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ABSTRACT

An existing thermal model for laser melting and additive manufacturing (AM) was expanded to
include phase transformation and hardness predictions for an alloy steel and coupled to
experimental results. The study was performed on AISI 8620, a popular case-hardening, steel to
understand microstructural and property effects for potential repair applications. The
experimental samples were polished, etched with nital and picral for comparison, imaged, and
Vicker’s microhardness was taken at 0.5 and 0.2 kg loads. The etched images revealed a
transformation zone slightly larger than the melt zone in all cases including a gradient in
transformation along the outer edges of the transformation zones. The microhardness
measurements revealed that the lower energy cases provided a higher hardness in the melted region
even after tempering due to multiple passes. But the overall hardness was higher than what is to
be expected of a fully martensitic structure in AISI 8620. The phase transformation model
qualitatively shows a similar microstructure where molten regions turn completely to martensite.
The model also predicts a transformation zone larger than the melt pool size, as well as the
transformation of pearlite but not ferrite near but not in melt pool. This observation is
experimentally verified showing a heat affected zone where pearlite is clearly transformed but not
ferrite outside the transformation zone comprised of complete martensite. The hardness model
predicts a lower hardness than the experiments but is similar to what is expected based on
published Jominy End Quench tests. The cases in the regime dominated by conductive heat
transfer show good agreement with the predictions of melt pool shape and hardness by the thermal
model. However, at higher powers and lower speeds, the fluid flow influenced the shape of the

melt pool and the hat transfer in its vicinity, and the model was less accurate.
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1. INTRODUCTION

While additive manufacturing (AM) has received a great deal of focus in the scientific community
recently, there have been relatively few attempts made to model mechanical properties based on
processing inputs. There have been many groups that perform experiments to investigate
mechanical properties and various processing effects in additively manufactured parts.[1]-[7]
Other groups have created models to investigate the physics of the process or create a thermal
model to investigate attempt modeling a “sound” part with minimal porosity.[8]-[14] But therer
seems to be few models that bridge that gap, taking processing parameters and attempting to create
a model obtaining insight into mechanical properties. With the ability to accurately model these
properties, experimental testing can be reduced and more directed with the guidance of a model.
This reduction is useful especially in additive manufacturing as the cost of the powder for
production can be prohibitively high.[15] The purpose of this work is to investigate current models
for additive manufacturing and related processes to understand what has been done, and to put
together a predictive model for hardness of a multi-phase steel(AlSI1 8620) and to validate it against
a set of experiments. The model incorporates a phase fraction calculation which is the basis of
predicting the local hardness, which is then compared to the experimental hardness values. To get
a full understanding of how this model should be developed, investigation into past literature in
laser welding, hardening, and cladding was done as these fields are very similar to the initial layers
of AM. The model will only be looking at the first passes over a fully dense substrate and will not
consider powder to help reduce variability. This allows initial experiments to simply be laser on
solid plates. Other laser processes are considered due to varying circumstances that present
similarities to the AM system. Laser welding is considered due to the continuous melting at a high
temperature of similar materials which generates a large molten pool.[16] Since fluid flow can
significantly impact the shape of the weld, reviewing this literature allows for understanding of
fluid flow within the melt pool. Laser surface hardening is the process of creating a martensitic
structure through rapid quenching as seen in steels. The literature focuses heavily on phase
transformations in various steels so there is a great deal of literature discussing the transformations
and calculation of hardness.[17], [18] This is useful as the current study is on a martensitic forming
steel alloy. Laser cladding offers a look into the addition of a new layer on the existing

material.[19] Which can give insight into understanding how each progressive layer will impact
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those beneath. Of course, current AM literature will also be investigated for thermal modeling as

well as understanding the aforementioned processes through current lenses.

Additive manufacturing is the process of building up a part from a finer constituent of the desired
alloy. Parts can be fabricated out of strips, wire, or (most often) powder. Ideally, this process
saves on material costs as all of the material is used and there is no need for an expensive mold

or time to cut the parts to final dimensions. The parts made are typically close to the final shape
and require minimal, if any, post-processing. Additively manufactured parts have been shown to
have comparable or higher yield and ultimate tensile strengths than traditionally cast or
machined parts.[15][20] Knowledge of stresses in use and freedom of design allows for reduced
weight and makes this process highly favorable in industries where reducing weight is important
such as aviation.

AM powder processes can be broken up based on the type of beam used to manufacture as well as

the method of introducing the powder. The two types of beams used in AM are the laser and the

electron beam. The electron beam is typically used for alloys that can be volatile if there is not a

sufficiently low O content as a vacuum environment is required. The powder is distributed by a

coating arm onto a preheated build platform. The powder bed is pre-treated by the laser to begin

sintering as it is important to be able to discharge the electrons used to melt the material as shown
in Figure 1. The sintered powder can then be removed once the build is finished and if it meets

the desired specifications can be reused.
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COMPONENT

POWDER BED

Figure 1: Graphic of powder bed fusion metal additive laser process.[15]

The laser-based processes can be sorted by the method of introducing the powder. There is laser
powder bed fusion (LPBF) which is similar to the electron beam method, in that powder is drawn
across a build plate for each layer. The major differences are the environment, typically an inert
gas such as N2 or Ar and the lack of significant build plate pre heat. The other major laser-based
method is Direct Energy Deposition (DED) where the powder is carried in an inert gas and fired
through nozzles into the path of the laser, there to melt and adhere to the melt pool below, as shown
in Figure 2. This process can allow for free-building without supports, but typically has a rougher
surface finish than the LPBF method.[15]
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Figure 2: Graphic of DED blown powder laser additive manufacturing process.[15]

1.1. Background

Pursuing research in AM requires a visit to some past technologies that have been extensively
studied and may hold the key to various issues in this relatively young field. Laser welding deals
with the melting and intense thermal gradients seen in AM. Laser cladding investigates melting a
new layer of a different material to a substrate. Finally, laser hardening focuses on investigation
of phase transformations as the rapid quenching that occurs below the solidus temperature will
form a new, stronger phase on the surface of the part being processed. While the quenching of the
processed material occurs in all processes, laser hardening focuses much more on this process and
subsequent tempering caused by progressive passes. This may not always be covered in welding
as most welding consists of a single pass and laser cladding is more interested in interactions

between differing materials.
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An extremely important feature in laser welding is the characteristics of the heat affected zone
(HAZ) that is directly outside the welded fusion zone(FZ). The HAZ is the area around the weld
that reaches high enough temperatures that there are microstructural changes, causing a steep
gradient in mechanical properties and makes the joint more prone to failure.[21][22]
Understanding this region and how it can affect the final properties can lead to a better
understanding of what can cause failure. The size of the HAZ can play a crucial role in the
formation of cracks where a thinner HAZ is preferential to reduce likelihood of crack
formation.[23] The size of the weld pool was shown to be tied to the peak temperature and the
welding velocity. Increasing the peak temperature or decreasing the weld velocity would increase
the HAZ size and its negative effects on the final part.[21][24] Because the purpose of the weld
IS to have a stronger connection point, investigating the hardness of the weld and the surrounding
HAZ can lead to a better understanding of the size of the various regions. By being able to
determine the hardness of the locations, the microstructure can be inferred and experimentally
verified allowing insight into understanding how the various microstructure combinations will
affect the properties. Being able to model these phases as well as the hardness can lead to a greater
understanding of the overall process as well as a reduction in testing amounts. Hardness across a
weld in M1500 steel was modeled by Wang et al, taking into account tempering and coarsening of
phases.[25] They showed the strength reduction due to softening in the HAZ can be utilized to
guide future weld optimizations. While AM is always done with multiple passes, understanding
the size of the affected area around a weld line can give a general idea of whether tempering will

occur and to what degree, in areas directly next to new laser passes.

Another important factor in laser welding is the melt pool shape, which is determined by the heat
transfer fluid flow. A deep, narrow melt pool is ideal for welding so deep penetration along the
joint can occur with minimal lateral melting. If the melt pool shape was determined solely by the
heat conduction then the pool would always be hemispherical but that is not the case seen in
welding. The melt pool shape has been shown to be highly dominated by the surface tension
gradients of the liquid.[16][26] This Marangoni (surface tension driven) flow is caused by
gradients in surface tension due to surface active elements and temperature.[27] The gradient with

respect to temperature dominates the Marangoni number(Ma) which is a dimensionless parameter
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comparing the rate of advective transport due to surface tension changes to the rate of diffusion of
the liquid:

Ma = M (1)
ua

The surface tension gradient % is determined by the change in surface tension with changing

temperature, L is a characteristic length, AT is the change in temperature, u is the dynamic
viscosity, and « is the thermal diffusivity. The surface tension gradient will determine the sign of
the Marangoni flow depending on how the surface tension changes with temperature. If the surface
tension increases with temperature then the gradient will be positive and if the surface tension
decreases with increasing temperature then the gradient will be negative

When convective flow dominates the Marangoni number, if the surface tension gradient is positive,
then as the melt heats up, the hotter liquid is driven down to allow cooler liquid to take its place to
reduce the overall surface tension of the liquid. The hotter liquid is driven deeper into the center
of the weld pool, transferring a large portion of heat to the bottom of the pool before rising again.
A negative surface tension gradient will have the opposite effect, causing a wider melt pool as the
hotter liquid is driven across the surface to the outer edges before descending as have a larger
interface between the liquid and air is preferred that solid to air interface. The effects of surface

tension gradient on the direction of Marangoni flow are illustrated in Figure 3.
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Figure 3: Visualization of surface tension gradient on the melt pool fluid flow.

A negative surface tension gradient will help achieve more contact between passes on the same
layer but will weaken inter-layer connectivity. Having too positive of a surface tension gradient
will mean lower power and speeds will be required to not cause porosity formation. A narrow
weld pool can cause pores between weld lines as well so understanding the effects of surface
tension gradients are important for each material in AM to be able to fully understand the strength
of their effects.

Laser cladding has an extremely similar setup to the DED method shown in Figure 2, with blown
powder flowing into the path of a laser and melting to the substrate. The main differences are the
goals of the two processes. Cladding deposits a layer of a different, usually harder or more wear
resistant material than the underlying substrate.[19], [28], [29] To this end, controlling the
microstructure and properties of the deposited layer is important in producing the desired
properties in the new layer. The zone between the two layers where the powder first contacts the
molten substrate can have different properties than either of the two layers because of partial
melting of the substrate and mixing with the deposited liquid.[28] Mixing of the layers cannot be

avoided to ensure there is a proper bond between the layers but minimizing the dilution factor
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within these limits can greatly increase the strength of the cladding as deleterious phases are less
likely to form with low dilution.[29][30] To help decrease dilution, an ideal power density should
be found to keep the melt pool from being too deep causing high dilution or inadequate bonding
between the layers. Finding the correct energy density range also helps to idealize the shape of
the cladding as well to help adhesion and ensure that no other defects such as pores or cracks form
in the clad layer.[31] A cladding that is completed in multiple passes will be softer than a single
line pass due to the heating causing tempering of the previous pass.[30] In a steel based cladding,
it is important to know how much tempering will occur to ensure that the clad layer will be able to
perform the desired task. While, there is typically only interaction between two materials in the
first layers of AM that are typically removed, it is still important to be able to understand the
microstructure evolution especially in multiple passes causing rapid heating and cooling. While
there may be multiple layers in a clad sample, the most important area of research tends to be the
first layers and adherence with the substrate as this is the most likely section to fail either by poor

adherence or brittle phases causing the clad layer to break off.

The final process for discussion prior to investigating AM is laser hardening which is commonly
used in steels and Titanium alloy systems. This process focuses on maintaining a completely solid
hot zone which is then quenched through conduction into the bulk so that a martensitic phase
change can occur, thus hardening the surface without adding material or negatively impacting the
underlying bulk. As the name implies, the focus of this process is hardening to increase wear and
fatigue resistance.[32] In steels, this process calls for heating only into the austenitic region,
followed by a rapid quench to form martensite. This process is simple for a single pass as long as
melting does not occur but becomes difficult for multiple passes. Due to the radial distribution of
heat from the laser location the hardened zones appear as hemispheres in 2-D as shown in Figure
4. The hardened zone(HZ) is the zone that is austenitized and quenched to martensite, while
directly outside that region is the HAZ similar to welding that was affected by the heat but was not
hot enough to transform.[32] This process becomes more complicated as more passes are added,
as the new pass will temper part of the previous pass. Ideally, the surface hardened properties are
uniform across the entire zone, so any tempering of the previous passes is an undesired effect.
Balancing overlap so that the depth of the hardened zone is uniform with the amount of tempering

of the previous pass is of high importance. This backtempering process relies on the initial
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microstructure formed by the first pass and the thermal history caused by the second. The second
pass will overlap with the first, reaustenitizing some of the first pass, but there will also be a HAZ
in the original HZ which will be slightly softer now due to this effect, as seen in Figure 5. Lakhar
et al predicted the phase transformations and corresponding hardness in a two pass process with
AISI 4140 steel with quenching and tempering and was able to show control of variation in
hardness by amount of overlap.[17] They showed good agreement between the model and
experimental results.[17] Fortunato et al built upon this work by evaluating the time at temperature
during the laser hardening process. They found that the time spent at an elevated temperatures
were so short that carbon diffusion rates were greatly impacted in the HAZ and tempered
regions.[33] In the HAZ, pearlite colonies have a fine structure so little time is needed to
homogenize the colony and then transform it to austenite. Adjacent ferrite was so carbon depleted,
and there was not enough time for more carbon to diffuse into it, that it did not change to austenite.
A similar effect is seen in the tempered region which would cause a larger gradient of hardness
within that region where the time at elevated temperatures would cause a larger gradient in the
amount of tempering.[18], [33], [34] They show that taking an integral transformation time to
evaluate differences in the phase transformations not occurring exactly at the equilibrium rate
matches closer in the tempered region than previous works. The works showing that laser
hardening has some speed dependence based on backtempering and initial cooling rates and it can
be assumed that AM processing will have a similar dependence as the laser is much smaller and
traversing at a much higher rate causing much higher temperature gradients to be occurring.
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Figure 4: Schematic of laser hardening, showing the hardened zone (HZ) and the adjacent heat
affected zone (HAZ).
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Figure 5: Schematic of two pass laser hardening showing the overlap of the second pass onto the
first where retransformation occurs and tempered region.
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1.2. Initial Investigations into AM

As the field has grown in feasibility and uses, there has been a large drive to understand the
mechanical properties of finished parts. Understanding the thermal cycling has been paramount to
this effort as the laser typically ranges from 10s to a couple 100s of um. Due to the small size of
the laser there is little change in local composition so the composition is greatly determined by the
feedstock used so, assuming no porosity the dominant feature that affects mechanical properties is
grain size and morphology. While achieving low porosity has been an issue there have been
significant strides in understanding processing and material parameters to help reduce porosity
across multiple materials. Porosity can be formed a number of ways and have been conveniently
classified in Ti-6Al-4V by Gong et al. across three major regimes: fully dense(region 1), over
melting(region Il1), and incomplete melting(region I11).[35] The fully dense region is considered
free of porosity while porosity in the incomplete melting is due to particles and layers not fully
sintering together. This can be caused by a number of issues such as low power input to
sufficiently melt the particles from either too large of a laser velocity or insufficient power from
the laser. Another potential cause of this is a large hatch spacing between laser passes causing the
passes in plane or layer on top of each other to not fully bond or fill. The over melting regime is
caused due to laser power is either too high or velocity too slow it is causing vaporization of the
material creating gas pores entrapped in the solid. The overheat regime (OH) is an extreme regime
where builds fail due to thermally induced stresses causing jamming of the recoating process.

Their experimental space and classification of zones can be observed in Figure 6.
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160 |-
OH II I
5 120}
z
5
~
8 |
(]
— III
a0 -
1 1 1 1 1 1 1 1
200 400 600 800 1000 1200 w0 600
Scan Speed (pum/s)

Figure 6: Process window for SM Raynor Ti-6Al-4V powder. Section 1 is the fully dense, Il the
over melting, 111 the incomplete melting, and OH is overheat regimes[35]
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Bean et al did a similar investigation into porosity in Inconel 718 but focused on laser focal shift
showing a dependence of porosity on laser size and energy density within the melt pool.[36] They
show that for a given set of laser parameters there is an optimal laser focus which can effectively
determine the melt pool size and energy density which can determine whether full melting, partial
melting, or over melting will occur. While the current focus is not on porosity it is important to
understand that there have been many studies identifying parameters that impact the melt pool to
achieve the highest density possible parts so that accurate calculations and experiments can be
performed to understand mechanical properties of parts made in this new process. Once the builds
can be assumed fully dense understanding the underlying morphology of the structure can be

assessed.

Porosity and energy density have not been the only studies into AM thus far. Special consideration
has been given to the plume and ejecta from the melt pool. The plume is the vaporized material
caused by the intense heating at the center of the melt pool and as the vapor comes off it reacts
with the ambient atmosphere and can interfere with the laser. While larger ejecta are full powder
particles that may have partially or fully melted but were ejected from the melt pool for a variety
of reasons. These larger particles do not directly interfere with the laser but may cause defects in
other ways. Nassar et al created an effective visualization of this shown in Figure 7. Nassar et al
looked at the varying types of large ejecta that came out of the melt pool and their effects on
defects. Large ejecta formed from partially or fully melted powder particles that coalesced in the
air and was deposited elsewhere. These ejecta can lead to porosity in areas that they vacated or
where they land as they may be too large to melt fully when the laser passes over them.[13] This
process was also modeled by Khairallah et al using finite element modeling(FEM) to track the
liquid surfaces to determine how fluid flow could eject large particles.[14]
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Scan direction

) _
Laser beam

Figure 7: lllustration of laser passing through a powder bed showing the plume(gray) of
microscopic sized particles and macroscopic ejecta(yellow).[13]

The ejection of the particles was also investigated by Liu et al where they did single passes to
understand the denudation of the powder based on the energy density. The showed that an increase
in energy density created a larger denuded zone and the particles ejected in the higher energy
density cases had many satellites attached which hurt the properties of builds that utilized the same
powder afterwards.[7]
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Analysis of the plume has also been of interest as the smaller particles are known to scatter and
reflect the laser energy. This is a well-known phenomenon in laser welding and is known as
something that cannot be removed. The positive in welding is that there can usually be a much
stronger airflow to control the plume size and reduce its effects.[16] But in AM, in a closed box
with very fine powder it is unwise to use a high airflow to remove the plume. The welding plume
has been modeled by Pang et al in an attempt to understand its dynamic motion and how this
information can be used to predict weld pool size.[37] Other works have looked into methods on
how to control the size of the weld pool by changing the shielding gases used as well as the ambient
pressures. Bidare et al investigated lower and higher than normal atmospheric pressures to see the
effect it had on the plume. The higher pressure did a better job at suppressing the plume but caused
the melt pool to stay hotter longer.[38] While it was not the focus of the study, this increased
temperature and slower cooling time could drastically alter the microstructure. On the other hand,
the lower pressure caused the plume to grow much larger and in turn due to the reduced
atmospheric pressure increased denudation which reduced the weld bead size as there is less
material in the location for melting.[39] Bidare also investigated differing shielding gasses that
what is currently used. Current standard is either pure N2 or Ar flowing gas. But Bidare
investigated utilizing He gas as a shielding gas and found that due to the higher thermal
conductivity that it allowed even faster cooling for potentially more control over the

microstructure.[38]

Powder morphology can play an important role in the quality of the final part by impacting
flowability, packed bed density, and final build properties.[6], [40], [41] Liu et al looked at the
effect of two powder size distributions of AISI 316 stainless steel. Both lots had the same final
mesh size but the distribution between the particles was different. They found that a larger
distribution created a more packed structure at lower powers while a more uniform distribution
created harder and stronger parts.[40] Tang et al investigated the effect of reuse of the powder
between builds in Ti-6Al-V4 powders. They observed an increase in oxygen content in the powder
which in turn increased the strength. But they also noted a narrower particle distribution due to
sintering of smaller particles to larger particles. Due to the roughening of the powder, surface
roughness increased in the parts built in later reuse cycles.[41] Averyanova et al investigated the

actual powder properties of 17-4PH steel to see how changes in initial microstructure can impact
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final microstructure. The change in microstructure is typically governed by slight changes in
composition. In the case of 17-4PH, they had two powders, one that was mostly martensitic in
structure and one that was majority retained austenite. They processed these powders and noted a
distinct difference in final microstructure as well as hardness.[6]

There has been some modeling of the AM process as well. King et al at Lawrence Livermore
national lab describe a thermal model being able to predict builds in powder as well as a FEM
model to track fluid flow in the weld pool along with powder flow.[42][43] Criales et al created a
predictive model that, given the material inputs, could perform a multi-variable optimization based
on final part density, processing speed, and energy density and were able to show good agreement
with experimental results for IN625.[11] Mukherjee et al created a thermal model that could be
used across a variety of materials and predicted dendrite formation as well as proper spacing to
avoid inter-weld defects.[44] Wang and Felicelli modeled a multi-layer build that was one weld
line thick and observed the martensite formation and tempering in the build in a build of AISI 410
stainless steel. They found that controlling laser power was needed to ensure a continuous,
predictable microstructure but there would always be some tempering of earlier melt pools. This
finding was supported by their experimental results showing lower hardness in the first layers
deposited, with the hardness increasing to a uniform, higher value in later layers. [12] Costa et al
had similar findings of hardness distributions and phases while modeling AISI 420 tool steel. But
they too also only reported a thickness of one element in their FEM.[45] While these studies are
in agreement, few AM builds are only one layer in width. Adding more passes in a layer could
potentially alter thermal gradients and thermal distributions throughout the build as it is now not

in a single pass width.

While these models cover a comprehensive array of thermal modeling and microstructural
evolution, they are either thermal models, using temperature and phase change simulations to
predict the feasibility to produce fully dense parts, or microstructural models, capable of simulating
only a very small volume. Coleman et al modeled laser melting on a substrate while tracking the
temperature, gradients, and solidification of multiple passes.[10] They determined that within
certain processing parameter ranges, the impact of Marangoni flow and subsequent fluid motion

does not need to be considered to accurately depict the melt pool shape and heat transfer.
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Neglecting fluid flow drastically reduces computation time allowing for larger cases to be run.
While the thermal effects can be seen through a spike in temperature at the surface due to
vaporization, there is no physical change to the test mesh. This thermal model can be expanded
upon by coupling microstructure prediction based on the calculated transient temperature histories,
given that the required thermophysical properties and phase transformations of the alloy are

known.

While laser-based AM methods can have various methods of powder delivery and design set-ups,
the one constant between all the processes is that the material will get rapidly heated, melted, and
then immediately quenched within fractions of a second. Parts have multiple laser passes
happening either right next to each other or right on top of each other, so a given section can
undergo heating and cooling cycles many times in the course of a build. It is important to
understand how the microstructure will evolve to ensure desired material properties. Of course,
every material will have different types of phases present and so will respond differently to the
thermal cycling, but there are two variables that are part of every microstructural system that
impact mechanical properties: the grain morphology and the phase fractions present within those

grains.

1.3. Mechanical and microstructural property analysis

AISI 8620 is a case hardening steel that is commonly used for applications requiring high wear
resistance. Alloys similar to 8620 are used in the aviation industry for gears and other low-
temperature rotating parts.[46]-[48] Eventually these parts wear or crack and must be replaced,
but repair may be a possible alternative using AM. To determine repair feasibility, understanding
this alloy’s responses to the AM process would be highly beneficial. Unfortunately, because alloy
steels are not typically welded to avoid detrimental martensite formation, there is little information
on welding or AM processes of these kinds of alloys. A basic understanding of the changes in
properties and microstructure would provide a good start in determining the use of this process for

these alloys.

Hardness is one of the easiest ways to begin to characterize the processing effects on properties.

The hardenability of steels can be determined by the Jominy end quench test as the kinetics of the
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phases changes in steel is well known. AISI 8620 has established end quench curves accumulated
in Reference [49]and is shown in Figure 8. The expected maximum hardness for this alloy when
at 100% martensite is ~470 Vickers Hardness based on this information. With the rapid quenching
in AM, hardness values can be expected to appear around that value.[49]
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Figure 8: Jominy end quench hardness results across a time-temperature-transformation diagram
for AISI 8620.[49]

Etching the samples after processing can give insight into the distribution of phases and with the
correct etchants can reveal other finer details of the microstructure. Nital(5% nitric acid, 95%
ethanol) and Picral(2-4g picric acid in 100ml ethanol) are two such etchants that are commonly

used on steels. Both etchants attack the ferrite structure in steels, but the metal’s response to nital
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is dependent on the crystallographic orientation as well as revealing ferritic grain boundaries which
can impact visualizing of some finer features. Nital is also a slower acting etchant so there can be
more control over the degree of etching that occurs.[50] Looking into etchants across a wide array
of materials, while etchants are typically reported, the desired attributes of the microstructure
accentuated by the etchants is not. Moussaoui et al used aqua regia for etching Inconel 718, while
Zhao et al used an electrolytic etch of H,O, HCI, and H20- to do microstructure analysis.[51], [52]
Yet still, Trosch et al use a mixture of lactic acid, oxalic acid, and HCI for an electrolytic
etchant.[53] Zhang et al used Kallings etchant(cupric chloride, HCI, and ethanol) for their
investigations into Inconel 718.[54][20] Steel etchants, even within a small group in AM, range
just as widely as shown in Table 1. While these are the ones who reported etchants, there are also
many groups who did not report an etchant at all. In fact, only Wang et al mentioned what their
etchant would attack and what they hoped to view from it. But they ended up having to use a
scanning electron microscope to view the grain structure as their chosen etchant did not provide
them with that information.[4] Understanding the effects of the chosen etchants and what
information can be gleaned from their use can make investigation of microstructure simpler and

more informative.

Table 1: AM steels and etchants used.

Steel Etchant Reference

17-4 stainless 10% oxalic [55]
Modified Fry’s reagent

17-4 PH stainless Electro-etch with 40% nitric [56]

acid

AISI 316L Tripartite solution: [57]
HCI, Nitric acid, H.O

H 13 tool steel 2% Nital [58]

17-4PH stainless CuSQg4, HCI, H.0 [59]

AISI 304L NaOH, H.O [4]

17-4 PH stainless Electro-etch with HCI, [60]

ethanol, and CuCl»

1.4. Overview

With current AM literature showing few models connecting the processing conditions to

mechanical and microstructural properties. Utilizing the literature in similar fields, a model can
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be created to predict microstructural changes based on the thermal processing. This can be
compared to experiments to determine accuracy and applicability. AISI 8620 steel was chosen
due to the martensitic transformation and subsequent tempering caused by large thermal variations
in steel. This allows for visual tracking of the thermal processing based on these transformations
and can be evaluated for impact of individual weld pools and interactions between weld pools.
Thus, the aim is to be able to expand the thermal model to include microstructure prediction to
predict hardness and microstructure across a multiple pass per layer build volume and being able

to understand the thermal history leading to these predictions.
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2. EXPERIMENTAL STUDY OF LASER MELTING

AISI 8620 steel is a popular welding alloy and is a similar composition to alloys used in the
aviation industry for case hardened, non-rotating parts such as gears.[48] As these gears where,
they are eventually taken out of service and discarded. While repair would be an ideal option to
increase the lifetime of these parts, current repair methods such as DED do not provide enough
dimensional accuracy for these parts. Potentially utilizing the powder bed fusion technique could
yield increased dimensional accuracy and allow for repaired parts to be put back into service. But
the microstructure and effects on properties based on this process are not well known. Initial
experiments on AISI 8620 steel can yield insights into the microstructural effects of the powder
bed fusion process and can provide insight into the applicability of this method for repair of these

parts.

Physical laser melting experiments were performed on AISI 8620 steel disks at OakRidge National
Lab. Six test cases were chosen based on literature review, ensuring hatch interaction, single- and
multi-track over a range of power and speed. The samples were cut so the cross-sections were
exposed in the center of the weld to ensure the steady state condition was being evaluated. The
weld cross-sections were etched with nital and picral etchants to investigate variations in etchant
quality and visible features. Micro- and nano-indentation were performed to understand how
varying process conditions affected the distribution of hardness and microstructure in single pass
and multi-pass welds. The shapes of the melt pools were used to guide the surface tension gradient
calibration for the thermal model.

2.1. Choice of process parameters

Before choosing experimental process parameters, a literature search for steels in AM was done to

find suitable values. Some of the parameters from various sources are presented in

Table 2.
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Table 2: Parameters for Powder Bed Fusion AM for steels found in literature

Material Speed(mm/s) | Power(W) Line Layer Reference
Spacing(um) | Thickness(um)

17-4 1000 195 100 20 [55]
17-4 800 195 100 40 [55]
AISI 316L 600 150 80 40 [7]
AISI 316L 300-800 104 130 30 [61]
AISI 316L 250-500 104 130 30 [61]
AISI 316L 400 100 30 [1]
17-4PH 1000 100 20 [60]
AISI 316L 50 120 120 40 [62]
AISI 316L 50 100-300 80 50 [40]
AISI 316L 87 150 130 75 [5]
AISI 316L 175 80-200 40-60 100 [63]
AISI 316L 1500 200 84 [64]
AISI 316L 1200 200 104 [64]
AISI 316L 800 200 123 [64]
AISI 316L 500 200 121 [64]
AISI 316L 1200 150 79 [64]
AISI 316L 800 150 109 [64]
AISI 316L 500 150 115 [64]
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There is a clearly wide range of parameters used even for the same alloy of steel so it is clear that
there are a wide variety of potential parameters that can be used given the information presented.
Without finding any data on the AISI 8620 steel being used, a matrix on the higher energy density
side of these parameters was used to ensure that the laser lines were fully formed and would
overlap in the hatched region to be able to investigate multi-pass interactions. A “sanity check”
case was performed at a higher laser beam velocity in a region that was expected to not have any

overlap in the hatching region.

Something that was not always reported was the laser radius, defined as the full width half
maximum of the laser, which can have a strong impact on the energy density. It will greatly impact
the size of the melt pool and how the energy is directed into the part. While energy density is not

an accurate way of predicting the size and shape of the laser lines it can give an idea of how much

energy is traveling through the piece. Energy density, (4) is calculated from laser input

mm?2

parameters shown in Equation 2:

E==, 2)

where P is the power of the laser in watt (W), h is the hatch distance between passes(mm), and v
is the laser scanning velocity (mm/s). Typically, a layer height term is included in the denominator,

but since there will be no additional layers added the term is omitted.

2.1. Sample Preparation

A bar of 2-in diameter normalized AISI 8620 steel was procured from McMaster-Carr and cut into
1-inch thick pucks. Three pucks were cut with a bandsaw and ground flat and parallel with a
surface grinder. and leveled using a surface grinder to ensure that there was no angling caused by
the placement in the abrasive saw. The pucks were then polished to a 2000-grit surface finish to
grind away any potential surface hardening caused by the surface grinder following the listed grits
in order: 180, 320, 600, 800, 1200, and 2000. The pucks were then sand grit blasted to increase
the randomized roughness of the surface to help increase absorptivity and reduce direct reflection

back into the optics of the laser. The finished pucks can be seen in Error! Reference source not
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found. and chemical composition of AISI 8620 can be found in Error! Reference source not

found..

Figure 9: Finished sample pucks ground to the same height and grit blasted taken using
cellphone camera.

Table 3: Composition of AlISI 8620.[65]

Element C Cr Mn Mo Ni P S Si Fe
Composition | 0.18- | 0.4- 0.7- 0.15- 0.4- | <0.04 | <0.04 | 0.15- | Bal.
wit% 0.23 0.6 0.9 0.25 0.7 0.35

2.2. Choice of Build Parameters

The pucks were lased at OakRidge National Lab using a Renshaw AM250 additive machine. The
build platform was lowered so that the surface of the pucks was in the plane of focus and processed
in an inert Nitrogen atmosphere. The Renishaw AM250 utilizes a Nd:Yag pulsed laser. The pulse
rate was set high enough compared to the velocity that its effect on the temperature field was
effectively the same as a continuous laser. These pucks were processed using the parameters
shown in Table 4.
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Table 4: Processing parameters for the six chosen speeds and powers to be put on the three pucks

Sample Speed Power (W)
(mm/sec)
1 700 195
2 400 195
3 300 150
4 200 125
5 200 195
6 400 125

Each puck held two processing conditions with three individual laser passes and one multi-pass

rastered region as in Figure 10a and a completed example can be seen in Figure 10b.

Multi-Pass
/

=

Sinale Pass

Multi-Pass

Lt
=
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Figure 10: Visual of the layout of the hatch region and laser passes on the top surface of the
puck(a). Stereoscope top-down image of completed hatch and one single line test case as

processed(b).
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All individual tests were spaced far enough away from each other so there would be no meaningful
thermal interaction among the test areas. Inall cases, the length of the weld was 2.54 cm, the hatch
spacing was 100 um, and the laser radius was assumed a Gaussian distribution with a full width
half medium of 70 pm.

The lased pucks were then sectioned so that a central cross-section of each set of parameters could
be observed. The cut surfaces perpendicular to the laser direction were polished and etched using
both a nital and picral etchant to evaluate which etchant allowed for better visualization of the
desired phases. In the nital etch (5ml nitric acid and 95ml ethanol) samples were immersed for 10
seconds and later in the picral etch (100ml ethanol and 3g of picric acid) for 1 minute. The samples
were imaged using a light optical microscope as well as a Phenom 650 FEG scanning electron
microscope using the secondary electron sensor at 5 kVV. Micro- and nano- indentation were
performed across various sections of the multipass area as well as the single pass areas to evaluate
tempering effects and parameter effects on changes in hardness to be evaluated against visible
changes in phases. The hardness measurements are used to find mechanical properties distribution
in relation to the microstructural distribution and to compare to the predicted model hardness.
Vickers microhardness was performed with a 0.5 and 0.2 kg loads using a diamond pyramid tip,
producing an indent approximately half the width of the melt pool to obtain an area of effect solely
within the melt pool. For the multipass cases, two different locations were investigated: the melt
pool areas unchanged after melting and resolidification, and areas altered by subsequent passes,
and the area that appears to be affected by subsequent passes. This phenomenon is explained in
Section 2.3.3.

2.3. Results

2.3.1. Preliminary metallography with Nital and Picral etchants

Before characterization of the samples took place, an investigation of various etchants was
performed to get a better understanding of the microstructure and see if there were any major
features missed or covered up by specific etchants. The most common etchants used for ferrous
steels are nital and picral. While nital is far more commonly used due to relative safety factors, it

can hide some features. Picric acid is combustible if allowed to dry out so is less commonly seen
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to reduce hazards in the lab if no clear advantage is seen. A comparison of the etchants of some
multiple pass experiments can be seen in Figure 11. The ferrite grains and pearlite colonies appear
to be evenly distributed in the bulk, with large ferrite structures distributed throughout the matrix.
This microstructure is expected as AISI 8620 is a pro-eutectic steel in which ferrite would be the

dominant phase.

Melt pool

martensite boundaries
b 4 '} White
‘ TR streak

Shaded

300 pm

Figure 11: SEM images of multi-pass experiments etched with nital (a) and picral (b) processed
at 200 mm/sec and 125 W.

In Figure 11(a) with the nital etch, the melt pools can be clearly separated from the unaffected bulk
material. The pearlite and ferrite grains in the bulk can also be identified. There appears to be a
shaded region (different contrast) on parts of each pass which appear to have additional processing
after the initial pass that melted it. It is possible to identify the martensitic structure of the weld
pools but it is hard to accurately identify any smaller features. The picral etch in Figure 11(b), on
the other hand, shows a much less busy image. While the martensitic grains in the melted regions
cannot be individually identified, the differing phases can be, which is enough for the general
microstructure. Looking closely at the hatches, the edges of the melt pools can be clearly seen
indicating the laser passes progressing to the right. While not easily seen in the nital etch, it can
be inferred after close evaluation, but the melt lines themselves cannot be seen where there is
overlap but can be seen in regions where they are not remelted in later passes. The edge of the

melt pools can be more easily seen in the single pass cases shown in Figure 12(Section 2.3.2). The
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shaded regions in the nital etch now very obviously correspond to the tempered regions of the
previous passes. This is bounded by a white streak in the picral etchant where the temperature of
the piece to the left of that line would have minimal tempering while to the right all the way to the
weld line there would be a great deal of tempering expected. All micrographs shown in later will
be etched with picral unless noted otherwise since picral allows more detail to be seen in and

around the melt pools.

2.3.2. Single Line Experiments

Figure 12 shows the single pass weld lines and the microstructures for power-velocity test matrix
conditions (Table 4) with the highest energy density case being scaled differently due to scaling
issues caused by the weld pool depth being much deeper than the other pools. The melt pools
became deeper with increasing power at given velocity and with decreasing velocity at a given
power. At the slowest velocity and highest power, the melt zone shows a keyholing shape
deviating greatly from a hemispherical shape and showing gas pores created from gas entrapment
under the melt pool. The highest velocity, lowest power zone maintains the hemispherical shape
of a weld pool not dominated by fluid flow. The three cases on the diagonal from lower left to top
right in Figure 12 show a structure in between the two extremes where there is deviation from the
hemispherical shape but not highly directional melting as in the top left melt pool. These images
show a clear trend of deepening the weld pool with increased energy density which is to be
expected. Increasing the energy density eventually caused keyholing with pores forming in the
weld pool. While this area may offer insight into fluid flow of the weld pool it is not the current
focus and the model does not account for porosity. Since the weld pools are getting deeper with
increasing energy density based on power and velocity, it can be concluded that the surface tension
gradient is positive as explained in Figure 3, causing the hotter liquid directly beneath the laser to
flow downward causing a deeper, narrower weld pool. A problem seen in steel welding is that the
surface tension gradient can change between negative and positive depending on surface active
elements, especially sulfur.[26] While the surface tension gradient is expected to be positive for
this alloy due to its popularity in welding, it is important to ensure that this particular sample
followed this behavior.[26] Preferably, an AM alloy would have a negative surface tension
gradient allowing for more bonding between the hatch lines in a given layer while not impacting

lower layers as nonuniformly.[10] From these observations, the chosen test matrix seems to cover
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all desired testing conditions ranging from an almost perfect hemisphere to obvious keyholing and

pore formation.

(M) 19MmOg
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Figure 12: Picral etched SEM secondary images of the weld and surrounding microstructure for
the single line laser welds, over ranges of power and velocity.

Vickers hardness data taken with a 0.5kg load with a dwell time of 15 seconds can be found in
Table 5. One indent was taken at the center of each single pass for a total of three indents for each
parameter set within the test matrix. The Vickers hardness was calculated as per ASTM standard
E92-17[66]:

F
where F is the force applied in kg and d..is the length of the indent diagonals in um. The data from
Table 5 shows high hardness corresponding to a high amount of martensite transformation.

Comparing these hardness values with the Jominy end quench test data shown in Figure 8, the
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expected maximum hardness does not seem to match. The highest hardness from those tests was
474 HV, which is much lower than the lowest value presented here.[67] As of right now there is
no apparent reason for this difference. One potential explanation is a super-strengthening effect
cause by a drastic increase in the dislocation concentration in martensite, although there are

insufficient data at this point to evaluate this hypothesis.[68]

Table 5: Average Vickers hardness measurements of single pass test cases taken at HV0.5 with
one indent in each single pass for a total of 3 indents. The variation is the standard deviation of
the indents. *400mm/sec/125W was taken at HV0.2 due to the size of the melt pools being so

much smaller.
Parameters Single Pass Hardness (HV)
200 mm/sec 125W 5807
200 mm/sec 195W 557 + 54
300 mm/sec 150W 558 +3
400 mm/sec 125W* 564 + 20
400 mm/sec 195 W 596 + 19
As-received Bulk (normalized) 212+ 7

Nano-hardness measurements can be qualitatively assessed to see variations caused across the melt
pools as shown in Figure 13. The nano-hardness data cannot necessarily be quantitatively
compared to the micro-hardness data without having some knowledge of the elastic deformation
that occurs in nanoindentation. The nanoindents show a region corresponding to the melt pool,
harder than the bulk, which is surrounded by a band with intermittent regions either harder or softer
than the melted area. This coarse grid of measurements has some variations due to the small
indents being in single phases of multiphase regions; a more highly resolved grid will make clear

the small-scale variations in this region.
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Figure 13: Nanohardness map of single pass 200 mm/sec 125W case. Each tick represents 15
pum for a test space of 180x150 pum.

Comparison of the Vickers hardness values with the hardness values of the Jominy end quench
test in Figure 8 show that these hardness values appear to be higher than previously published, as
the increased hardness caused by dislocations is already accounted for in the hardness reported for

martensite.

2.3.3. Multipass experiments

Moving on to the multi-pass microstructures, a representative section of each set of parameters can

be seen in Figure 14. A labeled graphic of the mulitpass cases can be seen in Figure 15which has

labels for regions that will be discussed. As previously, the highest energy density case, 195W at

200 mm/sec is in a different length scale due to the much deeper penetration of the melt pools

making it impossible to image the whole melt pool at a higher magnification. Similar to the single
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pass cases, as the energy density increases from the bottom right to the top left, the weld pools
grow deeper and less hemispherical. The white streaks in the center of the melt pools correspond
to the tempered regions caused by subsequent passes. Looking at the location of the melt pool
lines and the tempered regions, shows that there is an overlap region that is retransformed back to
austenite and then quenched again to martensite since the tempered region does not sit directly

next to the melt line.

(A\) Jomod

200 300 400
Velocity (mm/sec)

Figure 14: Secondary SEM images of the multi-pass laser welds of the parameters of interest
etched with picral showcasing the melt pools and heat treatment of previous passes. The laser
alternates between into and out of the page progressing from the left to the right.
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Figure 15: Cartoon graphic of the multipass experiments with labeled regions for simplicity in
discussion.

Starting from the lowest energy density case, 125W at 400mm/sec, the weld lines seem to be fairly
hemispherical but appear to barely overlap or touch each other. As the speed decreases and power
increases the weld pools become less hemispherical and the tempered region extends across more
of the weld lines. This is caused by more energy being put into the given location over a given
amount of time causing higher maximum temperatures further away from the melt pool. A close
up of the white regions and the surrounding area is shown in Figure 16, showing the region that
was retransformed on the right of the high carbide area and a gradient decrease of the carbide on

the left where the heat was not as intense so less carbide formation could occur.
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Figure 16: Secondary SEM image of a zoomed in view of the tempered boundary showing
increase in carbide amount in the 300 mm/sec 150 W case. The carbides are the white areas
where carbon has migrated from the surrounding martensite and come out of solution.

Hardness measurements were also performed on the multi-pass regions to quantify the variations
that appear in the micrographs. Microhardness was performed with a load light enough to test just
the tempered regions showing carbide formation and complete martensite regions formed from
retransformation or not visually impacted by subsequent laser passes, to confirm that tempering
did in fact occur. Hardness values of the separate regions can be seen in Table 6. The gathered
data shows that there is a significant softening effect caused by the consecutive passes overlapping
with each other causing remelting and tempering of the already processed melt pools. All cases
except the 2000mm/sec/195W show a slight reduction in hardness from the single pass cases in
the visually unaffected region. While the tempered region(white streaks), shows a larger
tempering effect across these cases as well. The highest energy case, 200mm/sec/195W appears
to have such a large heat affected zone that tempering occurred consistently throughout each

consecutive pass.
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Table 6: Hardness of multi-pass regions taken with HV0.2. Each section was indented 5 times
and variation shown is the standard deviation. Note that in the 200 mm/sec/195W case each melt
pool had such a large area of effect there was no difference between zones and the
400mm/sec/125W case had so little interaction between melt pools it was impossible to take

measurements.
Parameters Visually unaffected region hardness | Visually tempered region hardness
(HV) (HV)

200 mm/sec 514 £ 15 427 + 28
125W

200 mm/sec 462 +20 462 + 20
195W

300 mm/sec 542 + 14 427 + 23
150W

400 mm/sec 540 £51 Low interaction
125W

400 mm/sec 195 526 £ 32 442 + 4
wW

Qualitative nanohardness measurements were performed on a multi-pass sample of 300 mm/sec

150 W as well. The interpolated contour plot in Figure 17 shows a hardened region that follows

the typical melt pool but there is an area of lower hardness(A) in each weld pool which would

imply tempering. Based on the images in Figure 14 the tempered region would be slightly away

from the melt pool boundary so an approximation of the boundary is given.
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Figure 17: Nano-hardness of the multi-pass region. Melt pool lines are approximated by the
dashed lines. The tempered region is shown(A).

2.3.4. Other features of interest

Another feature was found around the outside of the melt pool that was unexpected but not
unsurprising. A view of a single pass(300mm/sec/150W) where these features are prominent is
shown in Figure 18 with a zoomed-in view of a prime example shown in Figure 19. Looking
outside the weld line there is clearly some uniform transformation to martensite where everything
heated up, transformed to austenite, and quenched. But further away from the melt pool, the metal
is not entirely martensite. things become less consistent depending on the grains and grain size.
The diffusion rate of carbon is fast enough that the pearlite lamellae can diffuse carbon across each
other quickly enough for austenitization to begin.[69][70] But this is not the case for the large

carbon-lean ferrite grains. Since the temperature required for ferrite transformation to austenite is
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extremely high(at low carbon content), it does not to transform to austenite, and so it cannot quench
to martensite. There are some large ferrite grains that surround the melt pool but martensite
penetrates further following the pearlite grains until the temperature is too low for austenitization
to occur anymore. This can cause inconsistent pinning and edge effects due to these large grains
creating an inconsistent layer around the outside of the weld pool. At the edge of the heat affected
zone there appears to be partially transformed pearlite where the temperature was high enough for
austenitization but for a time less than necessary for the carbon to diffuse far enough to effect the

transformation.

Figure 18: Single pass where variations outside the melt line are clearly visible. Closeup region
is outlined in black square.
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Figure 19: Close-up of features outside melt pool showing partial transformation of pearlite with
minimal impact to ferrite.

Due to this variation in edges a deeper weld pool is not ideal as it can cause pockets of
untransformed regions causing microstructural variation and, in powders, leave areas that are
unmelted porosity. This microstructural variation provides another reason for a negative surface
tension gradient for the alloy that is not directly related to the melt pool and porosity formation
from keyholing. The negative surface tension gradient allows the pool to spread wider instead of

deeper so it would allow a more consistent depth across all regions.

2.3.5. Summary

Within the single pass tests, the shape of the melt pool can be established, which suggests the sign
of the surface tension gradient with temperature. Imaging also allowed visualization of edge
phenomena showing solid-solid phase transformations in the HAZ directly outside the melt pool.
Microhardness measurements of the single passes and one of the multipass cases appear to be
uncharacterstically hard without a good explanation. Nano-hardness data qualitatively shows
higher hardness regions outside the melt pool in the HAZ. This could correspond to the solid-solid
transformation regions as the martensite would have been formed with the local equilibrium C
content, which in austenite formed from pearlite in a hypo-eutectoid steel is 0.76 wt %. Inside the
melt pools, complete martensite formation occurs, but introducing subsequent passes causes
tempering due to thermal interactions. Outside the melt pool a heat affected zone exists with solid-
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solid phase transformations caused by the short heating times limiting transformations to the
pearlite colonies due to limited carbon diffusion. Being able to match this data with a model would

be greatly beneficial so that future work can be investigated without the need for many
experiments.
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3. MODEL

Modeling of the AM process can provide valuable insight into the process without having to
perform an exhaustive number of experiments. It also allows for visualization of data that may
not be possible to directly observe in experiments. This allows for correlation of information
between the experiments and model once it is calibrated and can offer insight into the process and
material responses in domains that have not been experimentally performed. This process starts
with understanding the analytical models for the given process starting from a laser melting
standpoint. The Rosenthal equation for laser hardening has been shown to be able to accurately
predict thermal fields and can be used to validate transient solutions and models. This model can
be expanded to include melting if desired by including the latent heat of transformation but if a
quantitative analysis is all that is required then any value above the melting temperature can be
assumed as the substrate melting. Since this process is so similar to welding, just on a smaller
scale investigating the validity of this model would be useful to confirm the accuracy for the
thermal model. Other models created by various groups will then be used to evaluate the phase

fractions which can then be compared and validated against the experimental results found.

3.1. Analytical and Thermal Models

Laser welding and hardening have long been treated by an analytical model for calculating the
temperature profiles of welds outside of the melt pool attributed to Rosenthal.[71][72] The
Rosenthal equation assumes the heat source is a point source and that the temperature is calculated
based on the distance away from the point. This allows tracking of the heating and cooling of a
point based on the laser velocity and distance away from the point. The beam location can be used
to calculate the temperature history of a single laser pass.

2+xm* (T —Ty) xk*R -V * (R —x)

0 e (4)

= exp [
Where T is the temperature at that location, To is the temperature before welding, k is the thermal

conductivity of the piece, R is the radial distance away from the point source that is being evaluated

in three dimensions, V is the laser velocity, «a is the thermal diffusivity, x is the distance in the
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direction of the laser(note that the laser travels in the negative x direction), and Q is the energy
input.[72] The geometry and path of the laser can be seen in Figure 20

Figure 20: Coordinate system of Rosenthal’s solution as it moves with the heat source.[72]

An analysis of each plane is shown in Figure 21 centered around the heat source. There is good

agreement in the shape of the melt pool with experimental results for welding with a symmetrical
weld along the y-plane, and a tear drop shape in the z- and x- planes showing the motion of the
laser into an unheated sample while the passed area is cooling.
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Figure 21: Graphical solutions of the Rosenthal equation across all planes: the z-plane(a), (x-
plane(b), and the y-plane(c). Parameters used were 0.4m/s and 195 W.

While the shape of the melt pool as well as the areas that melt are fairly accurate with a width of
~100um and a depth of ~80um, the Rosenthal model does not consider fluid flow which can alter
the shape of the weld pool. Since the equation assumed that the laser is the origin at all times,
without including thermal transport it is not possible to correctly perform analysis on multiple

passes. By including heat conduction, a rough estimate of the overall heating can be obtained
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which can be used to calculate a multi-pass system similar to a single AM layer. Two passes were
done and compared with the thermal model used to show that this equation is still applicable to

this process and the results can be seen in Figure 22.
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Figure 22: Rosenthal’s equation plus conduction for 2 laser passes at 0.4m/sec, 195W, and 100
KUm spacing.

Values above the melting temperature Tm are unphysical as latent heat was not considered. Figure
22 can be compared to temperature over time plots of the single and multi-pass cases of the thermal
model created by Coleman et al shown in Figure 23 andFigure 24. While the temperatures do not
line up exactly as was expected, the cooling time of ~0.005 sec matches extremely closely. This
supports the Rosenthal welding analytical equation as an analytical solution to the AM problem
being able to more closely link AM with welding. As mentioned earlier without a full inclusion
of thermal transport equations though, the Rosenthal equation falls short in calculating the
remaining heat at a given location away from the laser so it is important to have a fully capable
thermal model as the basis for calculating phase transformations that are sensitive to the time spent

in various temperature regimes.
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Figure 23: Time versus Temperature plots for a single pass of 400mm/sec and 195W in the
Numerical Model. The distances of the legend are um steps away from the center of the melt
pool where probes were placed in the y-direction.
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Figure 24: Time versus Temperature plots for multiple passes of 400mm/sec and 195W in the
Numerical Model. The distances of the legend are um steps away from the center of the melt
pool where probes were placed in the y-direction.

3.2. Numerical Model

This model was built on the backbone of the thermal model created by Coleman et al. for laser
melting. This finite volume model uses a volumetric heat source to heat up the test geometry and
can track both solid and liquid phases as well as their interfaces and velocities. The laser, scan
path, and test piece can both be manipulated for larger or smaller sizes as well as more or less
passes.[10] Constant values for required thermophysical properties were used due to lack of
available temperature dependent information on the alloy and are presented in Table 7 as gathered
by Sung et al.[73] The thermal emissivity of the top surface was also approximated from IN 625
due to lack of available information on AISI 8620. There are some variables that must be

calibrated using experimental data for the material which are shown in Table 8. The most
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important system variable required is the absorptivity which is currently not well known for many
materials but can be estimated within certain ranges. Most AM models assume that metals have
an absorptivity of ~35% for Nd-YAG lasers.[74] This value can change depending on the surface
preparation conditions in experiments so it is effectively a calibration factor. Taking this initial
estimate and the single pass experiment that was the most hemispherical in shape, a binary search
algorithm was used to find the minimum error in the model shape versus the experimental. This
was calibrated assuming no fluid flow to eliminate variation in shape that is caused by the
Marangoni flow effects in convection dominated regimes and was matched to the most
hemispherical test case.[10] The error in absorptivity came to a minimum at 0.3 by using a binary
search algorithm that varied the absorbtivity across a range looking at comparison of melt pool
data to values taken from the experimental samples. The surface tension gradient and absorptivity
were both calibrated using the same test case. The surface tension gradient for measuring flow
was also fit as closely as possible by best fit as steel tends to have a very large range for surface

tension gradient and is explained further in Section 3.2.5.[26]
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Table 7: Thermophysical properties of AISI 8620.[73]

Property Value

Thermal Conductivity (K*m™s™?) 30.7
Solid Density (kg m) 7367.0
Liquid Density (kg m=) 7029.0

Solidus Temperature (K) 1634

Liquidus Temperature (K) 1784

Solid Specific Heat (kg'K™) 669.4

Liquid Specific Heat (kgtK™) 778.2
Viscosity (N's m?) 0.00535

Table 8: Properties that required experimental calibration.

Property Value
Emissivity 0.13
Laser Absorption 0.3
Surface Tension Gradient(N/m*K) 6e-4

These material properties create the weld lines overlaid in Figure 25 where there is clearly not as
much similarity between all the other cases as with the model case used to calibrate. This can be
caused by a couple different reasons. The surface of the melt pool could have been depressed due
to the laser power or could have been vaporized by the high energy density. The vapor would alter
the absorptivity as would the dip in the surface allowing the laser to bounce around inside the
depression allowing a higher energy transfer into the melt. This is not accounted for in the model
as the model assumes there is no material loss and there is no change in the height of the surface
which is valid in the conduction or non-flow dominated regime.[10] Once the material properties
for the thermal model are determined, the phase transformation numerical model can be
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considered. While there are not many new properties that are required for the phase transformation
model, the equations commonly used must be investigated due to the rapid transformation times
seen. Historically, the austenite transformation has been seen as completely instantaneous but in
this process that is not the case. Martensite tempering has historically been modeling by the
Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation but this assumes that the phases are in
equilibrium which martensite and tempered martensite are not considered equilibrium phases.
Understanding the basis for historical models used as well as investigating alternatives that may

potentially fit this process occurring on such a small timescale is in order.

195 Omitted o.lue
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Figure 25: Model weld lines overlaid on experimental weld lines in red. In case of double ling,
the outer red line is the full melt pool
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3.2.1. Diffusional Transformation (JMAK)

Historically, steel transformation models have been governed by a few different equations
depending on the phases being formed. The diffusional phase transformations of ferrite, pearlite,
and bainite have been predicted using the JMAK equation.[75]

fi= "1 —expl—b; * ]']) 5

Where f™** is the maximum volume fraction of the phase i, b; and n; are temperature-dependent
parameters for the given phase, and t is time elapsed for solving the volume fraction of the given
phase at that time f;.[76] But since this is not an isothermal process, Scheil’s additivity principle
must be taken into account. When assuming continuous cooling this condition must sum to 1 for

the transformation to occur.[76][77]

ft dt _ 1 )
o ta(T)

Where t,(T) is the time needed to reach the volume fraction f;in the isothermal transformation.
Given the known finite time increments and changes in temperature this can be used to calculate
not only the phase transformation itself but also the incubation time prior to the transformation if

the Continuous Cooling Transformation (CCT) diagram is known. This simplification of the

= AL »
Dy )

i=1

integral into a summation.[4][5]

For the incubation time, At; is the calculated time step change and z,(T;) is the time required for
transformation to begin at the temperature at time i. This process is summarized in Figure 26

showing how calculating the incubation time would fall on a CCT diagram.
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Figure 26: Calculation of anisothermal incubation time found by using Sheil’s additivity
principle.[77]

While calculating the transformation percentages after formation has begun follows effectively the
same concept but transformation start times and rates vary by temperature and time it is important
to correctly follow the isochores of the CCT diagram. This requires the calculation of a fictitious
time step to represent the time needed to transform the actual amount of f; at the end of time ¢;.

The fictitious time step t;", ; represents the time needed to transform f; at the end of time step ¢;:

1

. I_ ln(l - Vl)lﬁ (8)

t: =
i+1
b1

The fictitious time is then used to calculate f;’, ;, a fictitious transformed volume fraction.
fiv1 =1 —expl—=bit1(tiyq + Aty )™*1] 9)

The new volume fraction is then calculated by also including the maximum possible
transformation amount as well as the volume fraction of austenite that is available. The maximum
transformation amount is important in cases where the total transformation will not equal 1 and

can be found using lever rule in the two-phase regions.

fiv1 = fit1* (fl + fy) * fit1 (10)
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This transforms the fictitious phase fraction to the real phase fraction at the new isothermal time
step. This is visually represented in Figure 27 showing the isochores that the path follows for each

time step.
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Figure 27: Visualization of anisothermal growth kinetics using the IMAK equation coupled with
Scheil’s additivity principle.[76]

3.2.2. Martensite Formation

Martensite transformation is a diffusionless transformation driven by stress build-up within the
lattice. This stress is caused by volume changes from rapid temperature changes so for more
martensite transformation to occur the temperature must continuously drop and if the temperature
stabilizes or rises the transformation process will stop until it drops below the lowest temperature
reached. Martensite formation is typically governed by the Koistenin-Marburger (KM)
equation.[6][7]

f=1-exp[—an(Tkn — T)] (11)

Where a is the rate-determining variable and T, is the temperature where martensite formation
begins to gradually increase. Originally Tk, was Ty, Or the martensite start temperature but van
Bohemen and Sietsma found a better fit by altering the value to when formation steadily increased.

This value is typically only a few degrees below the martensite start temperature as the start
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temperature is set where the first measurable amount of martensite is found. Ty, is dependent on
alloy composition can be calculated.[70]
Ty (°C) = 462 — 273x, — 26Xy — 16x5; — 13%cr — 302, (12)

In the initial paper by Koistenin and Marburger a was taken to be 0.11 but that is only applicable
to plain carbon steels around the eutectoid composition.[78] But more recently van Bohemen and
Sietsma were able to also modify this value based on composition.[70]

a = 0.0224 — 0.0107x, — 0.0007x;, — 0.00005xy; — 0.00012x, — 0.0001x,, (13)

By modifying these parameters van Bohemen and Sietsma were able to expand the Koistenin-
Marburger equation to alloy steels as well as steels further away from the eutectoid composition.

3.2.3. Austenitization and Tempering

Austenitization in the past has been assumed to be instantaneous as the transformation to the
austenitic phase begins once the temperature is high enough for it to be stable. The transformation
happens on shorter time scales as compared to most processes so if the temperature field exceeds
the austenitization temperature it is assumed to be austenitized. But this is not true in the AM
processing regime. As noted by Orazi et al. and Fortunato et al. in laser hardening austenization
happens on the order of microseconds for laser hardening.[8][9] They show that this is important
in accurately predicting laser hardening tempering in multi-pass cases which typically uses a wider
and slower laser beam. It stands to reason that a smaller, faster laser as found in AM processes
would run into similar issues if following the assumption that all heat-affected material transforms
to austenite. In this model, time steps are taken on the order of microseconds so Fortunato et al’s
assumptions are followed. Calculating the transformation to austenite uses the integral

transformation time that Fortunato et al. propose for rapid transformations[18], [34], [79], [80]:

I, = ft i exp (— R?Eb) dt (14)

where I, is the time it takes for the transformation to take place, t;4.+1S the time required for the

transformation to begin and the entire equation is governed by an activation energy Q, that is
related to the transformation. Q, can be considered a material constant based on the material being

treated by the laser and is structure dependent so it will differ in cases such as ferrite to austenite
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and martensite to austenite. Once the integral transformation time is found it can be used to
calculate the total phase formed up to that point using:
It - It,min

fr =

It,max - It,min

(15)

where f, is the proportion of the phase transformed in the nonequilibrium regime. This can be
multiple by a scaling factor for two phase regimes to account for a reduced driving force based on
lever rule at that temperature. Once f, reaches 1 it has effectively all transformed under the
assumption that it is in a single-phase region. If it is not in a single-phase regime it effectively
follows the equilibrium calculations of those phases, in this case the only two-phase region would
be ferrite-austenite. Tempering under such rapid thermal cycles is also assumed to follow these
equations as there is little time for carbon to diffuse out of the martensitic matrix. These equations
assume a distribution of transformations due to local compositional variation and grain size which
would have a statistical distribution of transformations as shown in

Figure 28 [79]:
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Figure 28: Statistical distribution of I, transformation. The dashed line showing phase
transformed at the individual time and the solid showing cumulative transformation.

For simplicity this distribution can be approximated by a linear fit between I, and £, for both stable
and unstable phase transformations in steel so it is applicable for both austenitization and
tempering. The linear approximation can be seen in Figure 29 [79]:
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Figure 29: Linear approximation of f, allowing for model simplicity.

The question arises of if austenite and tempering phases are formed by diffusion similarly
to ferrite, pearlite, and bainite then why a different set of equations instead of just the JIMAK
equations? This is due to the fact that for the phases that are modeled by the JIMAK equations can
only be formed by diffusion within a certain temperature range but austenite and tempered
martensite can also be formed solely by temperature. Austenitic changes are caused by the
crystallographic change from BCC to FCC once the local composition is stable in that phase. And
tempered martensite has increased kinetics of occurrence as temperature rises due to changes in
solubility of carbon and the energy of the atoms. One issue to note with this model currently is
that martensite and tempered martensite are technically not separate phases but simply a change
in crystal structure from the former to the latter but are currently calculated as two completely
separate phases. This can cause issues when calculating mechanical properties to compare with

experimental results.

3.2.4. Hardness Calculation

With few experiments to compare data too, without doing a large destructive test, hardness is the
easiest property to model and compare to experimental results. Equations for calculating Vickers
hardness of AISI 8620 steel was found in the ASM Heat treating handbook Vol .4 of ferrite/pearlite
and bainite [81]:
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HVg = 323 + 185C + 330Si + 153Mn + 65Ni + 144Cr + 191Mo

(16)
+ (89 + 53C — 55S8i — 22Mn — 10Ni — 20Cr — 33Mo) log(T)

HVgp = 42 4+ 223C + 53Si + 30Mn + 813Ni + 7Cr + 19Mo
(17)
+ (10 — 19Si + 4Ni + 8Cr + 130V) log(T)
where the element names in the equation are weight fractions of the given element and T is the
cooling rate. The ASM handbook also has an equation for calculating hardness of martensite as
well but these equations are for if there is a mix of phases present during formation which is not
true for the martensitic formation. It is well known that pure martensite hardness is governed
heavily by the carbon content and as such is written with carbon being the only elemental effect
as shown in Equation 1:[22]
HVy =884 xC*(1—0.3%*C?)+ 294 (18)

For calculation of tempered martensite hardness a method was created by Fortunato et al and was
used in this work for calculating the total hardness of the martensite and subsequent tempering of
the location[34]:

H = folfa(Hy — Hp) + Hpl + (1 — fin)H, (19)

where H is the overall hardness of the martensitic region taking into account martensite and
tempered martensite. H,, is the hardness of the pure martensite which is calculated above in
Equation 18. H,, is the hardness of the bulk material which can be found in Table 5. f,, is the

fraction of martensite and f;, is the tempered martensite fraction as given by Equation 20:

tempered martensite

(20)

"™ total martensite volume

3.2.5. Fitting surface tension gradient

There is high uncertainty in the surface tension gradient of steel as it is generally a function of
surface active elements, in steel’s case typically oxygen and sulfur.[4][5] Keene et al. assumed
that in an atmosphere with low oxygen content, oxygen can be neglected as an active element
which leaves only sulfur. This assumption can be considered since the AM build chamber was
pumped with N2 gas prior to the build. The issue arises in determining the surface tension gradient
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as a function of sulfur content as most steel specifications, AISI 8620 included specify a maximum
sulfur content only of 0.4 wt%. While this is generally low when considered as an impurity in
steel it causes many problems for the surface tension gradient, as Keene et al, and Pinkerton and
Li note, sulfur causes the surface tension gradient of steel to fluctuate from negative to positive at
~0.1wt% which is well within the limits of the specification.[26], [74] Additionally, since the laser
goes over such a small area in a given pass that means that the surface tension gradient can vary
drastically over a small region with varying sulfur content. Since the experiments became
narrower and deeper with increasing power it is apparent that the surface tension gradient is
positive so some values within the ranges of Pinkerton and Keene’s groups were tried and the
resulting melt shapes from the model are overlaid in Figure 30 in red.[26], [74] The tested surface
tension gradients were 2e-4, 4e-4, 6e-4, and 8e-4 showing an increase in penetration as the value
increases. As can be seen in Figure 30, the 6e-4 surface tension gradient fits the shape and size of
the weld pool the best so this value was used to model the flow for the other parameters in the

experimental matrix.
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100 pm

Figure 30: Overlay of modeled melt pool size in outer red line for different values of surface
tension gradient overlaid in red on experimental case 400mm/sec 125W.

3.2.6. Single Pass

Single pass models of the parameters found in Table 4Error! Reference source not found. for
experiments were performed with and without fluid flow accounted for. The hardness profiles of
the no flow and flow cases are shown in Figure 31 and Figure 32 respectively. The first thing to
notice is the large difference in shape by simply including the liquid flow dominated by the surface
tension gradient. The dimensions related to maximum hardness and maximum hardness of all
modeled single pass cases are given in Table 9 for easier discussion of comparison. The reason
for focusing on the dimensions of the higher hardness regions instead of the melt line is explained
by looking at the solidification line overlaid on the predicted martensitic transformation in Figure
33. In all cases the transformation of martensite exceeds the melt line between 5-10 um. When
the hardness profile is overlaid on an experimental case as in Figure 34 there shows very good
agreement lending further support that there is a region that is transformed to austenite outside of
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the melt pool and also quickly quenches to martensite. But there is still the slightly hardened
region that is beyond the fully hard region. This corresponds to the partially transformed region
shown in Figure 18 where the pearlite had enough time for carbon diffusion and transformation to
austenite while the ferrite did not as proposed by Orazi et al.[18] Based on the rapid cooling of
the single pass and the low final temperature as shown in Figure 23 tempering is not expected to

occur.
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Figure 31: Single Pass no flow model cases depicting hardness.
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Table 9: Compiled dimensions and hardness predictions of single pass cases.

No Flow Flow
Speed Power (W) Hardened Max Dimensions: Hardness
(mm/sec) Dimensions: Hardness width x depth (HV)
(HV) (um)
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width x depth

(um)
400 195 140x50 431 140x80 463
400 125 120x40 460 120x55 465
300 150 140x50 417 130x80 462
200 195 160x65 457 160x120 441
200 125 150x55 451 140x85 455
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Figure 33: Predicted martensite fraction of single pass weld pools with flow with size of the melt
pool overlaid as the larger radial white contour.
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Figure 34:Hardness prediction overlaid on experimental case for 400mm/sec 125W.

3.2.7. Multi-Pass

Multiple pass models of the parameters found in Table 4 for experiments were performed solely
without fluid flow accounted for. The multi-pass cases consisted of ten laser passes hatching back
and forth each pass. The large number of passes was to ensure a steady state was reached in the
middle passes to simulate a large layer being processed. The middle passes’ hardness predictions
are shown in Figure 35 for all cases. These cases have the earliest laser pass on the left side and
progress to the right. Based on Figure 24, tempering is expected to occur due to the rapid heating
of subsequent passes. While the total time at temperature is low, since the temperature can reach
close to austenitization temperatures diffusion can occur enough to allow for appreciable
tempering. The maximum hardness of the multi-pass phases can be found in Table 10 where the
maximum hardness appears to have slightly decreased from the single passes with a considerable
drop in the overlapped regions. These values also appear to match more closely with the
experimental hardness of the multi-pass cases measured in the tempered region and high energy
case of 200mm/sec and 195W.
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Figure 35: Predicted hardness profiles of multi-pass cases.
Table 10: Maximum hardness predicted for each multi-pass case.

Speed (mm/sec) Power (W) Unaffected zone Tempered zone
Hardness (HV) Hardness (HV)

400 195 433 348

400 125 433 349

300 150 424 325

200 195 407 288

200 125 407 288
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4. SUMMARY AND FUTURE WORK

This study was able to match weld pools within the conduction regime and was able to explain
variations in pools where fluid flow dominated.[10] Phase fraction calculations based on the
equations provided by Fortunato et al was shown to be reasonably accurate for laser melting.[34]
Hardness predictions based on the thermal history and phase fractions were lower than
experimental values but were more in line with what was expected based on the Jominy End
Quench tests performed for AISI 8620.[49] Etchants were shown to play a large role in what
information can be gathered from the samples. Most people who reported etching only reported
one etchant and very few reported information about choice of etchant. While it is understandable
that superalloys may be difficult to etch, multiple groups investigating steels used differing
etchants without explanation as to why. Only Wang et al gave a reason for their etchant but then
later had to use a scanning electron microscope for grain analysis as the etchant did not allow
visualization of desired grain structures.[4] While it is not new information that different etchants
have different effects on a material, it may be worth exploring how various etchants react to reveal
different parts of the microstructure in AM.

Future work would include expanding the experimental space to ensure that there is true matching
throughout the no-flow dominated regime and to provide statistical evidence of accuracy of data.
Investigation of adding new layers of material would be ideal to see the evolution of the cases as
previously melted areas are remelted and processed. This would allow discussion and prediction
into a full part build if the data could be matched experimentally. More thorough hardness
investigations could potentially yield more understanding of the reported mismatch between the
hardness of the samples versus what is expected from the model and the Jominy end quench.
Martensite hardness calculations are supposed to already consider lattice distortions caused by

dislocations but as of yet there is no other explanation for the difference in hardness.
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