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Abstract
Directed energy deposition (DED) additive manufactured (AM) builds were created in
previous experiments using 0, 20, and 40 s interlayer dwell times out of Inconel® 625 and
Ti-6Al-4V. In-situ deformation and temperatures were measured along with residual stresses.
This study characterized the varying dwell time builds through optical microstructure analysis
and mechanical tensile testing. A direct correlation was found between dwell time, cooling rate,
microstructure, and mechanical properties for each material. For both materials, the addition and
increase of an interlayer dwell increased the cooling rate during the solidification of the melt
pool. In Inconel® 625, this increased cooling led to reduced secondary dendrite arm spacing in
the 20 s and 40 s builds. The finer microstructure of the 20 s and 40 s dwell builds had increased
ultimate tensile strength (UTS) and yield strength over that found in the 0 s dwell build. Each
nickel based AM build became embrittled, losing ~20% elongation at failure, but showed yield
strength above that of the base Inconel® 625 material. The addition and increase of an interlayer
dwell in Ti-6Al-4V builds caused a reduction in alpha lath width in the basketweave
microstructure. Each of the titanium alloy builds showed UTS and yield strengths that were
within ~10% of the base alloy values and increased with dwell time. These results reinforce the
fact that path planning is vital to tailoring the final part microstructure and resulting mechanical
properties.
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Chapter 1. Introduction
1.1 Overview of Directed Energy Deposition
Additive manufacturing (AM) is an emerging technology which has the potential to alter
conventional design and manufacturing techniques. The process involves layer by layer
deposition of metal alloys. Although the technology is still in its early stages, the potential and
interest in the technique ensure rapid growth and a strong future. Parts are built from the bottom
up and as such allow for unconventional part geometries. Traditional machining techniques
which would require complex assemblies can be printed with relative ease.
Directed energy deposition (DED) via laser is one of the AM techniques which creates
fully dense metallurgically sound parts near-net shape. A schematic of the DED system is shown
in Figure 1-1. A substrate is first prepared and connected to a multi-axis stage. Metal alloy
powder is blown through an arrangement of nozzles which direct the powder to a point on the
substrate. A laser is focused on the same point causing the powder to melt and form a deposition
on the substrate. The stage is moved as powder is deposited and in this way, a 3D part is created,
one layer at a time. The same process can be used to add metal to worn down parts for relatively
inexpensive repairs. Powder properties, laser properties, path plan parameters, lens setup, and
build environment can drastically affect the quality of the final part. The need to achieve
mechanical properties near those formed by traditional techniques is one of the drivers of
research in this technology. An understanding of how different process parameters affect the
microstructure is the only way this goal can be achieved.
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Figure 1-1: Schematic of laser DED head and build process

1.2 Measurement of Distortion and Residual Stress in Additive Manufacturing
Denlinger et al. (4) measured in-situ distortion of Ti-6Al-4V and Inconel® 625 DED
builds created with varying interlayer dwell times. The setup of this experiment can be seen in
Figure 1-2. A substrate was clamped on one end and distortion during the DED process was
measured by a laser displacement sensor (LDS). Three type-K thermal couples were attached to
the bottom of the substrate to monitor in-situ temperature changes.
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Figure 1-2: Experimental setup used in inter-layer dwell time distortion study.
The results of the experiment showed a decrease in both deformation and residual stress
for the Inconel® 625 builds with dwell time (4). Unexpectedly, the opposite effect was observed
with the titanium alloy samples, as shown in Figure 1-3. The residual stress increased from
98 MPa to 176 MPa as dwell increased from 0 s to 40 s while the distortion increased from
0.37 mm to 0.57 mm (4). An explanation for this trend is the subject of further study, but may be
a result of the two phase structure Ti-6Al-4V compared to the single phase Inconel® 625.
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Figure 1-3: Final distortion and residual stress for AM builds created with varying interlayer
dwell times (4).

1.3 Research Objectives and Motivation
Directed energy deposition is especially useful when dealing with high cost and specialty
metals such as Ti-6Al-4V and Inconel® 625. These metals were selected because Ti-6Al-4V has
a beta to alpha phase transformation during cooling where Inconel® 625 does not. This study
was proposed to further investigate the effect of interlayer dwell time on the laser build quality
and microstructure of both Ti-6Al-4V and Inconel® 625. Builds created with 0, 20, and 40
second dwell times were characterized using optical analysis techniques, hardness testing, and
tensile stress experiments.
The purpose of this research was to identify differences in microstructure between builds
resulting from different interlayer dwell times. Further, the microstructure then needed to be
correlated to mechanical properties of the AM builds. A result would be a more complete
understanding of the direct effect of dwell time on as-deposited part quality and mechanical
properties.
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Chapter 2. Literature Review
2.1 Characteristics of Directed Energy Deposition Process
2.1.1 Processing Conditions and Thermal Histories
Additive manufacturing techniques such as directed energy deposition require precise
control and understanding of a variety of processing parameters. Gharbi et al. investigated the
influence of process parameters on the surface finish of Ti-6Al-4V alloys (1). The study found
that variation of beam profile, powder flow, deposition head speed, and laser power produce a
measurable change in surface roughness of the final build (1). Typical surface roughness of a
DED build can be seen in Figure 2-1.

Figure 2-1: DED AM build displaying typical surface roughness.
Other works have found that stable metal powder flow and laser beam energy density
help to promote a uniform melt pool, which has been identified as a critical factor in the final
build quality (2). A thermal profile of a DED process melt pool is shown in Figure 2-2. The
melt pool extends into the build and remelts or reheats the upper layers. The iterative heating
and cooling that results from a layer by layer deposition produces a complex thermal history
which complicates any theoretical predictions on resulting microstructure. The complexity is
5

further compounded by a gradual increase in heat of the entire part as the deposition progresses.
Final layers of the build will not experience thermal cycling to the same extent as the previous
layers and commonly have a different microstructure than layers from the bulk of the build (3)

Figure 2-2: Image of DED process (a) and a side view of the temperature profile of the melt
pool in kelvin (2).

2.1.2 In-Process Distortion
Rapid cooling and heating during DED leads to intense thermal gradients within the
layers of AM builds. The quickly moving melt pool and thermal gradients cause high residual
stresses and deformation in some cases (2). Deformation can increase as the height of the build
increases and leads to cracking between layers and separation of the build and the substrate. A
possible way to mitigate this distortion and residual stress is through manipulation of interlayer
dwell times (4). A dwell allows the build to cool and stabilize before the next layer is deposited.
Understanding of this phenomena is vital for complex geometries to become possible using this
AM process.

6

2.2 Impact of Build Path on Microstructure and Mechanical Properties
The selection of a build path determines the amount of time a portion of the build is
allowed to cool before the next layer is deposited. This time along with scan direction are key
factors in the resulting microstructure because of their direct impact on part temperature and
cooling rate during solidification of the melt pool.

2.2.1 Nickel Base Alloys
Inconel® 625 is a nickel-chromium superalloy. The alloy is solution-strengthened by the
addition of molybdenum and niobium, which stiffen its nickel-chromium matrix (4). This
material commonly has a gamma phase dendritic microstructure. When solidification takes
place in the presence of a steep temperature gradient, as in DED, a columnar dendritic
microstructure is commonly formed (5). An illustration of this microstructure is shown in
Figure 2-3.

Figure 2-3: Illustration of a columnar dendritic microstructure (5).
During solidification, primary dendrite arms align with the general direction of heat flow
while secondary dendrite arms branch off perpendicularly. The growth and spacing of secondary
dendrite arms has been found to be a function of cooling rate during solidification in a variety of
7

studies (6, 7, 8). Tinoco and Fredriksson (6) studied secondary dendrite arm spacing (SDAS)
with the goal of relating final microstructure directly to cooling rate. A plot of their data, shown
in Figure 2-4, shows the results of their work. The authors explain that the growth of SDAS is a
function of time spent between the liquidus and solidus, which is a function of cooling rate (6).
The logarithmic fit has proved accurate for SDAS larger than a single micron, but there is
disagreement on whether the correlation holds true for submicron spacings (7, 8).

Figure 2-4: Log scale plot of SDAS in microns vs cooling rate in K/s (6).
Laser scan direction also plays a role in determination of the build microstructure (9).
Figure 2-5 shows builds created with alternating scan direction and constant scan direction. One
can see an increased primary dendrite angle within the build created with alternating scan
directions (9). The reason for dependence on scan direction is again related to heat flow. In this
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case, primary dendrites are angled due to conductive cooling from material deposited previous to
the melt pool (9).

Figure 2-5: DED AM builds created with alternating scan direction (a) and constant scan
direction (b) (10).
Although Inconel® 625 is a primarily single phase alloy, secondary phases can form in
the inter-dendritic region as Laves phase or carbides (6). Such phases are common in laser
deposited nickel superalloys, examples of which are shown in Figure 2-6 (10). A decrease in the
amount of secondary phase present in the final microstructure has been recorded as cooling is
increased (6).
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Figure 2-6: SEM image of secondary phases present in nickel superalloys (10).

2.2.2 Titanium Base Alloys
Titanium alloys, such as Ti-6Al-4V, are commonly used in the aerospace industry due to
a high specific strength and corrosion resistance (11). As with nickel based alloys, final
microstructure is highly dependent on cooling rate. One of the main differences is that
Ti-6Al-4V has an allotropic phase transformation resulting in a two phase microstructure. Prior
beta grains, formed almost immediately after the temperature drops below the melting point,
orient themselves with the steepest thermal gradient (3). In most cases, this gradient is vertical
within the DED build and angles slightly with the scan direction (3). As temperature drops, beta
grains undergo a solid state phase transformation to become alpha grains before reaching room
temperature. In a study at the Lawrence Livermore National Laboratory, the beta to alpha
transformation in an arc welding process during cooling was shown to initiate at the beta transus
temperature and reach completion below the martensitic transformation temperature (12). In
DED, the final microstructure is typically colony Widmanstätten alpha grains or a basketweave
Widmanstätten alpha grains as shown in Figure 2-7. Which structure forms is partially
10

dependent on cooling rate. A higher cooling rate with low time spent in the beta range favors the
formation of basketweave alpha (3).

Figure 2-7: Microstructure consisting of colony Widmanstätten alpha grains (on the left) and
basketweave Widmanstätten alpha grains (on the right) (3).
DED with high power lasers, such as an 11 kW CO2 laser, can result in a mixture of these
two microstructures (3). Interlayer regions of the build experience significant reheating and the
cooling rate is lessened to the point where alpha laths favor colonies over a basketweave
orientation (3). Within each deposition layer, alpha lath width was smallest at the bottom of the
layer and largest at the top of the layer (3). This finding can be loosely correlated to the cooling
rate experienced in the different regions of each layer, with a higher cooling rate leading to
smaller average lath widths (3). The non-equilibrium conditions found in this work were
supported by dilatometry experiments by Swarnakar et al (13). Samples prepared by shaped
metal deposition (SMD), another layer by layer additive manufacturing technique, had
dimensional changes measured as a function of temperature, with the results shown in Figure 2-8
(13). The coefficient of thermal expansion is constant upon heating but undergoes contraction
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stalling upon cooling, which is taken as indirect evidence of non-equilibrium composition prior
to heating (13). A similar effect is expected with dilatometry of DED Ti-6Al-4V builds.

Figure 2-8: Dilatometry curve for a SMD Ti-6Al-4V specimen (13).
The strength of pure beta and alpha microstructures was determined in work by Saby,
Massoni, and Bozzolo (14). The authors found that the strength difference between the two
phases was ~15 MPa, with the flow stress of the beta phase around 60% lower than the alpha
phase, shown in Figure 2-9 (14). The difference in strengths mean that the amount and location
of each phase within the alloy has a direct impact on the material properties.

Figure 2-9: Stress vs strain curve for pure alpha and beta phase Ti-6Al-4V (14).
12

Chapter 3. Experimental Procedure and Characterization
3.1 Microstructural Characterization
Ti-6Al-4V and Inconel® 625 samples were ground and polished for microstructural
characterization. An electrolytic etch was used on the Inconel® 625 samples and Kroll’s reagent
was used to etch the Ti-6Al-4V samples. Each sample was placed on the stage of an optical
microscope and images were taken at 100x, 200x, and 500x. Regions of interest were the
substrate-build interface, 5 mm from the interface, 10 mm from the interface, 20 mm from the
interface, 30 mm from the interface, and 35 mm from the interface between the build and the
substrate, as seen in Figure 3-1. Micrographs were taken at multiple locations along the width of
the build at each of the locations for comparison. Each of the polished and etched builds were
placed in the LECO M-400-G1 Vickers Hardness Tester. Hardness measurements were taken
along the height of the build starting 10 mm below the substrate-build interface. The applied
load was set to 1000 g because of titanium’s relatively high hardness. Each height had a test
performed on the centerline of the build and one test each 0.5 mm to the left and right of the
centerline. These three tests were averaged to find the hardness at that specific height.
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Figure 3-1: Locations for micrographs along the laser build height.

3.2 Microstructural Analysis
3.2.1 Secondary Dendrite Arm Spacing
Three 500x images were taken at each area of interest for each of the three Inconel® 625
laser builds. Each raw image was input to the ImageJ program to determine the secondary
dendrite arm spacing (SDAS). The SDAS was determined by locating at least 5 consecutive
secondary dendrite arms and averaging the spacing between each arm as seen in Figure 3-2.
Peak gray values correspond to the center of each secondary dendrite arm and distance between
the peaks is converted from pixels to microns. This analysis was completed at two locations per
image and resulted in a total of six measurements per area of interest.
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Figure 3-2: Measurement of SDAS. A line segment was drawn over at least 5 consecutive
secondary dendrite arms. The gray value along the line was plotted and the peak to peak
distance on the plot represented the spacing between the dendrite arms.

3.2.2 Laves Phase Volume Fraction Analysis
Three 500x images were taken at each area of interest for each of the three Inconel® 625
laser builds. Each raw image was further cropped and enlarged to create two 1000x images.
These images were input to ImageJ where they had their contrast adjusted and a threshold
applied as seen in Figure 3-3. The remaining black on the image corresponded to the Laves
phase of Ti-6Al-4V. Data on the percentage of Laves phase, Laves phase count, and Laves
phase size per location was extracted within the ImageJ program.
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Figure 3-3: Image Manipulation for Laves Phase Analysis. Original image is cropped, contrast
adjusted, and has a threshold applied to isolate the Laves phase.

3.2.3 Lath Width Analysis
Three images were taken at 500x for each area of interest in the Ti-6Al-4V laser builds.
Each of these images were input to a MatLab script (Appendix C). The script adjusts for uneven
illumination and applies a user defined threshold as seen in Figure 3-4.
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Figure 3-4: Image Manipulation for Lath Width Analysis. Original image on the left is
adjusted for uneven illumination and a threshold is applied, yielding the image on the right.

White portions of the image correspond to alpha grains. Within the MatLab script, alpha
grains are measured by overlaying a grid at varying angles and subtracting the original image to
get a grid of discontinuous line segments. The multiple angles are required to account for all
orientations of alpha laths. The lengths of the line segments are averaged in the script and input
to the following equation to determine lath width:

Lath Width =

1
1
)
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑠𝑒𝑔𝑚𝑒𝑛𝑡 𝑙𝑒𝑛𝑔𝑡ℎ

1.5 ∗ (

3.3 Mechanical Property Characterization
3.3.1 Sample Preparation/Location
Small tensile specimens were designed based on standards in ASTM E8. The overall
length and dimensions can be seen in Figure 3-5. The limiting dimension of these specimens
17

(1)

was the length, which had to fit vertically within the laser builds. A visualization of this
limitation is shown in the Z specimens within Figure 3-6.

Figure 3-5: Tensile specimen drawing. Dimensions are shown in mm.

Three specimens were machined from the builds and substrate in each orientation, shown
in Figure 3-6. Wire electrical discharge machining (EDM) was used to cut the samples to the
correct geometry. Full cut out plans with reference dimensions can be found in Appendix F.
Samples were given reference ID’s corresponding to their location and material.
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Figure 3-6: Tensile specimen orientation. Each specimen was cut using wire EDM and
given a reference ID.

3.3.2 Tensile Testing/Digital Image Correlation
A uniform speckle pattern of white and black paint was applied to the gage region of each
tensile specimen. Digital Image Correlation (DIC) requires that the thin paint layer is pliable and
not fully cured. For this reason, the speckle pattern was applied in small batches less than an
hour before being broken. Specimens were pulled using an Instron model 4202 test frame with a
10 kN load cell (Instron model 2512-147). Inconel® 625 specimens were pulled at a rate of 1
mm/min and Ti-6Al-4V specimens were pulled at a rate of 0.5 mm/min based on the large
difference of expected maximum strain values for the two materials. Images of the gage region
and speckle pattern were captured once per second using a Point Grey GRAS-50S5M-C digital
camera and the VIC-snap program. These images were input to the VIC2D program from
Correlated Solutions. An image of a ruler, taken at the beginning of each tensile test, was used
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to calibrate the scale within the program and is shown in Figure 3-7. A quadrilateral region of
interest was positioned over the gage region of each tensile specimen. The start point of the area
of interest was positioned low to ensure proper tracking. DIC analysis was then run to record
and map translation and deformation of the speckle pattern.

(a)

(b)

Figure 3-7: VIC2D scale calibration (a) and positioning of the region of interest (b)
The coordinates of the corners of the tensile specimen were recorded and used to
calculate the placement of a 7 mm virtual extensometer in the exact center of the gage region.
Figure 3-8 shows the placement of the extensometer and its end points. Data from this
extensometer was then extracted as a CSV file along with data from the upper and lower end
points of the vertical extensometer. The extensometer data was used in conjunction with the
displacement and load voltages output by the Instron to determine a variety of mechanical
properties such as ultimate tensile strength (UTS), modulus of elasticity, maximum elongation,
strain hardening exponent, and yield stress. Engineering stress vs engineering strain curves were
combined with DIC strain field images to give a fuller picture of the deformation.
20

Figure 3-8: Placement of the virtual extensometer and end points.

3.3.3 Calculation of Mechanical Properties
Data from the virtual extensometer was used along with the load data taken from the
Instron to plot a basic force vs displacement curve. The dimensions of the tensile specimen were
then input and factored in to plot engineering stress vs engineering strain as seen in Figure 3-9.
The maximum value for stress was recorded as the ultimate tensile strength (UTS) and the final
value for strain was recorded as the maximum strain. Yield stress was determined by finding the
point where a line with the slope of young’s modulus for the material, offset by 0.002
engineering strain, intersected with the generated engineering stress vs engineering strain curve.
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Figure 3-9: Visualization of relevant mechanical properties such as UTS, maximum elongation,
and yield stress on an engineering stress vs engineering strain curve.
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Chapter 4. Results and Discussion
4.1 Impact of Dwell Time on Microstructure
4.4.1 Nickel Base Alloys
The microstructure and macrostructure of Inconel® 625 can be used to help predict
material properties and fully understand the effect of different processing parameters.
Composite images showing the cross-section of the 0, 20, and 40 second dwell time builds are
shown in Figure 4-1. Each deposition layer of melted Inconel® 625 powder, with three
individual passes per layer, can be seen clearly at this magnification. Differences in color and
contrast are a result of the underlying microstructure or slight variation in the electrolytic etching
process. As expected, the first layer of deposition on the substrate penetrated ≤ 1mm. Any edge
effects due to mixing alone should be minimal because the substrate and build are made of the
same alloy. Balling and roughness on the outer edge of the builds is normal and expected under
these operating parameters. Any bubbles in the mount are a result of the epoxy mounting
process and do not relate to the Inconel® 625 builds.
Detailed micrographs were taken and evaluated using optical microscopy. Figures 4-2
through 4-7 show the microstructure of each build at 6 different locations along the height of the
build. A dendritic microstructure is apparent in each of the images. Cursory inspection shows
that the dendrites to grow in size the substrate to 30 mm up the build, Figures 4-2 to 4-6. Figure
4-7, 35 mm up the build, shows a slight decrease. Dendrites size and spacing also looks larger
for the 0 second dwell Inconel® 625 build than for the 20 or 40 s dwell builds.
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1 mm

(a)

1 mm

(b)

1 mm

(c)

Figure 4-1: Composite images of the Inconel® 625 laser builds for a 0 s dwell (a), a 20 s dwell
(b), and a 40 s dwell (c).
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(a)
(c)
(b)
Figure 4-2: Micrographs of the Inconel® 625 laser builds for a 0 s dwell (a), a 20 s dwell (b),
and a 40 s dwell (c) taken at the interface between the build and the substrate.

(a)

(b)

(c)

Figure 4-3: Micrographs of the Inconel® 625 laser builds for a 0 s dwell (a), a 20 s dwell (b),
and a 40 s dwell (c) taken 5 mm from the interface between the build and the substrate.

(b)
(c)
(a)
Figure 4-4: Micrographs of the Inconel® 625 laser builds for a 0 s dwell (a), a 20 s dwell (b),
and a 40 s dwell (c) taken 10 mm from the interface between the build and the substrate.
25

(a)

(b)

(c)

Figure 4-5: Micrographs of the Inconel® 625 laser builds for a 0 s dwell (a), a 20 s dwell (b),
and a 40 s dwell (c) taken 20 mm from the interface between the build and the substrate.

(b)
(c)
(a)
Figure 4-6: Micrographs of the Inconel® 625 laser builds for a 0 s dwell (a), a 20 s dwell (b),
and a 40 s dwell (c) taken 30 mm from the interface between the build and the substrate.

(b)
(c)
(a)
Figure 4-7: Micrographs of the Inconel® 625 laser builds for a 0 s dwell (a), a 20 s dwell (b),
and a 40 s dwell (c) taken 35 mm from the interface between the build and the substrate.
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Directed energy deposition has a dependence on path and layering. As such, the build
microstructure is commonly anisotropic in nature. For this reason, it was advantageous to create
3D micrographs. These micrographs consist of three images, taken in 3 different orientations,
which were projected onto a cube via MatLab. Figures 4-8 through 4-10 consist of
3D micrographs taken 5 mm, 20 mm, and 30 mm from the baseplate for each Inconel® 625
build. The same patterns of dendrite arm spacing seen in the images normal to the x axis are
seen in those normal to the y axis. In the top images, normal to the z axis, a pattern of spots
corresponding to the cross-sections of individual dendrites is seen. The orientation of the
dendrites yields information pertaining to heat flow during the process. High thermal
conductivity of the deposited metal leads to heat traveling down through the build and into the
Inconel® 625 base plate, producing vertically oriented primary dendrite arms.

(c)

(b)

(a)
Figure 4-8: 3D Micrographs of the Inconel® 625 laser build for a 0 s dwell time. Micrographs
were created 5 mm (a), 20 mm (b), and 30 mm (c) from the substrate surface.
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(c)

(b)

(a)
Figure 4-9: 3D Micrographs of the Inconel® 625 laser build for a 20 s dwell time. Micrographs
were created 5 mm (a), 20 mm (b), and 30 mm (c) from the substrate surface.
(c)

(b)

(a)
Figure 4-10: 3D Micrographs of the Inconel® 625 laser build for a 40 s dwell time.
Micrographs were created 5 mm (a), 20 mm (b), and 30 mm (c) from the substrate surface.
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The secondary dendrite arm spacing (SDAS) was measured in each micrograph and has
been examined for each of the dwell time builds at multiple locations. These measurements are
presented in Figure 4-11 in respect to vertical distance from the substrate. For each build, there
is an increase in SDAS as the height of the measurement increases from 0 to 10 mm above the
substrate. The correlation to cooling is that the initial layers have a close connection to the base
plate, which acts as a heat sink and causes the build to cool faster. As the build proceeds, the
substrate temperature rises and its efficiency as a heat sink is reduced. Along with the fact that
each layer is built on top of a recently melted layer, the cooling is reduced and the SDAS grows.
Towards the end of the build, there is a final reduction in spacing for the 20 and 40 s
dwell builds but not the 0 s dwell build. The cause of the downturn is likely the result of full
cooling of the layers without as many reheating cycles from passes above. A possible reason the
0 s dwell did not display this trend is the overall heat of the build. The same energy was input
over a reduced period of time and would lead to an overall hotter build, which would cool more
slowly and sustain the larger SDAS. The addition of a dwell time effectively alters material
properties within this upper portion of the build. Although this difference in SDAS is relatively
small, the uncertainty is ~0.1 microns. At this scale, small changes in arm spacing can correlate
to fairly large difference in cooling rates (6).
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Figure 4-11: Plot of measured secondary dendrite arm spacing at multiple locations for the
different dwell time Inconel® 625 laser builds.

An average of the measurements for each build is plotted in Figure 4-12. SDAS is shown
to be higher for the 0 s dwell with a value of ~3.7 microns than the 20 and 40 s dwells, with
values closer to 3.3 microns. The addition of any dwell time yields approximately the same
change in average SDAS within the dwell evaluated in this study. A possible explanation for
this is that if any dwell time is added, the cooling rate is high enough for the dendritic structure
to fully develop before the next pass of the laser. Any subsequent reheating would have
approximately the same high cooling rate and would not contribute to any coarsening of the
primary or secondary dendrites.
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Figure 4-12: Plot of average secondary dendrite arm spacing for the different dwell time
Inconel® 625 laser builds.

Close inspection of the Inconel® 625 micrographs revealed the presence of a second
phase. This is possibly a Laves phase which is not uncommon in Inconel® AM builds (10). The
percent second phase of the total microstructure, the count of individual second phase areas, and
the average size of each second phase was examined. Results for each are shown in Figures 4-13
and 4-14 for percentage, Figure 4-15 for count, and Figure 4-16 for size. The percent second
phase (Figure 4-13) followed the same general trend as the SDAS. Within each build, the
percentage increase with distance from the substrate until 20 mm and then fell towards the end of
the build. The difference between the lowest and highest measured values in any build was
approximately 2%. The average percent second phase, shown in Figure 4-14, is highest for the
0 s dwell at ~4.8% and decreases to ~4.4% and ~4.5% for the 20 and 40 s dwell builds,
respectively.
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The size of the second phase matches the trend with the percentage and the second phase
count shows the inverse of that trend. The size of the second phase of the 0 s dwell in particular
shows a larger uncertainty than the others. An explanation is that the slower cooling rates and
more constant heat input of the 0 s dwell build lead to growth and combination of smaller size
portions of second phase.

Figure 4-13: Plot of amount of Second phase measured at different locations for the different
dwell time Inconel® 625 laser builds.
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Figure 4-14: Plot of average amount of Second phase for the different dwell time Inconel® 625
laser builds.

Figure 4-15: Plot of Second phase count at different locations for the different dwell time
Inconel® 625 laser builds.
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Figure 4-16: Plot of average Second phase size at different locations for the different dwell time
Inconel® 625 laser builds.
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4.1.2 Titanium Base Alloys
The macrostructure and microstructure were examined for the 0, 20, and 40 s dwell time
Ti-6Al-4V builds. The macrostructure images, shown in Figure 4-17, are composites of multiple
images taken at low magnification. Prior beta grains can be seen in each build at this scale. As
expected, the prior beta grain orientation corresponds with heat flow during the solidification
process. The almost immediate formation of the prior beta grains on cooling leads to only slight
differences between the different dwell builds.

1 mm

(a)

1 mm

(b)

1 mm

(c)

Figure 4-17: Composite images of the Inconel® 625 laser builds for a 0 s dwell (a), a 20 s dwell
(b), and a 40 s dwell (c).
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High magnification micrographs of each specimen were examined at multiple points
along the Ti-6Al-4V build height, shown in Figures 4-18 to 4-22. Visual inspection shows a
typical alpha lath basket-weave pattern in each micrograph. The width of these laths can be
loosely correlated to cooling rate. The microstructure coarsens within each Ti-6Al-4V dwell
build from the substrate interface up to around 20 mm from the substrate. There is also a
noticeable difference between the 0 s dwell and the others, with the former having wider alpha
lath widths. Differences in color are primarily due to optical microscope lighting conditions and
do not reflect a difference in chemistry or microstructure.

(b)
(c)
(a)
Figure 4-18: Micrographs of the Ti-6Al-4V laser builds for a 0 s dwell (a), a 20 s dwell (b), and
a 40 s dwell (c) taken at the interface between the build and the substrate.

(b)
(c)
(a)
Figure 4-19: Micrographs of the Ti-6Al-4V laser builds for a 0 s dwell (a), a 20 s dwell (b), and
a 40 s dwell (c) taken 5 mm from the interface between the build and the substrate.
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(b)
(c)
(a)
Figure 4-20: Micrographs of the Ti-6Al-4V laser builds for a 0 s dwell (a), a 20 s dwell (b), and
a 40 s dwell (c) taken 10 mm from the interface between the build and the substrate.

(b)
(c)
(a)
Figure 4-21: Micrographs of the Ti-6Al-4V laser builds for a 0 s dwell (a), a 20 s dwell (b), and
a 40 s dwell (c) taken 20 mm from the interface between the build and the substrate.

(b)
(c)
(a)
Figure 4-22: Micrographs of the Ti-6Al-4V laser builds for a 0 s dwell (a), a 20 s dwell (b), and
a 40 s dwell (c) taken 30 mm from the interface between the build and the substrate.
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As stated previously, directed energy deposition has a dependence on path and layering.
As such, the build microstructure is commonly anisotropic in nature. For this reason, it was
advantageous to create 3D micrographs. These micrographs consist of three images, taken in 3
different orientations, which are projected onto a cube via MatLab. 3D micrographs were
created for each build at 5, 20, and 30 mm from the substrate. Unlike Inconel® 625, there is no
large difference between micrographs of each orientation. The alpha lath basket-weave structure
can be conceptualized as a cluster of needles, with no apparent orientation with respect to an
axis. Lath width for images of each 3D cube are comparable.

(c)

(b)

(a)
Figure 4-23: 3D Micrographs of the Ti-6Al-4V laser build for a 0 s dwell time. Micrographs
were created 5 mm (a), 20 mm (b), and 30 mm (c) from the substrate surface.
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(c)

(b)

(a)
Figure 4-24: 3D Micrographs of the Ti-6Al-4V laser build for a 0 s dwell time. Micrographs
were created 5 mm (a), 20 mm (b), and 30 mm (c) from the substrate surface.
(c)

(b)

(a)
Figure 4-25: 3D Micrographs of the Ti-6Al-4V laser build for a 0 s dwell time. Micrographs
were created 5 mm (a), 20 mm (b), and 30 mm (c) from the substrate surface.
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A more accurate calculation of alpha lath width and has been examined by use of a
MatLab image analysis script. Data output has been plotted and can be seen in Figures 4-26 and
4-27. The alpha lath width for the 0 s dwell Ti-6Al-4V build increases from the substrate up to
20 mm from the substrate and decreases afterwards. Lath width for the 20 s dwell build stays
relatively constant throughout the build. The 40 s dwell build has a lath width that initially
decreases and then rises as the height increases. Average lath widths for each build, presented in
Figure 4-27, display a trend of decreasing lath width with increasing dwell time. The maximum
width of ~0.84 microns is the 0 s dwell build and the minimum of ~0.55 microns is for the 40 s
dwell build.

Figure 4-26: Plot of average lath width at different locations within the different dwell time
Ti-6Al-4V laser builds.
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Figure 4-27: Plot of average lath width for the different dwell time Ti-6Al-4V laser builds.

4.2 Hardness Testing
4.2.1 Nickel Base Alloys
Vickers harness profiles were examined for each Inconel® 625 dwell time build.
Measurements were taken along and beside the centerline of the build from 10 mm below the
build-substrate interface to the top of each build. The results of this analysis for the 20 s dwell
are shown in Figure 4-28. In each experiment, hardness increased by >50 at the interface
between the substrate and the build. This increase is common in many alloys and is due to the
high cooling rate of the initial DED AM layers. Vickers hardness decreases and stabilizes
approximately 10 mm up the build. Values for the build were consistently higher than those of
the substrate. The average Vickers hardness, from the substrate-build interface to the top of each
build, is plotted in Figure 4-29. Hardness values increased with dwell time and displayed the
largest relative difference between the 0 s and 20 s builds, approximately 9 Vickers hardness.
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Build

Substrate

Figure 4-28: Plot of Vickers hardness for the 20 s dwell Inconel® 625 laser build.

Figure 4-29: Plot of average Vickers hardness for the different dwell time Inconel® 625 laser
builds.
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4.2.2 Titanium Base Alloys
Vickers harness profiles were examined for each Ti-6Al-4V dwell time build.
Measurements were taken along and beside the centerline of the build from 10 mm below the
build-substrate interface to the top of each build. The results of this analysis for the 0 s dwell are
shown in Figure 4-30. Vickers hardness increases by >50 at the interface between the substrate
and the build for each dwell time. This effect decreases as distance from the interface increases.
For each dwell, the hardness decreases slightly as it approaches 20-25 mm from the interface and
increases slightly from that point to the top of the build. This general trend correlates with
understood cooling rates during the DED process. The average Vickers hardness for the each
build is consistently higher than those of the substrate. Average build hardness has been
examined and plotted in Figure 4-31. The 20 s dwell build has the lowest value of ~336 and the
40 s dwell has the highest value of ~350. The data input to these averages showed significant
scatter but the error bars are much smaller than the relative hardness difference between each
build.
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Build

Substrate

Figure 4-30: Plot of Vickers hardness for the 0 s dwell Ti-6Al-4V laser build.

Figure 4-31: Plot of average Vickers hardness for the different dwell Ti-6Al-4V laser builds.
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4.3 Mechanical Properties
4.3.1 Nickel Base Alloys
Mechanical properties of 0, 20, and 40 s dwell Inconel® 625 laser builds where examined
through tensile testing. Tensile specimens were cut in both the x and z orientations. The results
of the x orientation samples are shown in Figure 4-32. Ultimate tensile strength increased from
the 0 s dwell build to the 20 s and 40 s dwell by ~25 MPa. Maximum elongation did not display
any trend and fell between 40 and 45 percent for each specimen. Yield stress showed the largest
difference between the different dwell builds. The 0 s dwell specimens had the lowest average
yield stress of approximately 425 MPa. The 20 and 40 s dwell specimens yielded at an average
of 490 MPa and 500 MPa respectively. An increase in yield stress with increasing dwell time
could be connected to cooling rates of each build, with higher cooling rates leading to a finer
microstructure and improved strength.
Results from tensile specimens cut in the z orientation (vertically within the build) are
shown in Figure 4-33. Similar relationships between the different dwell specimens were
expected and found. Ultimate tensile strength increases from ~800 MPa to ~860 for the 20 and
40 s dwell builds. Maximum elongation increases by approximately 5% from the 0 to the 20 s
dwell builds but is unchanged from the 20 to 40 s dwell builds. Finally, yield stress increases
from ~400 MPa for the 0 s dwell build to ~467 MPa for the 20 and 40 s dwell builds. Each
individual specimen tested in this orientation contains material deposited under a variety of
cooling rates as the build progressed. It is expected, for this reason, that the strength is lower for
the z orientation than the x orientation. This has been confirmed.
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(a)

(b)

(c)

Figure 4-32: Plots of ultimate tensile strength (a), max elongation (b), and yield stress (c) of
x-orientation samples within the different dwell Inconel® 625 laser builds. The sample locations
are also displayed and labeled.

46

(a)

(b)

(c)

Figure 4-33: Plots of ultimate tensile strength (a), max elongation (b), and yield stress (c)
averaged from three z-orientation samples the different dwell Inconel® 625 laser builds. The
sample orientation is also displayed and labeled.

Multiple samples from the base of the Inconel® 625 builds were pulled to establish a
reference. The combined ultimate tensile stress results for the Inconel® 625 samples are shown
in Figure 4-34. The z orientation of each build specimen has a lower ultimate tensile strength
than its x orientation counterpart, as discussed previously. None of the builds achieve the high
UTS of the base but the 20 and 40 s dwell builds come within 10 MPa of that value. These high
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strengths are encouraging for the future use of Inconel® 625 in AM. Figure 4-35 shows the
combined values for maximum elongation. There is a large difference in elongation between the
build plate specimens and the build specimens. Embrittlement resulted in a ~20% reduction in
elongation before failure. No clear difference is apparent in maximum elongation between
specimens cut from the build in different orientations. The combined values for yield stress are
shown in Figure 4-36. Unlike many of the other material properties examined in this study, the
yield stress of each build was equal to or greater than that of the base. The increase from the
base to the 20 and 40 s dwell builds was >60 MPa. Yield stress of Inconel® 625 has long been a
subject of interest because of its increase with temperature. While the cause of the increase
within the current experiment is unknown, it may be relatable to the cooling rate or the amount
of second phase discussed previously. A full table of the mechanical properties determined in
these experiments can be found in Appendix B.

(a)

(b)

Figure 4-34: Plot of Inconel® 625 build ultimate tensile strength averaged for each dwell time
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and sample orientation (a) alongside a plot of overall ultimate tensile strength averaged for each
dwell time (b).

(a)

(b)

Figure 4-35: Plot of Inconel® 625 build maximum elongation averaged for each dwell time and
sample orientation (a) alongside a plot of overall maximum elongation averaged for each dwell
time (b).

Figure 4-36: Plot of Inconel® 625 build yield strength averaged for each dwell time and sample
orientation (a) alongside a plot of overall yield strength averaged for each dwell time (b).
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Local deformation and strain data found through DIC were combined with stress strain
curves for each specimen. Curves for an Inconel® 625 base specimen as well as a x oriented and
z oriented 0 s dwell build specimen are shown in Figures 4-37, 4-38, and 4-39 respectively.
Embrittlement is easily seen in comparing the base specimen results to either of the two other
curves and images. The DIC image at failure in Figure 4-37 shows a large amount of necking
just before failure. Strain is very concentrated and reaches 120% locally, much higher than the
values found for the entire gage length. In the DIC analysis for the build specimens, local strain
at the point of failure reaches approximately 70%. This drastic reduction in maximum strain
supports the results found using a vertical extensometer alone. A comparison between Figure 438 and 4-39 shows little difference in both curve attributes and local strain distribution between
specimens of different orientations.

Figure 4-37: Plot of base plate Inconel® 625 Engineering Stress vs. Engineering Strain with 4
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DIC images showing local deformation and strain. The color key to the right corresponds to
strain for these images.

Figure 4-38: Plot of x-orientation 0 s dwell Inconel® 625 specimen Engineering Stress vs.
Engineering Strain with 4 DIC images showing local deformation and strain. The color key to
the right corresponds to strain for these images.
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Figure 4-39: Plot of z-orientation 0 s dwell Inconel® 625 specimen Engineering Stress vs.
Engineering Strain with 4 DIC images showing local deformation and strain. The color key to
the right corresponds to strain for these images.

4.3.2 Titanium Base Alloys
Mechanical properties of 0, 20, and 40 s dwell Ti-6Al-4V laser builds were examined
through tensile testing. Tensile specimens were cut in both the x and z orientations. The results
of the x orientation samples are shown in Figure 4-40. Ultimate tensile strength increased from
the 0 s dwell build to the 20 s and 40 s dwell by ~50 MPa. Maximum elongation did not display
any trend at approximately 16% for each specimen. Yield stress showed the largest difference
between the different dwell builds. The 0 s dwell specimens had the lowest average yield stress
of approximately 950 MPa. The 20 and 40 s dwell specimens yielded at an average of 1000 MPa
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and 1007 MPa respectively. An increase in both yield stress and ultimate tensile strength with
increasing dwell time could be connected to cooling rates of each build, with higher cooling rates
leading to a finer microstructure and improved strength.
Results from tensile specimens cut in the z orientation (vertically within the build) are
shown in Figure 4-41. Similar relationships between the different dwell specimens were
expected. Ultimate tensile strength increases from ~917 MPa to ~1038 MPa as dwell time was
increased. This trend is much more pronounce in the z orientation specimens than the
x orientation specimens. Maximum stay roughly the same at ~16% for the 0 and 40 s dwell
builds but increased to 24% for the 20 s dwell build. The increase for the 20 s dwell build is
discussed further in the DIC section. Finally, yield stress follows the trend of the UTS and
increases from ~813 MPa for the 0 s dwell build to ~957 MPa for the 20 and 40 s dwell builds.
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(a)

(b)

(c)

Figure 4-40: Plots of ultimate tensile strength (a), max elongation (b), and yield stress (c) of
x-orientation samples within the different dwell Ti-6Al-4V laser builds. The sample locations are
also displayed and labeled.
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(a)

(b)

(c)

Figure 4-41: Plots of ultimate tensile strength (a), max elongation (b), and yield stress (c)
averaged from three z-orientation samples the different dwell Ti-6Al-4V laser builds. The
sample orientation is also displayed and labeled.

Multiple samples from the base of the Ti-6Al-4V builds were pulled to establish a
reference. The combined ultimate tensile stress results for the Ti-6Al-4V samples are shown in
Figure 4-42. There is no consistency in regard to one orientation having a higher strength than
the other within each dwell time build. The base specimens had the highest average UTS but the
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40 s dwell build had a similar strength, differing by less than 10 MPa. It is clear within these
parameters that strength increased with increasing dwell time between layers. This cannot be a
linear relationship, although it may seem that way within these experiments, and the impact of
increasing dwell time on UTS would gradually reach a plateau. Figure 4-43 shows the combined
values for maximum elongation. There is a <5% difference in elongation between the build plate
specimens and the build specimens. The 20 s dwell specimen actually has an average value
slightly higher than that of the base. Further examination of the 20 s dwell build reveals that
only the z orientation specimens have a significant difference from the others. The underlying
mechanism for this increased maximum elongation is unknown, but it should be noted that the
trend displayed between the values for the different dwell builds is the inverse of the trend
displayed in average hardness. The combined values for yield stress are shown in Figure 4-44.
As with the UTS in these experiments, the yield stress of the 0 s dwell build was found to be the
lowest. The 20 s and 40 s dwell builds had yield stresses which seemed to increase linearly,
although this is only the case within the dwell times tested. The 40 s dwell was approximately
3 MPa from the yield strength of the build plate. For each build, the mechanical properties
studied during tensile testing approached values found for the base material. This offers
reinforcement for Ti-6Al-4V as a viable AM build material.
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Figure 4-42: Plot of Ti-6Al-4V build ultimate tensile strength averaged for each dwell time and
sample orientation (a) alongside a plot of overall ultimate tensile strength averaged for each
dwell time (b).

Figure 4-43: Plot of Ti-6Al-4V build maximum elongation averaged for each dwell time and
sample orientation (a) alongside a plot of overall maximum elongation averaged for each dwell
time (b).
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Figure 4-44: Plot of Ti-6Al-4V build yield strength averaged for each dwell time and sample
orientation (a) alongside a plot of overall yield strength averaged for each dwell time (b).

Local deformation and strain data found through DIC were combined with stress strain
curves for each specimen. Curves for a Ti-6Al-4V base specimen, x oriented 0 s dwell
specimen, x oriented 20 s dwell specimen, and z oriented 40 s specimen are shown in 4-45.
There is not a large difference between the base and any of the x oriented stress strain curves.
The z oriented specimen shows an increase in necking which results in a strain region which
approaches 35%. It should be noted that the z orientation of the 40 s dwell build had the highest
UTS and yield strength excluding the base. Local strain reaches values of 35% in all but the x
oriented 20 s dwell sample. Closer examination shows two regions of increased strain that
develop as the specimen is pulled. A similar two-strain region also develops in the x oriented 0
s specimen. It is possible that this uneven strain distribution is an artifact from small tensile
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specimen dimensions but may be evidence towards deformation of Ti-6Al-4V preferentially
along prior beta grain boundaries, which transversely striped the x oriented specimens. Further
research is needed to qualify this speculation.

(b)

(a)

(c)

(d)

Figure 4-45: Ti-6Al-4V Engineering Stress vs. Engineering Strain with 4 DIC images
showing local deformation and strain for a baseplate specimen (a), an x-orientation 0 s dwell
specimen (b), an x-orientation 20 s dwell specimen (c), and a z-orientation 40 s dwell specimen.
The color key to the right corresponds to local strain for each of the images.
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4.4 Location-Solidification-Structure-Property Relationship
Tensile specimens from different heights within the build were compared directly in
Figure 4-46 for Inconel® 625 and 4-47 for Ti-6Al-4V. The heights of each specimen were
recorded as the distance from the substrate to the centerline of the tensile specimen. It can be
seen in each dwell time build that the UTS and yield strength decrease as distance from the
substrate increases. Maximum elongation remains largely unchanged in the Inconel® 625 builds
but decreases slightly as height increases in the Ti-6Al-4V builds. This trend is directly related
to the microstructure found at each location. The microstructure, specifically SDAS for
Inconel®, was found to be directly related to the cooling rate and subsequent reheating passes
experienced by that region of material. It is logical that the same is true of Ti-6Al-4V. The data
collected on alpha lath width supports this assumption. The cooling rate starts out at a
maximum, close to the substrate, and decreased until approximately 20 mm for builds of this
height. By necessity, this is exactly the range of height that the tensile specimens were machined
from. The dog-bone tensile specimen geometry required wide grips which did not allow samples
to be machined from the uppermost portions of the builds. One would expect the change in
material properties to match the change in microstructure and this is exactly what has been found
for both Inconel® 625 and Ti-6Al-4V AM builds. It is expected that a specimen machined from
the top 5 mm of the build would display increased strength correlating to its observed finer
microstructure. It becomes increasingly apparent that path planning and the thermal cycling
experienced by a region of an AM build are as important as the material composition in attaining
favorable mechanical properties. The intricacies of this science need to be further studied and
understood for the goal of certifiable, as printed, and fully dense PBF AM parts to be reached.
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(a)

(b)

(c)

Figure 4-46: Plots of ultimate tensile strength (a), max elongation (b), and yield stress (c) of
x-orientation samples at three locations within the different dwell Inconel® 625 laser builds. The
sample locations are also displayed and labeled.
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(a)

(b)

(c)

Figure 4-47: Plots of ultimate tensile strength (a), max elongation (b), and yield stress (c) of
x-orientation samples at three locations within the different dwell Ti-6Al-4V laser builds. The
sample locations are also displayed and labeled.
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Chapter 5. Summary and Conclusions


DED AM builds made of Ti-6Al-4V and Inconel® 625 with varying interlayer dwell
times were characterized with a variety of techniques. Optical microstructure analysis,
hardness testing, tensile testing, and digital image correlation were used to determine
links between deformation during the AM process and the ways in which microstructure
dictates mechanical properties.



An analysis of secondary dendrite arm spacing for the Inconel® 625 builds yielded
information on the variable cooling rate throughout the AM build. This data was
supported by alpha lath width values found for the Ti-6Al-4V builds. The cooling rate
starts out very high as heat is pulled into the substrate. As the build progresses, the part
heats up and the cooling rate is effectively reduced. The final layers of the build do not
experience multiple thermal cycles and cooling rate rises once again.



Fine microstructure, which is largely the result of higher cooling rates, has been shown to
have superior mechanical properties compared to a course microstructure. For this
reason, 20 and 40 s dwell builds showed increased ultimate tensile strengths from the 0 s
dwell build.



Inconel® 625 builds had a yield strength higher than that of the base material but
experienced embrittlement which reduced the final elongation by at least 20%.



The mechanical properties of Ti-6Al-4V builds were consistently close to values found
for the base material, reinforcing the alloy’s place as a viable choice for AM. As with
Inconel® 625, Ti-6Al-4V displayed a direct relationship between cooling rate,
microstructure, Vickers hardness, and mechanical properties.
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The interlayer dwell time studied in this thesis relates mechanical properties directly to
path planning and timing during DED AM builds.
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Appendix A: Specimen Identification Table

Table 1: Base Tensile Specimen list
Material

Specimen ID

Oriented along:

Ti-6Al-4V - Base
Ti-6Al-4V - Base
Ti-6Al-4V - Base
Ti-6Al-4V - Base
Ti-6Al-4V - Base
Ti-6Al-4V - Base
Ti-6Al-4V - Base
Ti-6Al-4V - Base
Ti-6Al-4V - Base
Ti-6Al-4V - Base
Ti-6Al-4V - Base
Ti-6Al-4V - Base
Ti-6Al-4V - Base
Ti-6Al-4V - Base
Ti-6Al-4V - Base
Ti-6Al-4V - Base
Ti-6Al-4V - Base
Ti-6Al-4V - Base
Inconel 625 - Base
Inconel 625 - Base
Inconel 625 - Base
Inconel 625 - Base
Inconel 625 - Base
Inconel 625 - Base
Inconel 625 - Base

Ti64B-0s-Tensile-Y1
Ti64B-0s-Tensile-Y2
Ti64B-0s-Tensile-Y3
Ti64B-0s-Tensile-X1
Ti64B-0s-Tensile-X2
Ti64B-0s-Tensile-X3
Ti64B-20s-Tensile-Y1
Ti64B-20s-Tensile-Y2
Ti64B-20s-Tensile-Y3
Ti64B-20s-Tensile-X1
Ti64B-20s-Tensile-X2
Ti64B-20s-Tensile-X3
Ti64B-40s-Tensile-Y1
Ti64B-40s-Tensile-Y2
Ti64B-40s-Tensile-Y3
Ti64B-40s-Tensile-X1
Ti64B-40s-Tensile-X2
Ti64B-40s-Tensile-X3
Inc625B-0s-Tensile-Y1
Inc625B-0s-Tensile-Y2
Inc625B-0s-Tensile-Y3
Inc625B-0s-Tensile-X1
Inc625B-0s-Tensile-X2
Inc625B-0s-Tensile-X3
Inc625B-20s-Tensile-Y1

Y-axis
Y-axis
Y-axis
X-axis
X-axis
X-axis
Y-axis
Y-axis
Y-axis
X-axis
X-axis
X-axis
Y-axis
Y-axis
Y-axis
X-axis
X-axis
X-axis
Y-axis
Y-axis
Y-axis
X-axis
X-axis
X-axis
Y-axis
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Location of Midpoint
Referenced from
Origin: (X(mm),
Y(mm), Z(mm))
(4.75, 18.5, 8.15)
(13.44, 18.5, 8.15)
(22.13, 18.5, 8.15)
(42.87, 9.94, 8.15)
(42.87, 18.5, 8.15)
(42.87, 27.19, 8.15)
(4.75, 18.5, 8.15)
(13.44, 18.5, 8.15)
(22.13, 18.5, 8.15)
(42.87, 9.94, 8.15)
(42.87, 18.5, 8.15)
(42.87, 27.19, 8.15)
(4.75, 18.5, 8.15)
(13.44, 18.5, 8.15)
(22.13, 18.5, 8.15)
(42.87, 9.94, 8.15)
(42.87, 18.5, 8.15)
(42.87, 27.19, 8.15)
(4.75, 18.5, 8.15)
(13.44, 18.5, 8.15)
(22.13, 18.5, 8.15)
(42.87, 9.94, 8.15)
(42.87, 18.5, 8.15)
(42.87, 27.19, 8.15)
(4.75, 18.5, 8.15)

Inconel 625 - Base
Inconel 625 - Base
Inconel 625 - Base
Inconel 625 - Base
Inconel 625 - Base
Inconel 625 - Base
Inconel 625 - Base
Inconel 625 - Base
Inconel 625 - Base
Inconel 625 - Base
Inconel 625 - Base

Inc625B-20s-Tensile-Y2
Inc625B-20s-Tensile-Y3
Inc625B-20s-Tensile-X1
Inc625B-20s-Tensile-X2
Inc625B-20s-Tensile-X3
Inc625B-40s-Tensile-Y1
Inc625B-40s-Tensile-Y2
Inc625B-40s-Tensile-Y3
Inc625B-40s-Tensile-X1
Inc625B-40s-Tensile-X2
Inc625B-40s-Tensile-X3

Y-axis
Y-axis
X-axis
X-axis
X-axis
Y-axis
Y-axis
Y-axis
X-axis
X-axis
X-axis

(13.44, 18.5, 8.15)
(22.13, 18.5, 8.15)
(42.87, 9.94, 8.15)
(42.87, 18.5, 8.15)
(42.87, 27.19, 8.15)
(4.75, 18.5, 8.15)
(13.44, 18.5, 8.15)
(22.13, 18.5, 8.15)
(42.87, 9.94, 8.15)
(42.87, 18.5, 8.15)
(42.87, 27.19, 8.15)

Location of Midpoint
Referenced from
Origin: (X(mm),
Y(mm), Z(mm))
(59.73, 3.25, 16.2)
(51.04, 3.25, 16.2)
(42.35, 3.25, 16.2)
(21.6, 3.25, 21.53)
(21.6, 3.25, 12.84)
(21.6, 3.25, 4.15)
(59.73, 3.25, 16.2)
(51.04, 3.25, 16.2)
(42.35, 3.25, 16.2)
(21.6, 3.25, 21.53)
(21.6, 3.25, 12.84)
(21.6, 3.25, 4.15)

Table 2: Build Tensile Specimen List
Material

Specimen ID

Oriented along:

Ti-6Al-4V - Build
Ti-6Al-4V - Build
Ti-6Al-4V - Build
Ti-6Al-4V - Build
Ti-6Al-4V - Build
Ti-6Al-4V - Build
Ti-6Al-4V - Build
Ti-6Al-4V - Build
Ti-6Al-4V - Build
Ti-6Al-4V - Build
Ti-6Al-4V - Build
Ti-6Al-4V - Build

Ti64T-0s-Tensile-Z1
Ti64T-0s-Tensile-Z2
Ti64T-0s-Tensile-Z3
Ti64T-0s-Tensile-X1
Ti64T-0s-Tensile-X2
Ti64T-0s-Tensile-X3
Ti64T-20s-Tensile-Z1
Ti64T-20s-Tensile-Z2
Ti64T-20s-Tensile-Z3
Ti64T-20s-Tensile-X1
Ti64T-20s-Tensile-X2
Ti64T-20s-Tensile-X3

Z-axis
Z-axis
Z-axis
X-axis
X-axis
X-axis
Z-axis
Z-axis
Z-axis
X-axis
X-axis
X-axis
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Ti-6Al-4V - Build
Ti-6Al-4V - Build
Ti-6Al-4V - Build
Ti-6Al-4V - Build
Ti-6Al-4V - Build
Ti-6Al-4V - Build
Inconel 625 - Build
Inconel 625 - Build
Inconel 625 - Build
Inconel 625 - Build
Inconel 625 - Build
Inconel 625 - Build
Inconel 625 - Build
Inconel 625 - Build
Inconel 625 - Build
Inconel 625 - Build
Inconel 625 - Build
Inconel 625 - Build
Inconel 625 - Build
Inconel 625 - Build
Inconel 625 - Build
Inconel 625 - Build
Inconel 625 - Build
Inconel 625 - Build

Ti64T-40s-Tensile-Z1
Ti64T-40s-Tensile-Z2
Ti64T-40s-Tensile-Z3
Ti64T-40s-Tensile-X1
Ti64T-40s-Tensile-X2
Ti64T-40s-Tensile-X3
Inc625T-0s-Tensile-Z1
Inc625T-0s-Tensile-Z2
Inc625T-0s-Tensile-Z3
Inc625T-0s-Tensile-X1
Inc625T-0s-Tensile-X2
Inc625T-0s-Tensile-X3
Inc625T-20s-Tensile-Z1
Inc625T-20s-Tensile-Z2
Inc625T-20s-Tensile-Z3
Inc625T-20s-Tensile-X1
Inc625T-20s-Tensile-X2
Inc625T-20s-Tensile-X3
Inc625T-40s-Tensile-Z1
Inc625T-40s-Tensile-Z2
Inc625T-40s-Tensile-Z3
Inc625T-40s-Tensile-X1
Inc625T-40s-Tensile-X2
Inc625T-40s-Tensile-X3

67

Z-axis
Z-axis
Z-axis
X-axis
X-axis
X-axis
Z-axis
Z-axis
Z-axis
X-axis
X-axis
X-axis
Z-axis
Z-axis
Z-axis
X-axis
X-axis
X-axis
Z-axis
Z-axis
Z-axis
X-axis
X-axis
X-axis

(59.73, 3.25, 16.2)
(51.04, 3.25, 16.2)
(42.35, 3.25, 16.2)
(21.6, 3.25, 21.53)
(21.6, 3.25, 12.84)
(21.6, 3.25, 4.15)
(59.73, 3.25, 16.2)
(51.04, 3.25, 16.2)
(42.35, 3.25, 16.2)
(21.6, 3.25, 21.53)
(21.6, 3.25, 12.84)
(21.6, 3.25, 4.15)
(59.73, 3.25, 16.2)
(51.04, 3.25, 16.2)
(42.35, 3.25, 16.2)
(21.6, 3.25, 21.53)
(21.6, 3.25, 12.84)
(21.6, 3.25, 4.15)
(59.73, 3.25, 16.2)
(51.04, 3.25, 16.2)
(42.35, 3.25, 16.2)
(21.6, 3.25, 21.53)
(21.6, 3.25, 12.84)
(21.6, 3.25, 4.15)

Appendix B: Table of Mechanical Properties
Inconel® 625:
Specimen ID Max Engineering Stress (Mpa) Elongation at Failure Yield Stress (Mpa) Modulus of Elasticity Strain Hardening Exponent, n true UTS
0.353 1247.99
184270
448
0.613
876.442
Inc-0-bot-X1
1325.4
0.409
179650
416
0.628
880.274
Inc-0-bot-X2
0.394 1300.37
170754
410
0.631
877.214
Inc-0-bot-X3
0.394 1316.43
166534
403
0.612
888.095
Inc-0-bot-Y1
1305.7
0.389
192201
396
0.611
885.224
Inc-0-bot-Y2
0.396 1321.99
169841
409
0.623
889.918
Inc-0-bot-Y3
0.333 1136.04
168551
391
0.43
814.334
Inc-0-top-X1
0.329 1192.21
219198
419
0.414
858.375
Inc-0-top-X2
0.338 1230.51
195323
466
0.431
877.931
Inc-0-top-X3
0.344 1230.77
193467
480
0.45
872.672
Inc-20-top-X1
0.338 1207.95
217053
470
0.428
861.227
Inc-20-top-X2
0.326 1245.95
189662
525
0.44
899.593
Inc-20-top-X3
0.332 1203.63
182156
486
0.436
863.252
Inc-40-top-X1
1177.2
0.324
188009
476
0.433
851.674
Inc-40-top-X2
0.322 1260.93
208814
536
0.397
913.599
Inc-40-top-X3
0.312 1041.13
174239
380
0.379
762.377
Inc-0-top-Z1
0.319 1134.29
236153
416
0.396
824.594
Inc-0-top-Z2
0.31 1110.01
269593
409
0.378
813.734
Inc-0-top-Z3
0.342 1220.69
209658
471
0.436
867.197
Inc-20-top-Z1
0.357 1234.21
241207
471
0.459
863.799
Inc-20-top-Z2
1218.5
0.351
193.827
464
0.433
858.121
Inc-20-top-Z3
0.327 1190.85
173235
461
0.407
858.529
Inc-40-top-Z1
0.368 1243.48
239650
471
0.454
860.885
Inc-40-top-Z2
0.377 1255.28
165280
466
0.476
861.207
Inc-40-top-Z3

Ti-6Al-4V:
Specimen ID
Ti-20-bot-X1
Ti-20-bot-X2
Ti-20-bot-X3
Ti-20-bot-Y1
Ti-20-bot-Y2
Ti-20-bot-Y3
Ti-0-top-X1
Ti-0-top-X2
Ti-0-top-X3
Ti-20-top-X1
Ti-20-top-X2
Ti-20-top-X3
Ti-40-top-X1
Ti-40-top-X2
Ti-40-top-X3
Ti-0-top-Z1
Ti-0-top-Z2
Ti-0-top-Z3
Ti-20-top-Z1
Ti-20-top-Z2
Ti-20-top-Z3
Ti-40-top-Z1
Ti-40-top-Z2
Ti-40-top-Z3

Max Engineering Stress (Mpa) Elongation at Failure Yield Stress (Mpa) Modulus of Elasticity Strain Hardening Exponent, n True UTS
993.946
0.173
881
107667
0.079
1075.7
990.184
0.176
886
114614
0.084
1077.16
993.829
0.176
878
112204
0.081
1077.15
1087.468
0.217
1017
129807
0.097
1198.5
1060.913
0.234
988
124405
0.098
1170.1
1063.201
0.231
990
131013
0.102
1177.91
953.251
0.154
803
107716
0.083
1035.42
937.377
0.178
797
105049
0.089
1024.66
962.374
0.159
850
100503
0.079
1041.65
981.404
0.16
889
119257
0.074
1056.71
998.266
0.172
901
125183
0.093
1095.61
1020.168
0.164
922
129342
0.079
1104.23
990.354
0.157
896
127657
0.073
1064.85
997.438
0.156
904
123624
0.07
1070.05
1033.032
0.18
949
125343
0.067
1105.13
899.705
0.132
783
109122
0.082
976.62
925.212
0.176
824
123338
0.074
995.96
926.015
0.188
831
114982
0.082
1005.34
961.344
0.244
870
120046
0.083
1044.21
936.848
0.239
845
121493
0.073
1007.98
Grip Slip
1049.291
0.144
963
121686
0.069
1124.12
Grip Slip
1026.329
0.174
951
120287
0.075
1106.33
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Appendix C: Lath Width MatLab Script
%% Lath width measurement: Select each section and run by hitting Ctrl +
Enter
%% Original Framework for Script Created by Abdalla Nassar and altered by
Bryant Foster
imageFile='D:\Foster\5a.tif';
image=imread(imageFile,'tif');
%%%%
%Be sure to reverse thresholding when back-reflection is used!
%_________________________________________________________________
%%%
%imtool(image);
%image info
tmpSize=size(image);
if length(tmpSize)==3
if tmpSize(3)==2 %takes care of weird problem with some saved tiffs
image(:,:,2)=[];
elseif tmpSize(3)==3
image=rgb2gray(image); % converts to grayscale
end
end
% corrects non-uniform illumination, comment out or play with structuring
% element dimensions to adjust how illumination is adjusted
background=imopen(image,strel('rectangle',[2*1920 2*2560]));
% adjust contrast using Contrast-limited adaptive histogram equalization
image=adapthisteq(image-background);

%% manual check, find range of threshold values
thresh=170;
imageBW=(image>thresh);
imageBW=bwareaopen(imageBW,10); % remove connected objects less than 10
pixels
imshow(imageBW);
%% lath width calculation
tic;
thresh=140:5:160; % selected range of threshold values w/step size
imax=length(thresh);
for pI=1:imax
% use image < thresh to measure white in orginal image
% use image > thresh to measure black in original image
imageBW=(image<thresh(pI));
imageBW=bwareaopen(imageBW,10); % remove connected objects less than 10
pixels
hold on;
numRotations=36/2;
gridSpacing=20;
meanSegSize=zeros(numRotations,1);
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for iRot=1:numRotations
rotAngle=(pi/numRotations)*(iRot-1);
scale = 1.0;
% scale factor
tx = 0;
% x translation
ty = 0;
% y translation
sc = scale*cos(rotAngle);
ss = scale*sin(rotAngle);
T = [ sc -ss 0;
ss sc 0;
tx ty 1];
t_nonsim = affine2d(T);
rotatedImageBW = imwarp(imageBW ,t_nonsim,'FillValues',1);
% imshow(rotatedImageBW)
% measure image size
imageSize=size(rotatedImageBW);
%generate a grid of parallel lines spaced 10 pixels apart a random angle
grid=ones(imageSize(1),imageSize(2));
grid(1:gridSpacing:imageSize(1),1:imageSize(2))=0;
%measure where the line intersects with an alpha lath, break the line
segment.
%apply the lines as a mask and multiply the two images
segments=(abs(grid-1).*abs(rotatedImageBW-1));
% Measure segment size
numSeg=0;
segmentSize=0;
segmentSize(1)=0;
for i=1:gridSpacing:imageSize(1);
for j=3:imageSize(2)
if segments(i,j)==1
if segments(i,j)==segments(i,j-1) && (segments(i,j1)~=segments(i,j-2))
numSeg=numSeg+1;
segmentSize(numSeg)=2;
end
if(segments(i,j)==segments(i,j-1)) && numSeg>0
% on a lath and first transition found (lath does not exted
to
% left of figure)
segmentSize(numSeg)=segmentSize(numSeg)+1;
end
end
end
end
meanSegSizerot(iRot)=mean(segmentSize);
%mean segment size for
each rotated image
end
meanSegSizeImage = mean(meanSegSizerot);
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finalthickness(pI) = 1/(1.5*(1./meanSegSizeImage));
micronthickness(pI) = finalthickness(pI)*0.1116;
end
finalthickness
micronthickness
beep;
toc;
close all;
%% clears everything before next measurement
clear all
clc
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Appendix D: Additional Hardness Profiles
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Appendix E: Additional DIC Plots
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Appendix F: Cutout Plans
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