment. The HIP process consists of three major
parameters: temperature, pressure, and holding time. These parameters allow for large variations in

recipes. The thermal annealing process can be broken down into three stages: recovery, recrystallization,



and grain growth. These three stages only depend on temperature and time and allow for simple
parameters-grain size relationships. Both the HIP process and the heat-treating processes require large
temperatures and large amounts of time to promote diffusion in the material. HIP will also use longer
periods of time to apply creep effects. The end goal of these processes is to improve or alter the
mechanical properties of the material. HIP mainly focuses on improving the material’s fatigue life, while
heat treatments focus on altering the materials strength and ductility.

Hot iso-static pressing closes porosity defects to improve density. A schematic of the components
of a hot isostatic pressing machine can be seen Figure 1-2. Hot isostatic pressing is done by plastically
deforming a weakened material due to creep effects and allowing the newly created surface to surface
interfaces to diffuse together. The elevated temperatures for long periods of time allow for creep effects in
a material. These creep effects allow for plastic deformation even though the stress in the material is
below the material’s yield limit. The mechanical stress in the material stems from the high-pressure
environment. This environment needs to be made of an inert gas in order to prevent contamination of the
material. The iso-static pressure environment applies a force on all sides of the material putting the
material in a compression state. The goal of this loading scenario is to compress any porosity defects to a
point where the cavity buckles and new surface-surface interfaces are created. Once these interfaces are
created, the enhanced diffusion will work to permanently fuse the interface into a continuous piece of
material. Once the defect is permanently closed, there will be less voids and therefore a higher density.

The process will also result in the part shrinking equally in all dimensions.
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Figure 1-2: A schematic of how most HIP machines are setup.

Hot iso-static pressing is not a perfect process and will not remove all porosity in the material. A
common issue found in additive materials that have undergone a HIP process is that porosity will increase
during heat treatments after hot iso-static pressing. This problem has been demonstrated in the additive
field [1]. This problem occurs because diffusion cannot take place across the interface boundary of a
collapsed void if the void contains a significant amount of elements like argon. These elements line the
interface and prevent the base material from contacting itself. The lining acts as a large barrier to
diffusion. Once the part is undergoing the heat treatment process, these collapsed voids eventually expand
due to the interface surfaces breaking from being poorly fused. Figure 1-3 details how material density
changes after HIP and then how the density changes after thermal annealing. Elements like argon can

commonly be found inside the voids of additive materials due to the inert gas becoming entrapped in the



material during solidification. This gas entrapment can occur during processing or can come from
entrapped gas inside of the powder feedstock. Another common problem with hot iso-static pressing is
that it cannot close any surface connected porosity. This is because the gas from the environment fills the

surface connected porosity and will prevent the void from closing when the pressure is raised.

Figure 1-3: 3D visualization of material density as porosity (red volumes) in a sample (a) as received, (b)
Post HIP, (¢) 10 min at 1035 C, (d) 10 hrs at 1035 C, and (e) 10 min at 1200 C [1].

Thermal treatments to control microstructure and material properties were developed well before
hot isostatic pressing. The processes of these treatments have been explored and are well understood. The
first step in the process is recovery. In recovery, the internal strain energy of the microstructure is reduced
due to dislocation motions in the crystal. Next is recrystallization, where the microstructure changes

drastically. The elevated energy state of the grains allows for new grains to nucleate along the grain



boundaries. These new grains are strain free, equiaxed in shape, and will have lower dislocation densities.
The recrystallization stage is complete when the previous grains are overtaken by newly nucleated grains.
Finally, the grain growth step starts when the newly nucleated grains grow and compete with each other.
The grains will continue to grow as the material is left in the high temperatures that facilitate atomic
diffusion. The grain boundaries will move in the direction of each grain boundary’s center of curvature
due to an excess of strain energy driving the movement. The grains will eventually reach a state close to
equilibrium. At this point the diffusion slows to a point where the grains will take a long time to grow [2].
Overall, the thermal annealing process requires a lot of energy to achieve the elevated temperatures for
long periods of time (hours to days).

Thermal annealing occurs due to a static recrystallization process. In the case of thermal
annealing, stored strain energy and high dislocation densities act as a driving force that produces new
dislocation free grains. There is also another way to recrystallize materials which is referred to as
dynamic recrystallization. Dynamic recrystallization happens when a material is being strained and the
stored energy is large enough to create grain growth. This growth takes the form of bulges in the grain
boundaries. This unique grain growth process is called strain induced grain growth [3].

Strain induced grain growth is a result of a grain boundary movement called strain induced grain
boundary migration (also known as grain bulging). In strain induced grain boundary migration, the grain
boundaries move in the direction that is opposite of the boundary’s center of curvature. A key difference
is that in strain induced grain growth, the grains that grew will retain the same crystal orientation as the
original microstructure. This is different from the traditional grain growth process where the grains that
grew will have the crystal orientation as that of the nucleated grains. While both processes will result in
annealed microstructures with low strain energy and dislocation densities, the strain induced grain growth

does not require the formation of nucleated grains [4].



Review of Additive Manufacturing

While the focus of this thesis is the process of altering microstructure by using electricity and not
the process of additive manufacturing, information related to additive manufacturing will help better
understand the as received material that will be used in this study. Additive manufacturing of metals can
be done in several ways but primarily consists of building parts layer by layer using feedstock in the form
of metal wires, strips, or powder. The processes can utilize various forms of energy inputs to fuse the
layers together. Heat inputs from lasers and electron beams are the most common way to fuse layers
together. Some less common ways would be to binder/sinter or to friction weld layers together. The
additive field is currently dominated by powder-bed fusion and directed energy deposition processes with
binder-jetting processes becoming more popular. Powder bed fusion can be seen in Figure 1-4 and
consists of metal powder being spread and fused together into a new layer over the previously fused layer.
Powder bed fusion can use lasers or electron beams to input the energy to fuse the powder layers.
Directed energy deposition can be seen in Figure 1-4 as well. Directed energy deposition uses lasers,
electron beams, or arc welders to fuse together a flowing feedstock into a weld track on top of the
previous layer. Binder jetting can be seen in Figure 1-5 and is like powder bed fusion in that the powder
feedstock is spread across the previous layers. It differs from powder bed fusion in that instead of fusing
the feedstock it deposits a binder from a print head to lightly bind the layers together into a green part.
This green part is then put into a traditional sintering furnace to fuse the particles into a solid part. Binder
jetting is unique in the fact that it produces very low-density parts and requires certain post processing

steps to have reliable part strength.
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Figure 1-5: lllustration of how binder jetting processes work.

There are several problems that have become prevalent across all forms of additive
manufacturing and are not subjected to one area. For instance, proper characterization of the process is
needed for better understanding and control of the process. This characterization requires expert analysis
and research in heat transfer, fluid flow, material science, solid mechanics, etc. Figure 1-6 demonstrates
how complex a directed energy deposition process can be to control. Problems in this flow chart start at
the feedstock level. More complexities are identified during the processing with a focus on melt pool
characterization. Finally, once the part is finished building, complex relationships between what happened

during processing and the microstructure or the distortion in the part become apparent.
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Figure 1-6: The parameters that go into controlling a directed energy deposition process. [7]

Research has shown how important the feedstock is to the final properties of parts made in
additive manufacturing. These feedstock-property relationships apply to all forms of additive
manufacturing. The most basic relationship is the feedstock chemistry effect on the final part properties.
Some feedstock forms allow for easier control of the chemistry such as metal wires or sheets. The
chemistry of these feedstock can be controlled with management of the melt chemistry that was used to
create them. Control of the chemistry of metal powder is not as simple since along with melt chemistry,
things such as the particle atomization environment and powder oxidation can affect the as-built part
[8][9]. Other parameters that have potential to affect additive material properties are powder morphology,
powder size distribution, and powder flowability. These powder characteristics have been shown to
influence packing density which may result in lower final part densities [10][11].

Melt pool characterization is critical in understanding the relationship between processing and
final part properties. It also plays a vital role in controlling additive manufacturing processes. Melt pools
in metal additive manufacturing are complex, as seen in Figure 1-7, with influences coming from the
powder bed, the flow in the melt pool, heat transfer mechanisms, the heat source, and evaporation. These
dynamic molten pools affect both powder bed fusion and directed energy deposition processes. The Melt
pools are the foundation for additive manufacturing and are what allow for the unique benefits of design

freedoms and reduced wastes in additive manufacturing. Unfortunately, the instability of the melt pools is



also what form the defects in additive manufacturing. Understanding how these pools work and how to
control them will allow for enhancing the aspects that benefit additive manufacturing while reducing the

defects that are formed.
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Figure 1-7: Factors that influence the molten pool in a powder bed fusion process [6].

In most additive processes, heat is put into the material through a laser or electron beam source.
Some of this heat will be absorbed by the material which will lead to melting but some of the heat will be
reflected. The absorptivity and reflectivity of the energy will constantly change and will lead to some of
the dynamics of the melt pool. With the amount of absorbed heat constantly changing, imperfect packing
densities, or imperfect powder flow rates, the shape of the melt pool will constantly change as seen in
Figure 1-8 [12]. Another aspect of this dynamic melt pool is the mode of heat transfer. Lower levels of
energy input will tend to lead to conduction mode welding while higher levels will lead to keyhole mode
welding. Keyhole mode welding is where convection heat transfer takes over as the dominate mode of
heat transfer. The convection results in more complex flows in the melt pool compared to conduction
mode welding. Keyhole mode welding will have a larger pool depth to width ratio due to a vapor cavity
caused from large amounts of evaporation. Evaporation of the melt pool is undesirable due to the
complications that recoil pressure on the melt pool, spatter, and plumes have on the additive process. The
vapor cavity caused by the evaporation will tend to collapse from instability and will result in keyhole

porosity [6].
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Figure 1-8: Dynamic melt pool shape in a powder bed fusion process [12].

The undesirable aspects of dynamic melt pools, such as keyhole collapse, spatter, and recoil
pressure, will lead to porosity in the as-built part. The porosity in additive manufacturing is one of the
biggest barriers preventing parts from being used in industry. Keyhole instability, that was previously
discussed, leads to one form of porosity in additive manufacturing and can be seen in Figure 1-9 [6].
Porosity in additive manufacturing can also stem from a lack of full melting during processing. With the
melt pool not properly melting all the material in its path, porosity can form in the track due to particle
porosity or voids formed due to spatter [13][14]. The evaporation that can occur in a melt pool will also
lead to porosity issues due to the denudation zone that forms along the side of melt tracks as seen in
Figure 1-10 [15]. Solutions to these complex porosity issues need to be developed and implemented in

order to properly control the additive manufacturing processes.

Figure 1-9: Keyhole porosity (left) and how unstable keyholes lead to porosity throughout a solidified
melt track (right) [6].
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Figure 1-10: Denudation zone formed in a owder bed fusion process [15].

After processing, more complexities occur when trying to relate resulting microstructure and part
distortion to processing conditions. Additive manufacturing produces unique metallic microstructure due
to the processing conditions. The process tends to have very high cooling rates due to having high energy
dense heat sources which create large thermal gradients. The high cooling rates also develops from the
small volumes of liquid metal that solidify quickly. The cooling rates seen in additive manufacturing
often reach 10° to 10° K/s depending on the process [6]. These large cooling rates lead to non-equilibrium
microstructures with large amounts of defects. The high cooling rates also lead to large contractions in the
melt pool during solidification which leads to large residual stress and distortion in the part.

Distortions and residual stress are very hard to eliminate in processes such as powder bed fusion
and directed energy deposition. During solidification of a melt pool, an initial large amount of residual
stress will be formed due to differences in contraction. Additional buildup of residual stress will occur
due to repeated changes from expansion and contraction from heating and cooling [6]. If the part is not
properly anchored, the stress will turn into distortions in the part geometry. If the part is properly
anchored, the stress has the potential to form cracks inside of the part.

The nonequilibrium conditions in additive manufactured metals will form long columnar grains
across multiple layers in the build direction. An example of columnar grains can be seen in Figure 1-11.
This epitaxial growth is formed due to a reduced amount of energy to form the solidifying crystal along

the same orientation as the crystals from the previously deposited layer. It is worth mentioning that the



columnar grains can also be curved or slanted due to competitive growth. This competitive growth occurs
because of the grains wanting to grow perpendicular to the solid-liquid interface of the melt pool [6]. This
is the direction of maximum heat extraction also known as the largest thermal gradient. Figure 1-12
shows how the amount of curve in the columnar grains depends on the scanning speed of the process. If
the scanning speed was slow, the grains will appear more curved, if it was fast, the grains will form

straighter columnar shapes.

' = .'. : - . e,
Figure 1-11: Columnar grains formed in additive materials across multiple build layers [6].
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Figure 1-12: Relationship between scan speed and competitive growth [16].

In terms of the mechanical properties of these metals, the smaller microstructures tend to produce

stronger parts which is predicted by the Hall-Petch equation. The Hall-Petch equation shows that smaller



microstructures will lead to a stronger material. This strength increase comes at the cost of a reduction in
ductility of the material. Also, relatively large amounts of defects in the material due to non-optimal
processing conditions lead to reduced mechanical properties. Figure 1-13 shows typical tensile test results
from additively manufactured metals. The as-build conditions in additive materials typical contain very
high strength levels due to refined microstructure but contain low ductility [17]. The ductility is partially

low because of the small grain size but also because of the large number of defects in the material.
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Figure 1-13: Tensile test results for additively manufactured 304L stainless steel [17].

The complex microstructure of additive metals complicates the analysis of mechanical properties
since the direction at which a test sample is cut will greatly impact the measured mechanical properties
[18]. If a sample of an additively manufactured part is cut perpendicular to the scanning direction, the
grains will appear equiaxed if scanned at low speeds. When the sample is cut parallel to the scanning
direction, as in Figure 1-14, the grains will appear columnar. This anisotropic microstructure directly

results in the anisotropic mechanical properties due to the Hall-Petch relationship.
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Processing defects in additive manufacturing leads to a lower fracture toughness. Lower fracture
toughness can disqualify AM parts for use in cyclic loading scenarios where the part will fail due to
fatigue. Figure 1-15 shows how an additively manufactured material’s fatigue life compares to the
wrought alloy’s fatigue life. In each of the loading scenarios, the additive material had lower cycles to
failure [6]. The anisotropic strength in additively manufactured parts can also make the part not suitable.
To overcome these problems, the parts require post processing. One of the most important post processing

steps is the annealing that is done to eliminate the anisotropies and improving some of the mechanical

properties.
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Figure 1-15: Fatigue life of an additively manufactured material compared to the life of the wrought alloy

[6]



A specific research direction in the literature is aimed at the elimination of the post processing
steps by optimizing the additive manufacturing processes [19][20]. So far nothing in the literature has
been able to produce control of the process to the point that would eliminate post processing. The current
lack of control and understanding is due to the complex relationships and problems that were previously
discussed. Optimizing the processing parameters in additive process is difficult since the relationships
between the feedstock, melt pools, and microstructure are intertwined. This difficulty is then compounded

by the problems encountered such as porosity.

Twinning

Unique boundaries can form inside grains during the annealing process of materials. Twin
boundaries are an example of this where the crystal inside of a grain gets split into two domains where the
crystal orientation differs. This difference in crystal orientation can be described as a reflection where the
two domains share some of the same lattice points in a symmetrical manner. A visualization of twins can
be seen in Figure 1-16. This phenomenon will form in a material when the shear stress in a direction
reaches a critical value. The formation of these twin boundaries allows for a reduction in interfacial
energy in the material. Similar to grain boundaries, twin boundaries mark a change in crystal orientation
that enables properties that suppress dislocation motion. Suppression of dislocation motion allows for
increased strength of the material which has created interest from researchers to better understand

twinning and what promotes twinning across multiple size scales [21] [22] [23].
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Figure 1-16: Visualization of annealing twins (left) and deformation twins (right) [24][25].

Twinning can be in the form of deformation twins or annealing twins with the cause of each
being from plastic deformation and heat treatments respectively. The formation of both deformation twins
and annealing twins are influenced by similar properties. The most influential property related to the
formation of twins is the stacking fault energy. Materials like austenitic stainless steels have low stacking
fault energies that result in large amounts of twins formed during heat treatments and deformation. The
stacking fault energy of materials is sensitive to the chemistry of the alloy system. Larger amounts of
elements like carbon and boron increases the stacking fault energy which would retard twin formation.
Larger amounts of elements like nitrogen reduces the stacking fault energy and promotes twin formation
[25]. Various other properties such as low temperatures during deformation, high temperatures during
annealing, large strain rates (or growth rates), and large grain size promote the formation of twins
[26][27].

The austenitic stainless steel used in this study is known for having a low stacking fault energy
and tends to form twins. Since the material used is also additively manufactured, it is also worthy to
mention that twinning in the additive literature is mostly associated with deformation twinning since the
complex non-equilibrium microstructure tends to not form annealing twins. Some studies have shown
superior mechanical properties from additively manufactured 316 stainless steel in the as built condition

compared to mechanical properties of 316 stainless steel manufactured by traditional manufacturing



methods [25][28]. This can be seen in Figure 1-17. These results were surprising since additive materials
tend to include significantly more porosity defects compared to traditional manufacturing. The porosity
defects should result in weaker properties for the additive material. The explanation of these results lies
within the fact that the additive material was more prone to deformation twinning. The twinning allowed
for improved strength and greatly improved ductility. One reason the additive material was more prone to
twinning could have been due to the larger variations in chemical compositions in additive material. In
the case of Pham et al., the additive process was done inside of an inert nitrogen gas environment which
increased the nitrogen content in material. The increased nitrogen content created a lower stacking fault

energy in the material and helped to promote larger amounts of mechanical twinning [25].
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Figure 1-17: Twin tensile test results with an additively manufacturing sample performing better than a
rolled sample [28].

The twinning phenomenon is important because it provides advantages when trying to improve
material strength compared to other methods like reducing grain size. The most interesting aspect of
twinning is that it allows for an increase in yield and ultimate tensile strength while also increasing the
elongation before fracture. This contradicts other methods of strengthening materials where there is a
tradeoff of improving the strength of the material at the cost of reducing the ductility. This unique aspect
adds to the appeal of the twin phenomenon along with the benefits of thermal stability and high electrical

conductivity [22] [23].



Twin boundaries have been shown to restrict dislocation motion and proliferation even though
they are considered low angle boundaries in the crystal. This means that the addition of twins in the
material will effectively reduce the average grain size seen in the material. The addition of twins inside of
a grain effectively adds more restrictions on movement of dislocations and therefore can be equated to a
microstructure of smaller grain size with no twins. Modified Hall-Petch equations have been made for
both deformation twins and annealing twins. These equations follow the same relationship between size
and strength but utilize the idea of effective grain size by implementing the variable of twinning density.
Pande et al. created a modified Hall-Petch equation for annealing twins. This modified equation uses the
twin spacing parameter to include the effects of twinning into the Hall-Petch equation [29]. Their
modified equation was able to align well with data after implementing a correction factor that accounted
for the fact that twin boundaries are not as effective as grain boundaries at inhibiting dislocation motion.

The increase in ductility of materials with twins is not as easily understood compared to the
strengthening caused by twins, although, the increase in ductility is just as prevalent in the literature.
Steinmetz et al. modeled twinning induced plasticity and described the increase in ductility as being from
the dynamic increase of the twin-related interface density and its interaction with dislocations [30]. Their
findings can be summarized as the changing rate of twin formation and growth during deformation is
what allows for the large formability in the material.

The thermal stability of annealing twins was demonstrated by Chuang et al. where they showed
how a microstructure with annealing twins was able to resist grain growth during an aging process [22].
Their experiments showed that twin boundaries had a “braking” effect on grain boundary migration that
typically happens when a material is left at elevated temperatures for extended periods of time. This is
another result of how a twin boundary reduces atomic mobility and diffusion within the crystal. They
additionally demonstrated the improvements in mechanical properties that annealing twins had on the
material. They concluded that the strengthening effect was related to the twins blocking dislocation

motion.



The high conductivity of materials with twins comes from the fact that twin boundaries are low
angle boundaries. These boundaries create less electron scatter compared to high angle grain boundaries.
Less scatter leads to larger conductivity in the material. This property is important since applications that
require good conductivity often need high strengths in the material. Lu et al. performed an experiment on
a copper thin film that showed how promoting twin density is beneficial to retaining conductivity while
improving strength and ductility in a pure copper sample [23]. Most methods of strengthening materials
will result in a significant loss in conductivity since these methods ultimately increase the number of grain
boundaries. Lu’s work is more proof of the advantages of twinning over other microstructural methods

used to improve properties of materials.

Using Electrical Current to Enhance Atomic Mobility

In order to anneal a material, there needs to be some driving force that allows for mobility in the
material that changes the microstructure from a high energy state to a lower equilibrium state. Traditional
heat treatments raise the temperature in the material to a point that allows for atomic bonds to break and
therefore accelerate the diffusion process. A more advanced way to achieve the motion would be to add
another driving force that would accelerate the process of achieving equilibrium. This addition of another
driving force would fall under the strain induced grain growth and could be achieved by applying an
electrical current to the material.

Applying an electrical current to a metal enhances diffusion inside the material by having the
momentum of moving electrons transferred to the defects during collisions. The momentum transfer to
metal ions increases the atomic mobility in the alloy. This momentum transfer will also increase defect
mobility. This type of driving force has been given the name of electron wind force. The electron wind
force has a critical point where there is enough current density to induce large grain growths and large

amounts of defect annihilation in a short period of time. An example of the benefits that electricity can



provide is found in a study by Conrad et al. on the superplasticity of an aluminum alloy [31]. In this
study, the electrical current was found to assist in the superplastic deformation due to its ability to
enhance atomic mobility that affect the three main mechanisms involved during superplastic
deformation.

The electron wind force is an efficient process to affect a materials microstructure since it can
directly affect the grain boundaries of a material enhancing grain boundary migration. The focus on grain
boundaries stems from the electrons deflecting to a greater degree when flowing from one grain to
another due to the differences in crystal orientation. This larger deflection translates to larger momentum
transfers. Comparatively, a Joule heating process will heat the entire crystal lattice which will require
more energy and possibly more time in order to achieve the same amount of grain boundary migration
[32]. The Figure 1-18 demonstrates how much energy is wasted by a Joule heating process by applying

energy to irrelevant areas.
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Figure 1-18: A comparison of the areas covered by Joule heating and electron wind force.



Applying an electrical current to a metal can also result in electromigration. Electromigration has
mechanics similar to the electron wind force but happens at an order of magnitude higher current density.
At lower current densities, the momentum transfer of electrons will promote diffusion, grain boundary
migrations, and other microstructural changes. At higher current densities, the momentum transfer will
result in mass transport in the material that leads to material damage or failure. The damage caused by

electromigration has been extensively researched in electronics and material science [33][34][35][36].

Electrical Annealing

The use of electricity to induce changes in microstructures in metallic alloys has been observed in
a few different fields of research. There is little or no research utilizing this method of microstructural
change in the additive manufacturing field. This is surprising since this method of affecting
microstructures has the advantage of being time and energy efficient compared to traditional thermal
treatments [32][37]. For example, a traditional thermal annealing process will require a temperature that is
around half of the material’s melting temperature for a period of multiple hours. Comparatively, electrical
annealing has been done at temperatures well below half the melting temperature for a period of minutes.
The combination of additive manufacturing and this new method of microstructural control could cause
waves of changes in the manufacturing industry and illustrates why the choice of using an additively
manufactured material was made.

Microstructural changes caused by an electrical current have been achieved on smaller scales
such as in thin films to enhance the creation of new phases and grow grain sizes [38][39]. Microstructural
changes caused by an electrical current have also been achieved on a larger scale using constant and
pulsed currents. Constant current has been shown to cause microstructural changes in materials from a
couple of recent studies [32][40]. Pulsed current has been much more extensively researched under the

term electropulsing [41][42][43][44]. The field of powder metallurgy has also explored the use of



electrical current to enhance sintering processes under the term spark plasma sintering [45][46][47]. In
these spark plasma sintering studies, electrical current improved diffusion rates and lowered sintering
times significantly. The electron wind force has been found to be one of the primary mechanisms in spark
plasma sintering but is coupled with many other mechanisms due to the complex relationship between
pressure, temperature, time, and current. Spark plasma sintering differs slightly from electrical annealing
since spark plasma sintering has a goal of electromigration which would be detrimental in an electrical
annealing process. These various fields of Study have all revealed high density electric current’s ability to
improve material properties in ways such as altering grain size, promotion of twin growth, promoting
certain phases, or enhancing mobility.

The cause of these microstructure changes has been debated to be the result of the electron wind
force, Joule heating, or the combination of the two effects. Joule heating or resistive heating is a natural
effect of allowing current to pass through a material. Several papers have suggested that Joule heating
plays a role in the dislocation motion and microstructural changes [48][49][50]. The degree of which
Joule heating effects the microstructural changes has been debated primarily since the effects from Joule
heating and the effects of the electron wind force are hard to decouple from each other. The Joule heating
explanation for microstructural changes stems from the fact that the heat that is generated could act as a
traditional thermal process. Arguments have also been made that the heat focuses at the grain boundaries
which causes the changes in microstructure [48]. This explanation loses credibility when the
microstructural changes occur in samples that were processed at temperatures far below the annealing
temperature for a substantially shorter time than what would be used in a thermal annealing process.
Meanwhile, the electron wind force has been suggested to be a definite cause in the microstructural

changes by several studies [32][43][51][52].



Material Characterization

After any process that has claimed to alter a material’s microstructure and therefore the material’s
mechanical properties, determination of the effectiveness of the annealing processes needs to be
established. The best way to do this would be to prove that the properties of the material have changed.
There are several ways to demonstrate changes of material properties such as surface observations and
characterization through microscopy (optical, scanning electron, transmission electron), mechanical
testing, or analysis such as x-ray diffraction.

X-ray diffraction gathers information on the material’s crystal structure along with other
information such as the chemistry and phases of the material. Using a Williamson-Hall analysis on an x-
ray diffraction scan will allow for estimations of average crystallite size and average strain the crystal
lattice. The Williamson-Hall analysis method differs from other methods by including the ability to
estimate the size and strain in the crystals at the same time. A properly annealed metal would show an
increase in size and a decrease in strain from the analysis [28]. Visual inspections of the 2-theta plots can
also be informative since a properly annealed metal would show peak sharpening from the increased
crystallite size [53]. For XRD analysis of Additive Manufactured parts, there could also be a noticeable
change in peak locations due to changes of residual stress in the material after being annealed. The
changes in peak location in additive metals could also be from the annealing processes changing the
columnar texture of the as built part to a normalized equiaxed structure.

Electron backscattered diffraction is a very important tool that can verify annealing treatments
done on a material. EBSD is done inside of a scanning electron microscope system and gathers data about
grain orientation. Other data such as phase composition throughout a scanned area can also be obtained.
Since grain boundaries mark a change of orientation inside of a polycrystalline material, the crystal
orientation data that is gathered outlines the grain boundaries in the material. With this information grains
can be identified, and the microstructure can be characterized. This analysis method is vital in confirming

microstructural differences after a heat treatment. Even if partial changes take place, such as the recovery



stage in a thermal treatment, EBSD can identify the differences in the microstructure. The EBSD data can
also be manipulated to extract more information from it, such as misorientation angle distributions.
Materials created from additive manufacturing have nonequilibrium microstructures. These structures
have large fractions of low angle grain boundaries that is evidence that the material has high levels of
stored strain energy [54]. Once annealed, the stored strain energy is released, and the material will
recrystallize into a more equilibrium condition with a large fraction of high angle grain boundaries [32].
With the data obtained from an EBSD scan of a material, plots can be made showing the percent fraction
of grain boundaries at each of the angles seen in the material. Information from this plot can be used to
access the degree of which the annealing process was effective. If the material went from a large fraction
of low angles to a large fraction of high angles, it can be inferred that the material has undergone a
successful annealing process.

Mechanical testing is crucial in confirming that the annealing process was successful. This testing
is important since it can confirm that the properties of the material have changed throughout the material
and not just in localized areas. The methods already discussed will only detect changes that are close to
the surface of the material. The methods discussed above can give a better picture of what is going on, but
without methods of mechanical testing, there is no practical way to ensure that the changes observed are
consistent throughout the entire material. One of the most common forms of mechanical testing is the
tensile test. This test can establish property relationships such as strength and ductility throughout the
entire testing area. A successful annealing treatment would consist of a decrease in the yield strength and,
more importantly, an increase in ductility shown as the increase in elongation at fracture [18]. Tensile
tests of additive materials are dominated by large scale samples in the shape of dog bones. A lot of the
literature related to the tensile testing in additive manufacturing provides the dog bone samples printed
separately from a part and do not cut a dog bone from a larger part. It is possible to perform micro-
tensile, and nano-tensile tests but these methods drastically increase the cost, time, and difficulty to

perform the analysis.
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Another method of mechanical testing is an indentation test [55]. An indentation on an annealed

metal would show a softer hardness value. The lower hardness is evidence of an increase in ductility. This
method benefits from being a nondestructive evaluation method for measuring mechanical properties of
the metal. Thus, allowing for the same sample to be tested before annealing and after annealing. It also
allows for the sample to be analyzed using methods such as electron backscatter diffraction. The
indentation results are highly dependent on the tip geometry that is indenting on the sample. The
geometry of the tip will determine which type of indentation test is being performed and will have its own
standard hardness scale. Hardness values on these scales are not easily converted into one of the different
scales. Typical tests will result in either a Rockwell hardness value or a Brinell hardness value.
Indentation can also be scaled down to microscopic and nanoscopic levels with low amounts of sample
preparation and cost. Nano-Indentation machines are more advanced and will typically allow for position
data to be tracked which will allow for the creation of force-displacement graphs. These graphs will allow

for visual confirmation of the accuracy and precision of the tests.
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Chapter 2

Experimental Approach

Sample and Stage Preparation

An additively manufactured 316 stainless steel cube was cut into slices of approximately 1mm
thick. These slices were cut parallel to the build direction to reveal the columnar shaped grains. The cube
was manufactured using a powder bed fusion process. The powder feedstock used to create the cube was
made from a nitrogen gas atomization process. Each slice was grinded down to 150 pm using grit paper.
Then the strips were cut into long rectangular shapes of approximately 10 mm long, 0.5 mm wide and 150
pum thick using a dicer machine. From here each strip was individually polished down to approximately
40 or 50 um using various grit paper with the final stage being a grit paper of 1200. The samples were
then polished using microfiber pads and diamond, colloidal alumina, and colloidal silica suspensions with
particle sizes ranging from 3 pm down to 0.02 pm.

The sample was mounted to an alumina nitride slab that acts as a heat sink. Copper tape was
attached to the alumina nitride slab to act as electrical contacts on both sides of the sample. The sample
was mounted on top of the electrical contacts to make it a free-standing object. Wires were also attached
to the copper tape and Solder was used on top of the contact pads to enhance the electrical connections.

This stage setup can be seen in Figure 2-1 and Figure 2-2.
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Figure 2-1: Sample and stage setup picture.
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Figure 2-2: Sample and stage diagram

Experimental Setup

The sample and stage were mounted on a liquid nitrogen temperature-controlled stage inside of a
SEM. The Liquid nitrogen cooled stage allowed for the extraction of heat from the stage to avoid the
effects of Joule heating and possible surface contamination in the form of oxidation. Any oxidation of the
surface would make it hard to see when the grain growth effects are taking place. The high vacuum
conditions inside the SEM greatly increased the chances of achieving grain growth without failure from
electromigration. The wires were connected through a pass through in the chamber and connected to a
power supply capable of up to 3 Amps of biasing. The 3 A limitation dictated the sample dimensions in

order to anneal the samples. This 3 A limit also prevented the electrical wires from failing and losing
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connection. The high-resolution camera inside the SEM also allowed for the in-situ monitoring of the

sample surface during the experiment. Images of the surface were obtained before, during, and after each
experiment. During the experiment, the current was increased in small increments and held at each
current level for a period ranging from about 30 seconds to a few minutes. The current level was
increased faster when at the lower current densities that were found to be well below the activation
densities. Once the current was providing densities that were close to what was expected to activate grain
growth, the current levels were held for longer amounts of time as seen Figure 2-3. This longer time
allowed for a more thorough surface observation and allowed for any surface changes to develop. Once
the surface changes were observed, the current level was reduced slightly to avoid any failures in the
sample. The slightly lowered current also allowed for the surface changes to continue to take place but at
a much slower rate that can be more easily observed. If any sign of electromigration was taking place the

current level was reduced more drastically to try to avoid sample failure.
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Figure 2-3: Current vs time during a typical annealing experiment.
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Electromigration is the primary failure method that can occur when trying to induce

microstructural changes using electrical current. While there is a difference in the current densities
between the electron wind force and electromigration for a specific material, failure in these experiments
can still occur due to pushing the current density limits to induce larger microstructural changes.
Problems such as surface oxidation, effectively blinding the user from the surface changes that are taking
place, can also lead to electromigration failure. Electromigration failure can also take place if the samples
have variation in cross-sectional area that would lead to electromigration in the smallest section of the

samples and grain growth in the larger sections of the sample.

Analysis

After the processing of a sample was complete, the sample was removed from the stage and
prepared for X-ray diffraction analysis. Any residual solder was removed from the sample. The samples
were placed in a PANalytical X pert Pro MPD machine and scanned from a two-theta angle of
approximately 40° to 100°. With the Intensity vs two-theta plots obtained from x-ray diffraction,
Williamson-Hall analysis was performed to obtain size and strain estimations for the crystal. The
annealed samples were then ion milled and placed in an EBSD capable SEM. Grain size analysis was
performed on the as received and annealed materials. Grain boundary orientation analysis was performed
as well in order to get an idea of the residual stresses in the material. After the microstructure was
analyzed the samples were placed in a nano-indenter to measure the hardness and reduced elastic modulus

of the samples.

For accurate micro-hardness measurements, the sample needs to be thick enough for the hardness
value not to be influenced by the substrate on which the sample is mounted. The micro-hardness

machines available at Penn State require a minimum thickness of approximately 60 pm. The minimum
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thickness stems from the minimum indentation depth required to create an indent of a diameter that is

large enough for the machine to identify the edge of the indent. A rough approximation of the minimum
depth is found by multiplying the minimum diameter of the indent by a factor of one and a half, which is

determined by the geometry of the indentation tip.

This 60 pum thickness requirement conflicts with the sample thicknesses created in this
experiment. Enlarging the sample dimensions cannot be considered in this experiment due to the need of
larger current densities to obtain the grain growth in the sample. The current density required to grow the
grains in a 60 pum thick sample would cause failure in the electrical connections on the sample stage and

in the electrical wires inside the SEM used to connect the stage to the power supply.

The only option for hardness measurements for these samples is using a nano-indentation
machine. Nano-indentation requires more rigorous sample preparation to ensure accurate results. Nano-
indentation requires a strict tolerance on the roughness of the surface of the sample. This tolerance is
based off the relationship between the size of the peaks and valleys of the roughness and the depth of the
indentation test. Since the indentation depths are nanoscale, the surface roughness will also need to be
nano scale. This was obtained by the polishing and sample preparation explained above. Another
requirement for accurate nano-indentation results is the tolerance of parallelism of the sample surface to
the substrate. To ensure there is an acceptable amount of drift in the sample tip, which would affect the
hardness and reduced elastic modulus measured, the sample surface needs to be as parallel to the substrate
as possible. If the sample is not parallel, the indenter tip will drift along the surface of the sample and
affect the results. Profilometry scans of a sample created using the above sample preparation showed that

the sample had acceptable surface roughness and parallelism.
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Chapter 3

Results

The following chapter will review the results from the experiments that were performed. First
information will be given on the temperatures that can be seen in this type of electrical annealing process.
Next, information will be given on experiments that were performed without any cooling and were
confirmed to have microstructural changes. Finally, information on the microstructural changes of the
cooled experiments will be given. A list of samples can be seen in Table 3-1. Various processing
parameters were used in the different experiments that resulted in a variety of microstructures.

Table 3-1: Design of Experiments.

Cooling [ Current Resulting Percent Average Percent Change

Density | Processing | microstructure | Grain Size | Change in | Misorientation in Average
(A/mm?) | Time (min) size Angle Misorientation
angle
As-Received ) -
Material - - - Columnar Grains 43 (wide) - 10 .
1. .
. Columnar grains, a
Intermediate No 100 12 Dislocaﬁongtangles 33 (wide) -23% 5° -50%
Sample
2. Annealed Large equiaxed grains,
Sample with Twins, °
Nocooing  No 200 a0 ton 75 +74% 60 500%
damage

3. Sample
with s Large equiaxed grains,

F Small equiaxed grains,
Localized Yes 200 35 o St 1 -74% 55° 450%
Grain Growth b

Columnar grains

& [Flly Large equiaxed grains, 0 o 0,
Annealed Yes 200 40 ol 45 +5% 60 500%
Sample
5. Sample
Annealed Small equiaxed rai Mixture of 5°
under a Short mall equiaxed grains, _gEo 5
G Yes 200 30 oo 15 65% nd 50° 400%
Time

Temperature Measurements

The first experiment was performed with no cooling stage under a microscope with infrared

temperature reading capabilities in order to better understand the temperatures that the sample can see
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during an experiment. This sample was not cooled and represents the worst-case scenario. From Figure 3-

1, the average temperature that the sample will see when processing at a high current density is in the
range of 200°C. This is interesting since this temperature is well below the temperature required for
thermal annealing. This supports the evidence in literature that Joule heating plays less of a role in this

type of annealing.
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Figure 3-1: Thermal IR Temperature Measurements of a sample at (a) 50, (b) 100, and (c) 150 A/mm>.



37
As-Received Sample

The as-received material was scanned under an EBSD capable SEM and the microstructure in the
Figure 3-2 was identified. The texture of the grains appears to be elongated in one dimension. This should
be expected from a metal that was made from an additive process due to the grains favoring growth in the
build direction. After performing grain size analysis using ImageJ and the line intercept technique, the
width of the columnar grains in the as received material was estimated to be around 40 um. This grain
size is typical of a 316L laser powder bed fusion process. From this EBSD scan, Figure 3-3 of the grain
misorientation angle plot was made which shows a large fraction of the grains having a small
misorientation angle. This means that there is a lot of residual stress in the material due to large

contractions of the melt pool during solidification.
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Figure 3-2: EBSD shows the as-recevied columnar texture.
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Figure 3-3: Misorientation angle plot for the as-received material.
Intermediate Annealed Sample
In order to identify the current density that will initiate grain growth in the additively
manufactured 316 stainless steel sample, experiments were performed on samples that did not have any
cooling effects. Performing these experiments on samples that were not cooled was a method of
identifying the critical density earlier in the research than if we waited to design the experiments around a
cooled stage. The first sample was only processed up to an intermediate current density of about 100
A/mm? due to heating effects in the electrical connections that caused the sample to lose the electrical
connection. The sample appeared to have some changes on the surface as seen in Figure 3-4. The decision
was made to perform an EBSD scan on this sample instead of re-soldering the sample and continue

processing to a higher current density.
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Figure 3-4: Before and after optical micrographs of the intermediate sample.
The EBSD scans, that can be seen in Figure 3-5, shows a mostly unchanged microstructure from

the original elongated columnar grains. This is not surprising since, up to this point, the critical current
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density was not known. In later experiments, the surface changes that signify grain growth would become

obvious. Performing grain size analysis resulted in an estimation of grain width of about 33 pm.
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Figure 3-5: EBSD of the intermediate sample.

It can be seen in both the EBSD scans and the misorientation angle plots, shown in Figure 3-6,
that there is a large fraction of small misorientation angles in the material. In fact, there seems to be a
larger fraction of small angles in the intermediate sample than in the original as-received material. This
could be explained by recovery in the material that allows for rearrangement of the dislocation

substructures and dislocation tangles.
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Figure 3-6: Misorientation angle plot for the intermediate sample.

Annealed Sample with No Cooling
The next sample was processed up to around 200 A/mm? and from the optical micrographs, as
seen in Figure 3-7, there are some clear grains that are large and do not reflect the as-received columnar
shape. The grains are identifiable due to the etching that occurs due to the grain boundary channeling that

is an effect of the electron wind process.
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Figure 3-7: Optical micrographs of the annealed sample that was not coooled

It is worthy of noting that this sample was made before the sample preparation procedures were
optimized to eliminate sample defects such as thickness variation across the sample. The sample variation
came due to an unpredicted side effect of trying to make the sample thinner than the intermediate sample.

This was done to eliminate the experimental failure of a lost electrical connection due to heating in the
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solder. A thinner sample would allow for less current to achieve grain growth and therefore less heat

produced from the Joule heating. This sample had a large thickness variation that can be seen in Figure 3-
8, with the largest sample thickness measured being around 40 pm and the thinnest section being around
1 pm thick. It became obvious after processing that the thinnest areas underwent electromigration failure,
as seen in Figure 3-9, where mass transport started to occur, and the largest areas did not undergo grain
growth. The grain growth region occurred at a sample thickness somewhere in between the largest and
thinnest sections. This complicated the estimation of the critical current density for this sample of 316
stainless steel. From this sample, the critical current density was estimated to be around 200 A/mm?. This
density would later be confirmed by samples that were processed with an even thickness across the

sample.
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Figure 3-8: Optical micrographs that show the variation of thickness across the sample.
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Figure 3-9: Areas that underwent electromigration and grain growth.

Multiple EBSD scans were taken on this sample across all ranges of thickness in the sample.
Figure 3-10 shows locations (a) and (b) where grain growth occurred. The third location (c) shows a point
where there was partial grain growth with the rest of the location maintaining the original microstructure.
This is explained due to the thickness variation with the grain growth section having a thinner cross
section then the rest of the scan location. The final location (d) shows that the cross section at this location
was too large and did not experience any microstructural changes. It is also noteworthy of the large
fraction of annealing twins that is present in the new microstructure of these locations. This shows that
this electro-annealing process has a high strain rate applied to the grains during growth that creates the
twinning phenomenon. Grain size analysis was performed on location (b) since it was the best image of
an area of interest. The estimated average grain size from the intercept method using ImageJ came out to

be around 75 pm.
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Figure 3-10: EBSD of the annealed sample showing the newly formed microstructure. (a) site 1, (b) Site
2, (c) site 3, (d) site 4

Plots of the misorientation angles were made for each of the EBSD scan locations and can be
seen in Figure 3-11. Both of the two locations that showed large grain growth had almost entirely all high
angle misorientations. This is the opposite of the as-received scan and demonstrates how the material is at
a lower residual stress level. The third misorientation plot showed an approximately equivalent fraction of
small angles to the fraction of large angles. This makes sense if you break down the plot into the
components of the area that showed the original microstructure and the area that showed the new
microstructure. The final plot shows a distribution very similar to the as-received material which agrees

with the EBSD scan.
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Figure 3-11: Misorientation angle distribution plots of the annealed sample at (a) site 1, (b) site 2, (c) site

3, and (d) site 4.

Sample with Localized Grain Growth

With a better idea of the critical current density required for grain growth, it was time to utilize a

liquid nitrogen cooled stage to process the sample at room temperature. The results from the first sample

of three that were processed at low temperatures can be seen in Figure 3-12. During the experiment, the

temperature on the liquid nitrogen stage was held at 20°C. This sample shows a combination of small

sized grains and large grains due to thickness variation in the sample. From visual inspection there

appears to be some twinning in the larger grains but not in the smaller grains. The sample also appears to

have been deformed during processing.
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Figure 3-12: Optical micrographs showing small and large grains in the sample.
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The EBSD scan taken in this sample shows a microstructure very different than the as-received

microstructure. It is interesting to note that, in Figure 3-13, there are some areas where there appears to be
some unchanged microstructure. Other samples with small grain sizes would similarly have larger
portions of unchanged microstructure compared to samples with larger grain sizes. The scan also
confirms that the smaller grains do not contain any annealing twins. Unfortunately, an EBSD scan of the
area with larger grains was not possible due to the sample being deformed. Grain size analysis was
performed on the scan location with a focus on the newly created grains in order to estimate the refined
grain size. The estimation from ImageJ revealed the average size to be about 11 pm in diameter. Grain
size analysis was not done for the areas of larger grain size due to the sample being deformed during

processing.
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Figure 3-13: EBSD showing some small grains along with unchanged microstructure.
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The Misorientation angle plot in Figure 3-14 shows a large fraction of high misorientation angles

with a significant number of angles that are not high angles. This distribution agrees with the EBSD scan
with the high angles coming from the large grains and the lower angles coming from the unchanged

microstructure.
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Figure 3-14: Misorientation angle distribution plot of the sample with localized grain growth.

Fully Annealed Sample at Room Temperature
The second sample that was processed at a low temperature achieved a large amount of grain
growth. Optical micrographs of the sample can be seen in Figure 3-15. The top image shows the surface
of the sample before processing. The middle image displays a magnified image of the surface after

processing. The bottom image shows how grain growth occurred across the entire length of the sample.
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The grain boundaries are clearly discernible due to large grain boundary grooving that occurred during

the experiment. Twins are also visible inside the grains.
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Figure 3-15: Optical micrographs of the sample surface before and after processing.

The EBSD scans of this sample confirms what was seen in the optical images with large sized
grains and large amounts of annealing twins. Figure 3-16 shows the results of two different EBSD scan
areas that were taken far apart from each other. The entire area for both scans shows enlarged equiaxed
grains that underwent a high strain rate to produce annealing twins. The fact that both scans show the
same microstructure even though they were taken at two locations on the sample that were far apart
demonstrates how this sample was uniformly annealed across the entire sample. Grain size analysis was
performed for the first scan location and the estimation showed the average grain size diameter to be 45
pm. This was also confirmed with grain size analysis on the optical images once again using ImageJ and

a line intercept method.
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The misorientation angle plot shown in Figure 3-17 has almost entirely high misorientation

angles which agrees with the EBSD scans and the Optical micrograph images. The distribution shows that

the microstructure has achieved a lower residual stress state.
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Figure 3-17: Misorientation angle plot of the fully annealed sample.
Sample Annealed Under a Short Period of Time
With a successfully annealed sample that was created while at room temperature, the next step
forward was to use this process to refine the grain size in the sample. While grain refinement was not seen
in the heated samples, there was evidence in the first cooled sample that there may be some processing
conditions that would lead to grain refinement. From the first cooled sample, it was determined that
smaller grains would form with larger current densities and the formation of smaller grains could also be

impacted by the duration of the processing time. The sample in Figure 3-18 was processed up to 200
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A/mm? with large steps of current levels to reduce the processing time. The first image was taken while

the sample was being biased at half of the critical current density and shows some surface changes. The
second picture was taken after processing and shows a significant amount of grain refinement occurred
across the sample. The third picture shows a magnified image of an area of complete grain refinement.
There also appears to be some differences in the amount of grain boundary grooving that occurs with
some grooves being deeper and clearer than others. This may signify that some boundaries are more
affected by the electron wind force than other boundaries. The final picture shows a region where the
current density was not large enough to induce microstructural changes but is still of interest due to the

cracks that appeared to have formed from the processing.
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Figure 3-18: Optical micrographs of the sample processed for a short period of time: (a) very low current
density, (b) post biasing surface, (c) magnified view of surface, (d) cracks that formed on the surface.
EBSD scans were taken at two different locations to see if the microstructure was consistent
across the sample. The scans can be seen in Figure 3-19. The first location shows grains that were clearly

created by grain boundary bulging from the original microstructure. The second location shows only
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partial refinement with a large portion of the area retaining the original microstructure. The portion of

retained original microstructure was seen in every sample that underwent grain refinement. Also, in every
scan location focusing on smaller grain sizes, there were no instances of twinning in the grains. Grain size
analysis on the first scan location revealed an estimated grain size to be approximately 15 pm. Analysis
was not done on the second location since it almost entirely comprised of a single grain from the original

microstructure.
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Figure 3-19: EBSD of the refined sample at two different locations. (top) Location 1 (bottom) Location 2
A plot of the distribution of misorientation angles was created for the second scan location and

can be seen in Figure 3-18. The plot shows that the grains have either a high misorientation angle or a low

misorientation angle. Once again, the high angles are coming from the areas of hew microstructure and

the low angles are coming from the original microstructure.



62
0.20

015

010

Mumber Fraction

0.05

0.00

10 20 30 40 S0 60
Misorientation Angle [degrees]

Figure 3-20: Misorientation angle plot of the sample processed for a short period of time.

Plot of Misorientation Angle Distribution for All Samples

A plot with all the misorientation angle distributions for each sample was made and can be seen
in Figure 3-21. For most of the samples, there are very little fractions of grains that are in between the
small misorientation angles and the large misorientation angles. The smaller angles represent high stored
strain energy while the larger angles show that the grains have reformed under a more equilibrium
condition. For the intermediate sample that was processed but retained the original microstructure, the
fraction of small angles shifted to lower angles compared to the as-received distribution due to the
material only going through a recovery step and not proceeding to grain bulging and growth. All other
samples had a larger fraction of high angles after processing since they were able to reform the pre-

existing grains.
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Figure 3-21: Plot of all misorientation distributions across all the samples.

X-ray Diffraction and Analysis
The X-ray diffraction analysis that was performed on the as-received material and the sample
annealed at room temperature can be seen in Figure 3-22. There appears to be a clear difference between
the size of the peaks seen in the two plots of intensity vs two-theta. The as received XRD plot shows that
the largest peak is at 75° while the annealed sample does not even pick up a peak at the 75°. The annealed

sample also did not reveal any peaks at 90° which was present in the as-received plot.
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Figure 3-22: Intensity vs two-theta plot for the sample annealed at room termperature. (top: as-received,

Bottom: annealed)

The Williamson-Hall analysis of crystallite size and strain can be seen in Figure 3-23. The size
and strain were calculated for the as-received material but was not calculated for the annealed sample.
This was due to a lack of discernible peaks in the intensity vs two-theta plot for the annealed sample.

Some of the Williamson-Hall analysis can still be useful in comparing the before and after processing
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states. The first image shows the estimated crystallite size and strain of the as-received material. The

second image shows the estimated crystallite size in the annealed sample when strain is considered
constant. This is not a terrible assumption since the misorientation angle distribution found in the sample
annealed at room temperature had almost entirely large angles which could be inferred as very little strain
left in the crystal. From this analysis, the annealed crystallite size is an order of magnitude larger than the
as-received crystallite size. This would be expected from the electro-annealing process. The last image
shows the analysis of crystallite strain in the annealed sample when size is considered infinitely large.
This assumption is also not unreasonable since the average grain size seen in the EBSD scans were
relatively large. Once again, the results of the annealed sample with much less crystallite strain compared

to the as-received material would be expected from this electro-annealing process.
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Chapter 4

Discussion

Utilizing the electron wind force for strain induced grain boundary migration has proved to be
very effective. After trial and error with some of the experiments, the processing conditions for achieving
large amounts of grain growth in the 316 stainless steel created from a powder bed fusion process was
obtained. These growths were experienced in short periods of time when a high current density was
applied. Grain refinement proved to be more difficult than grain growth in this process. Grain refinement
seems to be possible from the experiments performed, but complete refinement of the original
microstructure would need more investigation. The short processing times in these experiments seems to
be the most beneficial aspect of using this type of grain growth compared to the long times associated
with traditional heat treatments. Even though this process requires large amounts of power, the short
period of time at which this power is maintained results in a more energy efficient process compared to
traditional heat treatments. If this process was to be practically applied in an industrial setting, solutions
for managing the large currents and the possibility for surface contamination would need to be

implemented.

Optical Images

Comparing the before and after images of each of the samples shows that there are clearly some
surface changes that occur from processing. When the current density is half of the critical current density
there is some discoloration and contrast differences on the surface which reflects what the EBSD scan
revealed as dislocation tangles. With an adequate current density, images of the surface reveal clear
microstructural differences as compared to the smooth initial surface. The detailed surface is due to the
grain boundary grooving effect which is the equivalent of etching the sample. The detailed optical

micrographs of the sample taken after processing allows for easy identification of when the sample has
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been properly annealed. These images are detailed enough to make a qualitative guess as to the sample’s

average grain size without the need of an EBSD scan. Qualitative information on the fraction of annealing
twins in the sample can also be gathered by analyzing optical images of these samples after electrically

processing them.

EBSD

Each of the EBSD scans generally agreed with what was seen in the optical images. The EBSD
scan of the first sample showed that the material underwent a recovery step that allowed for movement
and rearrangement of the existing dislocations. The processing conditions for the second and fourth
samples lead to equiaxed grains forming and growing into larger equiaxed grains. The third and fifth
samples formed equiaxed grains out of the original microstructure but did not allow these grains to
complete the grain growth. The new grains formed in these samples can be easily differentiated from the
original microstructure since the original grains were columnar in shape. The original microstructure also
contained more defects inside the grains compared to the newly formed grains. These results are typical
of a strain induced grain boundary migration process where the grains bulge from the original shape and
the newly created area have lower dislocation densities.

The EBSD scans of the second and fourth samples also revealed a large number of annealing
twins. These twins formed due to the large strain rate that was applied to the grains during the grain
growth stage. It is also not surprising that the twins formed in the samples with large grains since large
grain sizes has been shown to promote the twinning phenomenon. This is also confirmed by the fact that
no twins were found in the smaller grains formed in the third and fifth samples. These twins should be
beneficial to the mechanical properties of the samples by increasing the strength and ductility of the
samples. The large amounts of twin boundaries should restrict the movement and creation of dislocations.

This means that the microstructure can be approximated as an equivalent microstructure of smaller
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average grain size and therefore larger material strengths. As previously discussed, twins have also been

shown to improve ductility of the material beyond what would be seen in a material of similar grain size
but without twins.

One thing that cannot be realized through optical images of the sample is that the microstructures
have much higher misorientation angles than in the as-received material in every sample that was
processed at the critical current density of around 200 A/mm?2. This confirms that the annealing process
has reduced the stored strain energy in the sample. The misorientation plots show that the samples that
had higher fractions of large angles were processed to a point closer to equilibrium compared to the
samples that contained a mixture of angles. This process of analyzing the misorientation angles acts as an
easy way to establish optimum processing conditions that ensure complete reformation of the
microstructure.

The EBSD scans of the samples that underwent grain refinement showed some unchanged
microstructure after processing. It may be that these samples needed more processing time to allow for
these grains to be consumed by the bulging grains. The other possibility is that if the samples were
processed further, then the first grains to nucleate would start to grow while other grains are just starting
to form. If grains are growing while others are just starting to reform, then the resulting microstructure
would have substantial variation in grain size. This variation of grain size would explain the results of the
third sample which had a combination of small and large grains. That being said, the result from the third
sample is probably more related to the variation in thickness across the sample. If the samples need more
processing time, then in order to achieve grain refinement the current density should be decreased to
allow for more time for the process to take place. This is because, at 200A/mm?2, the microstructural
changes happen very quickly with the original microstructure changing into large grains in a matter of
seconds. The samples that underwent grain refinement also saw a large rate of current increase up to the
critical current density. This may have influenced the formation of more grain bulging sites and a larger

number of small grains. If the speed at which the current level is increased to the critical level affects the
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formation of smaller grains, then the process of refining the grain size would be difficult due to less time

to detect surface changes. The most reliable way to create a grain refined sample would be to sacrifice on
the grain size and allow for a little bit of grain growth to occur to ensure that all the original

microstructure has been consumed.

X-ray Diffraction

The x-ray diffraction data gathered was crude but generally followed what was to be expected
from a successful annealing process. The intensity vs two-theta plots showed some peak location and size
changes. The location of maximum intensity peak shifted from 75° in the as-received material to 45° in
the sample annealed at room temperature. This shift was due to the removal of the texture in the as-
received material. The texture of columnar grains favoring the build direction in the additively
manufactured material would create a texture that promotes a certain crystal orientation to receive more
radiation than the other possible crystal orientations. With the annealed sample having a normalized
equiaxed microstructure, this texture is removed and therefore the promotion of radiation on the specific
orientation was also removed. This removal of the columnar texture is a sign of a successful grain growth
process.

The comparison of estimated crystallite size and strain in the two scans also followed what would
be expected in a successful annealing process. There was a significant reduction in crystallite strain in the
annealed sample which agrees with the EBSD and misorientation distribution data. There was a
significant increase in the estimated crystallite size for the annealed sample which also agrees with the
EBSD data. It should be noted that the crystallite size measured in this process is not the average grain
size but the average crystallite size. This measurement serves as a comparison of the average crystallite
size before and after processing. With an increase in the average crystallite size, an increase in the

average grain size could also be inferred. The assumptions made for the estimation of crystallite size and
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strain of the annealed sample may reduce the accuracy of the estimations since the size and strain are not

estimated simultaneously. That being said, there is a clear difference between the size and strain found in
the as received and after processing scans.

The lack of enough peaks in the intensity plot for the sample annealed at room temperature to
create an estimation of size and strain simultaneously was most likely due to the sample size. The sample
was pushing the limits of what the XRD machine could handle since the machine could not focus the X-
ray beam down to a small enough size. The beam size that was used was larger than the sample and thus
included a lot of background radiation into the plot. This background radiation could have been large
enough to wash out some of the peak data. The lack of peaks could also have been from a lack of
radiation on the sample. With a very long exposure time across the two-theta range, the intensity from

peaks would increase and should be larger than the background radiation intensity.

Current Density

From these experiments, the current density that appears to initiate microstructural changes in the
additively manufactured 316 Stainless Steel is 200 A/mm?. Each sample that underwent significant
microstructural changes has had a current density that was approximately close to this value. Although the
process will still occur at lower current densities, 200 A/mm? will create substantial changes on the order
of seconds to a minute. The relationship between the current density and time to anneal a material is not a
linear relationship. Current densities slightly below the critical value will result in substantially longer
processing times. This nonlinear relationship also holds true for larger current densities which means that
you can create large microstructural changes in a very short period of time. The differences in processing
time at the different current densities may also create different resulting microstructure but this was not

confirmed in this work. For instance, the key to grain refinement may be to have a larger current density
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in order to process the sample very quickly which may result in more grains and smaller average grain

size.

This critical current density measurement of 200 A/mm? is calculated by dividing the current used
in the experiment by the cross-sectional area of the sample that was measured during sample preparation
and thus serves as a rough estimate of the critical value. The thickness of the sample is measured using a
micrometer at several points of the sample to get an average thickness in the center of the sample where
the microstructural changes are going to occur. The width of the sample was confirmed inside of the
SEM.

There is a wide variety of critical current density values measured in the literature, which is partly
expected since each material should have a different critical value. For instance, the 600 A/mm? measured
for processing a Zr-based alloy system is larger than the value measured in this experiment but makes
sense when you consider the differences between a stainless steel and a ZR-based alloy system [38]. The
200 A/mm? measured in this experiment fits into the range of values found in other works utilizing the

electron wind force.

Cooling Issues

While there is no doubt that the samples were processed at a low temperature compared to the
temperatures seen in traditional annealing processes, the temperatures seen in the samples were probably
higher than what was measured during the experiment. This is since the temperature was measured on the
liquid nitrogen stage, which was a constant 20°C, and not on the surface of the sample. This is significant
since the experimental setup had the sample in a free-standing configuration. This means that there was a
slight air gap between the location of the microstructural changes and the cooling stage. Heat would be
allowed to flow through the ends of the sample and then through the stage, but the air gap would cause

heat to accumulate in the sample and raise the temperature of the material. The temperatures seen in
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infrared temperature measurements in Figure 3-1 show relatively low temperatures especially when

considering that these samples were not cooled at all. These temperatures were also confirmed with
thermocouple measurements of experiments performed without any cooling stage.

There are ways to estimate how high the temperature actually was in the cooled samples. For
instance, some of the samples were slightly deformed due to the material trying to expand but being
restricted since it was effectively pinned by the electrical connections. This means that the temperatures in
the sample were large enough for the sample to have a small size change. This is what first indicated that
the sample temperatures were not the same as the cooling stage. A more promising temperature indication
of the cooled samples was the fact that the solder had not re-melted during the experiment. This is
significant when trying to claim low temperatures because the solder used in this experiment has a very
low melting temperature even when compared to traditional solders. The experiments that were not
cooled commonly had electrical connection issues due to the solder re-melting, so clearly the liquid
nitrogen cooled stage was working to cool the sample.

A way to improve the temperatures in these experiments would be to directly mount the samples
to the heat sink or stage in order to eliminate any air gaps. This was tried multiple times, but each attempt
resulted in poor electrical connections. With more time, a sample setup that allowed for direct stage or

heatsink contact with the sample could have been created.

Mechanical Characterization

Attempts to gather mechanical information on these samples were made but none of the data
would be presentable due to errors in the process and problems that were encountered due to the samples.
In terms of indentation, the sample sizes used in these experiments would restrict indentation to the nano-
size scale. This becomes a problem due to the strict tolerances that nano-indentation requires. The error

was determined to be partly caused from the method of mounting the sample to the substrate used in the
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nano-indentation experiments. The sample was adhered by epoxy to a disposable metal disk that acts as

the substrate. This disk is attached to the indentation machine through a magnet. The epoxy is required to
minimize the compliance of the sample during the indentation. The procedure used for applying the epoxy
calls for the epoxy to be applied to the substrate by hand and then place the sample on top of the epoxy.
This method is flawed due to the unevenness of the epoxy layer that throws the parallelism out of
tolerance. This was confirmed by the drift measurements taken before each indentation. This problem
continued to occur for each sample that was indented on and even occurred in the bulk sample from
which each of the experimental samples were cut from.

A solution to the epoxy problem would be to change the mounting mechanism used to attach the
sample to the substrate of the nano-indenter. The only process that seemed reliable enough to get accurate
indentation data from the samples post experiment was a hot mounting process. This would include
placing the sample on a surface and placing a hard polymer powder on top of the sample and placing the
magnetic disposable stage on top of the powder. The powder would then be sintered and pressed around
the sample and stage in order to create a plastic puck that had flat surfaces with the sample surface
exposed on one side and the stage exposed on the opposite side. This plastic puck could then be polished
to meet the nano-indentation specifications. Unfortunately, the hot mounting machine available for use
with these samples broke before accurate indentation data could be gathered from these samples.

Another way to gather mechanical data from these samples would be to create a tensile tester
setup. This would require a custom setup due to these sample’s unique size scale. The tester would also
have to be used inside of an SEM or high-powered microscope in order to measure the displacement
when the sample is loaded. With more time and resources this type of tensile tester would have been
developed.

Gathering mechanical information on these samples would be interesting since it would allow for
a process property relationship to be developed for this new type of annealing. It would also allow for the

comparison between the mechanical strength and ductility of samples that were traditionally annealed and
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annealed using the electron wind force. The mechanical data could also assess the effect of the large

amounts of annealing twins on the strengths and ductility of the annealed material. These types of

comparisons can only be speculated upon based on the differences of the resulting microstructure.
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Chapter 5

Conclusion

The experiments performed in this study showed that the application of an electrical current is an
effective way to anneal a material and has potential to refine microstructures. This study enhanced the
knowledge of how the electron wind force, and not Joule heating, dominates the electro-annealing process
by creating grain growth at temperatures close to room temperature. This study also provided new
information related to how this unique method of strain induced grain boundary migration resulted in a
large fraction of annealing twins. These twins formed due to the large strain rates induced by the electron
wind force and the large average grain sizes that were obtained. Processing parameters related to
achieving grain bulging and growth in 316 stainless steel were also developed with the key parameter
being the critical current density of 200 A/mm?. The success of this annealing process was demonstrated
across the optical images taken, the EBSD data gathered, and the x-ray diffraction analysis. The large
grain sizes and large fraction of annealing twins achieved through this electro-annealing process could be
clearly identified in the optical images. The EBSD scans confirmed what was seen in the optical images
and showed that the microstructure was at a near equilibrium state since the misorientation angle
distributions heavily leaned towards high angles. Finally, the x-ray diffraction data confirmed that the
stored strain energy was drastically reduced after processing the metal.

A current unique challenge that is encountered with this technology is the limitations on size that
comes with the large current densities. The maximum size obtained in this study was only in the micron
scale due to the available power supplies and cooling solutions. Examples of large amounts of current can
be seen in field assisted sintering technology and in electric arc furnaces that have current in excess of
10,000 Amps. With these types of power supplies, parts with cross sectional areas in the centimeters
squared size range could be processed. Sadly, the size scale available for this study limited what could be

done in terms of analysis such as mechanical testing. While this study was not able to establish a
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relationship between the processing parameters and the resultant mechanical properties, there is no doubt

that the mechanical properties should be drastically different from the as-received state due to the
drastically different microstructures.

The area of post processing is still dominated by heat treatment. Effect of other stimuli (such as
electrical current, as described in this thesis) is under-researched and has questions left unanswered.
Practical applications of this technology could revolutionize the manufacturing industry and become a
standard post processing step due to the energy savings and unigue results that have been established by
this and other studies. Scaling this technology to meet industrial applications needs to be done. The next
logical step in researching this technology would be to increase the sample size. The application of this
technology to a standard dog bone shaped sample would require unique power supply and cooling
solutions but would undoubtedly result in an excellent process-property relationship and bring this

technology one step closer to the industry.
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