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ABSTRACT

Metal additive manufacturing is a promising technology for building complex functional
parts for many industrial applications. A major challenge for the successful implementation of this
technology is the currently limited ability of manufacturers to reliably predict the properties of the
part before printing it. This challenge stems from the dynamic nature of the layer-by-layer build
process, which causes a nonuniform thermal history and a complex microstructural history
throughout the part. The task of predicting the final microstructure and related properties of the
part is nontrivial due to the lack of robust kinetic models for nonisothermal phase transformations,
particularly for multiphase alloy systems that undergo multiple simultaneous phase
transformations.
A computational microstructural model was developed to track the microstructural
evolution of the part during the metal additive manufacturing build process. This model is a
modified version of the Johnson-Mehl-Avrami model for nonisothermal phase transformations and
can be applied to any material system that undergoes solid-state phase transformations if its
transformation kinetics are known. The transformation kinetics for two common additively
manufactured superalloys, Inconel 718 and Ti-6Al-4V, were derived using thermodynamic data
and kinetic theory. Using the derived kinetics along with the part’s thermal history as inputs, the
microstructural model outputs the phase fraction history of the part during the build. This model
was applied to Inconel 718 and Ti-6Al-4V, each built by two different metal additive
manufacturing processes: powder bed fusion and directed energy deposition. Mechanical property
tests and characterization were performed on an Inconel 718 part built by powder bed fusion for
validation of the microstructural model.
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A computational tool was developed using MATLAB that implements the microstructural
model to calculate the phase fraction history of the part during the build and provides a user
interface to inspect the thermal and microstructural history throughout the part. A link can be made
between microstructure and properties in order to predict the properties of the part. Using the
visualization tool, the user can analyze the microstructure throughout the part to develop methods
to optimize the process in order to achieve improved part properties.
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CHAPTER 1: INTRODUCTION

Introduction To Metal Additive Manufacturing

Additive manufacturing (AM) is a method of building a 3D object using an automated
system that selectively adds material layer-by-layer based on a preset digital build plan [1]. Figure
1 shows a schematic of the main steps in an AM process: the process starts with the generation of
a 3D model of the part using computer-aided design (CAD), followed by the digital slicing of the
model into many layers, and it finishes with the printing of the part in a layer-by-layer fashion
based on an automated toolpath corresponding to the sliced model. AM offers many manufacturing
benefits, such as near net shape parts, low material waste, and shorter lead times.

Figure 1: Simplified AM process flow [2].

Since the mid-1980s, AM has greatly expanded in the form of new technologies, material
capabilities, and applications [1]. The 7 main AM technologies are vat photopolymerization,
material extrusion, material jetting, binder jetting, sheet lamination, powder bed fusion, and
directed energy deposition. The technologies vary in material capabilities, ranging from polymers
to metals and ceramics. Figure 2 shows the AM technological evolution from originally building
1

polymer AM parts to test the form and fit of a design for rapid prototyping to more recently
manufacturing functional metal AM parts for industrial applications.

Figure 2: AM technological evolution [3, 4].

Metal AM is a method of AM that uses an automated system to guide an energy source
(laser beam or electron beam) to selectively weld metal feedstock (powder or wire) one layer at a
time to build a 3D object [5]. Figure 3 shows schematics of the two most common metal AM
processes: powder bed fusion and directed energy deposition. In powder bed fusion, a beam is
sequentially scanned to melt powder on a preplaced powder bed. For directed energy deposition,
a beam is directed to sequentially melt continuously added feedstock.

Figure 3: Metal AM processes (a) powder bed fusion (b) directed energy deposition [5].
2

The motivation for metal AM arises from the many capabilities AM offers over traditional
manufacturing [5]. AM provides manufacturers with unique design capabilities, such as free
complexity, part consolidation, and topology optimization. Using these techniques, manufacturers
can redesign traditional parts to optimize performance. Part consolidation can be used to reduce
the number of components in an assembly to improve the durability of the part, while complex
lattice structures and topology optimization are useful for lightweighting to remove unnecessary
material within the part. Figure 4 shows some examples of metal AM parts that harness these
capabilities for aerospace applications.

Figure 4: Metal AM parts for aerospace applications [6, 7, 8].
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Research Focus And Approach

Although metal additive manufacturing is a promising technology with many industrial
applications, it faces some manufacturing hurdles [9]. One major hurdle is the currently limited
ability of manufacturers to reliably predict the properties of the part before printing. This ability is
currently lacking due to the dynamic nature of the layer-by-layer build process, which causes a
nonuniform thermal history and a complex microstructural history throughout the part. Figure 5
shows the thermal history of a single node within an AM-built part. The temperature profile
displays thermal cycling, which is inherent in layer-by-layer AM processes. This behavior induces
complex microstructural transformations during the build, making it difficult to predict the final
microstructure and related properties of the part.

Figure 5: Thermal history of a single node within an AM-built part.

A modeling approach was developed to track the microstructural evolution of the part
during the build. The approach uses modeling as a link to the process-structure-propertyperformance relationships of the metal AM process as shown in Figure 6. The model is outlined
in Figure 7. The process is modeled first by defining the material system and processing

4

parameters. Then, a 3D model of the part is created. The next step involves gathering the materials
parameters and kinetic data for the material system. Once the kinetic data is obtained, the next step
is to acquire the thermal data of the part through a process simulation software. At this point, all
the inputs are acquired and the microstructure can be modeled. After microstructural modeling, a
link can be made to determine the properties of the part. The procedure can be iterated to achieve
improved properties.

Figure 6: Modeling linkage of process-structure-properties-performance [10].

Figure 7: Model overview.
5

CHAPTER 2: PHASE TRANSFORMATION KINETICS

The Johnson-Mehl-Avrami (JMA) equation describes the reaction evolution for isothermal
solid-state phase transformations [11]. Equation 1 shows the JMA equation:

𝜉 = 1 − exp(−𝑘𝑡 5 )

(1)

where 𝜉 is the extent of reaction, 𝑘 is the reaction rate, 𝑡 is the time, and 𝑛 is the Avrami exponent.
The kinetic parameters 𝑘 and 𝑛 are constants for isothermal transformations. The JMA equation
generates a sigmoidal curve representing the kinetics of nucleation, growth, and diffusional
impingement. Figure 8 shows the growth reaction evolution for an isothermal phase
transformation. The reaction is considered isothermal since the rapid quenching below the
transition temperature inhibits the reaction before it commences during the subsequent isothermal
hold.

Figure 8: (a) Isothermal transformation thermal profile (b) growth reaction.
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The reaction rate 𝑘 contains the coupled response of the nucleation and growth rates [13].
Figure 9 shows the nucleation rate, growth rate, and 𝑘 versus temperature for phase growth. Below
the transition temperature Ttrans, the nucleation rate exhibits a hill-shaped curve due to the balance
of the nucleation driving force, which is maximum at low temperatures, and diffusion, which is
maximum at high temperatures. The growth rate also exhibits a hill-shaped curve due to the
balance of diffusion and the composition ratio. 𝑘 is a function of the product of these two rates and
thus exhibits a similar hill-shaped curve that it is scaled and shifted midway between the two
curves. The Avrami exponent 𝑛 reflects the reaction mechanism and growth dimension. The
parameter 𝑛 is greater for interface-controlled growth compared to diffusion-controlled growth
since surfaces grow linearly with time rather than parabolically. It also increases with increasing
growth dimension (1D growth of rods, 2D growth of plates, 3D growth of spheres).

Figure 9: Reaction rates vs. temperature for phase growth.
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The nucleation rate is defined by classical nucleation theory [14]. Equation 2 shows the
steady state nucleation rate 𝐼:: :

𝐼:: = 𝑗𝑍𝑁> exp ?−

Δ𝐺 ∗
E
𝑘C 𝑇

(2)

where 𝑗 is the atomic attachment rate, 𝑍 is the Zeldovich factor, 𝑁> is the nucleation site density,
Δ𝐺 ∗ is the nucleation barrier, 𝑘C is the Boltzmann constant, and 𝑇 is the temperature. The
nucleation rate 𝐼:: displays the hill-shaped curve as seen in Figure 9 due to the inverse effects of
GH ∗

𝑗, which is diffusional and increases with increasing temperature, and exp F− I K L , which
J

decreases with increasing temperature since Δ𝐺 ∗ increases rapidly as a result of the decreasing
nucleation driving force. The nucleation barrier Δ𝐺 ∗ is the energy required to nucleate a particle
of the new phase [13]. There exists a corresponding critical radius 𝑅∗ that represents the particle
size where the nucleating particle can overcome the energy barrier and continue to grow instead
of dissolving back to the original phase. Figure 10 shows the relationship between the nucleation
barrier and the critical radius.

Figure 10: Nucleation barrier and critical radius.
8

The growth rate is defined for diffusion-controlled growth of a spherical particle [14].
Equation 3 shows the growth rate 𝑢 for an arbitrary 𝛽 → 𝛼 transformation:

𝑢 = Q2

𝑐> − 𝑐ST
𝐷
𝑐UT − 𝑐ST

(3)

where 𝑐> is the initial composition, 𝑐ST is the 𝛽 equilibrium composition, 𝑐UT is the 𝛼 equilibrium
composition, and 𝐷 is the diffusion coefficient. 𝑢 displays the hill-shaped curve as seen in Figure
9 due to the inverse effects of 𝐷, which increases exponentially with increasing temperature, and
XYZX[\

the composition ratio X

]\ ZX[\

, which decreases rapidly as the temperature approaches the transition

temperature.
The JMA equation can be derived for an isothermal, arbitrary 𝛽 → 𝛼 diffusional
transformation [11]. The following assumptions are made: (i) the nucleation rate 𝐼:: is constant;
(ii) nucleation occurs randomly in the untransformed phased; (iii) the growth rate 𝑢 is constant;
and (iv) the particles grow as spheres until impingement. Figure 11 shows a time step where new
particles nucleate randomly in the untransformed phase at a constant nucleation rate and previously
nucleated particles grow as circles (2D representation of spheres) at a constant growth rate.

Figure 11: Nucleation and growth of particles.
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For diffusion-controlled growth, surfaces grow parabolically with time [11]. Equation 4
shows the particle radius 𝑟:

𝑟 = 𝑢(𝑡 − 𝜏)`/b

(4)

where 𝑢 is the growth rate, 𝑡 is the time, and 𝜏 is the incubation time. The volume of a spherical
particle can be calculated using the volume of a sphere

de
f

𝑟 f . Equation 5 shows the particle volume

𝑉h at time 𝑡 that nucleated at time 𝜏:

𝑉h =

4𝜋 f
𝑢 (𝑡 − 𝜏)f/b .
3

(5)

The number of particles can be calculated using the nucleation rate 𝐼:: . Equation 6 shows the
number of particles 𝑁h that nucleated within time change 𝑑𝜏:

𝑁h = (1 − 𝜉 )𝐼:: 𝑑𝜏

(6)

where 𝜉 is the extent of reaction and 𝐼:: is the steady state nucleation rate. The factor 1 − 𝜉
accounts for nucleation only in the untransformed phase. The extent of reaction change can be
calculated using the product of the particle volume and number of particles 𝑉h 𝑁h . Equation 7 shows
the extent of reaction change 𝑑𝜉 within time change 𝑑𝜏:

𝑑𝜉 =

4𝜋 f
𝑢 (𝑡 − 𝜏)f/b (1 − 𝜉 )𝐼:: 𝑑𝜏 .
3
10

(7)

The differential equation can be solved by integrating both sides of the equation. Equation 8 shows
the integral setup:

o

p
𝑑𝜉
4𝜋 f
n
=
𝑢 𝐼:: n (𝑡 − 𝜏)f/b 𝑑𝜏 .
3
> 1−𝜉
>

(8)

The right integral is integrated with respect to 𝜏 assuming 𝑡 is a constant. Equation 9 shows the
solved integrals without substitution of the limits:

[− ln(1 −

o
𝜉 )]>

p
4𝜋 f
2
w/b
=
𝑢 𝐼:: v− (𝑡 − 𝜏) x .
3
5
>

(9)

Equation 10 shows the solved integrals after substituting the limits:

− ln(1 − 𝜉 ) =

4𝜋 f
2
𝑢 𝐼:: v 𝑡 w/b x .
3
5

(10)

The equation can be rearranged to solve for 𝜉. Equation 11 shows the derived JMA equation:

𝜉 = 1 − exp ?−

8𝜋 f
𝑢 𝐼:: 𝑡 w/b E
15

(11)

where it has the general JMA equation form 𝜉 = 1 − exp(−𝑘𝑡 5 ) with reaction rate:

𝑘=

8𝜋 f
𝑢 𝐼::
15
11

(12)

and Avrami exponent:

𝑛=

5
.
2

(13)

Equation 11 will generate a sigmoidal curve as seen in Figure 8 with the precise shape dictated by
these kinetic parameters. The parameter 𝑘 is related to the product of the steady state nucleation
rate and the third power of the growth rate. The parameter 𝑛 reflects the reaction mechanism of
diffusion-controlled growth and growth dimension of 3D spherical particles.
Graphical tools are often helpful to quickly predict the reaction evolution of solid-state
phase transformations for certain material systems [13]. Two commonly available graphical tools
for many alloy systems are time temperature transformation (TTT) diagrams and continuous
cooling transformation (CCT) diagrams. Figure 12 shows a TTT and CCT diagram. These
diagrams are often generated from experimental data. TTT diagrams depict the time to reach a
certain extent of reaction for isothermal phase transformations at different temperatures. The
overlaid extent of reaction curves are C-shaped due to the hill-shaped curve for the reaction rate 𝑘
across temperatures. The TTT diagram makes it easy to determine a processing temperature with
fast kinetics if the transformation is desirable or a processing temperature with slow kinetics if the
transformation is undesirable. Typically, TTT diagrams only show curves for certain stages of the
transformation, often 1%, 50%, and 99%. For each isotherm, the kinetic parameters 𝑘 and 𝑛 can
be calculated from the JMA equation 𝜉 = 1 − exp(−𝑘𝑡 5 ) using the time and extent of reaction
graphical data of at least two points at that isotherm. The JMA equation can then be used to
calculate the time for any extent of reaction at that isotherm. CCT diagrams depict the time to
reach a certain extent of reaction for linear cooling nonisothermal phase transformations. For the

12

same material system, the overlaid extent of reaction curves in CCT diagrams are often C-shaped
as in the TTT diagrams but they are shifted down to lower temperatures and to the right to longer
times since the material has spent some time at high temperatures where the transformation is
slower. In addition, the bottom half of the C-shaped extent of reaction curves in CCT diagrams are
often trimmed since fast cooling rates may inhibit the reaction from finishing when the material
reaches low temperatures where the transformation is slower. If the material is quenched, the
reaction may not take place at all. The kinetic parameters 𝑘 and 𝑛 cannot be calculated in the same
manner as for the TTT diagram since they are temperature dependent and nonisothermal phase
transformations depend on the thermal history. CCT diagrams only represent linear cooling
nonisothermal phase transformations and so they are not applicable for nonlinear cooling/heating
nonisothermal phase transformations as seen in AM.

Figure 12: (a) TTT diagram (b) CCT diagram.
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CHAPTER 3: MICROSTRUCTURAL MODEL DEVELOPMENT

The JMA equation can be derived for an isothermal, arbitrary 𝛽 → 𝛼 diffusional
transformation with a time dependent nucleation rate. The nucleation rate is defined by classical
nucleation theory [14]. Equation 14 shows the transient nucleation rate 𝐼K :

𝜏
𝐼K = 𝐼:: exp F− L
𝑡

(14)

where 𝐼:: is the steady state nucleation rate, 𝜏 is the incubation time, and 𝑡 is the time. The same
procedure described in Chapter 2 is used in this derivation. The assumptions are the same except
that the nucleation rate is now time dependent. The particle radius and particle volume are the
same as seen in Equations 4 and 5. The number of particles can be calculated using the nucleation
rate 𝐼K . Equation 15 shows the number of particles 𝑁h that nucleated within time change 𝑑𝜏:

𝜏
𝑁h = (1 − 𝜉 )𝐼:: exp F− L 𝑑𝜏
𝑡

(15)

where 𝜉 is the extent of reaction. The extent of reaction change can be calculated using the product
of the particle volume and number of particles 𝑉h 𝑁h . Equation 16 shows the extent of reaction
change 𝑑𝜉 within time change 𝑑𝜏:

𝑑𝜉 =

4𝜋 f
𝜏
𝑢 (𝑡 − 𝜏)f/b (1 − 𝜉 )𝐼:: exp F− L 𝑑𝜏 .
3
𝑡

14

(16)

The differential equation can be solved by integrating both sides of the equation. Equation 17
shows the integral setup:

o

p
𝑑𝜉
4𝜋 f
𝜏
n
=
𝑢 𝐼:: n exp F− L (𝑡 − 𝜏)f/b 𝑑𝜏 .
3
𝑡
> 1−𝜉
>

(17)

Equation 18 shows the solved left integral:

o

n
>

𝑑𝜉
= − ln(1 − 𝜉 ) .
1−𝜉

(18)

The right integral is integrated with respect to 𝜏 assuming 𝑡 is a constant. Equation 19 shows the
solved right integral:

p

𝜏
1 3 √𝜋
n exp F− L (𝑡 − 𝜏)f/b 𝑑𝜏 = z− +
erfi(1)• 𝑡 w/b ≈ 0.3071𝑡 w/b .
𝑡
2
4𝑒
>

(19)

Equation 20 shows the solved integrals substituted into Equation 17:

− ln(1 − 𝜉 ) =

4𝜋 f
𝑢 𝐼:: ƒ0.3071𝑡 w/b „ .
3
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(20)

The equation can be rearranged to solve for 𝜉. Equation 21 shows the derived JMA equation:

𝜉 = 1 − exp ?−

1.2284𝜋 f
𝑢 𝐼:: 𝑡 w/b E
3

(21)

where it has the general JMA equation form 𝜉 = 1 − exp(−𝑘𝑡 5 ) with reaction rate:

𝑘=

1.2284𝜋 f
𝑢 𝐼::
3

(22)

w

and Avrami exponent 𝑛 = b , which is the same value as in Equation 13. The 𝑘 value in Equation
22 derived using the time dependent nucleation rate has an approximately 23% decrease from the
𝑘 value in Equation 12 derived using the constant nucleation rate. This reduction in the reaction
rate accounts for the time taken to reach the maximum steady state nucleation rate. Equation 21
will generate a sigmoidal curve as seen in Figure 8 with the precise shape dictated by these kinetic
parameters.
The JMA equation is only valid for isothermal phase transformations because the kinetic
parameter 𝑘 is temperature dependent [11]. The parameter 𝑛 is also temperature dependent as seen
in experiments but in the previously described kinetic models it is assumed to be a constant. For a
nonisothermal phase transformation, the nucleation and growth rates must remain within the right
integral in Equations 8 and 17 since they both depend on temperature, which is changing over time
when computing the integrals. Since nonisothermal phase transformations depend on the thermal
history, an extension to the JMA model is needed for nonisothermal transformations. The
nonisothermal JMA model uses a discretization method to discretize the temperature profile into
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small isothermal time steps where the JMA equation is applied sequentially via the additivity
principle [12]. Figure 13 shows a discretized thermal profile. The additivity principle adds an
additive time 𝑡… to each time step that represents the time it would have taken to reach the current
phase fraction if the entire transformation occurred isothermally at the current temperature.

Figure 13: Discretized thermal profile.

The nonisothermal JMA model calculation process is described for an arbitrary 𝛽 → 𝛼
growth transformation [9]. Figure 14, which shows the alpha fraction growth evolution using the
additivity principle for a nonisothermal phase transformation, is helpful for understanding the
calculation process. In the first isothermal time step [𝑡` − 𝑡> , 𝑇> ], the extent of reaction is
calculated:

𝜉 (𝑡` ) = 1 − exp(−𝑘(𝑇> )(𝑡` − 𝑡> )5 )

(23)

where 𝜉 (𝑡` ) is the extent of reaction at time 𝑡` , 𝑘(𝑇> ) is the reaction rate at temperature 𝑇> , 𝑡` − 𝑡>
is the first time step, and 𝑛 is the Avrami exponent. Since this is the first time step, the reaction is
only isothermal and so the additivity principle is not used. The alpha fraction is calculated using
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the extent of reaction but also taking into account the initial alpha fraction at the start of the entire
transformation and the equilibrium alpha fraction, which is the maximum alpha fraction attainable
at a certain temperature when the reaction reaches 100%. Using Equation 23, the alpha fraction is
calculated for the first isothermal time step:

𝑓U (𝑡` ) = 𝑓U> + (𝑓UT (𝑇> ) − 𝑓U> )𝜉 (𝑡` )

(24)

where 𝑓U (𝑡` ) is the alpha fraction at time 𝑡` , 𝑓U> is the initial alpha fraction at time 𝑡> , and 𝑓UT (𝑇> )
is the equilibrium alpha fraction at temperature 𝑇> .

Figure 14: (a) Nonisothermal transformation thermal profile (b) 𝛼 growth (c) additivity.
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Before calculating the extent of reaction for the second isothermal time step, the additive
time is calculated:

`/5

𝑡…`

𝑓 (𝑡 ) − 𝑓
ln ?1 − U ( ` ) U> E
𝑓UT 𝑇` − 𝑓U>
= ˆ−
‰
𝑘 (𝑇` )

(25)

where 𝑡…` is the additive time at time 𝑡` , 𝑓UT (𝑇` ) is the equilibrium alpha fraction at temperature
𝑇` , and 𝑘(𝑇` ) is the reaction rate at temperature 𝑇` . The additive time 𝑡…` represents the time it
would have taken to reach 𝑓U (𝑡` ) if the entire transformation occurred isothermally at 𝑇` , using
the values for 𝑘 and 𝑓UT at 𝑇` . In the second isothermal time step [𝑡b − 𝑡` , 𝑇` ], the extent of
reaction is calculated as:

𝜉 (𝑡b ) = 1 − exp(−𝑘(𝑇` )(𝑡…` + 𝑡b − 𝑡` )5 )

(26)

where 𝜉 (𝑡b ) is the extent of reaction at time 𝑡b and 𝑡b − 𝑡` is the second time step. Using Equation
26, the alpha fraction for the second isothermal time step is calculated as:

𝑓U (𝑡b ) = 𝑓U> + (𝑓UT (𝑇` ) − 𝑓U> )𝜉 (𝑡b )

where 𝑓U (𝑡b ) is the alpha fraction at time 𝑡b .
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(27)

The calculation process can be generalized for an arbitrary isothermal time step
[𝑡Š‹` − 𝑡Š , 𝑇Š ]. First, the additive time is calculated:

`/5

𝑡…Š

𝑓 (𝑡 ) − 𝑓
ln ?1 − U ( Š ) U> E
𝑓UT 𝑇Š − 𝑓U>
= ˆ−
‰
𝑘 (𝑇Š )

(28)

where 𝑡…Š is the additive time at time 𝑡Š , 𝑓U (𝑡Š ) is the alpha fraction at time 𝑡Š , 𝑓UT (𝑇Š ) is the
equilibrium alpha fraction at temperature 𝑇Š , and 𝑘(𝑇Š ) is the reaction rate at temperature 𝑇Š . Then,
the extent of reaction is calculated:

𝜉 (𝑡Š‹` ) = 1 − exp(−𝑘(𝑇Š )(𝑡…Š + 𝑡Š‹` − 𝑡Š )5 )

(29)

where 𝜉 (𝑡Š‹` ) is the extent of reaction at time 𝑡Š‹` and 𝑡Š‹` − 𝑡Š is the time step. Using Equation
29, the alpha fraction is calculated for the time step:

𝑓U (𝑡Š‹` ) = 𝑓U> + (𝑓UT (𝑇Š ) − 𝑓U> )𝜉 (𝑡Š‹` )

(30)

where 𝑓U (𝑡Š‹` ) is the alpha fraction at time 𝑡Š‹` . This process is repeated for all of the isothermal
time steps in the temperature profile.
The nonisothermal JMA model can be used to approximate the reaction evolution for a
nonisothermal, arbitrary 𝛼 → 𝛽 dissolution transformation. Dissolution is also a diffusional
transformation, but it is not simply the reverse of nucleation and growth [14]. It differs from
nucleation and growth in terms of particle evolution and reaction rate. For dissolution reactions,
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the preexisting particles shrink at an accelerating rate until they completely dissolve, whereas for
growth reactions, the nucleated particles initially grow at an accelerating rate, but eventually they
grow at a decelerating rate when their diffusional fields impinge upon each other. Also, the
dissolution reaction rate 𝑘Œ increases parabolically with increasing temperature, rather than having
a hill-shaped curve as seen for 𝑘 in Figure 9. Figure 15 shows 𝑘Œ versus temperature for phase
dissolution. As the temperature approaches the transition temperature Ttrans, 𝑘Œ increases rapidly.
Figure 16 shows the dissolution reaction evolution for a nonisothermal phase transformation. As
the temperature increases over time, the extent of reaction increases monotonically until reaching
a sharp inflection at 100%. The nonisothermal JMA model is an approximation of this behavior
since the extent of reaction is asymptotic to 100% over time, but it is a good approximation since
the inflection will be rather sharp since 𝑘Œ increases rapidly with increasing temperature.

Figure 15: Reaction rate vs. temperature for phase dissolution.
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Figure 16: (a) Nonisothermal transformation thermal profile (b) dissolution reaction.

The nonisothermal JMA model calculation process for the 𝛼 → 𝛽 dissolution
transformation is the same as the calculation process previously described for the 𝛽 → 𝛼 growth
transformation except for using the dissolution reaction rate 𝑘Œ instead of 𝑘. Figure 17 shows the
alpha fraction dissolution evolution using the additivity principle for a nonisothermal phase
transformation.
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Figure 17: (a) Nonisothermal transformation thermal profile (b) 𝛼 dissolution (c) additivity.

The nonisothermal JMA model can be applied to any material system that undergoes solidstate phase transformations if its transformation kinetics are known. Inconel 718 and Ti-6Al-4V
were chosen in this study for microstructural modeling during both powder bed fusion and directed
energy deposition since AM-built parts composed of these superalloys have wide appeal for many
aerospace applications.
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CHAPTER 4: PHASES AND KINETICS OF INCONEL 718 AND
TI-6AL-4V

Superalloys are alloys with enhanced mechanical and chemical properties that are capable
of withstanding high temperatures, stresses, and often oxidizing environments [15]. They are often
used for aerospace applications where the material experiences harsh environments, such as in jet
engines. Designers of superalloys mix certain elemental combinations to create materials that
exhibit solid solution strengthening, precipitation strengthening, and chemical enhancements like
corrosion resistance.
Solid solution strengthening is the process of improving the strength of an alloy by adding
alloying elements within the crystal lattice of the base metal to form a solid solution [15]. The
alloying elements can act as substitutional or interstitial impurities. Substitutional impurities are
alloying atoms that take the place of the base atoms. If the substitutional impurity is smaller than
the base atom, then the crystal lattice experiences tension. If the substitutional impurity is larger
than the base atom, the crystal lattice experiences compression. Interstitial impurities are alloying
atoms much smaller than the base atoms that take the space between the base atoms. Both
substitutional and interstitial impurities create stresses in the lattice that help resist dislocation
motion resulting in a strengthened material. Figure 18 shows solid solution strengthening with
substitutional strengthening by tension on the left, substitutional strengthening by compression in
the middle, and interstitial strengthening on the right.
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Figure 18: Solid solution strengthening [15].

Precipitation strengthening is the process of improving the strength of an alloy by adding
alloying elements within the crystal lattice of the base metal to form a solid solution containing
precipitates [15]. Precipitates are small clusters of atoms that form a new phase within the matrix
phase of the solid solution. If they are widely dispersed throughout the material with the proper
size and lattice mismatch, then they can increase the strength of the material by creating strains in
the lattice that help resist dislocation motion. The precipitate size and spatial distribution are
important since small, densely populated precipitates are not strong enough barriers to impede
dislocations, while large, sparsely populated precipitates are strong barriers but are not spaced
close enough to impede dislocations. The precipitate lattice mismatch with the matrix is also
important since small lattice mismatches create strained coherent precipitates that impede
dislocations while large mismatches create unstrained incoherent precipitates that do not impede
dislocations. A coherent precipitate is a precipitate whose crystal structure has a continuous
relationship with the surrounding matrix, while an incoherent precipitate is a precipitate whose
crystal structure has no relationship with the crystal structure of the surrounding matrix. Figure 19
shows a coherent and incoherent precipitate.
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Figure 19: (a) Coherent precipitate (b) incoherent precipitate [16].

Precipitation strengthening is a superior strengthening mechanism than solid solution
strengthening since precipitates are more effective at pinning dislocations than impurity atoms due
to their larger size, strains, and cooperation [15]. However, it is a delicate process to grow
precipitates of the proper size and distribution. An aging heat treatment process is typically needed
to control the precipitation in order to obtain the maximum strength capabilities of the alloy. Before
aging, an alloy is heated above its dissolution temperature to dissolve the preexisting precipitates
into the matrix phase in order to form a solid solution with uniformly distributed elements. Then,
the alloy is quenched to form a supersaturated solution. Finally, the alloy is aged by heating it to
an intermediate temperature below its dissolution temperature where the kinetics are favorable and
isothermally holding it at that temperature so that the precipitates can form an optimized size and
number density. The process is called aging since the alloy is isothermally held for a prolonged
time, typically many hours.
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Inconel 718

Inconel 718 is a precipitation strengthened Ni-based superalloy [15]. It also provides solid
solution strengthening, but the dominant source of strengthening is precipitation strengthening.
The superalloy contains large amounts of Nb, Al, and Ti to create precipitate phases, and large
amounts of Cr to provide oxidation resistance. Table 1 shows the elemental composition for
Inconel 718.

Table 1: Inconel 718 elemental composition [17].

Inconel 718 consists of a solid solution matrix containing many different precipitates [15].
Gamma (𝛾) is the matrix phase. It has a face-centered cubic (FCC) crystal structure containing
mostly Ni along with the alloying elements. The three main precipitate phases are gamma double
prime (𝛾′′), gamma prime (𝛾′), and delta (𝛿). The precipitates are typically tens of nanometers in
size. The 𝛾′′ phase is the main strengthening precipitate. It is coherent with the 𝛾 matrix and forms
disc-shaped Ni3Nb particles on the {100} planes. It has an ordered body-centered tetragonal (BCT)
DO22 crystal structure with lattice parameters a = 3.6 Å and c = 7.64 Å. Due to its c-axis mismatch
with the 𝛾 matrix, it is a metastable phase and over time it transforms into the more
thermodynamically stable 𝛿. However, this transformation process is very slow and thus 𝛾′′
typically remains over 𝛿. The 𝛾′ phase is the secondary strengthening precipitate. It contributes to
the strength in a lesser extent than 𝛾′′ due to the lower amounts of Al and Ti compared to Nb in
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the alloy. It is coherent with the 𝛾 matrix and forms cuboidal Ni3Al particles (either pure or with
some Ti). It has an ordered FCC L12 crystal structure with lattice parameter a = 3.6 Å. The 𝛿 phase
is a nonstrengthening precipitate. It is incoherent with the 𝛾 matrix and forms acicular Ni3Nb
particles. It has an orthorhombic DOa crystal structure with lattice parameters a = 5.106 Å, b =
4.251 Å, and c = 4.553 Å. Figure 20 shows the precipitate crystal structure for Inconel 718.

Figure 20: Inconel 718 precipitate crystal structure (a) 𝛾′′ (b) 𝛾′ (c) 𝛿 [17].

Many other precipitates also form due to the multicomponent nature of the superalloy [15].
Two other significant precipitates are carbide precipitates (usually NbC), which have an FCC
structure, and Laves precipitates (usually Ni2Nb), which have a hexagonal structure. These two
precipitates form by proeutectic reactions with the 𝛾 matrix at the end of solidification and precede
the solid-state reactions of the main precipitates. The formation of carbide phase NbC and Laves
phase Ni2Nb, along with 𝛿 phase Ni3Nb, is detrimental to the strength of the alloy because these
phases consume Nb that could have been used for 𝛾′′ Ni3Nb formation.
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The transformation kinetics for Inconel 718 can be derived using thermodynamic data and
kinetic theory. In order to derive the reaction rate 𝑘, the steady state nucleation rate 𝐼:: and the
growth rate 𝑢 must first be calculated. The procedure for calculating all of the necessary equation
parameters is described below. The molar volume and nucleation site density can be calculated
using the crystal structure of the precipitates [14]. Equation 31 shows the molar volume 𝑉• :

𝑉• =

𝑁… 𝑉XTŽŽ
𝑁XTŽŽ

(31)

where 𝑁… is the Avogadro constant, 𝑉XTŽŽ is the unit cell volume, and 𝑁XTŽŽ is the number of unit
cell atoms. Table 2 shows the precipitate molar volume for Inconel 718. These values were
obtained using Equation 31 along with lattice parameters and atomic arrangement of the unit cells
shown in Figure 20. Equation 32 shows the nucleation site density 𝑁> :

𝑁> =

𝑁…
× 10Z•
𝑉•

(32)

where 𝑉• is the molar volume. Equation 32 shows that the number of nucleation sites per volume
is equivalent to the number of atoms per volume, with the factor 10Z• added as a correction to
account for the preferential heterogeneous nucleation at special sites such as grain boundaries,
dislocations, and vacancies [18]. This correction is necessary since heterogeneous nucleation is
the dominant source of nucleation over homogeneous nucleation. Table 3 shows the precipitate
nucleation site density for Inconel 718. These values were obtained using Equation 32 along with
values of the molar volume shown in Table 2.
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Table 2: Inconel 718 precipitate molar volume.

Table 3: Inconel 718 precipitate nucleation site density.

In order to acquire thermodynamic data for Inconel 718, the multicomponent system had
to be simplified to a Ni-based ternary system that contains the elements of the main precipitate
phases [19]. Since the precipitate compositions are Ni3Nb (𝛾′′), Ni3Al (𝛾′), and Ni3Nb (𝛿), the
system was reduced to the Ni-Al-Nb pseudo-ternary system. The procedure to convert the
elemental composition of Inconel 718 into three components involved grouping similar elements
and adding their compositions. Since Al and Ti are both 𝛾′-forming elements, they are classified
as Al-like elements and their compositions are added. Nb and Ta are classified as Nb-like elements
since they are both 𝛾′′-forming elements, but their compositions are typically already added and
listed solely as the Nb composition on material datasheets. The remaining elements (Ni, Fe, Cr,
Mo, Co, etc.) are classified as Ni-like elements and their compositions are added. The
compositions are converted from weight fraction to atomic fraction since atomic fraction is more
frequently used in thermodynamic and kinetic calculations. Table 4 shows the simplified elemental
compositions for Inconel 718 derived using the previously described procedure. These values are
the approximate compositions of Ni, Al, and Nb in the pseudo-ternary system.
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Table 4: Inconel 718 simplified elemental composition.

Using ThermoCalc software and the Ni-Al-Nb pseudo-ternary database from
CompuTherm LLC, the Gibbs free energy as a function of composition and temperature was
calculated for each phase [19]. By graphically comparing the Gibbs free energy curve of 𝛾 with
that of 𝛾′′, 𝛾′, and 𝛿, the nucleation driving force ∆𝐺’ was then calculated for each precipitate.
Figure 21 shows the precipitate nucleation driving force in absolute value versus temperature for
Inconel 718. The figure shows that 𝛾′′ and 𝛾′ have a similar nucleation driving force, while 𝛿 has
a much greater nucleation driving force since it is the most stable phase (lowest Gibbs free energy
curve). At 700 K, 𝛿 has an approximately one and a half times larger nucleation driving force than
that of 𝛾′′ and 𝛾′ (14 kJ/mol versus 9 kJ/mol). As the temperature approaches the transition
temperature for each phase, the nucleation driving force approaches zero. Using density functional
theory, the interfacial energy 𝛾Š was independently calculated for each precipitate by Dr. Yi Wang
of Penn State’s Department of Materials Science and Engineering. Table 5 shows the precipitate
interfacial energy for Inconel 718. These values show that 𝛾′′ and 𝛾′ have a similar interfacial
energy, while 𝛿 has a much larger interfacial energy, approximately three times larger than that of
𝛾′′ and 𝛾′, since it is an incoherent precipitate.
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Figure 21: Inconel 718 precipitate nucleation driving force vs. temperature.

Table 5: Inconel 718 precipitate interfacial energy.

The nucleation barrier for the homogeneous nucleation of a spherical particle is defined by
classical nucleation theory [14]. Equation 33 shows the nucleation barrier ∆𝐺 ∗ :

∆𝐺 ∗ =

16𝜋𝛾Šf 𝑉•b
3∆𝐺’b

(33)

where 𝛾Š is the interfacial energy, 𝑉• is the molar volume, and ∆𝐺’ is the volumetric Gibbs free
energy, which is assumed to be equivalent to the nucleation driving force. Using Equation 33 along
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with the data for the nucleation driving force, molar volume, and interfacial energy, ∆𝐺 ∗ was
calculated for each precipitate. Figure 22 shows the precipitate nucleation barrier versus
temperature for Inconel 718. The figure shows that 𝛾′′ has the smallest nucleation barrier, while 𝛾′
has a slightly larger nucleation barrier, and 𝛿 has a much greater nucleation barrier. At 700 K, 𝛿
has an order of magnitude larger nucleation barrier than that of 𝛾′′ and 𝛾′ (4 kJ/mol versus 0.3
kJ/mol). As the temperature approaches the transition temperature for each phase, the nucleation
barrier rapidly increases as a result of the decreasing nucleation driving force. Even though 𝛿 has
the largest nucleation driving force, it has the largest nucleation barrier. This is because 𝛿 has a
large interfacial energy, which dominates over the nucleation driving force since ∆𝐺 ∗ scales with
the third power of 𝛾Š , while it only scales with the second power of ∆𝐺’ . Since 𝛿 precipitates
cannot easily nucleate homogeneously, they almost exclusively nucleate heterogeneously at
special sites where ∆𝐺 ∗ is lower, such as grain boundaries, while 𝛾′′ and 𝛾′ may nucleate both
homogeneously and heterogeneously.
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Figure 22: Inconel 718 precipitate nucleation barrier vs. temperature.
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The corresponding critical radius for the homogeneous nucleation of a spherical particle is
also defined by classical nucleation theory [14]. Equation 34 shows the critical radius 𝑅∗ :

𝑅∗ = −

2𝛾Š 𝑉•
.
∆𝐺’

(34)

𝑅∗ is positive since the negative sign negates the negative value of ∆𝐺’ . Figure 23 shows the
precipitate critical radius versus temperature for Inconel 718. The figure shows that 𝛾′′ has the
smallest critical radius, while 𝛾′ has a slightly larger critical radius, and 𝛿 has a much greater
critical radius. At 700 K, 𝛿 has a two times larger critical radius than that of 𝛾′′ and 𝛾′ (0.12 nm
versus 0.06 nm). As the temperature approaches the transition temperature for each phase, the
critical radius rapidly increases as a result of the decreasing nucleation driving force. The 𝛿
precipitates cannot easily nucleate homogeneously due to their large critical radius.
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Figure 23: Inconel 718 precipitate critical radius vs. temperature.
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The atomic attachment rate and Zeldovich factor for the homogeneous nucleation of a
spherical particle are also defined by classical nucleation theory [14]. Equation 35 shows the
atomic attachment rate 𝑗 for an arbitrary 𝛽 → 𝛼 transformation:

𝑗=

4𝜋(𝑅∗ )b 𝐷𝑐ST
𝑎d ”𝑐UT − 𝑐ST •

b

(35)

where 𝑅∗ is the critical radius, 𝐷 is the diffusion coefficient, 𝑎 is the lattice parameter, 𝑐ST is the
𝛽 equilibrium composition, and 𝑐UT is the 𝛼 equilibrium composition. In the case where the lattice
parameters 𝑎 ≠ 𝑏, 𝑎d becomes 𝑎b 𝑏b in Equation 35. As the temperature increases, 𝑗 increases
since 𝑅 ∗ and 𝐷 both increase. The Zeldovich factor is related to the probability that a nucleating
particle near the size of the critical radius will overcome the energy barrier and continue to grow
instead of dissolving back to the original phase. Equation 36 shows the Zeldovich factor 𝑍 for a
spherical particle:

`/b

𝑎• ∆𝐺’d
™
𝑍=˜
64𝜋 b 𝑘C 𝑇𝛾Šf 𝑉•d

(36)

where 𝑎 is the lattice parameter, 𝑘C is the Boltzmann constant, 𝑇 is the temperature, 𝛾Š is the
interfacial energy, 𝑉• is the molar volume, and ∆𝐺’ is the volumetric Gibbs free energy, which is
assumed to be equivalent to the nucleation driving force. In the case where the lattice parameters
𝑎 ≠ 𝑏, 𝑎• becomes 𝑎f 𝑏f in Equation 36. As the temperature increases, 𝑍 decreases since ∆𝐺’
decreases and 𝑇 increases.
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The diffusion coefficient is defined by the Arrhenius equation [14]. Equation 37 shows the
diffusion coefficient 𝐷:

𝐷 = 𝐷> exp ?−

𝑄
E
𝑅𝑇

(37)

where 𝐷> is the diffusion prefactor, 𝑄 is the activation energy, 𝑅 is the gas constant, and 𝑇 is the
temperature. For Inconel 718, the nucleation and growth of the precipitates depend on the diffusion
of certain elements in the Ni-based 𝛾 matrix: Al for 𝛾′, and Nb for 𝛾′′ and 𝛿. Table 6 shows the
elemental diffusion coefficient parameters for Inconel 718. These values are approximations since
they represent the diffusion of Nb in Ni and Al in Ni, while the 𝛾 matrix is not purely Ni and
contains many alloying elements that affect diffusion.

Table 6: Inconel 718 elemental diffusion coefficient parameters [20, 21].

Since 𝛿 precipitates almost exclusively nucleate heterogeneously, the grain boundary
reaction rate 𝑘›œ is also calculated. The parameter 𝑘›œ is calculated using the same equations as
those for 𝑘, except modifications are made to the nucleation barrier, the diffusion coefficient, and
∗
the nucleation site density. Equation 38 shows the grain boundary nucleation barrier Δ𝐺›œ
:

∗
Δ𝐺›œ
=

36

Δ𝐺 ∗
2

(38)

where Δ𝐺 ∗ is the nucleation barrier. The barrier for heterogeneous nucleation is approximated as
half the barrier for homogeneous nucleation. Equation 39 shows the grain boundary diffusion
coefficient 𝐷›œ :

𝐷›œ = 𝐷 × 10

(39)

where 𝐷 is the diffusion coefficient. Grain boundary diffusion is approximated as ten times faster
than bulk diffusion. Equation 40 shows the grain boundary nucleation site density 𝑁›œ> :

𝑁›œ> = 𝑁> × 10Zb

(40)

where 𝑁> is the nucleation site density. The grain boundary nucleation site density is approximated
as 1% of the overall nucleation site density. The result of these modifications is that 𝑘›œ is much
faster than 𝑘.
Using ThermoCalc software and the Ni-Al-Nb pseudo-ternary database from
CompuTherm LLC, the equilibrium composition as a function of temperature was calculated for
each phase [19]. The initial composition 𝑐> for Nb in the 𝛾 matrix is equal to the composition for
Nb-like elements in the pseudo-ternary system, while 𝑐> for Al in the 𝛾 matrix is equal to the
composition for Al-like elements in the system. Table 7 shows the elemental initial composition
for Inconel 718. Since the precipitate compositions are Ni3Al for 𝛾′ and Ni3Nb for 𝛾′′ and 𝛿, the
maximum Al composition in 𝛾′ is 0.25 and the maximum Nb composition in 𝛾′′ and 𝛿 is 0.25. The
following figures show the equilibrium composition of each precipitate versus the matrix: Figure
24 shows the 𝛾′′ equilibrium Nb composition versus temperature, Figure 25 shows the 𝛾′
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equilibrium Al composition versus temperature, and Figure 26 shows the 𝛿 equilibrium Nb
composition versus temperature. These figures show that the equilibrium Nb and Al composition
in the 𝛾 matrix approaches 𝑐> at high temperatures since the precipitates dissolve, while it
approaches zero at low temperatures since all of the Nb and Al is contained within the precipitates
(the precipitate composition approaches 0.25).

Table 7: Inconel 718 elemental initial composition.
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Figure 24: Inconel 718 𝛾′′ equilibrium Nb composition vs. temperature.
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Figure 25: Inconel 718 𝛾′ equilibrium Al composition vs. temperature.
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Figure 26: Inconel 718 𝛿 equilibrium Nb composition vs. temperature.

Using ThermoCalc software and the Ni-Al-Nb pseudo-ternary database from
CompuTherm LLC, the equilibrium phase fraction as a function of temperature was calculated for
each phase [19]. Since 𝛾′′ is a metastable phase, it does not exist at equilibrium as it has been
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replaced by the more thermodynamically stable 𝛿. However, since this transformation process is
very slow and 𝛾′′ typically remains over 𝛿, 𝛾′′ can be treated as a stable phase (eliminate 𝛿) to
acquire the three phase 𝛾-𝛾′′-𝛾′ equilibrium system, which more accurately represents real
systems. Table 8 shows the phase transition temperatures for the 𝛾′′ equilibrium case. The phase
transition temperatures for the 𝛾′-𝛾 interface (𝛾′ solvus), the 𝛾′′-𝛾 interface (𝛾′′ solvus), and the 𝛾(𝛾 + 𝐿) interface (solidus) were calculated. Figure 27 shows the equilibrium phase fraction versus
temperature for the 𝛾′′ equilibrium case. Above the 𝛾′ solvus, the equilibrium 𝛾′ fraction is zero,
and above the 𝛾′′ solvus, the equilibrium 𝛾′′ fraction is zero and the equilibrium 𝛾 fraction is one
until reaching the solidus. At 300 K, the approximate value for the equilibrium 𝛾 fraction is 0.78,
the equilibrium 𝛾′′ fraction is 0.13, and the equilibrium 𝛾′ fraction is 0.09.

Table 8: Inconel 718 phase transition temperatures (𝛾′′ equilibrium).
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Figure 27: Inconel 718 equilibrium phase fraction vs. temperature (𝛾′′ equilibrium).
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Using ThermoCalc software and the Ni-Al-Nb pseudo-ternary database from
CompuTherm LLC, the equilibrium phase fraction as a function of temperature was also calculated
for each phase in the three phase 𝛾-𝛿-𝛾′ system [19]. This data set is used when calculating the
reaction evolution for 𝛿, while the previous data set is used when calculating the reaction evolution
for 𝛾′′. Either data set can be used when calculating the reaction evolution for 𝛾′, but the previous
data set is preferred since it more accurately represents real systems. Table 9 shows the phase
transition temperatures for the 𝛿 equilibrium case. The phase transition temperatures for the 𝛾′-𝛾
interface (𝛾′ solvus), the 𝛿-𝛾 interface (𝛿 solvus), and the 𝛾-(𝛾 + 𝐿) interface (solidus) were
calculated. The 𝛾′ solvus in this case is 34.428 K lower than that in the previous case. The higher
𝛾′ solvus in the previous case is attributed to the presence of 𝛾′′ facilitating 𝛾′ formation even at
higher temperature. The solidus is the same in both cases. Figure 28 shows the equilibrium phase
fraction versus temperature for the 𝛿 equilibrium case. The figure has similar values for the curves
as those in the previous case, while the main difference is the different phase transition
temperatures. Above the 𝛾′ solvus, the equilibrium 𝛾′ fraction is zero, and above the 𝛿 solvus, the
equilibrium 𝛿 fraction is zero and the equilibrium 𝛾 fraction is one until reaching the solidus. At
300 K, the approximate value for the equilibrium 𝛾 fraction is 0.78, the equilibrium 𝛿 fraction is
0.13, and the equilibrium 𝛾′ fraction is 0.09. When calculating the reaction evolution for 𝛿, the
equilibrium 𝛿 fraction curve is partitioned into 1% grain boundary and 99% bulk.

Table 9: Inconel 718 phase transition temperatures (𝛿 equilibrium).
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Figure 28: Inconel 718 equilibrium phase fraction vs. temperature (𝛿 equilibrium).

At this point, all of the necessary thermodynamic data and equation parameters are known
for calculating the steady state nucleation rate 𝐼:: and the growth rate 𝑢. The reaction rate 𝑘 can
now be calculated for each phase. The following figures show the reaction rate of the precipitates
for growth and dissolution: Figure 29 shows the 𝛾′′ reaction rate versus temperature, Figure 30
shows the 𝛾′ reaction rate versus temperature, and Figure 31 shows the 𝛿 reaction rate versus
temperature. For 𝛾′′, the maximum of 𝑘 occurs at 1133 K and equals 0.0209 s-2.5 with the
kinetically favorable range spanning from 1080 K to 1170 K (90 K wide). For 𝛾′, the maximum of
𝑘 occurs at 1088 K and equals 0.00537 s-2.5 with the kinetically favorable range spanning from
1030 K to 1125 K (95 K wide). For 𝛿, the maximum of 𝑘 occurs at 1118 K and equals 0.0000913
s-2.5 with the kinetically favorable range spanning from 1080 K to 1140 K (60 K wide), while the
maximum of 𝑘›œ occurs at 1150 K and equals 0.0113 s-2.5 with the kinetically favorable range
spanning from 1075 K to 1200 K (125 K wide). The peak reaction rate for 𝛾′′ is approximately
3.89 times larger than that of 𝛾′, approximately 228.92 times larger than that of overall 𝛿, and

42

approximately 1.85 times larger than that of grain boundary 𝛿. The peak reaction rate for grain
boundary 𝛿 is approximately 123.77 times larger than that of overall 𝛿. The dissolution reaction
rate 𝑘Œ was approximated for each phase by fitting a power law curve that passes through the right
half maximum of the hill-shaped 𝑘-curve. The reasoning of constructing 𝑘Œ in this way is that even
though the reaction rates for growth and dissolution have different curve shapes (hill-shaped versus
parabolic), they are approximated as having relatively similar magnitudes at intermediate
temperatures, while 𝑘Œ rapidly increases as temperature approaches the transition temperature and
beyond. This approximation was made due to a lack of available thermodynamic data for the
dissolution of each phase. The Avrami exponent 𝑛 is equal to 2.5.
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Figure 29: Inconel 718 𝛾′′ reaction rate vs. temperature for growth and dissolution.

43

7

10 -3

Solvus

Gamma' Reaction Rate

6

k (Seconds)-2.5

5

4

3

2
grow
diss

1

0
200

400

600

800

1000

1200

1400

Temperature (Kelvin)

Figure 30: Inconel 718 𝛾′ reaction rate vs. temperature for growth and dissolution.
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Figure 31: Inconel 718 𝛿 reaction rate vs. temperature for growth and dissolution.
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Ti-6Al-4V

Ti-6Al-4V is a solid solution strengthened Ti-based superalloy [22]. The superalloy
contains 90% Ti, 6% Al, and 4% V. Table 10 shows the elemental composition for Ti-6Al-4V. It
transforms from a solid solution into a mixture by 𝛽 → 𝛼 + 𝛽, where beta (𝛽) is a body-centered
cubic (BCC) phase and alpha (𝛼) is a hexagonal close-packed (HCP) phase. The transformation is
incomplete at room temperature with 91% 𝛼 and 9% 𝛽. Figure 32 shows the pseudo-binary phase
diagram for Ti-6Al-4V. The diagram shows that at 4% V single phase 𝛼 will not be present at any
temperature. Depending on the prior-beta grain size and the cooling rate, 𝛼 can form in several
morphologies: allotriomorphic grain boundary alpha (𝛼›œ ), massive alpha (𝛼• ), martensitic alpha
(𝛼′), and Widmanstätten alpha (𝛼), which can form as basketweave and colony. Rapid cooling
rates result in 𝛼′ by a diffusionless transformation.

Table 10: Ti-6Al-4V elemental composition.

Figure 32: Ti-6Al-4V pseudo-binary phase diagram [23].
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The transformation kinetics for Ti-6Al-4V were derived using ThermoCalc and JMatPro
software [22]. Using ThermoCalc software, the equilibrium phase fraction as a function of
temperature was calculated for each phase. Table 11 shows the phase transition temperatures for
Ti-6Al-4V. The phase transition temperatures for the (𝛼 + 𝛽 )-𝛽 interface (𝛽 transus) and the 𝛽(𝛽 + 𝐿) interface (solidus) were calculated. Figure 33 shows the equilibrium phase fraction versus
temperature for Ti-6Al-4V. Above the 𝛽 transus, the equilibrium 𝛼 fraction is zero and the
equilibrium 𝛽 fraction is one until reaching the solidus. Below 947.15 K, the value for the
equilibrium 𝛽 fraction is 0.09 and the equilibrium 𝛼 fraction is 0.91. Using JMatPro software, the
reaction rate 𝑘 for 𝛼 growth was calculated. 𝑘 contains the kinetics of 𝛼 at lower temperatures and
the kinetics of 𝛼›œ at higher temperatures combined into one function. The dissolution reaction
rate 𝑘Œ was constructed in the same way as previously described. Figure 34 shows the 𝛼 reaction
rate versus temperature for growth and dissolution. The maximum of 𝑘 occurs at 1004 K and
equals 0.0135 s-2.5 with the kinetically favorable range spanning from 875 K to 1090 K (215 K
wide). The Avrami exponent 𝑛 is equal to 2.5.

Table 11: Ti-6Al-4V phase transition temperatures.
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Figure 33: Ti-6Al-4V equilibrium phase fraction vs. temperature.
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Figure 34: Ti-6Al-4V 𝛼 reaction rate vs. temperature for growth and dissolution.
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CHAPTER 5: MICROSTRUCTURAL MODELING OF
ADDITIVE MANUFACTURING

Inconel 718 Part Built By Powder Bed Fusion

The nonisothermal JMA model was implemented using MATLAB and applied to a test
case for an Inconel 718 part built by laser powder bed fusion. Figure 35 shows the solid model of
the part. Two nodes within the middle fin of the part, labeled node 8 and node 12, were selected
as regions for thermal and microstructural analysis. Node 8 is located in the lower section of the
middle fin and node 12 is located in the upper section of the middle fin. The thermal measurements
at these nodes were independently calculated by Mr. Patcharapit Promoppatum of Carnegie Mellon
University using COMSOL Multiphysics software as part of a modeling challenge [24]. Figure 36
shows the thermal profile at nodes 8 and 12. The figure shows that the cooling rates are very fast
and there are eleven peaks representing the laser passing over the nodes on the nodal layer and the
ten layers above the nodes. The main peaks have surrounding sub-peaks representing the thermal
transfer from adjacent line scans. In addition, node 12 has a raised thermal profile in relation to
node 8 due to thermal buildup from the lower layers.

Figure 35: (a) Inconel 718 part solid model (b) cross sectional view of nodes 8 and 12.
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Figure 36: Thermal profile at nodes 8 and 12 (a) linear time scale (b) semilog time scale.

Using the thermal profiles and the precipitate reaction rates as inputs, the nonisothermal
JMA model was implemented to acquire the phase fraction evolution at each node. The thermal
profile was interpolated into small isothermal time steps of 0.0002 seconds. Figure 37 shows the
nodal thermal profile and corresponding 𝛾′′ fraction profile at nodes 8 and 12. Due to the very fast
cooling rates near the top of the peaks, the nodes only experience short times at temperatures within
the kinetically favorable range and thus only a very small amount of 𝛾′′ is able to form. Also, the
nodes only experience temperatures within the kinetically favorable range when the laser passes
over the nodes on the nodal layer and the two layers above the nodes, while the reaction evolution
is limited as the build continues. The final 𝛾′′ fraction at node 12 is approximately 1.46 times larger
than that at node 8 (1.0551 × 10Zž versus 7.2143 × 10Z`> ). Since node 12 has a raised thermal
profile and slower cooling rates in relation to node 8, it has a larger 𝛾′′ fraction due to the longer
time spent at temperatures within the kinetically favorable range. Similar results are obtained for
𝛾′ and 𝛿. Figure 38 shows the nodal thermal profile and corresponding 𝛾′ fraction profile at nodes
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8 and 12. The final 𝛾′ fraction at node 12 is approximately 3.37 times larger than that at node 8
(1.3439 × 10Zž versus 3.982 × 10Z`> ).

Figure 37: Nodal thermal profile and 𝛾′′ fraction profile (a) node 8 (b) node 12.

Figure 38: Nodal thermal profile and 𝛾′ fraction profile (a) node 8 (b) node 12.
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For 𝛿, the phase fraction was calculated separately for the bulk regions and the grain
boundary regions due to their different reaction kinetics. Figure 39 shows the nodal thermal profile
and corresponding 𝛿 fraction profile at nodes 8 and 12. The final total 𝛿 fraction at node 12 is
approximately 2.22 times larger than that at node 8 (4.3304 × 10Z`` versus 1.953 × 10Z`` ),
while the final bulk 𝛿 fraction at node 12 is approximately 1.86 times larger than that at node 8
(5.6522 × 10Z`b versus 3.0455 × 10Z`b ) and the final grain boundary 𝛿 fraction at node 12 is
approximately 2.28 times larger than that at node 8 (3.7651 × 10Z`` versus 1.6484 × 10Z`` ). For
node 8, the final grain boundary 𝛿 fraction is approximately 5.41 times larger than the final bulk
𝛿 fraction, and for node 12, the final grain boundary 𝛿 fraction is approximately 6.66 times larger
than the final bulk 𝛿 fraction. Assuming that the remaining phase fraction is all 𝛾 phase, the final
𝛾 fraction is 0.99999999886 for node 8 and 0.99999999755 for node 12.

Figure 39: Nodal thermal profile and 𝛿 fraction profile (a) node 8 (b) node 12.
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Mechanical property tests were performed at nodes 8 and 12 for validation. The material
properties were independently measured by Westmoreland Mechanical Testing & Research, Inc.
through standard tensile testing. Table 12 shows the material properties at nodes 8 and 12 for the
Inconel 718 AM part. In the xy-direction representing the scan plane, the ultimate tensile strength
at node 12 is approximately the same as that at node 8, while the 0.2% yield strength and the
percent elongation are slightly lower at node 12. In the z-direction representing the plane in the
build direction, the ultimate tensile strength, the 0.2% yield strength, and the percent elongation at
node 12 is slightly larger than that at node 8. There is only a small increase in strength in the zdirection, which may be attributed to the small increase in the 𝛾′′ and 𝛾′ fractions from node 8 to
node 12, but other strengthening mechanisms may also be contributing factors. The properties of
the Inconel 718 AM part were also compared to the properties of a traditionally manufactured
Inconel 718 part. Table 13 shows the material properties for an Inconel 718 bar produced by hot
rolling. The rolled part has an ultimate tensile strength of 965 MPa, a 0.2% yield strength of 591
MPa, and a percent elongation of 46, while after heat and age treatments, it has an ultimate tensile
strength of 1434 MPa, a 0.2% yield strength of 1241 MPa, and a percent elongation of 21. The
strength for the AM part is greater than that for the rolled part, which results from the AM part
experiencing some aging effects due to the thermal cycling within the kinetically favorable range;
however, the strength for the AM part is significantly lower than that for the rolled part after heat
and age treatments, which means that an aging heat treatment is needed to exploit the maximum
strength capabilities of Inconel 718. The percent elongation for the AM part is lower than that for
the rolled part, while it is greater than that for the rolled part after heat and age treatments.
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Table 12: Inconel 718 AM part material properties at nodes 8 and 12.

Table 13: Inconel 718 rolled part material properties [25].

Material characterization was performed on a sample taken at node 8 of the part for
validation. Optical micrograph images were independently measured by Mr. Frederick Lia of Penn
State’s Center for Innovative Materials Processing through Direct Digital Deposition and electron
micrograph images were collaboratively measured with Dr. Ke Wang of Penn State’s Materials
Research Institute using transmission electron microscopy (TEM) along with energy dispersive
spectroscopy (EDS) to obtain elemental composition maps. Figure 40 shows optical micrographs
and a TEM micrograph for a z-direction sample along with Nb and Al composition maps. The
optical micrographs show the layer interfaces and columnar 𝛾 grains oriented along the z-direction,
which is expected for an AM process. The TEM micrograph shows some precipitates preferentially
located on or near the 𝛾 grain boundaries. Based on the Nb and Al composition maps, the
precipitates observed are grain boundary 𝛿 Ni3Nb and 𝛾′ Ni3Al. The presence of precipitates
verifies that some aging effects had occurred, while the location of the precipitates predominantly
at the grain boundaries indicates the early stages of the precipitation reaction. The largest
precipitates were less than 50 nm in size.
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Figure 40: (a) Optical micrographs (b) TEM micrograph with elemental composition maps.

The region surrounding node 8 can also be analyzed to observe the local temperature and
microstructure effects. Figure 41 shows the melt pool for an xy-plane through node 8. The laser
scan path from left to right creates the trailing teardrop-shaped melt pool. Figure 42 shows the
corresponding 𝛾′′ fraction map. As the laser scans across a line, the melt pool remelts the nearest
adjacent lines, and the next nearest adjacent lines experience thermal cycling without remelting.
The lines farther away from the melt pool have a greater 𝛾′′ fraction since they experience more
thermal cycling and thus spend longer times at higher temperatures where the kinetics are
favorable. After the laser moves far away from a region, the 𝛾′′ fraction will no longer change
significantly since the temperature remains low. Since the scan pattern is unidirectional, all of the
nodes within the layer have a similar thermal history and thus the final 𝛾′′ map for the layer is
mostly uniform. Figure 43 shows the melt pool for an xz-plane above node 8, and Figure 44 shows
the corresponding 𝛾′′ fraction map a short time after the laser passes over node 8 on the second
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layer above the nodal layer. The melt pool does not remelt the underlying layers, but they
experience thermal cycling. The layers farther away from the melt pool have a greater 𝛾′′ fraction
since they experience more thermal cycling and thus spend longer times at higher temperatures
where the kinetics are favorable. After additional layers are deposited, the 𝛾′′ map will become
more uniform since all of the nodes within the xz-plane will have a similar thermal history. Similar
results can be obtained for the other precipitates.

Figure 41: Melt pool for xy-plane through node 8.

Figure 42: 𝛾′′ fraction map for xy-plane through node 8.
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Figure 43: Melt pool for xz-plane above node 8.

Figure 44: 𝛾′′ fraction map for xz-plane above node 8.
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Inconel 718 Part Built By Directed Energy Deposition

The nonisothermal JMA model was applied to a test case for a hypothetical Inconel 718
part built by laser powder fed directed energy deposition. The hypothetical Inconel 718 part
mimics an actual part built using Inconel 625. The thermal profile of the Inconel 625 part was used
as an approximation for the thermal profile of the Inconel 718 part. This is a good approximation
since these superalloys have similar thermophysical properties and thus have similar processing
conditions that produce similar thermal profiles. Figure 45 shows the experimental setup for the
Inconel 625 part. The part consists of five fused layers of Inconel 625 deposit on an Inconel 625
substrate. During the build, an embedded tungsten-rhenium thermocouple was used to measure
temperature at the top surface of the substrate along the centerline of the scan track. The
thermocouple wires connect to a data acquisition system through holes in the substrate. The center
node within the first layer (the position of the thermocouple) was selected as a region for thermal
and microstructural analysis. The thermal measurement at the node of interest was independently
measured by Mr. Frederick Lia [26]. Figure 46 shows the thermal profile at the node of interest.
The figure shows that the cooling rates are fast and there are five peaks representing the laser
passing over the node during each of the five layer scans. The baseline of the thermal profile rises
with the addition of each layer due to the lack of time to cool to room temperature and thus the
cooling rates decrease with each successive layer.
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Figure 45: Inconel 625 part experimental setup.
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Figure 46: Inconel 625 thermal profile at center node within first layer.
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shows the thermal profile and corresponding 𝛾′′ fraction profile at the node of interest. Due to the
fast cooling rates near the top of the peaks, the node only experiences short times at temperatures
within the kinetically favorable range and thus only a small amount of 𝛾′′ is able to form. Also,
the node only experiences temperatures within the kinetically favorable range when the laser
passes over the node on the nodal layer and the three layers above the node, while the reaction
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evolution is limited as the build continues. The final 𝛾′′ fraction at the node of interest is
0.00054186. Similar results are obtained for 𝛾′ and 𝛿. Figure 48 shows the nodal thermal profile
and corresponding 𝛾′ fraction profile at the node of interest. The final 𝛾′ fraction at the node of
interest is 0.00034627. Figure 49 shows the thermal profile and corresponding 𝛿 fraction profile
at the node of interest. The final total 𝛿 fraction at the node of interest is 1.8276 × 10Zw , while the
final bulk 𝛿 fraction is 1.1928 × 10Z• and the final grain boundary 𝛿 fraction is 1.7083 × 10Zw .
The final grain boundary 𝛿 fraction is approximately 14.32 times larger than the final bulk 𝛿
fraction. Assuming that the remaining phase fraction is all 𝛾 phase, the final 𝛾 fraction is
0.99909359.

Nodal Temperature Evolution

Temperature (Kelvin)

2000

Solidus

1500

Solvus
1000

500

0
0

50

100

150

200

250

Time (Seconds)

Nodal Gamma" Fraction Evolution

Gamma" Fraction

0.15
0.13321
0.1
eq gamma"
gamma"

0.05

0.00054186

0
0

50

100

150

200

250

Time (Seconds)

Figure 47: Thermal profile and 𝛾′′ fraction profile at center node within first layer.
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Figure 48: Thermal profile and 𝛾′ fraction profile at center node within first layer.
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Figure 49: Thermal profile and 𝛿 fraction profile at center node within first layer.
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Ti-6Al-4V Part Built By Powder Bed Fusion

The nonisothermal JMA model was applied to a test case for a simulated Ti-6Al-4V part
built by laser powder bed fusion. Figure 50 shows the solid model of the part. The rectangular
block part was divided into a nodal grid and all of the nodes within the part were selected for
thermal and microstructural analysis. The thermal measurements at the nodes were independently
calculated by Mr. Aaron McCandless of Penn State’s Center for Innovative Materials Processing
through Direct Digital Deposition using Autodesk Netfabb Simulation software. Figure 51 shows
the nodal thermal profile at time equal to 25.4 seconds. In this test case, the laser scan pattern
within a layer consists of two line scans in opposite directions (first line at 𝑦 = 2 in +x-direction,
second line at 𝑦 = 4 in -x-direction). The nodes at lines 𝑦 = 1, 𝑦 = 3, and 𝑦 = 5 are not part of
the scan track. Under the build conditions for this process, these nodes do not melt, which would
cause lack of fusion defects in the part. The figure shows the laser position on the fourth layer,
with the melt pool extending two layers below. The laser causes high temperatures in the nodes as
far as three layers below and in the adjacent lines.

Figure 50: Ti-6Al-4V part solid model.
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Figure 51: Ti-6Al-4V nodal thermal profile at specific time.

Using the thermal profiles and the 𝛼 reaction rate as inputs, the nonisothermal JMA model
was implemented to acquire the 𝛼 fraction evolution at each node. The thermal profiles were
interpolated into small isothermal time steps of 0.001 seconds. Figure 52 shows the nodal 𝛼
fraction profile at time equal to 31.1 seconds when the laser has just finished scanning the fourth
layer. The 𝛼 fraction is not shown for the nodes at lines 𝑦 = 1, 𝑦 = 3, and 𝑦 = 5 since these nodes
do not melt. The figure shows the variation in the 𝛼 fraction throughout the part. The nodes within
the first layer have the largest 𝛼 fraction since the scans in the third and fourth layer cause the
nodes in the first layer to spend additional time at temperatures within the kinetically favorable
range without remelting. The nodes within the second, third, and fourth layer have a lower 𝛼
fraction since they melt during the scanning of the fourth layer and thus spend only a short time at
temperatures within the kinetically favorable range upon solidification, without further thermal
cycling at high temperatures since there are no additional layers deposited. The nodes at the edges
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of the part have a lower 𝛼 fraction since they have lowered thermal profiles and thus higher cooling
rates through the kinetically favorable range resulting in less time spent when the reaction kinetics
are fastest. The shown nodal 𝛼 fraction profile is not the final profile for the part since the laser
has just finished scanning the fourth layer and some of the nodes have not fully cooled, particularly
the first few nodes at 𝑦 = 4 throughout all four layers.

Figure 52: Ti-6Al-4V nodal 𝛼 fraction profile at specific time.

The variation in the 𝛼 fraction between the nodes at line 𝑦 = 2 and those at 𝑦 = 4 is
attributed to their different thermal profiles caused by the scan pattern. Figure 53 shows the nodal
position profile of the part with highlighted nodes of interest. Two nodes within the first layer of
the part, labeled node 74 and node 156, were selected as regions for thermal and microstructural
analysis. Node 74 is located at position 𝑥 = 33, 𝑦 = 2, and 𝑧 = 0.2, while node 156 is located at
position 𝑥 = 33, 𝑦 = 4, and 𝑧 = 0.2. Figure 54 shows the nodal thermal profile and corresponding
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𝛼 fraction profile at nodes 74 and 156. Due to the fast cooling rates near the top of the peaks, the
nodes only experience short times at temperatures within the kinetically favorable range and thus
only a small amount of 𝛼 is able to form. Also, the nodes only experience temperatures within the
kinetically favorable range when the laser passes over the nodes on the three layers above the
nodes. The final 𝛼 fraction at node 74 is approximately 2.89 times larger than that at node 156
(0.033721 versus 0.011684). Since node 156 has its sub-peaks immediately before the main peaks,
its first sub-peak occurs before melting and thus does not contribute to the 𝛼 fraction evolution.
Since node 74 has its sub-peaks immediately after the main peaks, it has a larger 𝛼 fraction due to
the extra sub-peak and thus the longer time spent at temperatures within the kinetically favorable
range. The sub-peaks represent the thermal transfer from adjacent line scans and their position in
the thermal profiles varies with position in the part since the scan pattern is bidirectional. The final
remaining phase fraction is 0.966279 for node 74 and 0.988316 for node 156. This remaining phase
fraction may contain 𝛼• and 𝛼′ in addition to 𝛽 phase due to the high cooling rates.

Figure 53: Ti-6Al-4V part nodal position profile.
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Figure 54: Nodal thermal profile and 𝛼 fraction profile (a) node 74 (b) node 156.

Particular sections of the part can also be analyzed to observe local temperature and
microstructure effects. Figure 55 shows the nodal position profile of the part with highlighted
planes of interest. Three planes within the part, an xy-plane at 𝑧 = 0.2, an xz-plane at 𝑦 = 2, and
a yz-plane at 𝑥 = 10, were selected as regions for thermal and microstructural analysis. Figure 56
shows the melt pool for the xy-plane at 𝑧 = 0.2. The melt pool does not extend over the adjacent
lines, which would cause lack of fusion defects in the part. Figure 57 shows the corresponding 𝛼
fraction map at time equal to 31.1 seconds when the laser has just finished scanning the fourth
layer. The 𝛼 fraction is set to zero for the nodes at lines 𝑦 = 1, 𝑦 = 3, and 𝑦 = 5 that do not melt
in order to generate a contour plot, which consequently causes the gradient pattern between
adjacent lines in the plot. Due to the bidirectional scan pattern within the layers, the 𝛼 fraction
increases in the direction of the scan line (in the +x-direction at 𝑦 = 2, in the -x-direction at 𝑦 =
4) as a result of the shifting position of the sub-peaks in the nodal thermal profiles. However, the
nodes at the edges of the part have a lower 𝛼 fraction due to the shorter time spent at temperatures
within the kinetically favorable range. Figure 58 shows the melt pool for the xz-plane at 𝑦 = 2,
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and Figure 59 shows the corresponding 𝛼 fraction map at time equal to 31.1 seconds. The melt
pool extends two layers below the scan layer and causes high temperatures as far as three layers
below. The first layer, particularly on the right half of the part, has the largest 𝛼 fraction due to the
longer time spent at temperatures within the kinetically favorable range. Figure 60 shows the melt
pool for the yz-plane at 𝑥 = 10, and Figure 61 shows the corresponding 𝛼 fraction map at time
equal to 31.1 seconds. Again, it is seen that the melt pool extends two layers below the scan layer
and causes high temperatures as far as three layers below. It is also seen that the melt pool does
not extend over the adjacent lines, which would cause lack of fusion defects in the part. The 𝛼
fraction is also set to zero for the nodes at lines 𝑦 = 1, 𝑦 = 3, and 𝑦 = 5 that do not melt in order
to generate a contour plot, which creates the gradient pattern between adjacent lines in the plot.
For the first two layers, the nodes at 𝑦 = 4 have a larger 𝛼 fraction than those at 𝑦 = 2 due to the
longer time spent at temperatures within the kinetically favorable range, while for the last two
layers, the nodes at 𝑦 = 4 have a smaller 𝛼 fraction than those at 𝑦 = 2 since they have one less
sub-peak in their thermal profiles contributing to the 𝛼 fraction evolution.

Figure 55: Ti-6Al-4V part nodal position profile (a) xy plane (b) xz plane (c) yz plane.
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Figure 56: Melt pool for xy-plane at 𝑧 = 0.2.

Figure 57: 𝛼 fraction map for xy-plane at 𝑧 = 0.2.
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Figure 58: Melt pool for xz-plane at 𝑦 = 2.

Figure 59: 𝛼 fraction map for xz-plane at 𝑦 = 2.
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Figure 60: Melt pool for yz-plane at 𝑥 = 10.

Figure 61: 𝛼 fraction map for yz-plane at 𝑥 = 10.
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Ti-6Al-4V Part Built By Directed Energy Deposition

The nonisothermal JMA model was applied to a test case for a Ti-6Al-4V part built by
laser powder fed directed energy deposition. The experimental setup for the Ti-6Al-4V part was
the same as that for the Inconel 625 part as seen in Figure 45. The part consists of five fused layers
of Ti-6Al-4V deposit on a Ti-6Al-4V substrate with an embedded tungsten-rhenium thermocouple
positioned on the top surface of the substrate along the centerline of the scan track. The
thermocouple wires pass through holes in the substrate and connect to a data acquisition system.
The center node within the first layer (the position of the thermocouple) was selected as a region
for thermal and microstructural analysis. The thermal measurement at the node of interest was
independently measured by Mr. Frederick Lia [26]. Figure 62 shows the thermal profile at the node
of interest. The figure shows that the cooling rates are fast and there are five peaks representing
the laser passing over the node during each of the five layer scans. The baseline of the thermal
profile rises with the addition of each layer due to the lack of time to cool to room temperature and
thus the cooling rates decrease with each successive layer.
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Figure 62: Ti-6Al-4V thermal profile at center node within first layer.
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Using the thermal profile and the 𝛼 reaction rate as inputs, the nonisothermal JMA model
was implemented to acquire the 𝛼 fraction evolution at the node of interest. The thermal profile
was interpolated into small isothermal time steps of 0.0005 seconds. Figure 63 shows the thermal
profile and corresponding 𝛼 fraction profile at the node of interest. Even though the cooling rates
near the top of the peaks are fast, the node experiences appreciable times at temperatures within
the kinetically favorable range for all five layers and thus a large amount of 𝛼 is able to form. The
final 𝛼 fraction at the node of interest is 0.68477. The final remaining phase fraction is 0.31523.
This remaining phase fraction may contain 𝛼• and 𝛼′ in addition to 𝛽 phase since 𝛽 may transform
into 𝛼• and 𝛼′ during the first two layers due to the high cooling rates and then 𝛼• and 𝛼′ may
transform into 𝛼 as the cooling rates decrease during the last three layers.
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Figure 63: Thermal profile and 𝛼 fraction profile at center node within first layer.
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Material characterization was performed on samples taken at the center node within the
first layer of five separate parts for validation [26]. In order to characterize the five-layered part
(labeled Ti 5) after each layer was deposited, four separate subsectional parts were made under the
same build conditions: a one-layer part (labeled Ti 1), a two-layered part (labeled Ti 2), a threelayered part (labeled Ti 3), and a four-layered part (labeled Ti 4). Micrograph images were
obtained using optical microscopy and the lattice parameter c/a ratio was measured using x-ray
diffraction (XRD). Figure 64 shows optical micrographs of cross sections for the five parts and the
lattice parameter c/a ratio for each part and the substrate. The circle on the micrographs represents
the position of the thermocouple. The micrographs show columnar 𝛽 grains oriented along the zdirection, which is expected for an AM process. The lattice parameter c/a ratio is used to identify
the presence of 𝛼 or 𝛼′. A high c/a ratio close to that of the substrate as in Ti 5 is indicative of 𝛼
in the part, while a lower value as in Ti 1 is indicative of 𝛼′. The data shows a trend where the c/a
ratio slightly increases for the first four layers, and then greatly increases after the fifth layer. This
trend is similar to that for the 𝛼 fraction evolution during the build calculated using the
microstructural model as seen in Figure 63.

Figure 64: (a) Optical micrographs (b) lattice parameter c/a ratio for five parts and substrate.
72

CHAPTER 6: COMPUTATIONAL TOOL FOR
MICROSTRUCTURE ANALYSIS

A computational tool was developed using MATLAB that implements the nonisothermal
JMA model to calculate the phase fraction history of the part during the build. It also provides a
user interface to inspect the thermal and microstructural history of specific regions throughout the
part. The user interface offers the option to visualize the microstructure at specific times during
the build as well as over the entire time of the build. It also allows the user to choose a particular
section of the part for analysis, which can be a node, a line, a layer, or the entire part. Using the
visualization tool, the user can analyze the microstructure throughout the part to develop methods
to optimize the process in order to achieve improved part properties.
The option to visualize the microstructure at specific times during the build is described
below. The previously described test case for the Ti-6Al-4V rectangular block part built by laser
powder bed fusion is used in this demonstration and an xyz coordinate system is chosen. The first
case is visualizing the microstructure at a node. The x, y, and z coordinate of the node must be
specified as well as the specific time of interest. Figure 65 shows the user interface for generating
the phase fraction profile of a node at a specific time, and Figure 66 shows a sample output plot.
The second case is visualizing the microstructure at a line. The y and z coordinate of the line must
be specified as well as the specific time of interest. Figure 67 shows the user interface for
generating the phase fraction profile of a line at a specific time, and Figure 68 shows a sample
output plot. The third case is visualizing the microstructure at a layer. The z coordinate of the layer
must be specified as well as the specific time of interest. Figure 69 shows the user interface for
generating the phase fraction profile of a layer at a specific time, and Figure 70 shows sample
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output plots. Three different plots are generated: a scatter plot, a surface plot, and a contour plot.
The fourth case is visualizing the microstructure of the entire part. The specific time of interest
must be specified. Figure 71 shows the user interface for generating the phase fraction profile of
the part at a specific time, and Figure 72 shows a sample output plot.

Figure 65: Node user interface for phase fraction profile at specific time.
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Figure 67: Line user interface for phase fraction profile at specific time.
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Figure 68: Line at specific time sample output plot.

Figure 69: Layer user interface for phase fraction profile at specific time.
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Figure 70: Layer at specific time sample output plots (a) scatter (b) surface (c) contour.

Figure 71: Part user interface for phase fraction profile at specific time.
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Figure 72: Part at specific time sample output plot.
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The user interface offers the option to choose different coordinate systems. The different
coordinate systems enable the user to view lines along x, y, and z directions as well as layers along
xy, xz, and yz planes. Figure 73 shows the six different coordinate systems: xyz, yxz, xzy, zxy,
yzx, and zyx. For the xyz coordinate system, lines are viewed along the x direction, while layers
are viewed along xy planes. For the yxz coordinate system, lines are viewed along the y direction,
while layers are viewed along xy planes. For the xzy coordinate system, lines are viewed along the
x direction, while layers are viewed along xz planes. For the zxy coordinate system, lines are
viewed along the z direction, while layers are viewed along xz planes. For the yzx coordinate
system, lines are viewed along the y direction, while layers are viewed along yz planes. For the
zyx coordinate system, lines are viewed along the z direction, while layers are viewed along yz
planes. The view for individual nodes and the entire part is the same in all coordinate systems.

Figure 73: Different coordinate systems.
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The option to visualize the microstructure over the entire time of the build is described
below. The previously described test case for the Ti-6Al-4V rectangular block part built by laser
powder bed fusion is used in this demonstration and an xyz coordinate system is chosen. The first
case is visualizing the microstructure at a node. The x, y, and z coordinate of the node must be
specified. Figure 74 shows the user interface for generating the phase fraction profile of a node
over time, and Figure 75 shows sample output plots. A linear plot and a scatter plot is generated
for the temperature profile and the corresponding phase fraction profile. An animation can also be
generated at the node. Figure 76 shows sample animation snapshots. The temperature frequency
distribution at the node over time is also generated, which can be used to analyze the amount of
time spent at different temperatures. This can be useful to quickly determine if the thermal profile
spends a significant amount of time within the kinetically favorable range. Figure 77 shows a
sample temperature frequency distribution for the node over time. The second case is visualizing
the microstructure at a line. The y and z coordinate of the line must be specified. Figure 78 shows
the user interface for generating the phase fraction profile of a line over time, and Figure 79 shows
sample output plots. A scatter plot is generated for the temperature profile and the corresponding
phase fraction profile. An animation can also be generated at the line. Figure 80 shows sample
animation snapshots. The temperature frequency distribution at the line over time is also generated.
Figure 81 shows a sample temperature frequency distribution for the line over time. The third case
is visualizing the microstructure at a layer. The z coordinate of the layer must be specified. Figure
82 shows the user interface for generating the phase fraction profile of a layer over time, and Figure
83 shows sample output plots. A scatter plot is generated for the temperature profile and the
corresponding phase fraction profile. An animation can also be generated at the layer. Figure 84
shows sample animation snapshots. The temperature frequency distribution at the layer over time
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is also generated. Figure 85 shows a sample temperature frequency distribution for the layer over
time. The fourth case is visualizing the microstructure of the entire part. Figure 86 shows the user
interface for generating the phase fraction profile of the part over time. The only option is to
generate an animation for the part. Figure 87 shows sample animation snapshots. The temperature
frequency distribution of the part over time is also generated. Figure 88 shows a sample
temperature frequency distribution for the part over time.

Figure 74: Node user interface for phase fraction profile over time.

Figure 75: Node over time sample output plots (a) temperature (b) phase fraction.
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Figure 76: Node sample animation snapshots (a) temperature (b) phase fraction.
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Figure 78: Line user interface for phase fraction profile over time.

Figure 79: Line over time sample output plots (a) temperature (b) phase fraction.
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Figure 80: Line sample animation snapshots (a) temperature (b) phase fraction.
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Figure 82: Layer user interface for phase fraction profile over time.

Figure 83: Layer over time sample output plots (a) temperature (b) phase fraction.
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Figure 84: Layer sample animation snapshots (a) temperature (b) phase fraction.
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Figure 86: Part user interface for phase fraction profile over time.

Figure 87: Part sample animation snapshots (a) temperature (b) phase fraction.
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CHAPTER 7: CONCLUSIONS AND FUTURE WORK

Conclusions

A computational microstructural model was developed for nonisothermal phase
transformations with application to any material system that undergoes solid-state phase
transformations, if its transformation kinetics are known. Accurate kinetic data is needed since the
reaction evolution is highly dependent on the reaction rate. The model was used to track the
microstructural evolution of Inconel 718 and Ti-6Al-4V parts during both powder bed fusion and
directed energy deposition AM processes as case studies with material characterization and
mechanical property tests for validation.
The case studies demonstrate the relationship between the thermal history and the resulting
phase fraction evolution of parts during the AM build processes. For the Inconel 718 part built by
powder bed fusion, the cooling rates were too fast for significant precipitation reaction evolution.
Mechanical property tests showed that there was a small increase in the strength of the part in the
build direction, which may be attributed to the small increase in the 𝛾′′ and 𝛾′ fractions due to
longer times spent at temperatures within the kinetically favorable range. The strength for the AM
part is greater than that for an Inconel 718 part produced by rolling, which results from the AM
part experiencing some aging effects due to the thermal cycling within the kinetically favorable
range; however, the strength for the AM part is significantly lower than that for the rolled part after
heat and age treatments, which means that an aging heat treatment is needed to exploit the
maximum strength capabilities of Inconel 718. Material characterization identified the presence of
𝛿 and 𝛾′ precipitates in the part, which verifies that some aging effects had occurred, while the
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location of the precipitates predominantly at the grain boundaries is indicative of the early stages
of the precipitation reaction. For the Inconel 718 part built by directed energy deposition, the
cooling rates were also too fast for significant precipitation reaction evolution. For the Ti-6Al-4V
part built by powder bed fusion, the cooling rates were too fast for the formation of a significant
amount of 𝛼. For the Ti-6Al-4V part built by directed energy deposition, a large amount of 𝛼 was
able to form due to appreciable times spent at temperatures within the kinetically favorable range.
Material characterization identified the presence of 𝛼 in the part and confirmed the trend for the 𝛼
fraction evolution during the build calculated using the microstructural model.
These case studies provided insight into part properties and methods for process
optimization, such as maintaining the thermal profile within the kinetically favorable range for
reactions where the transformation is desirable for improving part properties. The reaction rate
evolution varies throughout the part due to the varying thermal history from point-to-point, with
the most significant reaction evolution occurring in the middle to upper regions of the part
(excluding the last few layers) due to these regions spending longer times at temperatures within
the kinetically favorable range. Cooling rates in many metal AM processes are too fast for
significant reaction evolution and thus process enhancements such as preheating the substrate may
help reduce the thermal gradient by shifting temperatures into the kinetically favorable range for
longer times, but subsequent heat treatments may still be needed to achieve the desired part
properties. A computational tool was developed to visualize the thermal and microstructural
evolution of specific regions throughout the part, which can be helpful to predict part properties
and determine methods for process optimization.
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Future Work

Future work should be directed at developing a kinetic database for many other common
AM materials, such as 316 stainless steel and AlSi10Mg. Additionally, comprehensive
microstructure-property relationships and further experimental validation are needed. The JMA
model can also be expanded to handle reactions with nonspherical particles and anisotropic
growth. Lastly, the visualization of the thermal and microstructural evolution of the part can be
used to select regions of the part for further kinetic analysis by phase field modeling to obtain
spatial microstructural information, such as particle and grain size, orientation, and distribution.
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