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ABSTRACT
Directed energy deposition (DED) processes commonly form lack of fusion defects when
adjacent passes do not achieve consistent overlap. Insufficient fusion is rooted to the behavior of
the molten pool which is influenced by high temperature thermo-physical material properties.
Internal defects have the tendency to be detrimental to mechanical properties. Thus, expensive and
time-consuming methods such as post-processing (HIP) are required to repair defects in additively
manufactured (AM) parts, otherwise components are scrapped.
Efforts to minimize post-processing has been redirected towards developing in situ
monitoring techniques based on nondestructive evaluation (NDE) methods to detect defects during
processing. Knowledge of defect location and size can then be used as a guide for correcting
defects prior to removing the build from the chamber. While thermal and optical techniques have
been extensively integrated for in situ measurements, information can only be obtained for the
exposed build layer. However, techniques based on ultrasound are capable of detecting subsurface
features. Noncontact, laser ultrasonics offers the unique capability of operating in-line and within
close proximity to the DED head which makes it attractive for in situ monitoring of the build
process. An assessment was completed for choosing laser ultrasonics as feasible tool for in situ
monitoring. The feasibility of the laser ultrasonic system was evaluated by measuring the
minimum defect diameter and maximum defect depth that could be detected for DED builds
processed with intentional lack of fusion conditions. Defect measurements were then crosscorrelated to optical microscopy and x-ray computed tomography (CT) which have been
extensively used as acceptable techniques for characterizing defects in AM components.
Intentional defects were formed upon selecting processing parameters to control melt pool
shape and size. Lack of fusion defects were produced by altering hatch spacing, powder flow, and
power to replicate defects typically formed during processing for titanium, nickel superalloys, and
precipitation hardened martensitic grade stainless steel alloys. X-ray CT results reported the
majority of defects were between 0.50 mm and 0.75 mm in diameter, despite the hatch spacing or
material. In addition, sphericity values between 0.35 and 0.50 were reported for the majority of
defects formed. A general decreasing power law trend was observed upon plotting degree of
sphericity as a function of defect diameter, despite the processing conditions and material selected.
This concluded the lack of fusion defects formed were non-spherical and elongated in shape. A
closer look at the volume percent porosity reported the highest percentages for builds processed
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with 3.56 mm hatch spacing and disrupted powder flow. A comparison of material conditions,
however, indicated while Ti-6Al-4V showed several instances of lack of fusion between passes,
Inconel® 718 and 17-4PH stainless steel builds featured most lack of fusion near the ends of the
deposition passes.
Parabolic, scattered skimming waves defined in laser ultrasonic B-scan data identified lack
of fusion defects along passes from a machined Ti-6Al-4V AM sample. These same signals were
detected at processing speeds, however, the signal to noise ratio appeared to be significantly
increased. In addition, an artificial EDM hole of 0.80 mm in diameter and approximately 1.50 mm
below the surface of an as-deposited Ti-6Al-4V build was also identified as a scattered Rayleigh
wave. This was used to compare the signal of a single lack of fusion defect, approximately 1.11
mm in diameter and 1.10 mm below the surface, reported for a Ti-6Al-4V AM sample with an asbuilt surface condition.
Additionally, a preliminary assessment of using laser ultrasonics as a characterization tool
was evaluated by measuring the attenuation across a polished Ti-6Al-4V AM and wrought titanium
sample. Results indicated a higher attenuation in the as-deposited sample versus the wrought
sample. Higher attenuation was thought to be influenced by the large the prior-β grains which
averaged a grain width of 264.3 ± 79.8 µm as compared to the average grain diameter of 3.37 ±
5.08 µm calculated in the rolling direction of the wrought titanium. However, since the wavelength
selected for measurements were between 100 μm - 6000 µm, feature sizes less than 50 µm were
not accounted for in the data. Other factors such as melt pool boundaries and/or defects present in
the material, likewise, may have contributed to some of the signal attenuation reported.
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Chapter 1
INTRODUCTION
1.1

Defect Formation in Additive Manufacturing of Metal Alloys
Additive manufacturing (AM) of metallic materials is an area of increasing research

interest and applications, particularly in the aerospace sector where light-weight components with
functional and complex geometries are desired [1]. Metal AM processes are largely split between
powder bed fusion (PBF) and directed energy deposition (DED). In PBF processes, a thin layer of
powder is evenly distributed across a build platform while a focused energy source, such as a laser
or electron beam, selectively fuses powder to a metal substrate to produce net-shape components
with high levels of geometric complexity [1,2]. DED processes utilize powder flow controlled by
an inert gas through a set of nozzles and a focused laser or electron beam to produce large, nearnet shape structures [1,2].
Because of the rapid heating, cooling, and solidification inherent in the fabrication of AM
metal components, complex microstructures and properties significantly differ from those
observed in cast and wrought components. In particular, structural and property anisotropy has
been observed in Ti-6Al-4V AM parts produced using both PBF and DED processes [1,3–6].
Important physical processes shared between welding and AM processing uses a moving heat
source which to form a fusion zone with recirculating liquid metal [7]. However, differences
between PBF and DED exist based on the heat source and material feedstock interaction.
Transient, three dimensional temperature fields are prerequisites for understanding the
most important parameters that affect the metallurgical quality of the components such as spatially
variable cooling rates, solidification parameters, microstructures and residual stresses, and
distortions in components [7]. Instabilities during processing often lead to the formation of internal
defects which are detrimental to mechanical properties [8]. In particular, large lack of fusion
defects formed between adjacent passes and layers of AM components have been linked to
diminished fatigue behavior [9–14]. Other typical defects formed during AM processing are
keyhole collapsed porosity and gas entrapped pores [2,5,7,15,16]. Cunningham et al. [17] show
that the ratio of hatch spacing to the melt pool width can be important. Too small a ratio can induce
keyhole porosity, even if power and velocity values are not sufficient to induce keyhole porosity
by itself. However, too large a ratio can yield lack of fusion porosity due to fluctuations in melt
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pool dimensions, even in cases where the overlap depth would otherwise be sufficient [17,18].
Thus, a direct correlation can be made to the melt pool behavior and pore formation [18].
Keyhole porosity is observed in high energy density welding processes [19,20] and has
been linked to macroporosity in laser and laser-arc hybrid welds [20–23]. Without careful control
of keyhole mode melting, keyholes can become unstable and repeatedly form and collapse, leaving
voids inside the deposit that consist of entrapped vapor [24]. The root of keyhole porosity is
initiated by the generation of a deep V-shape melt pool and vaporizing elements within the pool
[18]. Keyhole porosity for a PBF process is a result of a rapid, local melting of powder by a
continuous laser heat source. The impingement on the build surface induces an oscillation behavior
which effectively spreads the molten pool across the surface. In some cases, an instability in the
molten pools leads to material ejection and results in a pore being formed at the bottom of the pool.
This pore is then trapped and solidified beneath the surface as shown in Figure 1.1 [25]. Keyhole
pores vary in shape and range in sizes between 10 μm to 50 μm. Pores that are not surfaceconnected can be healed by post-processing hot isostatic pressing (HIP).

Figure 1.1: Dynamic x-ray images of a laser powder bed fusion process of Ti-6Al-4V where a keyhole
pore is formed upon increasing the laser power used for processing [25]. Scale bars are 200 µm.
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Pores form and evolve over time through gas entrapment, supersaturation of dissolved
gases, and chemical reactions which produce gaseous species within the molten pool [2,7,26]. A
higher likelihood of nucleating entrapped gas pores is apparent when the equilibrium pressure of
a gas exceeds the combined hydrostatic, atmospheric, and capillary pressure. Nucleated pores lead
to vacancies where supersaturated gases within a molten pool can diffuse [27]. When rapid cooling
takes place, pore nucleation sites are likely to become trapped in the molten pool. However, slower
cooling and solidification rates allow these pores to grow and sometimes coalescence with
neighboring pores. Once pores reach their critical size they separate from the solidification front
and float to the surface of the solidifying pool [26]. Previous investigations showed high
solidification rates and high gas content increased pore concentrations in metal alloys [27].
Furthermore, retained gas concentrations within each bubble attributed to pore growth due to the
imbalance in mass transfer between two fluids present in the Marangoni flow [28]. Gas-entrapped
pores are typically characterized by their spherical shape as indicated in Figure 1.2. These defects
are typically on the order of 5 μm to 20 μm when processed through PBF [16]. However, DED
produces gas entrapped pores can be closer to 50 μm in size as shown in Figure 1.2.

Figure 1.2: Gas-entrapped porosity present within the prior-beta microstructure of Ti-6Al-4V.

Lack of fusion defects, shown in Figure 1.3, are typically elongated in shape and range
between 50 μm to several millimeters in size. In some cases, un-melted powder particles will also
be present within the lack of fusion region as indicated in Figure 1.3. As recently mentioned, melt
pool behavior is directly related to numerous metal processing parameters including power,
3

processing speed, feedstock properties, dwell time, scan patterns, and hatch spacing [7,13,29,30].
The main contribution to large lack of fusion defect formation is the insufficient overlap between
passes which is typically a result of a mismatch in hatch spacing conditions [8,18]. Hatch spacing
refers to the distance between two adjacent passes [2,30]. Selection of larger hatch spacings
contribute to reduced overlap between two neighboring passes, leading to a higher probability of
lack of fusion. Decreased hatch spacing corresponded to larger regions of overlap and sufficient
fusion between passes [7,31].

Figure 1.3: Lack of fusion influenced by insufficient heating of Ti-6Al-4V powder.

Several investigations have considered the influence of altering individual processing
parameters on repeatable defect formation and minimum defect size [9–14,16,32,33]. For example,
decreasing power, increasing travel speed, increasing powder flow rate, and increasing hatch
spacing has contributed to defect formation across multiple layers of Ti-6Al-4V AM alloys [9].
Currently, there is a lack of an organized database which encompasses defect-free processing
conditions. Efforts to detect these common defects formed during processing has been extensively
investigated using conventional nondestructive evaluation (NDE) techniques [16,32,33], though
most techniques are both costly and time consuming. Some recent efforts [31,34,43–49,35–42]
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have focused on integrating NDE techniques in situ to monitor the PBF and DED build processes.
However, the detection of process-related defects has been limited.

1.2

NDE Techniques Used for PBF and DED Metal Alloys
Metal AM processes lacks robustness in industries due to their susceptibility to form

property degrading defects. While most defects can be detected using x-ray computed tomography
(CT) and healed through post-processing HIP, the lengthened time and high costs incurred by
processes restrict the widespread use of metal AM. Therefore, the development of in situ
techniques for monitoring such defects and corresponding them in real-time is a widely explored
goal. Several investigations have been conducted to highlight the potential for using a variety of
non-contact thermal, optical, and ultrasound techniques as an appropriate means for inspection in
the AM process environment. Table 1.1 provides a summary of current NDE methods used for
monitoring and inspecting metal AM processes. Most investigations have considered thermal and
optical techniques for integration due to their user-friendly interfaces, limited effects from surface
roughness, and reduction in data processing of collected results. Conversely, ultrasonic
investigations have viewed these as challenges to overcome. The potential for each of these NDE
methods (thermal, optical, and ultrasonic) is apparent for the evaluation of AM metal alloys and
therefore continues to seek extended opportunities for growth.
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Table 1.1: NDE methods which are adaptable for monitoring PBF and DED processes.
Variables

Sensors

Parameter (s) Monitored

Minimum Feature Size

Measurement(s)

Advantage(s)

Limitation(s) & Future
Scope

MECHANISM OF PROCESS MONITORING AND INSPECTION
Thermal

Optical

Ultrasonic

Thermography
[37,39,44,47]
Pyrometry [40,41,43,45]

High-Speed Cameras +
Photodiode [31,34–38]
NIR camera [36,37]
OES [30]

Transducers [50,51]
SRAS [52] *
Laser Ultrasonics [53–58]
Acoustic Emission Testing
[59]*

-Spatial temperature
gradients
[37,39,44,47]
-Discrete temperature
measurements [39,47]

-Grayscale values along the
melt pool length and width [60]
-Voltage as a function of scan
distance at various layers
- RGB values for each pixel
[35]

100 µm [47]
-Total area of heat
affected zone (HAZ)
irradiance [39,47]
-HAZ circularity/aspect
ratio [47]
-Flaw detection [47]

-Detecting powder layer
thickness after recoating
[39,47]
-Potential to track
solidification process
[39,47]
-Discrete point analysis
[40,41]
-Monitors the entire build
area
-Limited data capture rate
disables closed-loop
inspection [40,41]

Advantage(s)

-Detecting powder layer
thickness after recoating
-Discrete temperature
analysis [40,41]

Limitation(s) & Future
Scope

-Monitoring solidification
process [16]
-Monitoring the entire
build area

1 mm pores [36]
-Deposition of powder
[34,37,60]
-Measures melt pool
dimensions [36,37]
-Measures melt pool
dimensions, mean radiation,
and temperature gradient
[34,36,37,60]
Powder Bed Fusion
-Easy to implement
-Shielding optics allows close
alignment with laser beam

-Not yet integrated with closedloop control
-Optimize image quality [34]

-Wave speed correlate with
porosity [50]
-Backwall signals [50,51]

20-50 µm [52] * , 2 mm [50]
-Spectral distributions as a
function of build height [50]
-Identify acoustic emission
from crack formation [59]
-Changes in surface acoustic
wave velocity [61]

-Able to obtain throughthickness material property
information
-Only requires access to one
side of material for multi-layer
inspection
-Requires inspection of
different shapes, sizes, and
depths of defects [50,62]
-Noncomplex geometries
[6,50,62]
-Online monitoring of residual
stresses [50]
-Build height variations [50]

Directed Energy Deposition
-Temperature of all points in
-Able to monitor around a
curved surface < 100 µm [61]
image can be calculated [35]
-Ability to select signal mode
-Visualize and characterize
[61]
surface features layer-by-layer
-Real-time feedback [61]
-Image processing speed [35]
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-Post-processing is required to
obtain data of crack time and
position.
-Lacks real-time capability
currently

1.2.1

Thermal Process Monitoring Methods
Thermal NDE techniques, including infrared (IR) thermography and pyrometry, have

already been integrated into both PBF and DED processes to evaluate temperature gradients during
the deposition process [39–47]. IR cameras have provided high spatial and temporal information
of two-dimensional surface areas of PBF processes [39,47] and energy measurements for DED
processes [38]. Pyrometry has also been utilized for discrete data point collection for signal
processing and evaluating changes in thermal profiles with alterations in the powder feed rates
and power in DED processes [43,45,46]. While numerous investigations have provided valuable
thermal history information for AM processes, measurements continue to be limited to the
inspection of the exposed surface area and thus lack valuable subsurface defect and thermal
evolution information [6,39,47]. Additionally, uncertainties in emissivity, motion blur, and
reflection measurements have contributed to unreliable and misinterpreted information
undesirable for wide-scale integration [39,44,63]. Nevertheless, in many cases thermal techniques
such as pyrometry have been coupled with high speed cameras to monitor the build process and
provide an additional perspective [35–37,43,45,46]. Thermal processes which monitored
irradiance within the heat affected zone have demonstrated potential for characterizing the
solidification behavior in the layer-by-layer process to eventually trace the thermal histories of the
entire build process [39–47].
1.2.2

Optical Process Monitoring Methods
Optical measurement devices such as, high-speed cameras which use charge coupled

devices (CCDs) and complementary metal oxide semiconductor (CMOSs) detectors, and optical
emission spectroscopy (OES) have previously been integrated for monitoring in situ processes
[31,34–38]. High speed cameras are widely available, inexpensive devices which operate in the
near infrared (NIR) regime. These devices based on light collection are capable of monitoring the
evolution of the melt pool, though their detection capability does not provide information of
internal geometries that may develop during the build process [36,37]. A technique such as OES
has long been used to understand the physical mechanisms and monitor conditions during lasermaterials processing [30] including measuring excitation temperatures of iron, chromium, and
magnesium vapors which corresponded to welding defects [64]. Most recently, OES has been
adopted into AM processes to identify lack of fusion defects within builds while also showing
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potential for implementing emission signals from plasma plumes for identifying hardness, surface
appearance, clad dilution, and microstructures [30,65,66]. Optical techniques have successfully
captured surface features for each layer during the build, though methods continue to face image
processing challenges related to capture time and resolution [31,34–38].
Since these optical methods are limited to the surface, detection of subsurface features or
monitoring of thermal histories in these locations is not possible. Additionally, image processing
algorithms developed for PBF and DED monitoring do not display the speed required for closedloop feedback [34,36,37,60]. Given these limitations, NDE techniques such as ultrasound are being
investigated as a solution for detecting subsurface features during the build process.
1.2.3

Ultrasonic Process Monitoring Methods
Ultrasonic techniques include both contact and noncontact methods for generating pulsed

waves through a material which translates mechanical energy into electronic signals [67]. Signals
returned to the detector include extensive information about subsurface features and surface
conditions [53,62,68,69]. Differences in density and geometry have contributed to variable signals
received by the detector which can then be used to detect defects below structural surfaces
[33,51,53,59]. In addition, previous ultrasonic investigations have revealed elastic properties, grain
size, texturing, and phase change information for unique metal alloys through modeling and
empirical methods [14,55,56,70–74].
Complexities involved in each AM process, whether PBF or DED, has dictated the
feasibility of integrating contact and noncontact ultrasonic techniques for in situ monitoring.
Contact piezoelectric transducers implemented for a PBF process identified subsurface flaws in
components based on the analysis of wave velocity variability [50]. However, wave velocity
measurements became increasingly skewed when additional layers were deposited. These results
suggested a degree of unreliability in measurements for multi-layer components [50]. Noncontact
techniques, on the other hand, have not been widely adapted as an in situ monitoring technique
due to the complexity involved in signal processing and detection alignment with the build process.
Nonetheless, preliminary investigations using noncontact techniques such as spatially resolved
microscopy (SRAS) [52], laser ultrasonics [57,62], and acoustic emission testing [59] have shown
great promise for investigating AM materials on an ex situ level. Ultrasonic characterization and
inspection does offer additional bulk material property and subsurface information of internal
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geometries in comparison to other techniques which have exclusive access to the build surface
[48,49]. Thus, ultrasonic techniques suggest continuing advancement for the evaluation AM metal
processes.

1.3

Potential Use of Laser Ultrasonics as a Tool for DED Process Monitoring
DED processes introduce numerous challenges for monitoring techniques due to their harsh

build environments, which include exposure to a gas-filled chamber, vapor plumes, dislodged
powder and spatter, and elevated operating temperatures [16]. Thus, noncontact ultrasound
techniques that were previously developed for high temperature monitoring welding and laser
cladding processes offer great promise for characterizing subsurface/surface features and material
property information while operating in harsh build environments [53–58].
Laser-ultrasonics has been widely used for the inspection of cracks and flaws in metal
structures [33,53,57,75]. Unlike contact transducers, ultrasonic waves are generated from a
focused energy beam that initiates thermal pulsed energy into a material and is then transformed
into mechanical vibrations which are then manifested as bulk waves capable of being sensed by a
long or continuous beam upon slight variations in stress and strain properties in a material [48,74–
77]. Figure 1.4 illustrates a simplified representation of a laser ultrasonic inspection test set-up. A
generation and detection beam separated by some distance (d) are located above a metal substrate
of interest, with the perpendicular lines indicating particles at rest. When the generation laser acts
on the surface of the material, thermal expansion occurs and generates elastic longitudinal or
compression waves as well as shear or transverse waves. Longitudinal waves propagate parallel to
the direction of the particle motion while shear waves propagate perpendicular to the motion. The
wavelength (λ) or interval it takes for a single cycle to repeat is indicated in Figure 1.4 for both
longitudinal and transverse wave modes, respectively. Conversely, complex waveforms are also
generated in the material and defined as Lamb (through-thickness propagation) and Rayleigh or
surface waves (elliptic orbit upon second critical angle reflection), [48,78].
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Figure 1.4: Bulk wave modes generated upon localizing an energy source on a material surface.

Each unique waveform offers valuable information on defects, phases, and microstructure
information. However, the experimental set-up and regime of operation ultimately determines the
dominant wave mode [79]. Implementation of commercial systems still require a priori knowledge
of materials being tested and the boundaries of interaction [53–58]. Thus, the adaptation of
previous benchmark parameters which were successfully used for the identification of bulk
material properties for laser-cladded and welded metal alloys, offer a framework for the
development of the laser ultrasonic technique for in situ monitoring [33,55,56,58,59,80,81].
Previous implementations of laser ultrasonic systems have demonstrated potential to
operate in-line, close to the DED deposition nozzle to provide real-time feedback at high
temperatures of sub-surface features at hundreds of microns of resolution [57,62]. Laserultrasonics has so far demonstrated promise for inspecting parts with artificial defects down to 50
microns in size for a PBF block [62]. However, continued work is necessary to account for defects
at varying depths, shapes, and sizes to determine the range of detection. In addition, the effects of
surface roughness and uneven build layers, typical of the AM process, should be accounted for by
the inspection method [7].

10

Furthermore, laser ultrasonics has been previously implemented as a characterization tool
for traditionally processed metal alloys in which measurements that were analyzed provided
information on texturing, grain size, grain orientation, and grain size distribution
[14,55,70,74,77,82,83]. While most efforts focused on analytical modeling with minimal handson laboratory experimentation much growth is required in this area in order to consider the
integration of this technique in a practical industry setting. A fundamental understanding of laser
material interaction in different processing environments and at various processing speeds, as well
as developing algorithms to display easily interpretable signal information would provide adequate
information for the laser ultrasonic technique to characterize non-traditional processed metal
alloys.

1.4

Objectives
This investigation seeks to develop a fundamental understanding of the mechanisms of lack

of fusion defect formation in laser-DED titanium, nickel superalloy, and precipitation hardened
stainless steel alloys based on the modification of processing parameters. Understanding how to
control the process parameters to enhance the production of lack of fusion defects for unique alloy
systems, also provides a preliminary framework for developing minimal defect formation
conditions adequate for advancing AM as robust technique for manufacturing components.
Ultimately, the ability to create reproducible, realistic defects in several alloy systems allows for
a rapid advancement for in situ process monitoring techniques, such as laser ultrasonics. However,
this investigation will first evaluate the feasibility of laser ultrasonics as an inspection tool for AM
by determining the signal response of subsurface, realistic lack of fusion defects. Additionally,
microstructures of a wrought and a laser-DED titanium alloy will be evaluated to provide
supporting evidence for understanding the attenuation response of each fabrication process. The
following objectives have been established to reach these goals.
-

Simulate process-related errors through the modification of parameters including hatch
spacing, powder flow, and power to form lack of fusion defects for selected titanium, nickel
superalloy, and precipitation hardened martensitic grade stainless steel alloys.
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-

Evaluate lack of fusion defect size, shape, size distribution, and volume using optical
microscopy and x-ray CT and correlate measurements to the thermo-physical properties
unique to each metal alloy and the modified processing parameters.

-

Measure and interpret signal response from a machined and as-deposited surface
titanium, nickel superalloy, and precipitation hardened martensitic grade stainless steel
alloys produced with intentional defects and correlate defect response to x-ray CT
measurements of defect size, morphology, and location.

-

Compare microstructural evidence for a wrought and as-deposited titanium alloy using
traditional optical microscopy and electron backscattered diffraction techniques and
provide a comparison of ultrasonic attenuations for each fabrication process.

1.5

Thesis Structure
This research investigates the possibility of producing process-related lack of fusion

defects through the modification of parameters for laser-DED titanium, nickel superalloy, and
precipitation hardened stainless steel alloys. In addition, this investigation provides an assessment
for utilizing laser ultrasonics as a feasible in situ inspection tool for DED metal AM processing.
Defect signals detected by laser ultrasonic measurements for each alloy are validated by optical
microscopy and x-ray CT porosity analyses where the latter characterization method provided
extensive measurements on lack of fusion defect size, shape, distribution, location, and volume.
Furthermore, laser ultrasonics will be utilized beyond an inspection tool in efforts to correlate
attenuation measurements to microstructural information unique to each fabrication process of a
titanium alloy. The research content has been divided into six chapters.
Chapter 1 introduces defect formation in AM metal alloys, motivation for choosing laser
ultrasonics as an inspection tool, and objectives for carrying out the investigation.
Chapter 2 reviews laser ultrasonic signal response in a material which can be used for
material property and microstructural characterization through wave velocity and attenuation
measurements.
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Chapter 3 examines the impact of changes in processing parameters for selected titanium,
nickel, and precipitation hardened martensitic grade stainless steel alloys on the size, shape, and
location of lack of fusion defects based on x-ray CT inspection.
Chapter 4 correlates lack of fusion defects detected by x-ray CT inspection with laser
ultrasonic signal information to approximate defect size, shape, and location.
Chapter 5 assesses the attenuation response of a wrought titanium substrate and laser-DED
AM Ti-6Al-4V alloy.
Chapter 6 summarizes and concludes the findings of the study, while providing insight to
areas of future research based on the knowledge gained over the course of the study.
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Chapter 2
LITERATURE REVIEW OF LASER ULTRASOUND CHARACTERIZATION FOR
VARIOUS METAL ALLOYS
2.1

Thermal Generation Mechanisms of Ultrasound in Metal Alloys
Laser ultrasound generation in a solid is initiated by a pulsed, focused energy source

through thermoelastic and momentum transfer [1–3]. Excitation in the thermoelastic regime
transforms energy via thermal-expansion into mechanical vibrations, which radiate outwards from
the center of the focused energy, as indicated in Figure 2.1 (a). The thermoelastic regime operates
near the surface melting temperature, but below the vaporization threshold. The thermoelastic
regime is supplemented by the ablation of electrons and ions forming a plasma with consequent
expansion of plasma away from the surface of the metal when power densities exceed over 107
W/cm2. The momentum pulse is transmitted into the solid and enhances the production of the
epicentral compression wave pulse [1,3].
The ultrasound generation regime ultimately determines the dominant wave modes and
ease of resolving discrete material properties. Low energy densities, characteristic of the
thermoelastic regime, enables subsurface characterization and ultrasonic imaging of defects.
However, at energy densities, lower than 107 W/cm2, intensity measurements of longitudinal and
Rayleigh waves are indistinguishable [3]. Bulk, longitudinal waves are dominant in the ablation
regime,

and are important

for characterizing microstructural features. However, repeated

measurements in this regime can cause excessive vaporization and damage to the surface [1]. Thus,
operation in the ablation regime demands particular attention. Furthermore, wave modes detected
by the receiver also depends on the conditions of the material in which the waves propagate.

(a)

(b)

Figure 2.1: Generation of ultrasonic waves in a solid material using a focused laser source and operation
in (a) the thermoelastic regime and (b) ablation regime [1].
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2.2

Behavior of Sound Propagation in Solid Mediums
Elasticity is the most important property of a solid for restoring shape and volume after the

termination of any externally applied forces [4]. Though it is first necessary to understand how
sound propagates through a solid and what alters the propagation. Sound propagation relies on the
relationship between density and pressure. In particular for solids, sound propagation is influenced
by stresses in a solid which is temperature-dependent. Increasing temperatures of a metal solid
leads to a series of phase changes which transition from a molten or liquid state to a vaporized
state when temperatures are elevated above the liquidus [3]. Atoms which are tightly packed and
bonded in a solid are more effective at translating acoustic energy. This energy translates from one
side of a material to another via direct paths. Alternatively, atoms which exhibit loose packing
with no long order arrangement take various paths upon energy translation [4].
Besides temperature profiles, motion of mediums also contribute to how sound propagates
through a material [5–8]. Sound transports greater distances when motion exists in a medium, such
could be considered in molten pools which experience Marangoni convection during AM
processing [9]. Sound transport is made possible in various phases of materials through particle
motion. For example, high kinetic energy particles characteristic of the gas phase transports sound
more readily versus solid materials which do not experience the same magnitude of vibrational
energy [4]. Acoustic impedance is valuable when determining acoustic transmission and reflection
at two boundaries, while also providing an assessment of sound absorption in a medium. Thus, the
calculation of acoustic impedance (Z) based on wave velocity (v) and material density (ρ) provides
insight for monitoring solid-liquid interfaces characteristic of welding processes as expressed in
the following relationship [10].

Z= ρv

(1)

While viscous liquids and gases influence sound propagation through changes in densities,
pressures, and motion, solids face more complexities. Solids are impacted by not only volume
elasticity, but also by shape elasticity defined by a directional dependence of shear elasticity [4].
Ultrasonic waves which propagate through polycrystalline materials include longitudinal, shear,
Lamb, and Rayleigh or surface waves. While longitudinal and shear waves have been more widely
reported for ultrasonic characterization of material properties and microstructures than Rayleigh
waves [11–16], Rayleigh waves have been used to identify stress-free surfaces of thin films with
21

crystallographic orientations, density dislocations, residual stresses, and fatigue damage of
metallic materials [17]. Nonetheless, all cases of wave propagation are able to be identified in a
laser ultrasonic scan where the dominant wave mode is dependent on the particular optical
configuration, operating power, and experimental set-up.

2.3

Material Property Identification from Laser Ultrasonic Scan Data
Laser ultrasonics has received growing attention because of their wide range of

applicability in nondestructive control and evaluation [18]. Nonetheless, laser ultrasonics may be
used beyond an inspection method to measure stiffness properties of anisotropic materials [1,19].
A typical laser-ultrasonic inspection system consists of an infrared Nd:YAG pulsed laser, which
is used as a source for generating acoustic waves and a laser receiver that combines a continuouswave laser and interferometric unit to record surface displacement [20]. For defect detection, the
spatial resolution is dependent on spot sizes of the generation and detection beams at the surface
[21]. Ultrasonic systems typically record two fundamental parameters of an echo, including
amplitude and where the echo occurs with respect to a zero point. These parameters are displayed
in a series of A-scans, B-scans, and C-scans. Each scan provides unique information about the
material including signal attenuation, time-of-flight or velocity measurements, and density profiles
which account for internal flaws and inclusions. Figure 2.2, provides a visual representation of
each scan type generated using a laser ultrasonic set-up for a honeycomb composite.
A-scans plot the amount of received ultrasonic energy, or intensity values, as a function of
time [2,22]. Signal information from an A-scan can provide information about signal arrival upon
translating generation and detection beams. Signals in this type of scan are visualized as wavelet
packets or individualized peak signals. The first wavelet packet represents the incident arrival or
sound energy reflecting from the surface, followed by a backwall reflection. The backwall
reflection appears subsequent to the surface reflection which indicates when the beam has
propagated through the thickness of the sample. In some cases, an additional signal will appear
before the backwall signal indicating a location of a defect or discontinuity in the material.
B-scans show time-of-flight measurements and provide profile information of a sample
indicating the separation distance between the generation and detection beam on the x-axis and the
time of travel of sound energy on the y-axis. Measurements can be simply extracted and used to
calculate the wave mode velocity. However, defect signals have the tendency to disrupt velocity
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measurements of the material due to their ability to scatter waves and produce signals similar to
the parabolic shapes defined in Figure 2.2 (b).
C-scans provide a two-dimensional representation of changes in grayscale values
representative of gated signal amplitudes or depths at which each variation in density is located in
a test piece [2,22,23]. Light pixels indicate regions of higher density, while dark pixels represent
regions of lower densities. However, achieving easy to understand signal information with
distinguishable features, as shown in Figure 2.2, is not a straightforward process and requires
extensive knowledge of signal processing and material properties.

(a)

(b)

(c)

Figure 2.2: Honeycomb composite operating in through transmission 20 mm × 20 mm c-scan, 0.5 mm
steps in both directions. (a) A-scan, (b) B-scan, and (c) C-scan plots indicate varying intensities due to
differences of material properties [23].

2.4

Laser Ultrasonic Measurements
Three basic elements comprise a laser-ultrasonic system, a generation laser, a detection

laser, and an interferometer as shown in Figure 2.3, followed by data acquisition and processing
electronic hardware. The schematic indicates both bulk and surface wave modes propagating
through the thickness of a material and along the rigid boundary under investigation, respectively.
Detected signals are processed through a data acquisition software and a series of A-, B-, and Cscans are displayed. However, only A- and B-scans are of interest for obtaining the two basic laser
ultrasonic measurements, wave velocity and attenuation.

23

Figure 2.3: Components of a laser ultrasonic system.

Time of signal arrival can be extracted from an A-scan upon observing changes in signal
amplitude and comparison of the relative displacement of the generation and detection beam. Time
of signal arrival may also be extracted from a B-scan based on the wave form displayed for a
scattered signal as a result of an internal geometry interfering with the direct wave path.
Attenuation, on the other hand, is extracted from A-scan data upon evaluating the gradual loss in
flux through a material [2,15]. Wave velocity and attenuation measurement have previously been
correlated to bulk elastic properties and grain size/ features of various metal alloys, respectively,
through the evaluation of various mathematical models which have been verified using contact,
piezoelectric transducers [13,14,16,24–27]. While laser ultrasonics is a useful tool for detecting
internal defects in materials, this section will review the system’s usefulness as a characterization
tool for evaluating bulk material properties.
2.4.1

Ultrasound Wave Velocity
Wave velocity can be estimated for any wave mode propagation through a simple estimate

of the time of arrival and the relative displacement of generation and detection beams. Time of
signal arrival in a defect-free material provides an estimate of the thickness of the sample being
analyzed [2,28]. Sound waves travel at various rates in materials depending on differences in
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density, as well as, variations in elastic properties which are affected by material texturing.
Isotropic materials maintain constant velocities along all crystallographic directions. Grains which
make up the microstructure are randomly oriented, non-textured. Isotropic, non-textured materials,
such as aluminum substrates, are popularly used to standardize beam set-ups for measurements
and serve to validate mathematical models used for high complexity, textured materials.
Alternatively, ultrasonic wave interactions with textured anisotropic materials experience local
changes due to variations in elastic behavior. Anisotropic materials have a preferred direction of
grain growth which is often influenced by the metal fabrication process. Though highly textured
materials increase the complexity of the elastic constants, anisotropy is desired for evaluating
ultrasonic signal variability [15,28].

2.4.2

Attenuation
Attenuation, on the other hand, is solely obtained for A-scan data which indicates if the

amplitude change in signal response is effected by absorption (αabs), scattering (αscat), and
diffraction (αdiff) of ultrasonic signals [17,29]. The primary contribution to attenuation for a
polycrystalline anisotropic medium is caused by grain boundary scattering.
𝛼𝛼𝑡𝑡𝑡𝑡𝑡𝑡 = 𝛼𝛼𝑎𝑎𝑎𝑎𝑎𝑎 + 𝛼𝛼𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎 + 𝛼𝛼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

(2)

Attenuation is influenced by the passage of mechanical vibrations through a material and
interactions with boundaries or internal geometries. Identification of attenuation for a material has
the potential to provide information for calculating grain size, grain size distribution, and
morphology [13,16,27]. Figure 2.4 (a-b) shows a schematic representation of this wave interaction
with grain boundaries that provide information of elastic stiffness (𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ) as an incident wave (𝑝𝑝̂ )

scattered as a wave (𝑠𝑠̂ ) upon an interaction with a grain with a spatial correlation length (L). The

angle between the incident and scattered wave is defined as θps. Attenuation is evaluated by first
quantifying the ratio between two successive echoes, followed by a comparison of the amplitude
spectrum of an echo selected in a waveform using the following relation, where α(f,t) is the
attenuation coefficient as a function of frequency (f) and time (t), which corresponds to the number
of echoes (m), sample diameter (d), and constant (A).
𝛼𝛼(𝑓𝑓, 𝑡𝑡𝑖𝑖 ) =

20
𝐴𝐴0 (𝑓𝑓,𝑡𝑡0 )
log � 𝑠𝑠𝑠𝑠
�
2𝑚𝑚𝑚𝑚
𝐴𝐴𝑖𝑖𝑠𝑠𝑠𝑠 (𝑓𝑓,𝑡𝑡𝑖𝑖 )
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(3)

(a)

(b)

Figure 2.4: (a) Wave propagation through a polycrystalline material indicating grain boundary scattering
[25]. (b) A schematic representation of an ultrasonic wave incident on an alloy with equiaxed crystal
texture [13].

2.5

Characterization of Metal Alloys Using Laser Ultrasound
Changes in ultrasonic responses are primarily visible when anisotropy is present in a

material. The mechanical behavior of ultrasound has been noticeably affected by the elastic
properties of a material. Thus, ultrasound is more likely to exhibit distinguishable features in the
echoes recorded in A-scans when crystallographic directions have a characteristic elastic constant.
Theoretical and experimental laser ultrasonic investigations of polycrystalline metal alloys have
presented comparable results of material properties evaluated by destructive techniques [13,15–
17,30–33]. Measurements of ultrasonic velocities and attenuations have provided insight to
variations in material properties for a variety of metal alloys.
In particular, elastic wave interactions with grain boundaries have indicated regions of
preferred crystallographic orientation through the evaluation of wave velocity [12,15,34–36]. In
addition, wave velocity measurements have provided a comparison of residual stresses which are
resultant of various fabrication processes and heat treatments of metal alloys [37]. As a whole,
wave velocity measurements have provided adequate information for evaluating elastic constants
for all crystallographic directions of a material [18,24,38,39].
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Alternatively, attenuation from ultrasonic absorption and scattering may also be utilized to
characterize grain size [13,16,17,27,30]. Isotropic materials have been used as a reference to
qualify each theoretical and experimental model due to their predicted behavior and reduced
complexity [15,19]. Additionally, equiaxed grains with log normal distributions were used to
simplify initial conditions and variables encompassing theoretical models. While supplementary
efforts continue to work towards modifying theoretical and experimental models for elongated,
complex crystal structures, and multi-phase materials [13,14,26,27,32,36].

2.5.1

Conventional Evaluation of Elastic Constants
Evaluations of elastic constants provide insight for elastic properties and textural

information. Texturing in traditionally machined polycrystalline metal alloys is often introduced
by mechanically deforming the material via a forging, rolling, or drawing process, which forces
grains to orient themselves along their preferred slip system [40]. In particular, the texture in a
rolled sheet of a hexagonal crystal structure metal, the texture is defined by {hkil}<uvtw>, which
means the {hkil} planes of these grains lie parallel to the sheet plane, whereas their <uvtw>
direction point parallel to the rolling direction [41]. The conventional approach for evaluating
elastic constants for texture components of grains in polycrystalline materials uses an orientation
distribution function f(g) which defines the probability of a small crystalline volume to have an
orientation, g [15]. This probability can be identified through the evaluation of the triplet of Euler
angles presented in EBSD data which describe the rotation between crystal axes and the sample
being characterized [42].
Two systems have been used extensively in literature to define Euler angles, including the
Roe system and the Bunge system illustrated in Figure 2.5 [41]. Roe defines g based on a Z-Y-Z
axis of rotation and angles (ψ,θ,ω). The Z-Y-Z rotation system suggests the crystal coordinate
system is initially rotated about Z’-axis through angle ψ, then from the new orientation it is rotated
about the Y’-axis through angle θ, and finally rotated about the Z’-axis through ω. The same is
true for the Bunge system, however, the angles of rotation and axes are modified to (ϕ1,ϕ2,ϕ3) and
Z-X-Z, respectively [41]. Though, the Roe and Bunge systems exclusively characterize
crystallographic orientations for cubic systems. However, the coordinates defined by these two
systems may be used to assess relationships between orientations for other crystal systems [41].
The orientation distribution function can then be used to represent a series of orthogonal functions
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which can further be used to solve a series of texture coefficients. While texture coefficients can
be defined using EBSD data further calculations are required to evaluate elastic constants of
polycrystalline materials.

(a)

(b)

Figure 2.5: Illustration of (a) the Roe system which uses Z-Y-Z rotation and (b) the Binge system which
uses the Z-X-Z rotation system [41].

Methods for calculating elastic constants for polycrystalline materials is made possible by
either the Voigt or Reuss methods [40]. The Voigt method overestimates elastic constants in a
material where local strain (εkl) is homogeneous throughout a material and can be used to calculate
(𝑚𝑚)

(𝑚𝑚)

the elastic stiffness tensor (𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ) with knowledge of the stress (𝜎𝜎𝑖𝑖𝑖𝑖 ) in the mth grain as described
in equation (4) [40].

(𝑚𝑚)

𝜎𝜎𝑖𝑖𝑖𝑖

(𝑚𝑚)

= 𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ε𝑘𝑘𝑘𝑘

(4)

Alternatively, an underestimate of elastic constants can be used to calculate the compliance
(𝑚𝑚)

tensor (𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ) as expressed in Equation (5) using Reuss method which equates the local stress to
the mean stress [40].

(𝑚𝑚)

𝜀𝜀𝑖𝑖𝑖𝑖

(𝑚𝑚)

= 𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑙𝑙 σ𝑘𝑘𝑘𝑘
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(5)

2.5.2

Evaluation of Elastic Constants Using Ultrasonic Wave Velocity
Texture variations are reported as changes in velocity measurements which can include

information of the recrystallization of metal alloys that have been subjected to a series of heat
treatments. These velocity measurements may be calculated from Voigt or Reuss methods by using
the Hill-average which falls between the upper and lower bound of each method used to predict
elastic constants which depend on lattice parameters [28,43]. Several researchers have successfully
applied laser ultrasound as a technique for evaluating the microstructural evolution of materials
that have been exposed to a series of heat treatments [11,14–16,33,36]. However, most
investigations have focused on in situ characterization of recrystallization and grain growth for
conventionally processed iron, copper, and nickel alloys [12,30,34,35]. In order for ultrasonic
waves to detect variation in multi-phase materials, a significant degree of anisotropy must exist
between each phase. Thus, an investigation [15] found significant promise for identifying absolute
texture information for an interstitially free (IF) steel with strong gamma fiber texture containing
austenite and ferrite phases with elastic anisotropy Zener-A parameters ~2.6 and ~2.3 though an
isotropic aluminum substrate was used as a reference material.
Isotropic solids have been extensively characterized by ultrasonic methods due to their
reduced complexity for evaluating elastic constants. Independent elastic constants can be
recognized in the wave equation identified in equation (6) for forces which act in the x-plane in
the x, y, and z directions. The wave equation can further be simplified to calculate elastic constants
(E) for an isotropic solid as defined in equation (7) where velocity (v) is a function of density (ρ)
and stress (σij).
𝜌𝜌

𝛿𝛿 2 𝑢𝑢𝑥𝑥
𝛿𝛿𝑡𝑡 2

=

𝛿𝛿𝜎𝜎𝑥𝑥𝑥𝑥
𝛿𝛿𝛿𝛿

+

𝛿𝛿𝜎𝜎𝑥𝑥𝑥𝑥
𝛿𝛿𝛿𝛿

+

𝐸𝐸
𝜌𝜌

𝛿𝛿𝜎𝜎𝑥𝑥𝑥𝑥
𝛿𝛿𝛿𝛿

(6)

(7)

𝑣𝑣 = �

Anisotropic materials, on the other hand, are not as easily simplified due to the complexity
of the stiffness matrix. Anisotropic mediums promote refraction of ultrasonic signals that can be
focused or dispersed, thus increasing or decreasing amplitudes of signals [5–7,17]. Multiple
ultrasonic investigations have suggested anisotropic crystallites have exhibited variability in
mechanical properties, specifically stiffness tensors that were calculated based on longitudinal and
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shear wave velocities [19,28]. A decomposition of bulk wave velocities into longitudinal and shear
waves result in equations (8) and (9), respectively, as a function of density (ρ), elastic constant (E),
and Poisson’s ratio (ν).

𝑣𝑣𝑙𝑙 = �

𝐸𝐸(1−𝜈𝜈)

(8)

𝐸𝐸

(9)

𝜌𝜌(1+𝜈𝜈)(1−2𝜈𝜈)

𝑣𝑣𝑠𝑠 = �
2𝜌𝜌(1+𝜈𝜈)

Longitudinal and shear wave velocities are more important for material characterization,
as they are closely related to elastic constants and density than the other wave modes [28]. There
are three types of ultrasonic velocity (one longitudinal and two shear waves) for each direction of
propagation in cubic [5,28,44] and hexagonal structured materials [6,29,45,46]. These ultrasonic
velocities show dependence on the direction of wave propagation and polarization [28].
Longitudinal components are relevant when the direction of propagation is parallel to the direction
of polarization. Alternatively, shear velocities are prevalent when the lattices strain in opposite
directions. Though these elastic properties can be verified and correlated through the use of
destructive techniques, various correlation theories, data processing algorithms, and alternate
ultrasonic set-ups can be used to identify these constants [5,6,29,44–46].
While ultrasound directional dependence can be traced back to the crystal structure of the
solid, previous investigations have suggested variations in sound diffusivity solely-based on
crystal structures [16]. Laser ultrasonics has used similar fundamentals for describing elastic
constants for polycrystalline materials as those that have been validated and optimized for contact,
piezoelectric transducers [2,28,47]. Several investigations have previously focused on modeling
point and line source radiations with varying anisotropy. From these investigations, group velocity
or the velocity of energy propagation in the direction of wave motion was characterized by cuspidal
edges [48] and internal diffractions [49,50] in anisotropic mediums. Therefore, experimental wave
forms had to compensate for the recovery of material stiffness properties that were not involved in
the radiation model [26].
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2.5.3

Evaluation of Elastic Moduli Using Ultrasonic Wave Velocity
Previous investigations have evaluated the elastic moduli in the thermoelastic regime

separately from the ablation regime due to the complications involved when a power density near
the threshold (>107 W/cm2) formed from both ultrasound regimes [38,47]. On the contrary, a
technique was devised to operate in both regimes, while distinguishing amplitudes for longitudinal
and shear wave modes [1]. Velocities were then utilized for calculating the elastic modulus of a
cast aluminum alloy (100 mm × 100 mm × 20 mm) polished sample. The technique used the same
set-up, but adjusted intensity values to generate waves in the thermoelastic and ablation regime.
Shear and longitudinal wave velocities could then be used to calculate the elastic modulus (EM) of
the material under investigation as defined by the following relation [1].
4𝑣𝑣4𝑠𝑠 −3𝑣𝑣𝑙𝑙2 𝑣𝑣𝑠𝑠2
�
𝑣𝑣𝑠𝑠2 −𝑣𝑣𝑙𝑙2

𝐸𝐸𝑀𝑀 = 𝜌𝜌 �

(10)

Alternatively, laser ultrasonics has measured the elastic moduli of a material by applying
two dimensional Fourier transforms (2D FFT) to spatial and temporal displacement waveforms
used for the generation of density of state (DOS) images [26]. A simple tracing of the maximum
DOS image can directly obtain phase velocity dispersions without prior knowledge of material
properties. Stainless steel and aluminum samples approximately 52.8 μm and 1.27 mm thick,
respectively, were used for testing the validity of the DOS technique [51]. However, unwanted
shock waves were incapable of being avoided in the signal collection due to the index of
modulation between the air and detector, though other curves were not disrupted by this feature.
In the case of the very thin samples, lower order Lamb wave modes were the dominant wave modes
generated, both in asymmetric (A0) and symmetric (S0) form.
Nevertheless, higher order Lamb modes, indicative of interference between free boundaries
of a plate, generated standing longitudinal (L1, L2) and transverse (T1, T2) waves, indicated in
Figure 2.4. From the DOS images, the excited modes could be calculated by Green’s function
formalism, which can be further referenced in [52]. Green’s function formalism provides a
description of scattering present with a material when an ultrasonic wave interacts with a grain
boundary. The formalism has been used to develop several mathematical models for describing
elastic constants for polycrystalline materials [19]. Green’s function formalism evaluated an elastic
modulus within 2.6% and a shear modulus within 3.8% of the predetermined values of an
aluminum plate [51]. While the method developed by Kim et al. [1] demonstrated a 2.1%
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difference from the tensile tests conducted, as compared to its ultrasonic transducer counterpart
which evaluated a 5.1% difference. Both techniques were considered feasible though there was a
lack of ease for obtaining measurements and interpreting results which is required prior to widescale adoption of an analysis technique.

(a)

(b)

Figure 2.6: 2D FFT image for the 1.27 mm thick aluminum plate indicating the (a) calculated DOS
image and (b) excited modes identified by Green’s function [53].

2.5.4

Ultrasonic Attenuation for Grain Analysis
Grain analyses evaluated through the use of ultrasound to quantify grain size, distribution,

and shape have been dominantly implemented in laboratory settings due to the complexities
involved in experimental set-up, signal interpretation, and a priori knowledge required for material
properties. Nonetheless, grain size, morphology, and distribution has previously been evaluated
by contact and noncontact techniques. Wavelengths (λ) or frequencies (f) selected for contact and
noncontact experimentation dictates the dominant regime of operation which relates attenuation
(α) to grain size (D) [54].
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅ℎ 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (𝜆𝜆 ≫ 𝐷𝐷)

𝛼𝛼 = 𝐾𝐾𝑟𝑟 𝐷𝐷3 𝑓𝑓 4

(11)

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (𝜆𝜆 ≪ 𝐷𝐷)

𝛼𝛼 = 𝐾𝐾𝑑𝑑 /𝐷𝐷

(13)

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (𝜆𝜆 ≈ 𝐷𝐷)

𝛼𝛼 = 𝐾𝐾𝑠𝑠 𝐷𝐷𝑓𝑓 2

(12)

Furthermore, constants (Kr,s,d) were used to compare various materials at specified
conditions. Dubois et al [55] estimated attenuation at temperatures up to 200°C values in the
stochastic regime. Grain growth temperatures of up to 1200°C in A36, drawing quality special
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killed and interstitial free steels were reported within the austenitizing range tested, however,
grains reported in metallographic studies smaller than 100 μm were not able to be correlated to
ultrasonic measurements. Thus, further work was required to optimize laser ultrasonic
measurements to characterize abnormal grain growth and grains smaller than 100 μm. Though,
Garcin et al. [30] recently identified the evolution of a super-δ solvus heat treatment of Inconel®
718 with a highly heterogeneous structure and secondary phase formation using a lever rule
methodology. An overall relationship between grain size and the scattering attenuation coefficient
for a polycrystalline material was mathematically modeled and experimentally confirmed by [13],
where Figure 2.7 indicates upon increasing grain sizes via a grain growth process, the scattering
attenuation coefficient increases. These results were based on a nonlinear least squares fitting and
an approximate inverse function which was derived by Li et al. [13].

Figure 2.7: Approximate inverse function based on the nonlinear least squares fitting [13].

While ultrasonic characterization has presented limitations on resolving a super-δ phase
with a minimum feature size of approximately 50 μm and providing clear identifications of multiphase materials, contact methods have acquired valuable data for calculating grain size
distributions for a variety of metal fabrication processes. Metal processing techniques have
reported grains with log normal distributions, though significant errors in attenuation values were
not accounted for during calculations [16]. Most investigations which evaluated grain size using
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ultrasonics were based on elastic scattering of waves. Kube and Turner [56] have previously
investigated Voigt, Reuss, Hill, and self-consistent techniques for modelling ultrasonic scattering
at grain boundaries. Acoustic impedance mismatch at these grain boundary interfaces provided
valuable scattering information. Alternatively, others have investigated Hashin-Shtrikman and
Krӧner methods [57,58].
Arguelles and Turner [16], on the other hand, used various scattering experiments and
mathematical models to compensate for variation in grain size distributions for a titanium alloy
composed of equiaxed grains with no preferred crystallographic orientation. Large errors in grain
sizes were evaluated when measurements based on attenuation neglected grain size distributions.
When distribution widths were altered, longitudinal and shear wave attenuations were dependent
on the frequency selected [16]. A selection of 10 MHz showed the deviation in the correlation
length increased more slowly as a function of the grain size distribution width (σd) and eventually
diminished near the inflection point, as indicated in Figure 2.8. Additionally, Arguelles et al [14]
also considered elastic grain scattering theory, particularly mode-converted diffuse ultrasonic
scattering, for developing mathematical models to account for elongated grains of a polycrystalline
medium with cubic symmetry. It was observed that the scattering angle was relative to the grain
axis of orientation when using a pitch-catch configuration.

Figure 2.8: Longitudinal attenuation within the Rayleigh limit of a polycrystalline titanium alloy with a
varying grain size distribution width, σd, where dashed line represents the closed-form solution and solid
lines represent the full integral form derived in [16].
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Most grain size, grain size distributions, and morphology investigations have exclusively
been implemented for piezoelectric transducers, thus, neglecting any thermal or plasmic
excitations from an ultrasonic beam. However, significant promise based on the years of
mathematical model development may be used to advance the understanding of the laser ultrasonic
technique as a characterization technique [30,55].
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Chapter 3
INFLUENCE OF PROCESS PARAMETERS ON DEFECT FORMATION IN
DIRECTED ENERGY DEPOSITED METAL ALLOYS
3.1

Essential Processing Parameters for Minimal Defect Formation in DED Alloys
Vilaro et al. [1] previously observed the presence of porosity in AM Ti-6Al-4V affected

the mechanical behavior of components, while pore shape and orientation showed a strong
influence on macroscopic ductility. Lack of fusion defects tended to appear when the inter-pass
overlap was not properly maintained. Insufficient fusion has been rooted to processing parameters
which do not correspond to high temperature thermo-physical properties exclusive to the metal
alloy [2]. Likewise, lack of fusion defects developed in components contribute to the formation of
local stress risers which initiate crack formation and diminish fatigue strength.
While significant efforts have considered varying process parameters including powder
mass flow rate, laser beam power, scan speed, toolpath, hatch spacing, and powder feedstock for
DED metal alloys to alter microstructural results, additional concern has been placed on enhancing
mechanical properties by understanding the role of melt pool shape and size to be used to minimize
defect formation in components [3–12]. A majority of investigations have considered creating full
density components to achieve desired mechanical properties by altering process parameters listed
in Table 3.1.
DED processing has lacked robustness due to the inconsistencies produced during each
build and thus continue to require extensive post-processing. While investigations sought
parameter optimization for minimal defect formation, builds processed with these parameters have
yet to consistently produce components with the same level of defects. This in part is due to the
characteristic thermal complexity of the AM process. Each parameter displays a significant
contribution to the melt pool shape and dimension. Thus, a unique combination of parameters and
environmental conditions are required to achieve nearly consistent results.
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Table 3.1: Summary of processing parameters for a DED Ti-6Al-4V alloy and corresponding mechanical
properties.
LaserDirected
Energy
Deposition
(DED)

Author(s)

Zhang et al.,
2001 [3]

Process Parameters

Laser Type

Power
[W]

Nd: YAG

15-22

Continuous
Wave

Dinda et al.,
2008 [4]

CO2

Nassar, A. &
Reutzel, E.,
2015 [13]

Yb:
Continuous
Wave

Caroll, B.E.
et al., 2015
[6]

Keist, J. S.
& Palmer,
T. A., 2016
[7]

130190
492
300
450±25

Travel
Speed
[mm/s]

Linear
Heat
Input
[J/mm]

Mechanical Results

Hatch
Spacing
[mm]

Powder
Flow
Rate
[g/min]

Build
Geometry

Tensile Axis
Orientation

Yield
Strength
[MPa]

Ultimate
Tensile
Strength
[MPa]

-

-

Test coupon

-

950

-

-

5

Test
Coupon

Parallel to Build
Direction

1105±19

1163±22

0.91

3

-

-

-

-

959±22

1064±23

1.8-2.6
8.5

0.61

10.58

15.322.4
0.22
0.14
43±25

Aggregated
Nd:YAG

2000

10.6

189

2.29

Cruciform

Aggregated
Perpendicular &
Parallel to Build
Direction

936±43

1049±37

-

-

-

See Ref.

See Ref.

Nd:YAG

2000

10.6

189

2.30

12

L-Shape &
Cruciform

Wolff, S. et
al., 2017 [8]

Yb:
Continuous
Wave

1000

10.0

100

1.25

7.2

40 mm x 40
mm x 40
mm

Foster, B.K.
et al., 2017
[9]

Yb:
Continuous
Wave

2000

8

38 mm x
8.2 ± 0.3
mm x 102
mm Wall

Razavi et al.,
2018 [10]

Nd:YAG

325

10.58

30.7

Nd:YAG

2000

10.6

189

Lia, F. et al.
2018 [12]

3.2

10.6

189

2.30

Perpendicular &
Parallel to Build
Direction

8

Perpendicular:
Parallel:
to Build
Direction

5.9

4 mm x 16
mm x 81
mm

Perpendicular to
Build Direction

914±66

1068±84

13.5

-

-

-

-

0.38

1.9

0.76
-

Contributions to Lack of Fusion Defect Formation in DED Metal Alloys
Lack of fusion defects have been intentionally formed in build layers for multiple metal

alloys by manipulating process parameters that would typically produce a component with
minimum defects [14–17]. Parameter selection requires a significant understanding of the
evolution of the temperature field during the deposition process which is built on a quantitative
assessment of the absorption of heat energy by the feedstock material. In particular for DED
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processes, a fraction of the total heat is spent to heat the powder particles as they emerge from the
nozzle and travel through the beam [2]. The heat absorbed by the powder particles is dependent
on several factors including their density, thermo-physical properties, shape, size distribution, free
flight duration through the beam, and gas velocity [18]. Powder particles, although heated to a
high temperature do not reach their melting temperature. Nonetheless, the excess energy impinges
on the build surface and forms a molten pool. The absorption energy depends on beam
characteristics, deposit geometry, and shielding gas. For a laser-assisted DED process with argon
shielding gas, the absorption coefficient for a laser beam with a 1064 nm remains between 0.3 and
0.7 depending on its solid-liquid state [18]. A modified Gaussian distribution represented in the
following volumetric heat source, equation 1, provides a description of the laser source involved
in the DED process [18] where ηp is the fraction of energy absorbed by the powder during flight,
ηl is the absorption coefficient of the deposit and tl is the layer thickness. Large f values refer to
high energy densities at the heat source axis, while small tl values reflect low power densities at all
radial locations.
𝑟𝑟 2

𝑓𝑓𝑓𝑓

𝑃𝑃𝑑𝑑 = 𝜋𝜋𝑟𝑟 2 𝑡𝑡 |𝜂𝜂𝑝𝑝 + �1 − 𝜂𝜂𝑝𝑝 �𝜂𝜂𝑙𝑙 |exp(−𝑓𝑓 𝑟𝑟 2 )
𝑏𝑏 𝑙𝑙

𝑏𝑏

(1)

Because of the rapid heating, melting, and solidification introduced by the moving heat
source, regions of the build experience repeated heating and cooling which affect its local structure
and properties [2]. While welding is more comparable to the additive process than casting, there
are significant differences involved with how the heat source interacts with a stream of powder
versus a solid metal. Heat source interaction with the feedstock creates a progressive build-up as
more material is added, thus creating a history of thermal cycles and transient change in geometry
of the AM component. Parameter selection of the AM process ultimately influences the bead size
and morphology for each metal alloy system. Solutions to equations of conservation of mass,
momentum, and energy provide adequate information for three-dimensional transient temperature
fields and velocity fields within the liquid region, cooling rates, and solidification parameters
which are most important for determining the structure and properties of the parts [2].
Various analytical approaches and numerical models have been used to understand the heat
transfer and flow of molten metal. Heat deposition, dissipation, conduction, and convection;
surface tension gradients, buoyancy; thermal expansion, and metal vaporization all contribute to
the formation of the localized fusion zone [2]. Several non-dimensional numbers have provided a
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framework for understanding the effects of process variables and material properties on
microstructure, properties, and defects produced in AM components [2,19–21]. Non-dimensional
numbers account for groups of variables rather than single variables which affect the performance
and outcome of the AM process [2]. Hann et al. [22] most recently defined a non-dimensional
number, Hann number (ΔH), which compared normalized enthalpy (hs) to predict laser-weld
properties based on process parameters and material properties [23]. Hann’s non-dimensional
parameter has been used to calculate the bead width of a laser-deposited DED Inconel® 718 alloy.
Table 3.2 summarizes a list non-dimensional parameters, respective variables and significance of
each parameter. While single pass bead shape was not extensively investigated, non-dimensional
parameters offer an insight of explanation for understanding the impact of processing parameters
on defect formation for various metal alloys with unique thermo-physical properties.
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Table 3.2: Non-dimensional numbers which are significant in predicting bead shape and size [2,22,23].
ND numbers

Equation

Significance

Variables

Peclet number (Pe):
Heat transfer by convection
and conduction in molten pool

𝑃𝑃𝑃𝑃 =

Pe>1, convective
heat transfer
dominates

𝑈𝑈𝑈𝑈
𝛼𝛼

Marangoni number (Ma):
Shape and size dependent on
convective flow

𝑀𝑀𝑀𝑀

𝑑𝑑𝑑𝑑 𝐿𝐿∆𝑇𝑇
= −
𝑑𝑑𝑑𝑑 𝜇𝜇𝜇𝜇

Fourier number (Fo): Relative
measure of heat dissipation

High F0 fast
cooling

𝛼𝛼
𝐹𝐹0 =
𝑣𝑣𝑣𝑣

High F0 low heat
storage and low
thermal distortion

Strain parameter (ε*):
Susceptibility of thermal
distortion influenced by
process parameters

Non-dimensional heat input
(Q*):

𝜀𝜀 ∗

High Ma, high
aspect ratio, high
fusion, low
porosity

3

𝛽𝛽∆𝑇𝑇 𝑡𝑡𝐻𝐻 2
=
𝐸𝐸𝐸𝐸 𝐹𝐹0 �𝜌𝜌

Linear correlation
to thermal strain
Disregards plastic
strain

Energy deposited per unit
length

High Q*, high peak
𝑃𝑃
𝑃𝑃
temperature, large
𝑅𝑅
𝑄𝑄 ∗ = ( )/( )
𝑣𝑣 𝑣𝑣𝑅𝑅 pools, and slow
cooling

Hann number (ΔH/ℎ𝑠𝑠 ):
Normalized enthalpy based on
material properties and
processing parameters

∆𝐻𝐻
ℎ𝑠𝑠
=

𝜂𝜂𝜂𝜂

𝜌𝜌ℎ𝑠𝑠 √𝜋𝜋𝜋𝜋𝜎𝜎 3 𝑣𝑣

Increasing
normalized
enthalpy,
decreasing ∆𝐻𝐻,
increased beam
width

𝑈𝑈: 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

𝐿𝐿: 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ
𝛼𝛼: 𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
: 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑑𝑑𝑑𝑑
𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑡𝑡𝑡𝑡 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

∆𝑇𝑇: 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑡𝑡ℎ𝑒𝑒 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝐸𝐸𝐸𝐸: 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝐻𝐻: ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑣𝑣: 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑃𝑃: 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑃𝑃𝑅𝑅 : 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑣𝑣𝑅𝑅 : 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

ℎ𝑠𝑠 : 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝜎𝜎: ℎ𝑎𝑎𝑎𝑎𝑎𝑎 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑜𝑜𝑜𝑜 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝜌𝜌: 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝜂𝜂: 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

Process parameters were modified from the set of full density conditions reported in Table
3.1. The goal was to evaluate a set of parameters that appeared to report relatively low
concentrations of defects and modify select process parameters to understand their influence on
defect formation. Selected process parameters including hatch spacing, powder flow, and power
were considered for modification during the build process to reflect realistic errors that commonly
occur during the fabrication process.
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As mentioned in the previous sections, lack of fusion defects are common, large defects
formed during processing and have previously contributed to diminished mechanical properties.
Lack of fusion defects are caused by an insufficient overlap of passes which is primarily controlled
by hatch spacing (δ). Hatch spacing is defined as the distance produced between the peak of two
passes deposited adjacent to one another when an energy source travels parallel to the surface of a
substrate, schematically identified in Figure 3.1 [24]. Hatch spacing may be easily modified to
form large lack of fusion defects and correlations were drawn between the parameter chosen and
the defect sizes and shapes produced in a build. A modification of hatch spacing during processing
is used to replicate hatch spacing mismatch. Another common issue presented during processing
is interrupted powder flow due to powder clogging in the deposition nozzles. For the purpose of
this investigation, a clogged nozzle was imitated by clamping off one of the four nozzles used
during the deposition process. Lastly, under-melted regions influenced by power fluctuations was
also implemented through the reduction of power used during processing.

Figure 3.1: Schematic representation of altering hatch spacing.

Intentional defect process parameters were implemented for titanium, nickel superalloy,
and martensitic precipitation hardened stainless steel alloys. These alloy systems were selected
based on their wide availability in powder desirable for DED processing and wrought condition
used for the build substrate, and their attractiveness for aerospace and other applications.
Additionally, these alloys were selected based on their variation in ultrasonic wave velocity and
attenuation response which was dominantly influenced by their unique crystal structures. These
46

metal alloys include HCP Ti-6Al-4V, FCC Inconel® 718, and BCC 17-4 precipitation hardened
(PH) martensitic stainless steel. Furthermore, alloys selected for this investigation had various
thermo-physical properties which correspond to differences in melt pool shape and size. Thus,
when the same process parameters are used on various alloy systems heat source and material
interaction responses were expected to vary. Thermo-physical and acoustic properties of each alloy
system are described in Table 3.3.
Table 3.3: Thermo-physical material properties for common selected metal alloys based on wrought
conditions [25–29].
Material Property

Ti-6Al-4V

Inconel® 718

17-4PH Steel

Crystal Structure

HCP

FCC

BCC

Density [kg/m3]

4000

8100

7750

Liquidus Temperature [K]

1928

1609

1753

Solidus Temperature [K]

1878

1533

1673

Viscosity [kg/m*s]
𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑

-0.26 × 10-3

5×

10-3

-0.37 × 10-3

Thermal Conductivity a [W/m*K]

A = 1.57
B = 1.6 × 10-2
C = -10-6

A = 0.56
B = 2.9 × 10-2
C = -7 × 10-6

Specific Heat a [J/kg*K]

A = 492.4
B = 0.025
C = -4.18 × 10-6

A = 360.4
B = 0.026
C = -4 × 10-6

a
b

3.3

[N/m*K]

4×

10-3

Ab = 0.471
Bb = -1.9 × 10-3
Cb = -3 × 10-6
Db = -10-9
Ab = -40.302
Bb = 1.80
Cb = -2.2 × -10-3
Db = -10-6

Thermal conductivity expressed in terms of the polynomial form A+BT+CT2+DT3 where T is temperature (K).
Coefficients calculated based on a third order polynomial fitting of values reported for a cast 17-4PH alloy [29].

Experimental Build Plan
A near-infrared (1070-1080 nm) IPG Photonics® YLR-12000 ytterbium fiber laser system

was used as the energy source for processing. A 600 µm diameter fiber delivered laser energy
through a series of water-cooled copper reflective optics composed of a 49.5 mm diameter
collimator with a 125 mm focal length lens and focusing optics with a focal length of 600 mm.
Powder feedstock was delivered through a Powder Feed Dynamics Mark XV Precision Powder
Feeder to a custom coaxial, four nozzle delivery system. Each nozzle orifice diameter was 2 mm
and offset 10 mm from the deposition surface. The defocused spot size diameter was
approximately 4 mm with a Gaussian energy density confirmed using a PRIMES® Focus Monitor
[30].
47

A series of 5- and 10-layer builds were deposited on a 12.7 mm mill-annealed substrate.
Each pass was 50.8 mm long, while the overall widths of each build varied according to the hatch
spacing selected for processing. Process parameters were initially selected based on those listed in
Table 3.1 for a DED Ti-6Al-4V alloy. A laser energy source of 1070 and 1080 nm operating at
2000 W was used to selectively fuse powder to a surface at a travel speed of 10.58 mm/s, a powder
flow rate of 14 g/min, and an Argon process environment containing 200 ppm O2.
In some cases, an outer contour was added for each layer to dissipate some of the heat
build-up at the ends of the deposition passes. An example of the uneven build surface and corrected
build surface were identified for Inconel® 718 in Figure 3.2. Heat build-up had the potential to
present challenges for laser-ultrasonic measurements due to the uneven surface and irregular build
geometry.

(a)

(b)

Figure 3.2: Inconel® 718 reconstructed volumes processed (a) without a contour and (b) with a contour.

3.3.1

Hatch Spacing Parameters
Hatch spacing was modified from an optimal, full density condition parameter of 2.54 mm,

as identified previously in Table 3.1. This was defined as the baseline condition of 100% (2.54
mm). Hatch spacing conditions ranging between 1.52 mm - 3.56 mm (60%, 75%, 125%, and
140%) were further considered. Two replicates were produced for each hatch spacing condition
for a 5- and 10-layer build for the Ti-6Al-4V, for the total production of 20 builds. X-ray CT and
optical microscopy was used prior to choosing hatch spacing conditions for the higher density
Inconel® 718 and 17-4PH stainless steel alloys. Hatch spacing results which reported a larger
defect volume between passes was then selected as the experimental hatch spacing for Inconel®
718 and 17-4PH stainless steel.
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3.3.2

Powder Flow Parameters
Powder flow is often disrupted during processing when a nozzle becomes clogged. This

often leads to defect formation in builds. Thus, a clogged nozzle was replicated by clamping one
of the hoses that led to a single nozzle to vary powder flow rate during the build process. A baseline
powder flow rate of 14 g/min was used to compare defect formation for each powder flow
condition. Various hatch spacings were used for both baseline powder flow conditions and
disrupted powder flow conditions for 10-layer builds of each alloy.

3.3.3

Power Parameters
Power was selected based on the common DED process parameters for a Ti-6Al-4V alloy

of 2000 W. Once the highest defect volume for the hatch spacing was identified by optical
microscopy and X-ray CT analysis, the hatch spacing condition was chosen to be implemented
with the low power (1000 W) parameter. Power was reduced in layers 7-9 to 1000 W to simulate
the effects of power fluctuations during the fabrication process.

3.4

Characterization of Defects Produced in DED Metal Alloys
Optical microscopy was utilized to provide an initial, two-dimensional representation of

defects that appeared in each metal alloy processed under select hatch spacing, powder flow, and
power conditions. Alternatively, x-ray CT inspection provided an overall summary of defects in
the build described by percent volume porosity, while also providing detailed results of individual
defect size, sphericity, and defect location in each metal alloy.

3.4.1

Metallographic Preparation for Optical Microscopy
Standard metallography procedures were practiced to prepare samples for optical

microscopy characterization. Samples were mounted using a ProntoPress-20 with a 1.5” ram
attachment and a Durofast Struers thermoset resin. Mounted samples were grinded using a series
of silicon carbide papers up to P2000 ISO grit size for Ti-6Al-4V and up to P4000 ISO grit for 174PH steel and Inconel® 718 samples. 17-4PH steel and Inconel® 718 samples were polished using
a series of 3 µm and 1 µm diamond suspensions and alternated with a diamond extender. Ti-6Al4V did not require a diamond suspension and rather completed a 10-minute polishing stage similar
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to the final stage of polishing 17-4PH steel and Inconel® 718 using a 0.05 µm colloidal silica
alternated with distilled water. Samples were cleaned with isopropyl alcohol and dried between
each stage prior to applying etchant.
Chemical etchants were used to expose contrast in microstructures of each metal alloy for
optical microscopy. Ti-6Al-4V was etched for 10 seconds using Krolls etchant (95% H2O, 3%
HNO3, 2% HF), while both Inconel® 718 and 17-4PH stainless steels were electrolytically etched
with oxalic acid (10% C2H2O4, 90% H2O) by applying 3 V for 10 seconds.

3.4.2

Two-Dimensional Characterization of Lack of Fusion Defects
Once samples were prepared, macro-images were captured using a Nikon Epiphot

microscope and CCD digital camera for each cross-section parallel to the build width.
Approximate defect sizes were evaluated by fitting an ellipse to select defects and identifying the
major and minor axis values as represented in Figure 3.3. Aspect ratios were calculated based on
major and minor axis values to identify whether defects were elongated, characteristic of lack of
fusion defects, or spherical representative of gas porosity. Characterization of defect size and shape
using CT and metallography analyses provided an adequate correlation for defects in various metal
alloys.

Figure 3.3: Evaluating defect size and aspect ratio through image analysis using an elliptic fit.
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3.4.3

X-ray Computed Tomography Inspection
Defects in Ti-6Al-4V, Inconel® 718, and 17-4PH DED metal alloys were characterized

using x-ray CT inspection in efforts to evaluate the influence of altering hatch spacing, powder
flow, and power on defect size, morphology, and percentage volume porosity in each build. Scan
parameters and filters were selected for each metal alloy based on their theoretical densities as
indicated in Table 3.4. Each x-ray CT scan was reconstructed in the datasox software and analyzed
using VGStudio Max 3.0 1. Each reconstructed, three-dimensional volume was constructed from
an array of light and dark grayscale values also defined as a voxel. In order to determine the surface
of the reconstructed volume, a threshold was used to filter voxels based on their grayscale value
where light values identified regions of high densities and dark values identified regions of low
densities or missing material. Surface determinations provided useful information concerning the
interconnectedness of defects to the surface from defects produced internally. Voxels were used
to differentiate defect location, defect diameters/radii, volume, and sphericity.
Table 3.4: Material scanning parameters for x-ray CT inspection based on wrought theoretical densities.
Material

Filter(s)

Voltage [kV]

Current [μA]

Voxel Size [µm]

Ti-6Al-4V

5 mm Copper

200

50

33.3

315

250

65.0

215

176

33.3

Inconel® 718
17-4 PH Steel

1mm Tin +
1.7mm Copper
2.5 mm Copper

Defects of interest were highlighted and recorded as part of the porosity database. Figure
3.4 provided a visual representation of the image slices used for the porosity analyses and its threedimensional representation of defect volume. The software evaluated the defect diameter based on
an algorithm which used a sphere to encompass the lack of fusion defect volume as illustrated in
Figure 3.4 (b). Maximum diameter was recorded as diameter for each defect based on the
maximum diameter of the sphere. However, maximum defect size did not take into account
individual measurements of single defects that possibly coalesced during the build process. This
type of defect is defined by its cross-sectional image slice which was taken parallel to the line of
1

VGStudio Max 3.0 software is a software package for visualization and analysis of voxel data.
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deposition as shown in Figure 3.5 (a) and its corresponding defect volume in Figure 3.5 (b). The
outlined boundary around the lack of fusion defect was indicated based on the surface
determination calculation. Spheres used for calculating all defect diameters were based on an
origin defined in the software. Sphericity, on the other hand, specified the range for the sphericity
of the defect or the ratio between the surface of a sphere with the same volume as the defect and
the surface of the defect.

(a)

(b)

Figure 3.4: (a) Lack of fusion defect identified from a cross-sectional image slice parallel to the line of
deposition for an as-built Ti-6Al-4V component. (b) A sphere which encompassed the lack of fusion
defect was used to define the maximum diameter.

(a)

(b)

Figure 3.5: Elongated lack of fusion defect identified using x-ray CT for as-built Ti-6Al-4V component.
(a) Identifies a cross-sectional image slice taken parallel to the line of deposition, while (b) shows a
sphere encompassing a defect volume to identify how the diameter was evaluated.
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A reference coordinate system was established based on the boundary between the first
deposited layer and the substrate (z=0), as shown in Figure 3.6. Based on the reference coordinate
system, the depth of the defects could be approximated and the maximum height of each deposition
could be evaluated.

Figure 3.6: Reconstructed volume with highlighted defect formation and reference coordinate system.

3.5

Intentional Defect Production in Ti-6Al-4V Using Various Process-Parameters

3.5.1

Baseline Processing Conditions
Optical results indicated the defects produced using the baseline conditions were elongated

with an average major axis value of 124 ± 60 μm and minor axis value of approximately 57 ± 31
μm based on a total area of 60.91 μm2. A calculation performed for the minor/major axis ratio
yielded a 0.49± 0.19 sphericity value. The minor/major axis ratio indicated the defects produced
were dominantly elongated lack of fusion defects versus spherical gas porosity. These indications
of lack of fusion defects and gas porosities were observed at several locations throughout the build,
as indicated in Figure 3.7. The sphericity value measured using optical microscopy was
comparable to the 0.46±0.08 average obtained from x-ray CT results. However, the average defect
diameter calculated using the x-ray CT data was significantly higher, 0.45±0.48 mm, in
comparison to the average major axis value of 124 ± 60 μm and minor axis value of approximately
57 ± 31 μm calculated. As previously mentioned, optical microscopy only provided two53

dimensional representations of the defects produced and did not encompass the entire defect
population.

Figure 3.7: Cross-section of a deposited Ti-6Al-4V build processed using standard parameters
highlighting regions of defect formation.

On the other hand, volume reconstructions produced by x-ray CT showcased the entire
defect population, as illustrated in Figure 3.8. Each color intensity bar indicated defect diameter,
volume, or sphericity, respectively, corresponding to each defect in the build. Lack of fusion
defects were locally developed at the interface between the base plate and first few layers of the
deposition as shown in the figure. Additionally, volume reconstructions indicated the dispersion
of defects were not random and rather formed locally between adjacent passes.
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(a)

(b)

(c)

Figure 3.8: Volume reconstruction of Ti-6Al-4V processed using baseline conditions indicating (a)
defect diameter [mm], (b) defect volume [mm3], and (c) defect sphericity.

55

3.5.2

Influence of Altering Hatch Spacing
An assessment of defect diameters for all hatch spacing conditions reported the majority

of defects fell between 0.50 mm to 0.75 mm in diameter. Size distribution histograms in Figure
3.9 (a-b) provided visual evidence of the data reported. Furthermore, a comparison of defect
diameters as a function of hatch spacing showed the baseline conditions encompassed the widest
array of defect diameters. However, a comparison of hatch spacings showed the largest defects
appeared in both the baseline and 140% hatch spacing conditions, encompassing approximately
6.70% and 6.11% of the total defects in each build for each hatch spacing condition, respectively.

(a)

(b)

Figure 3.9: Defect diameters for Ti-6Al-4V produced with (a) small hatch spacing and (b) large hatch
spacing.

Figure 3.10 (a-b) indicated hatch spacing did not have significant influence on defect
morphology. Most defects were binned between degree of sphericity values of 0.35 and 0.40
suggested the defects formed were non-spherical. Furthermore, Figure 3.11 plotted the degree of
sphericity as a function of defect diameter. The figure indicated that defects appeared to approach
values that were more spherical when defect diameters decreased, while larger defect diameters
approached highly non-spherical values. Despite the hatch spacing condition selected for
processing, all conditions followed a power law trend. A hatch spacing condition of 140%
produced two points that followed the same trend, but reported significantly larger defect
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diameters. This may be attributed to the insufficient overlap between adjacent passes caused by
separating the neighboring passes by a larger distance.

(a)

(b)

Figure 3.10: Defect diameters for Ti-6Al-4V produced with (a) small hatch spacing and (b) large hatch
spacing.

Figure 3.11: Influence of hatch spacing on defect diameter and sphericity for Ti-6Al-4V DED builds.
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Confirmation of lack of fusion formation was prevalent between passes as indicated in both
the volume reconstruction element, Figure 3.12 (a), and the single image slice, Figure 3.12 (b), of
a Ti-6Al-4V build produced with 140% hatch spacing. For this instance, the largest lack of fusion
was not segregated near the interface of the base plate and the first few deposited layers, but rather
appeared for multiple passes and layers throughout the entire height of the build. In contrast, builds
processed with a 60% hatch spacing produced the largest lack of fusion defects within the first few
layers and along the outer edges as observed in Figure 3.12 (c-d). Increasing the overlap or
selecting a smaller hatch spacing contributed to less surface area for the heat to conduct away from
each deposition pass. Thus, as additional layers were deposited excessive heat build-up occurred
along the outer edges and near the end of the deposition passes.

(a)

(b)

(c)

(d)

Figure 3.12: Reconstructed CT data with highlighted porosity for Ti-6Al-4V deposited with (a-b) the
baseline hatch spacing and (c-d) 60% mm hatch spacing.
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3.5.3

Influence of Altering Powder Flow
Powder flow during a deposition process may be impacted when a single nozzle or multiple

nozzles becoming clogged during a build. Inconsistencies in flow decreases the amount material
being directed into the melt pool, thus often leading to lack of fusion formation. In order to
replicate this condition, a single nozzle was disengaged for the duration of the build process as
shown in Figure 3.13. In this case, defects with a diameter larger than 2.50 mm were distributed
throughout the entire build.
(a)

(b)

Figure 3.13: Baseline (2.54 mm) hatch spacing selected for Ti-6Al-4V highlighted defects in the (a)
reconstructed volume element and (b) image slice produced from CT data.
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The previous section indicated the 140% hatch spacing condition contributed to the largest
lack of fusion defect formation, while the majority of defects were identified in the 0.50 mm to
0.75 mm diameter range for all hatch spacing conditions. Similarly, Figure 3.14 (a) indicated the
majority of defects formed were between diameters of 0.50 mm and 0.75 mm even when powder
flow was disrupted. Few defects were observed in builds processed under baseline operating
conditions with a flow of 14 g/min.
Figure 3.14 (a) also indicated more defects were formed when powder flow was disrupted
for both hatch spacing conditions. While no significant trend in sphericity values was observed for
altering hatch spacing in combination with powder flow disruptions, the degree of sphericity
values identified in Figure 3.14 (b) reported defects were most prevalent in the binning range
between 0.30-0.35 and 0.35-0.40, for the 140% hatch spacing and baseline conditions,
respectively. Overall, the defects formed in the builds despite the processing conditions selected
were non-spherical in shape.

(a)

(b)

Figure 3.14: Influence of disrupting powder flow for Ti-6Al-4V on (a) defect diameter and (b) defect
morphology.

3.5.4

Influence of Altering Power
Decreased power conditions reported more defects than selecting a variable hatch spacing

condition as shown in Figure 3.15 (a). The majority of these defects were binned in the diameter
range less than 0.50 mm. Furthermore, Figure 3.15 (b) indicated the power alterations shifted
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defect morphologies towards sphericity values between 0.45-0.50 which indicated power
disruptions achieved were slightly more spherical than the defects produced by solely controlling
hatch spacing.

(a)

(b)

Figure 3.15: X-ray CT defect results for Ti-6Al-4V deposited using baseline and 140% hatch spacing
conditions, in addition to, two power conditions. A baseline of 2000 W power for all layers was used for
as the baseline condition and the additional case used 140% hatch spacing large hatch spacing combined
with the power altered to 1000 W for layer 7-9. (a) Describes the size distribution of defects while (b)
identifies the degree of defect sphericity.

Reconstructed volumes provided valuable information for indicating localized defect
formation influenced by decreasing power to 1000 W for layers 7, 8, and 9. Figure 3.16 (a-b)
indicated localized defect formation between neighboring passes, while the largest defects were
located between end passes perpendicular to the line of deposition. Alterations to power near the
build surface contributed to the increased defect formation at this region, as opposed the defects
being formed solely based on large hatch spacing.
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(a)

(b)

Figure 3.16: Reconstructed volumes of localized defect formation for Ti-6Al-4V builds produced with
3.56 mm hatch spacing and low (1000 W) power for layers 7-9.

An overall assessment conducted for the dominant defect conditions for Ti-6Al-4V
revealed in Figure 3.17, the 140% hatch spacing condition contributed to 0.21% porosity in
comparison to the 0.11% porosity reported for the baseline condition. Furthermore, both disrupting
powder flow and decreasing the power by half of the baseline condition contributed to an increased
volume percent porosity. The increased lack of fusion present under these conditions suggested,
in addition to inconsistent overlap, decreasing mass flow to the molten pool and lacking the degree
of melting powder in regions led to insufficient fusion between adjacent passes.

Figure 3.17: Volume percent porosity plot of various processing conditions of a Ti-6Al-4V alloy.
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3.6

Intentional Defect Production in Inconel® 718 Using Various Process-Parameters

3.6.1

Influence of Altering Hatch Spacing
Macro-images of Inconel® 718, Figure 3.18, showed very few defects formation in either

the baseline or 140% hatch spacing conditions. According to the x-ray CT results defects less than
0.50 mm were not detected. However, the majority of defects were binned within the diameter
range between 0.50 mm and 0.75 mm. In the case of Inconel® 718 produced with the 100% hatch
spacing condition, increased lack of fusion defects were observed despite the use of a contour, as
indicated in the histogram data displayed in Figure 3.19 (a). However, x-ray CT data and
reconstructed volumes indicated results excluded from the contour eliminated some defect results
from the data set which were encompassed in several diameter ranges.
(a)

(b)

Figure 3.18: Optical microscopy of Inconel® 718 produced with the (a) baseline and (b) 140% hatch
spacing conditions.
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Analysis of defect morphology for different hatch spacings in Inconel® 718 collectively
showed the sphericity values shifted towards 0.45 and greater than 0.50, as indicated in Figure
3.19 (b). This suggested the defects were more spherical than elongated. Additionally, more
defects were reported for the baseline condition versus the 140% hatch spacing condition for the
Inconel® 718 builds. This suggested there was some variation in the melt pool shape and size
which influenced this behavior in a nickel superalloy which utilized baseline conditions ideal for
a titanium alloy.

(a)

(b)

Figure 3.19: Influence of hatch spacing selection for Inconel® 718 on (a) defect diameter and (b) defect
morphology.

Reconstructed volumes of Inconel® 718 shown in Figure 3.20 indicated a majority of these
defects were localized towards the ends of each deposition pass and did not appear to be
exclusively localized between passes. This was due in part to the parameters chosen for deposition
which influenced the melt pool behavior. The localization of defects towards the edges suggested
the heat source was able to fuse the deposition passes in the center of the build, but as heat
dissipated towards the end of the passes insufficient fusion contributed to defect formation.
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(a)

(b)

Figure 3.20: Reconstructed volumes with highlighted defect formation for Inconel® 718 processed with
(a) 100% and (b) 140% hatch spacing conditions.

3.6.2

Influence of Altering Powder Flow
The effects of disrupted powder flow on defect size and morphology was determined for

builds processed using the baseline hatch spacing condition and 140% hatch spacing condition.
Smaller and fewer lack of fusion defects were noticed in both the volume reconstructions (Figure
3.21) and defect histograms (Figure 3.22) when disrupted powder flow was considered. In the case
of disrupting powder flow combined with operating at 140% hatch spacing of the baseline hatch
spacing, the majority of defects were produced between the defect diameter range between 0.75
mm and 1.00 mm, despite the use of a contour. Furthermore, these conditions produced the
majority of the degree of sphericity values between 0.40 and 0.45. Though the majority of defects
were produced using the baseline flow and hatch spacing conditions.
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Figure 3.21 (a) indicated the defect formation for a build produced under the baseline hatch
spacing condition with disrupted powder flow showed localized defects towards the ends of the
build volume. On the contrary, Figure 3.21 (b) demonstrated multiple locations of defect formation
between deposition passes for a build processed using the 140% hatch spacing condition and
disrupted powder flow.
(a)

(b)

Figure 3.21: Reconstructed volumes with highlighted defect formation for Inconel ® 718 processed with
disrupted powder flow and the (a) baseline and (b) 140% hatch spacing conditions.
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(a)

(b)

Figure 3.22: Influence of disrupting powder flow for Inconel® 718 on (a) defect diameter and (b) defect
morphology.

3.6.3

Influence of Altering Power
Unetched cross-sections of Inconel® 718 were used for comparing builds processed with

a 140% hatch spacing combined with a 2000 W power and a 140% hatch spacing combined with
a reduced 1000 W power for layers 7, 8, and 9. In the case of a build produced with the 140%
hatch spacing condition, defects were not explicitly noticed for multiple build layers. However, a
combination of the 140% hatch spacing condition and decreased power for layers 7, 8, and 9,
showed a few additional indications of lack of fusion across various build height as identified in
Figure 3.23.

Figure 3.23: (a) Inconel® 718 8 passes wide, 2" long with contour, 10 layers high, 140% hatch spacing
condition. (b) Inconel® 718 8 passes wide, 2" long with contour, 10 layers high, L1-9 = 3.56 mm, L10 =
2.54 mm, L1-6 = 2000W, L7-9 = 1000W, L10 = 2000W.
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An assessment of defect results recorded by x-ray CT scans suggested higher

concentrations of lack of fusion defects for builds processed exclusively with the 140% hatch
spacing condition versus builds with altered powers. However, Figure 3.25 indicated increased
defect formation between two perpendicular passes when an outer contour was deposited. Builds
processed with 1000 W produced 16.7% defects with sphericity values between 0.20 and 0.25
which suggested these defects lack sphericity. Defects mainly reported for the 140% hatch spacing
condition observed defect formation locally between two perpendicular passes. Though, it was not
fully concluded whether defect size or shape was affected by the deposition at 1000 W power.

(a)

(b)

Figure 3.24: X-ray CT defect results for Inconel® 718 deposited by DED. These histograms demonstrate
a comparison of builds produced under two hatch spacing conditions with a standard 2000 W power for
all layers and an additional case where a large hatch spacing was chosen with power altered to 1000 W
for layer 7-9. (a) Describes the size distribution of defects while (b) identifies the degree of defect
sphericity.
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Figure 3.25: Reconstructed volumes with highlighted defect formation for Inconel ® 718 processed with
140% hatch spacing condition and 1000 W power at layers 7, 8, and 9.

An overall observation of Inconel® 718 suggested the baseline condition produced a
maximum volume percent porosity of 0.07%, while the minimum volume percent porosity of
0002% was reported for Inconel builds processed with 140% hatch spacing and low power.
However, as previously identified in the volume reconstructions identified in Figure 3.20, defects
were more prevalent between adjacent passes when a 140% hatch spacing and disrupted powder
flow condition was utilized.

Figure 3.26: Volume percent porosity of various processing conditions of an Inconel® 718 alloy.
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3.7

Intentional Defect Production in 17-4PH Stainless Steel Using Various Process-

Parameters
3.7.1

Influence of Altering Hatch Spacing
Similar processing conditions were used for 17-4PH stainless steel as those used for

Inconel® 718 in order to understand the effects of material selection and hatch spacing on defect
formation. Preliminary information was collected from each build by taking a macro-image of the
build cross-section. Utilization of the baseline processing conditions for a Ti-6Al-4V alloy showed
minimal to zero indications of defect formation, Figure 3.27 (a). In contrast, when 17-4PH stainless
steel was processed with the 140% hatch spacing condition, defects appeared at various locations
throughout the build height as shown in Figure 3.27 (b).
(a)

(b)

Figure 3.27: Optical micrograph of 17-4PH stainless steel produced with (a) 100% hatch spacing and (b)
140% hatch spacing condition.
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Defect results plotted in Figure 3.28 indicated the 140% hatch spacing condition showed
the majority of defects appeared in the 0.50 mm to 0.75 mm range, while the second largest binning
range of defects were included in the defect diameter range greater than 1.50 mm. It was concluded
most defects formed were along adjacent passes. Additionally, most defects produced in the 174PH stainless steels were between degree of sphericity values between 0.35 and 0.40, which further
verified elongated lack of fusion defects were developed for 17-4PH stainless steel builds.

(a)

(b)

Figure 3.28: Influence of hatch spacing selection for 17-4PH stainless steel (a) defect diameter and (b)
defect morphology.

Figure 3.31 further confirmed these results by indicating the defect formation for builds
processed with the 100% hatch spacing condition occurred between perpendicular passes. Defects
produced by the 140% hatch spacing condition showed indications both along neighboring passes
as well as contoured regions.
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(a)

(b)

Figure 3.29: Reconstructed volumes with highlighted defect formation for 17-4PH stainless steel
processed with (a) 2.54 mm and (b) 3.56 mm hatch spacing.

3.7.2

Influence of Altering Powder Flow
An initial assessment of the histogram data calculated from CT analyses indicated the

majority of defects fell within the 0.50 mm to 0.75 mm defect diameter binning range as indicated
in Figure 3.30. While more defects were produced using a continuous powder flow using the 140%
hatch spacing condition, a region of interest selected inside of the contour eliminated the primary
contributions of large lack of fusion defects. Additionally, the dominant degree of sphericity range
fell between 0.35-0.40 for builds processed under the 140% hatch spacing conditions and disrupted
powder flow, while the degree of sphericity values between 0.40-0.45 were reported for the
baseline hatch spacing conditions. Therefore, suggesting the hatch spacing selection slightly shifts
the degree of sphericity to larger values when decreased hatch spacing is used.
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(a)

(b)

Figure 3.30: Influence of disrupting powder flow for 17-4PH stainless steel on (a) defect diameter and
(b) defect morphology.

In the case of selecting the baseline hatch spacing condition defects appeared exclusively
within the contour region susceptible to defect formation, as shown in Figure 3.31 (a). On the other
hand, Figure 3.31 (b) revealed the 140% hatch spacing condition with disrupted powder flow
showed defect appearances between neighboring passes characteristic of lack of fusion.
(a)

(b)

Figure 3.31: Reconstructed volumes with highlighted defect formation for 17-4PH stainless steel
processed with disrupted powder flow and the (a) baseline and (b) 140% hatch spacing condition.
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3.7.3

Influence of Altering Power
Macro-images of both baseline power (2000 W) conditions and reduced power (1000 W)

conditions demonstrated indications of lack of fusion defect formation between passes for multiple
layers as indicated in Figure 3.32. CT analyses provided an appropriate comparison between the
defects that were formed for each processing condition as reported in the histograms which
classified defect size range and sphericity.

Figure 3.32: Sample optical images collected prior to etching: (a) 17-4PH stainless 8 passes wide, 2"
long with contour, 10 layers high, 140% hatch spacing; (b) 17-4PH stainless 8 passes wide, 2" long with
contour, 10 layers high, L1-9 = 3.56 mm, L10 = 2.54 mm, L1-6 = 2000W, L7-9 = 1000W, L10 = 2000W.

Overall, most of the defects were reported for the 140% hatch spacing condition combined
with the disrupted power for layers 7, 8, and 9. However, by considering the additional effects
from a contour, few defects were observed in Figure 3.33. The majority of lack of fusion defects
produced by lowering the power were classified in the bin range between 0.50 mm to 0.75 mm,
while most of these defects were encompassed between a sphericity value of 0.35-0.40 as indicated
in Figure 3.33 (b).
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(a)

(b)

Figure 3.33: X-ray CT defect results for 17-4PH stainless steel deposited by DED. These histograms
demonstrate a comparison of builds produced under two hatch spacing conditions with a standard 2000 W
power for all layers and an additional case where a large hatch spacing was chosen with power altered to
1000 W for layer 7-9. (a) Describes the size distribution of defects while (b) identifies the degree of
defect sphericity.

Figure 3.34 identified the region of interest inside of the contour for a build produced with
the 140% hatch spacing condition. Large lack of fusion defects identified in this region suggested
the low power used in these layers led to incomplete fusion between neighboring passes which
introduced lack of fusion defects. Furthermore, additional defects were present at locations near
the ends of the build due to the dissipation of heat towards the end of each pass.

Figure 3.34: Region of interest defined for a 17-4PH stainless steel build produced with the 140% hatch
spacing condition and 1000 W power for layers 7-9.
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A summary of volume percent porosities for each processing condition for a 17-4PH
stainless steel alloy is provided in Figure 3.35. Results indicated a combination of processing with
the 140% hatch spacing condition combined with a 1000 W operating power produced a volume
percent porosity of 0.04% in comparison to the volume percent porosity of 0.02% and 0.04%
calculated for the 140% hatch spacing condition and 140% hatch spacing condition combined with
disrupted powder flow parameters, respectively.

Figure 3.35: Volume percent porosity of various processing conditions of 17-4PH stainless steel alloy.

3.8

Comparison of Defect Formation in Titanium, Superalloy Nickel, and Martensitic

Precipitation Hardened Stainless Steel Alloys
Lack of fusion defects formed for titanium, superalloy nickel, and martensitic precipitation
hardened metal alloys all commonly formed defects when passes were not adequately overlapped.
Insufficient overlapping was a result of increasing hatch spacing from the baseline processing
parameters which were desirable for full density Ti-6Al-4V components. However, differences in
high temperature thermo-physical properties resulted in changes in the pool size and shape for
each material, leading to differences in sensitivities in the formation of lack of fusion defects. In
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summary, Figure 3.36 provided a comparison of the volume percent porosity for all materials
based on the processing conditions selected. An obvious increase in volume percent porosity is
observed for the Ti-6Al-4V builds, while higher density Inconel® 718 and 17-4PH stainless steel
builds did not observe the same magnitude of defect formation.

Figure 3.36: Volume percent porosity for all materials as a function of build condition.

•

All materials and processing conditions commonly produced the majority of lack
of fusion defect diameters in the size range of 0.50 mm to 0.75 mm.

•

Degree of sphericity as a function of defect diameter showed a decreasing power
law trend despite the hatch spacing conditions selected for a Ti-6Al-4V build.
Furthermore, this suggested an increase in defect diameters reported less spherical
in morphologies.

•

Sphericity values were primarily between 0.35 and 0.50 for all materials which
indicated the defects were non-spherical or elongated in shape.

•

A comparison of defect locations as reported by the reconstructed volumes and
volume percent porosity provided adequate information to determine the selected
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conditions which formed lack of fusion defects. In all material cases, lack of fusion
was likely to form along adjacent passes when a 3.56 mm hatch spacing (140%)
was combined with the disrupted powder flow condition.
•

Defects in Ti-6Al-4V builds were localized along the adjacent passes, while
Inconel® 718 and 17-4PH stainless steel builds observed defect formation near the
ends of the deposition passes.
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Chapter 4
LASER ULTRASONICS AS AN INSPECTION TOOL FOR DED METAL ALLOYS
Laser ultrasonics has been used as an inspection technique for identifying subsurface flaws
in components processed by welding and laser cladding [1–3]. The technique has obtained
valuable results in high temperature environments for in-line, real-time inspection of various
geometric structures which is all advantageous for in situ monitoring of DED processes. However,
laser ultrasonics has continued to lack the adequate inspection required at production speeds due
to limitations and challenges foreseen by the detection beam on as-deposited surfaces. This
investigation addressed the challenges and limitations of the current inspection system.
Additionally, it offered suggestions for mitigating some of the restrictions for future
experimentation. Intelligent Optical Systems (IOS) Inc., located in Torrance, CA has provided
ample support for the laser ultrasonic inspection of DED metal alloys.

4.1

Development of Test Bed and Measurement Configuration
A testbed was developed for dedicated laboratory experimentation to ensure consistent

measurements were being collected between tasks. The testbed incorporated both hardware and
software components for testing. The hardware portion of the testbed is indicated in, Figure 4.1,
with labels defining each of the individual components. Stepper motors controlled via RS-232 by
a Windows computer running IOS Inc.’s custom LaserScan software package directed the x-y
stage movement where each sample was clamped. A series of lenses and mirrors were manipulated
about the testbed to focus the generation laser onto the surface of each sample. A line
approximately 2 mm in length was focused onto the sample by using the current configuration of
two cylindrical lenses with focal lengths of 30 mm and 150 mm. The 30 mm cylindrical lens was
adjusted to maintain a focal plane intersection with the surface of the sample, while the 150 mm
cylindrical lens was positioned 90º relative to the 30 mm lens to produce a focal plane beyond the
surface. The detection head mounted on the secondary x-stage enabled smooth movement when
changing the beam separation distance via LaserScan software.
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Figure 4.1: Dedicated testbed for laser ultrasonic measurements.

Two beam configurations were considered during experimentation, separated beams and
overlapped beams. Straight line builds preferred the use of two beams, generation and detection,
separated by a few millimeters and positioned parallel to the build direction. This beam
configuration has been used extensively to detect subsurface flaws in substrate materials and laser
cladded materials [1]. As each beam travelled linearly along a single path Rayleigh waves were
generated and guided by the surface, while longitudinal waves travelled just beneath the surface
as indicated in, Figure 4.2. In this instance, Rayleigh waves generated only a few millimeters into
the material, while longitudinal waves penetrated through the thickness. This particular
configuration is valuable for in situ inspection of linear depositions, because the beams can be
permanently aligned with the layer just after melt solidification.
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Scan Direction
Figure 4.2: Schematic of separated beam configuration based on [1].

Optimal beam separation was determined by evaluating defect arrival times over a 1.5 mm
diameter flat bottom hole with 1 mm depth. B-scans indicated scattered skimming and Rayleigh
waves in the form of parabolas located midway between the generation and detection beam. The
time delay represented between each scattered signal were indicators for defect depth. However,
as generation and detection beams decreased in separation distance shock waves were noticed as
late arrival signals. Thus, a separation distance of 3 mm showcased the most valuable results. On
the other hand, implementing an inspection system for complex nonlinear toolpaths attracted the
attention of overlapped beam configurations to account for changes along curved paths.

Figure 4.3: Evaluation of effective generation and detection beam displacement based on a 1.5 mm
diameter defect 1.0 mm below the as-deposited Ti-6Al-4V surface.

Initial testing of substrate materials and linear depositions with artificial and realistic
defects used separated beam configuration. However, an overlapping beam configuration using a
time-delay interferometer (TDI) was acknowledged as a separate technique to alleviate strong
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perturbations influenced by a plasma shock introduced by the current configuration. Nevertheless,
the separated beam configuration was valid for determining defects in metal alloys.

4.2

Detection of Artificial Defects for Calibration
Prior to deducing process-related defects in AM structures, the system required a

measurement calibration based on artificial flaws machined in metal substrates and as-deposited
materials. A Q-switched Nd: YAG laser with a pulse width of ~10 ns and bandwidth of ~ 100MHz,
and an IOS AIR-1550-TWM laser ultrasonic receiver operating at 2 W with a 100 μm focal spot
size and a flat frequency response between 30 kHz to 125 MHz was implemented for measurement.
End- and side-drilled electron discharge machined (EDM) holes were generated in both
substrate and as-deposited Ti-6Al-4V alloys processed with no intentional defects, as indicated by
the schematic in Figure 4.4. The end-drilled hole configuration was analogous to simulating a long
pore, while holes in the side-drilled configuration resembled short pores. End-drilled holes were
also simulated in as-deposited Ti-6Al-4V components 1.2 mm below the surface in efforts to
establish any correlations between signal effects of surface roughness on the received signal.
Measurements were evaluated based on the separated beam configuration identified in Figure 4.2.

(a)

(b)

Figure 4.4: Scanning methods for artificial EDM flaws in Ti-6Al-4V. (a) End-drilled hole simulating a
long pore and (b) side-drilled hole simulating a short pore in a Ti-6Al-4V substrate.
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B-scans were collected for each method as represented in Figure 4.4. Each wave arrival
was identified in the scan region of Figure 4.5 (a). In each instance, longitudinal waves arrived
first at the detection beam followed by Rayleigh waves. Any scattered Rayleigh waves observed
in the B-scan data indicated flaws within the scan region. Waves in the end-drilled hole
configuration appeared as vertical lines in the B-scan as contrasted to parabolic signals generated
in the side-drilled hole configuration. The extent of each hole was identified by the scattered
Rayleigh wave in the end-drilled hole configuration. However, the extent of each hole was not
identified in the side-drilled hole configuration.
A single hole was manifested as two parabolas, one representative a scattered skimming
wave and the other representative of a scattered Rayleigh wave. The center of each parabola
represented the time when both generation and detection beam were equidistant from the flaw.
Each simulated wave arrival was identified in Figure 4.5. Wave arrivals were identified as incident
and scattered L-waves (LL), incident L-wave and scattered shear waves (LS), incident Rayleigh
wave and scattered longitudinal wave (RL), incident and scattered Rayleigh wave (RR), and
incident Rayleigh wave and scattered shear wave (RS). The strongest signals observed in the
separated beam configuration were the LL and a combination of RR and RS waves which indicated
the predominate waveforms when the beams were equidistant from the flaw.
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(a)

(c)

(b)

(d)

Figure 4.5: B-scans collected for the end-drilled hole configuration of (a) substrate and (b) as-deposited
Ti-6Al-4V where vertical lines represent wave arrivals. (c) Waveforms observed in the side-drilled hole
configuration of a Ti-6Al-4V substrate are simulated in (d) as multiple parabolas.

A comparison of end-drilled hole configurations in Figure 4.5 revealed effects of surface
roughness on scattered Rayleigh waves. Surface roughness was apparent through excessive
background noise present in the scan data. In the as-deposited condition scattered Rayleigh waves
were noticeably skewed. While laser ultrasound generation was not affected by surface roughness,
additional attention was further considered for optimizing the received signal from the asdeposited surfaces.
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4.3

Surface Roughness of Metal AM Alloys

4.3.1

Effects of Surface Conditions on Ultrasonic Signals
While preliminary set-ups implemented generation and detection acoustic waves on

opposite sides of the sample, particular focus was directed towards implementing both wave forms
on the same side of the specimen for instances when only a single side is accessible [4,5]. The
difficulty with focusing both beams on the same surface brought to the attention of researchers the
impact of surface roughness on the ultrasonic signal. Thus, ideal surface conditions have been
investigated up until this point in time to avoid reducing the signal-to-noise ratio (SNR) and to
produce repeatable measurements.
Currently, ideal surface conditions have been investigated in efforts to achieve repeatable,
unconvoluted results of elastic properties. However, some convolution can be relieved by applying
filters to the collected data. Attention should be considered when using smoothing functions such
as moving averages to avoid eliminating fine details and reducing the time resolution to an extreme
[6–8]. Waveform averaging solves the issue of poor SNR, while smoothing solves the problem of
scattering in the final results data [8]. Experimental research set-ups allow for more flexibility in
comparison to commercial systems, therefore permitting a further understanding of what
additional filters can be applied to complex polycrystalline metal alloys. The flexibility of research
set-ups has enabled experimentalists and computational modelists to dive deep into the parameters
which can optimize ultrasonic testing for valuable microstructural information including grain
size, grain orientation, and texturing, though reducing system and data complexity and increasing
the repeatability is still required.
4.3.2

Surface Roughness Characterization Using Optical Profilometry
As part of a previous investigation conducted by IOS Inc., surface profiles of DED Ti-6Al-

4V builds were acquired. Additionally, laser surface scans of DED Ti-6Al-4V, PBF Inconel, and
PBF stainless steel samples were investigated for comparison to understand the effects of surface
roughness on ultrasonic signals. DED Ti-6Al-4V build surfaces characterized by a Zygo Newview
7300 used a 0.5x field of view (FOV) lens to measure peak-to-valley (PV), root mean square
(RMS) averages, and averages of all peak and valley (Ra) values important for designating surface
roughness profiles. Table 4.1 indicated scan dimensions for each surface roughness profile. Based
on the surface roughness values obtained from the Zygo profiles, the Ra values exhibited the most
relevant figure of merit ranging between 20 and 25 μm. This level of surface roughness was
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significantly greater than the optical wavelength used for measurement. Thus, laser ultrasonic
receivers were forced to compensate for variances in reflectivity, despite the advantages of
collecting light at larger off-normal angles where high degrees of surface roughness were apparent.
Table 4.1: Surface profilometry scanning parameters.
Parameter:

Value:

Interferometer:

Coherence Scanning Interferometer (CSI)

Scan Area(s):

2.75x (6.03 mm × 6.03 mm)
10x (1.66 mm × 1.66 mm)
20x (0.84 mm × 0.84 mm)
50x (0.34 mm × 0.34 mm)

Scan Depth:

4.3.3

145 μm

Laser Surface Characterization
Laser surface characterization measurements were performed on four surfaces, DED Ti-

6Al-4V as-deposited, DED Ti-6Al-4V machined, PBF Inconel, and PBF stainless steel samples.
An AIR-1550-TWM receiver was used in its standard configuration with a 100 mm objective lens
and 25 mm aperture to detect changes in light collection. A photodetector within the receiver
produced a DC voltage based on the light collected which was proportional to the detected power.
Figure 4.6 (a) indicated Ti-6Al-4V samples behaved in a specular- versus a diffuse-fashion based
on the collected power as a function of the angle of incidence, while Inconel® and 17-4PH stainless
steel samples behaved in a diffuse manner. Ti-6Al-4V also exhibited a narrow profile for ±7º angle
tolerance as compared to the Inconel® and stainless steel ±15º angle tolerance.
Correlations between the variance mean of the DC signal collected and relative spot size
were also considered. Spot size was varied from a focused position of 100% to 75%, 50%, and
25% of the maximum. Variance values normalized by the mean were also collected. Figure 4.6 (b)
indicated a 60% reduction in variance/mean of the DC value for the as-deposited Ti-6Al-4V
sample due to the increase in surface roughness. Increasing the beam size, however, avoided a
majority of signal anomalies attributed to surface roughness.
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(a)

(b)

Figure 4.6: (a) Correlation between the angle of incidence and measured DC voltage for different AM
surface conditions. (b) Correlation between the relative spot size and the variance/ mean value of DC
voltage detected for different AM surface conditions.

Characteristic surface roughness profiles and heightened layer thicknesses of DED metal
alloys have contributed to difficulties during inspection runs as compared to their PBF
counterparts. Nonetheless, achieving recognizable signals in scanned data is possible based on the
implementation of hardware and software parameters. In addition, matched filters offered relief of
noisy background signals of A-scan data without completely degrading the validity of the
measurements. Therefore, an appropriate selection of parameters used for laser ultrasonic
inspection would enable the detection of realistic defects in various as-deposited DED metal
alloys.

4.4

Detection of Lack of Fusion Defects in DED Metal Alloys

4.4.1

Detection of Lack of Fusion Defects with Machined Surface
The inspection of artificial flaws has been recognized in both substrate and as-deposited

Ti-6Al-4V metal components. Sections 4.2 and 4.3 indicated the potential for laser ultrasonics to
be used to effectively identify defects ~0.8 mm diameter and ~1.5 mm beneath an as-deposited
surface. These measurements guided the inspection of realistic defects in as-deposited DED metal
alloys by indicating the initial limitations of the technique. Therefore, the efforts previously
conducted in Chapter 3 for identifying defect size and morphology in DED metal alloys were
reconsidered.
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Defects generated near the surface were first considered for Ti-6Al-4V alloys. Surfaces of
each build were machined to avoid any initial discrepancies collected by the receiver of scattered
waveforms introduced by surface roughness. This enabled an appropriate identification of
approximate defect depth and extent of each defect based on correlations of x-ray CT results. An
overall average layer thickness of 1.12±0.36 mm was calculated for Ti-6Al-4V builds processed
by DED at various hatch spacings. With the added knowledge of layer thicknesses and defect
depths provided by x-ray CT results defects could be identified for each layer. However, for the
case of laser ultrasonic inspection the concerns of defects were required to be within the range of
the techniques limitations of artificial defect size and depth.
Figure 4.7 (a-b) indicated two extreme cases of hatch spacing parameters selected for
deposition (1.52 mm and 3.56 mm) from the standard 2.54 mm condition. In both cases defects
with a diameter less than 0.50 mm were excluded from the results. Figure 4.7 (a) presented the
case of a 1.52 mm hatch spacing for both a 5- and 10-layer build with dashed lines as indications
of the approximate build height for each build. Only a single defect was reported within the range
of detection for a 10-layer build. Thus, builds processed with 1.52 mm were not desirable for laser
ultrasonic detection. Alternatively, several instances of defect formation within the detection range
were observed for Ti-6Al-4V builds processed with a 3.56 mm hatch spacing under a variety of
powder flow and power conditions. Therefore, the builds described in Figure 4.7 (b) were
investigated using laser ultrasonics.

(a)

(b)

Figure 4.7: Defect location for Ti-6Al-4V builds processed with (a) 60% hatch spacing (1.52 mm) and
(b) 140% hatch spacing (3.56 mm) at various conditions.
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Defects that appeared beyond the depth of penetration (~ 2 mm) were not accounted for
using laser ultrasonic inspection. However, efforts were taken to understand signal response from
an as-deposited material with instances of realistic defect formation. A 5-layer build with a hatch
spacing of 3.56 mm showed consistent rows of defects between individual passes as indicated in
Figure 4.8 (a). Consequently, those lack of fusion defects were located just outside of the 2 mm
detection range of the ultrasonic beam in Figure 4.8 (b). Thus, this build was selected to be
machined to expose defects within the detection range. Builds were machined using a carbide tip
and rescanned using x-ray CT. A machined surface led to a defined understanding of signal
interaction and response of ultrasound to realistic defects formed by DED processes without
regarding the effects of surface roughness.

(a)

(b)

Figure 4.8: Volume reconstruction of a Ti-6Al-4V, 5-layer high build where indications of lack of fusion
was present (a) just outside of the ultrasonic detection range and (b) between neighboring passes.

Defect profiles were created for each machined sample which described the position of
lack of fusion defects generated in the build based on the line an x-y coordinate system parallel to
the build height. The defect profile was exclusive to defects within the detection range of the
ultrasonic system, therefore being greater than 0.50 mm in diameter and within 2 mm from the top
surface of the deposition. Instances of detectable defects could be observed in the volume
reconstruction of the rescanned Ti-6Al-4V machined build, Figure 4.9.
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(a)

(b)

Figure 4.9: Defect profile of Ti-6Al-4V processed using a 3.56 mm hatch spacing for 5 layers showing
indications of (a) defect diameter and (b) degree of sphericity within the detection range of the laser
ultrasonic system set-up.

The initial B-scan performed on the machined sample used both beams with ~ 1 mm offset
from the surface. Both beams were centered about x = 42 mm and scanned perpendicular to the
line of deposition (y-axis), in this case keeping the x-position fixed and exclusively changing the
y-position. Results from the B-scan indicated each row of defects appeared as a single point defect
in the scan, Figure 4.10. Signals from each row could be observed following the skimming wave
at y = 4 mm, y = 8 mm, y = 11 mm, and y = 14 mm, in accordance with the B-scan coordinates
which closely agreed with the coordinates of the CT data.

Figure 4.10: B-scan of Ti-6Al-4V produced using 3.56 mm hatch spacing for 5-layers showing indication
of defect formation perpendicular to the line of deposition. Note: y-values are relative to the B-scan
measurement and do not signify direct correlations to Figure 4.9.
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A second scan was implemented along the line of deposition. In this case, the y-position
was fixed at 3 mm, while the beams were scanned along the x-direction. A beam separation of 3
mm resulted in longitudinal and Rayleigh wave overlap, though faint indications of signals were
observed in the left most scan in Figure 4.11 at ~ 1.1 μs. A high-pass filter (HPF) eliminated any
low frequency content from the signal information in efforts to increase the intensity of the
Rayleigh wave signals as shown in the center image of Figure 4.11. Furthermore, in order for
defects to be recognized as singular flaws the beam separation distance was widened to 4.5 mm
and another scan was repeated along the same path as shown in the right most scan in Figure 4.11.
In this instance, defect signals were clearly visible at ~ 1.3 μs.

Figure 4.11: B-scans of Ti-6Al-4V 1.40N5P5L parallel to the line of deposition centered at y = 3 mm. In
this case, a 3 mm separation caused the defect signals to have the same approximate time of arrival as the
Rayleigh waves.

Because these defects were localized between single tracks, it was difficult to isolate a
single defect for dimensional measurements. Prior knowledge of defect size and depth calculated
by x-ray CT scans is the current method for approximating correlations to B-scan data. Effective
thresholding, under development, has shown capabilities of outputting critical defect positions,
depths, and sizes from correlation strengths in signals. However, the ability to correlate these
measurements in situ must verify these signals can be equally achieved at processing scan speeds.

4.4.2

Detection of Lack of Fusion Defects at Processing Speeds
In order to understand the signal response at a realistic processing speed, additional

experimentation was conducted on the same 5-layer machined Ti-6Al-4V sample with known
defects. Processing scan speeds were not able to be achieved on the initial testbed and thus a laser
ultrasonic testing (LUT) probe highly valued for in situ inspection was implemented for testing
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using the same optical configuration as previous tests. The probe was aligned and attached to the
deposition head breadboard, according to
Figure 4.12 with the same configuration that would be utilized for in situ inspection. The
vertical linear stage was first used to adjust the focus of the detection beam on the sample, while
the generation beam used a focused adjustment located near the fiber input to focus the beam. The
laser ultrasonic system was triggered solely off of the 20 Hz internal lock of the generation laser
while having no knowledge of the position of the deposition head. As the deposition head moved
at constant velocity, a typical B-scan with evenly spaced A-scans were acquired. Thus,
measurements were collected based on the stage movement of the DED system while the
measurement probe was turned on and off by their respective operators.

Figure 4.12: Experimental set-up for an in-line laser ultrasonic inspection of a metal part using
realistic processing speeds.
B-scans collected for the machined Ti-6Al-4V sample used a processing speed of 25 in/min
(10.6 mm/s), analogous to the processing speed chosen for all builds fabricated throughout course
of this investigation. A B-scan with no instances of lack of fusion was used to verify scanned
regions with instances of lack of fusion based on the signals that were generated in the B-scan,
Figure 4.13 (a). Figure 4.13 (b), indicated defect related signals prior to the Rayleigh wave
appearance at 850 ns which was not present in the nominally defect free region. Thus, it was
validated that signal appearance between longitudinal and Rayleigh waves showed instances of
defect formation at process speeds.
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(a)

(b)

Figure 4.13: B-scans collected at a processing speed of 25 in/ min for Ti-6Al-4V in a region (a) without
defect and (b) with defects.

Signals at a full-processing speed differed in appearance from signals recorded in the
laboratory experiments due to the smaller A-scan spacings recorded at 0.53 mm. This was largely
due to the limited spatial resolution available during high scan rates. The spatial resolution for Bscans is limited by the pulse repetition rate (20 Hz) and the velocity of the deposition head (25
in/min). In order to achieve a higher spatial resolution, a higher pulse repetition rate was desired.
To simulate the effects on a B-scan of a probe that implemented a higher pulse repetition rate, the
velocity of the deposition head was decreased by 50% and a B-scan with increased resolution was
obtained Figure 4.14.

Figure 4.14: B-scan of a defect region in the same Ti-6Al-4V sample acquired at half the scan speed.
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Up until this point in the investigation all realistic defects were collected from an ideal,
machined surface for Ti-6Al-4V. Thus, efforts to adapt laser ultrasonics as a potential inspection
technique that does not require extensive post-processing, required the detection of realistic defects
from an as-deposited surface condition for a variety of metal alloys.

4.4.3

Detection of Lack of Fusion Defects for As-Built Surfaces
Additional processing conditions of Ti-6Al-4V were examined to determine the most likely

production of defects near the build surface within the minimum range of detection. As mentioned
previously in Chapter 3 and results from Figure 4.7 (b), a combination of large hatch spacing (3.56
mm) and disrupted powder flow presented one of the highest indications of lack of fusion defect
formation throughout the entirety build. One defect of interest was located just below the top layer
in between passes 5 and 6. The lack of fusion defect detected had a volume of 0.02 mm3 equivalent
to a defect diameter of approximately 1.11 mm and a degree of sphericity of approximately 0.32.
The defect proved to be a strong inspection candidate due to its proximity to the surface and its
relatively large diameter as identified in the x-ray CT image slices in Figure 4.15. The B-scan
collected for this defect located just below the top surface did not show a typical hyperbolic shape.
The signal began just after 600 ns at x = 2 mm and propagated in several linear section until it
began to diverge towards the Rayleigh wave near x = 3 mm as shown in Figure 4.16 (a). Beyond
x = 3 mm the signal was predicted to be reflected off of the tip of the elongated pore. End-drilled
EDM holes in as-deposited material revealed a similar signal pattern. However, some skepticism
was raised due to its close appearance near the outer edge. Additional testing would further confirm
this result was not an indication of edge effects.
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(a)

(b)

(c)

(d)

Figure 4.15: Lack of fusion defect detected in Ti-6Al-4V processed with large hatch spacing and
disrupted powder flow.

(b)

(a)

Figure 4.16: (a) B-scan of 1.40ND10P10L Ti-6Al-4V indicating a skewed skimming and Rayleigh wave
due to curvature of the build surface. (b) B-scan of an end-drilled EDM hole with an as-deposited surface.
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While Inconel ® 718 and 17-4PH stainless builds did not generate the same degree of
defect formation as Ti-6Al-4V, defects were still visible within the detection range of the laser
ultrasonic system. Figure 4.17 (a-c) filtered defects according to those successfully detected
throughout this investigation. Defects which are candidates of laser ultrasonic inspection include
those with a diameter greater than 0.50 mm and a defect depth of ~ 2 mm. These figures suggested
the following conditions were likely candidates for laser ultrasonic inspection. Ti-6Al-4V
processed using a 3.56 mm hatch spacing for 5-layers (1.40N5P5L) proved to be the most attractive
candidate for detection, while Inconel® 718 generated defects in the detection range for builds
processed with a 3.56 mm for 5 layers (1.40N8P5L) and builds processed with the same 3.56 mm
hatch spacing in addition to having a single nozzle disengaged for a 10 layer build (1.40ND8P10L).
Defects generated in 17-4PH stainless did not favor any particular condition as a candidate for
inspection due to the normal distribution of detectable defects across all conditions.
(a)

(b)

(c)

Figure 4.17: Defect candidates for inspection classified according to intentional defect formation
processing conditions for (a) Ti-6Al-4V, (b) Inconel ® 718, and (c) 17-4PH stainless steel alloys.
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4.4.4

Challenges Encountered During Defect Inspection Using Laser Ultrasonics
Defects that were effectively inspected in Ti-6Al-4V builds did not favor the same ease of

inspection in 17-4PH stainless builds due to the variability in height of the build surface as
identified in Figure 4.18. Variations in height were influenced by thermal fluctuations during the
build process. The arrival time of the Rayleigh waves varied with build height as the depth of focus
was changed across the sample surface as indicated in the B-scan, Figure 4.19. The large angle of
incidence of the generation beam (~45º) caused the beam separation to vary dramatically with the
build height when comparing to a typical angle of incidence ~ 3º. Overall, the light collected from
the 17-4PH stainless samples was significantly lower than the light collected from the Ti-6Al-4V
samples.

Figure 4.18: Photograph of 17-4PH stainless steel sample with significant changes in build height across
the build surface.

Figure 4.19: (a) AC channel of the B-scan of a 17-4PH stainless steel sample showing indications of
changes in build height based on the changes in time-of-flight of the Rayleigh wave. (b) DC channel of
the B-scan where light and dark regions follow the height of the build which alters the depth of focus of
the detection beam.
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Inconel ® 718, on the other hand, showed little to no changes in build height variations
based on an image taken, Figure 4.20. This was relevant based on the lesser DC signal variation
from the Inconel ® 718 build surface observed in Figure 4.21. However, defects expected to be
observed in the Inconel ® 718 processed with 3.56 mm hatch spacing and a contour, displayed no
defects in the B-scan data. Thus, additional investigations were required to optimize the inspection
of singular defects located in various metal alloys.

Figure 4.20: Photograph of Inconel ® 718 sample indicating minimal changes in build height.

Figure 4.21: B-scan of Inconel ® 718 processed with large hatch spacing and a contour for each layer.
The light streak in the B-scan is a consequence of a dark spot located on the sample surface.

Future investigations would seek to resolve the challenges of uneven build heights,
consistent defect production, and provide a more clear understanding of defect location and size
at processing speeds using laser ultrasonics for various metal alloys. Eliminating uneven build
heights and creating more consistent defects would require an additional production of metal alloys
and CT scans. However, with the builds and data currently at hand a similar technique previously
used for Ti-6Al-4V samples of machining the surface could be implemented for Inconel® 718 and
17-4PH metal alloys. Machined surfaces of each metal alloy would enable any differences to be
101

observed in signal responses for B-scan data without the interference of surface roughness.
Furthermore, scan speeds may be optimized and implemented for builds with as-deposited surfaces
for appropriately identified defects that are likely to occur during processing. Additional efforts
may be implemented using laser ultrasonic technique for microstructural, phase identification, and
textural information of DED metal alloys as described by previous investigations for welded and
laser-cladded materials.
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Chapter 5
LASER ULTRASOUND CHARACTERIZATION LASER-DED METAL ALLOYS
Complex thermal gradients constitute rapid heating, melting, and solidification which is
significantly influenced by the movement of the heat source. Spatially variable thermal cycles
result in locally dependent, inhomogeneous microstructures and properties [1]. While as-cast
structures contain a mixture of α and β phases, cast structures are dissimilar to AM microstructures
due to their characteristic α plate colonies and blocky β-grains represented in Figure 5.1 [2]. On
the contrary, traditional methods such as welding and laser cladding contain microstructures which
are analogous to AM microstructures due to similarities in the thermal complexities involved
during processing. Regions identified in Figure 5.2, of a laser cladded Ti-6Al-4V deposit exhibits
columnar prior-β grains and mixture of α+β phases near interfaces on a macroscale. Alternatively,
micrographs indicated in Figure 5.3 were obtained using optical microscopy (OM) and scanning
electron microscopy (SEM). Microstructures showed a mixture of acicular α’ martensite for thin
structures and Widmanstätten α basketweave morphologies for thicker structures [3].

(a)

(b)

Figure 5.1: Comparison of microstructures for an (a) as-cast versus (b) cast +HIP Ti-6Al-4V alloy
illustrating lack of porosity. Grain boundary α (B) and α plate colonies (C) are common to both alloys; β
grains (A), gas (D), and shrinkage voids (E) which are exclusive to the as-cast alloy [2].
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Figure 5.2: Optical micrograph showing the microstructural evolution of a laser cladded component Ti6Al-4V near the heat affected zone near the substrate and the first deposited layers [3].

Figure 5.3: Optical micrographs and scanning electron micrographs for a thin deposit (a and b) exhibit
orthogonal α’ martensite microstructure and thicker zones (e and f) exhibit Widmanstatten structure with
a basketweave morphology. Additionally, a second α morphology was found at the grain boundaries of (c
and d) [3].
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Complex microstructures produced by AM contributes to challenges in signal acquisition
and interpretation when using nondestructive ultrasound techniques, such as laser ultrasonics.
Though, previous investigations have used laser ultrasonic measurements such as wave velocity
and attenuation to evaluate traditionally processed metal alloy texture and microstructural features
such as grain size and morphology [4–9]. Traditional metallographic characterization techniques
such as optical microscopy and electron backscattered diffraction (EBSD) were used to evaluate
key microstructural and textural differences for a wrought and DED processed Ti-6Al-4V alloy.
Measurements of grain size, grain morphology, and Vickers hardness values were further
correlated to attenuation ultrasonic data for both processed alloys.
5.1

Metallographic Preparation
Standard metallographic practices were followed to prepare samples for optical

microscopy for characterizing grain size and morphology of wrought and a laser-DED Ti-6Al-V
sample that was processed using the baseline condition emphasized in Chapter 3. Samples were
cut using a hand-guided Struers Labotom-3 saw and conforming 20A25 carbide blade for both
wrought and as-deposited Ti-6Al-4V builds. Cross-sections for as-deposited samples were cut
parallel to the line of deposition, build height, and build width, while rolled sampled were sectioned
from the rolling direction and top of the sample. Sections from each build were mounted for both
processing conditions using a ProntoPress-20 and a Durofast Struers thermoset resin.
Mounted samples were ground using a series of silicon carbide papers up to P2000 ISO
grit size for Ti-6Al-4V, followed by a 10-minute polishing stage which used a 0.05 µm colloidal
silica alternated with distilled water. Samples were cleaned with isopropyl alcohol and dried
between each stage and before etching for 10 seconds using Krolls etchant (95% H2O, 3% HNO3,
2% HF). Microstructural images were obtained using a Nikon Epiphot microscope and CCD
digital camera.
EBSD characterization required additional vibratory polishing using 0.05 µm colloidal
silica for 1 hour. Samples were then placed in an ultrasonic bath of isopropyl alcohol for 20 minutes
to remove any excess colloidal silica and dried. EBSD maps were collected from the polished Ti6Al-4V surface using a FEI Helios NanoLab 660 and analyzed using AZtec Tru-I software. IPFZ
maps provided useful information for characterizing orientation of the thin, basketweave alphalaths present in the as-deposited structures and grains in the rolled condition.
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5.2

Titanium Alloys Used for Additive Manufacturing
Presently, Ti-6Al-4V is the most widely used titanium alloy, accounting for more than

50% of all titanium tonnage in the world and 80% usage in the aerospace industry [10]. However,
the high cost of titanium, in comparison to its steel and aluminum counterparts has hindered its
more widespread use [11]. Thus, technologies such as AM have been implemented to reduce
fabrication costs and broaden the applications.
In a DED process, complex thermal histories dominated by high heating and cooling rates,
dictate the grain morphology and grain size [1]. Solidification rate of the melt pool is determined
by the ratio of the thermal gradient at the solid-liquid interface (G) and the temperature gradient
(R). The ratio G/R dictates the shape of the solidification front and the cooling rate, whereas the
product G×R affects the microstructure dimensions [12,13]. Depending on the G and R values,
three main microstructures dominate titanium alloys: columnar, equiaxed, and a mixture of
columnar and equiaxed. An increased G/R ratio contributes to a columnar morphology [12].
Furthermore, increases in solidification and cooling rate reported equiaxed grains and a fine
microstructure [13].
A combination of α and β phases are present in various concentrations and mixtures for
Ti-6Al-4V alloys. The amount of each phase present is primarily dependent on the concentration
of secondary alloys which stabilize certain phases and the fabrication technique implemented
which applies unique thermal gradients. Secondary alloying elements in titanium alloys such as
Al stabilizes the α-phase (HCP), while elements such as V and Cr stabilize the β-phase (BCC)
[10]. In most instances, prior-β grains dominate the AM microstructure on a macro-scale as shown
in (a) and (b), though higher magnifications shown in a mixture of basketweave or colony α-laths,
acicular α’ (martensite), and in some cases retained β phase. Upon varying the heat input of an
AM process or an alternate fabrication process, such as hot-rolling, different concentrations of αand β-phase were recognized [14].
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Figure 5.4: Microstructural images of a laser-DED Ti-6Al-4V alloy indicating (a) prior-β grains
formation and a fine mixture of α-phase within the prior-β grains at low magnification. Microstructures in
(c) and (d) represent a higher order of magnification where a basketweave α-lath and acicular α’ phase
were encompassed by a prior-β grain boundary, identified in (c).

High thermal gradients in the build direction contributed to epitaxial growth of large,
columnar prior-β grains originating from parent β grains in the melt of previous layers. Figure 5.5
(a) represented a cross-sectional view of an as-deposited Ti-6Al-4V alloy which was processed
using the baseline conditions. Though this build was processed using full density conditions, lack
of fusion was still apparent between passes and layers. Figure 5.5 (a) also indicated fine β grains
near the interface of the as-deposited and substrate material, while grain growth was qualitatively
observed to occur along the build direction. Figure 5.5 (b) focused on a select region from the
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cross-section which enhanced the contrast of the grain boundaries important for identifying the
morphology of prior-β grains, while (c) illustrated traced prior-β grain boundaries.
(a)

(b)

(c)

Figure 5.5: (a) Cross-sectional view of an image taken perpendicular to the line of deposition (b) where
prior-β grains visible in the micrograph showed growth in the preferred temperature gradient. (c) Prior-β
grain boundaries from the optical micrograph were outline to distinguish their columnar morphology.

Alternatively, titanium substrates which were mill-annealed and prepared for DED
deposition exhibited significant differences in microstructure, as shown in Figure 5.6. The
titanium substrate did not exhibit the same degree of preferential grain growth as that observed in
as-deposited structures. Rather the microstructure revealed highly-irregular, elongated grains in
the rolling direction (RD) which formed upon applying a constant force along the X-Y axis or
rolling direction. This did not enable grains to grow in the vertical direction. Darker regions which
outlined the elongated grain structures indicated higher concentrations of β stabilizing elements
such as vanadium and molybdenum, while lighter regions represented regions of higher α-phase
which was stabilized by aluminum and oxygen.
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Figure 5.6: Optical micrograph of a grade 5 hot rolled titanium alloy in annealed condition.

Optical microscopy did not provide qualitative information for differentiating α- and βphases, therefore, EBSD was used to identify different phases and microscopic properties of
wrought and AM Ti-6Al-4V. Data was acquired in the Aztec EBSD Nanoanalysis software, ver.
3.2 (Oxford Instruments) and analyzed in the CHANNEL 5 software. It was found that
88.89±1.90% and 88.76±2.96% α- phase composed the as-deposited DED and wrought Ti-6Al4V microstructures, respectively. Figure 5.7, further verified the dominant phase composition in
the microstructure was α-phase. Measurements taken at various build heights and build
orientations did not show any significant influence on phase composition as tabulated in Table
5.1and Table 5.2. Zero solutions reported were due in part to porosity that was present in the asdeposited material, though other locations where zero solutions were found generally outlined the
α-phase where β-phase was expected to form. Thus, the zero solutions calculated may be reported
as the β-phase.
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(a)

(b)

(c)

Figure 5.7: Phase maps reconstructed from EBSD data for an (a) AM Ti-6Al-4V DED deposit at location
1 and (b) location 3, and (c) a hot-rolled Ti-6Al-4V plate.

Table 5.1: Phase fraction for a Ti-6Al-4V alloy as a function of fabrication technique and location.

α-phase (%)

β-phase (%)

Zero Solution (%)

Location 1

87.46 ± 2.95

0.17 ± 0.09

10.11 ± 1.76

Location 3

90.31 ± 0.85

0.17 ± 0.07

11.78 ± 3.12

Wrought

88.76 ± 2.96

2.63 ± 0.24

8.62 ± 2.72

Table 5.2: Phase fraction for a Ti-6Al-4V alloy as a function of fabrication technique and orientation.

α-phase (%)

β-phase (%)

Zero Solution (%)

AM-Longitudinal

89.01 ± 1.87

0.215 ± 0.01

10.78 ± 1.87

AM-Transverse

90.72 ± 0.61

0.080 ± 0.01

9.2 ± 0.62

AM-Top

86.93 ± 3.56

0.215 ± 0.02

12.86 ± 3.54

Top Wrought

86.66 ± 0.25

2.80 ± 0.30

10.54 ± 0.30

RD Wrought

90.85 ± 0.22

2.46 ± 0.28

6.69 ± 0.28

111

Prior-β grain sizes were calculated from cross-sections parallel to the width of the passes
and parallel to the line of deposition using the ASTM-E112 method on a 2908.928 × 2181.696
µm2 optical image. ImageJ® 2 was used to analyze cross-sectional micrographs. A grid of parallel
vertical and horizontal lines were overlaid on the image and a crosshair was placed on each grain
boundary intersection with the grid. Grain height and widths were calculated based on the known
image dimensions.

Figure 5.8: Prior-β grain size calculation using ASTM E112 method.

Three regions, identified in Figure 5.9, were used to evaluate prior-β grain size as a
function of location for a 10-layer Ti-6Al-4V alloy component. Additionally, the morphology of
grains located at the interface between the substrate material and first layer of deposited material
was characterized. Results identified at the interface favored the formation of equiaxed prior-β
grains due to the rapid cooling rates and solidification times. Partially melted equiaxed grains
provided nucleation sites for continued columnar growth of prior-β grains as additional layers
were deposited. Prior-β grain sizes were identified in Table 5.3.

2

ImageJ® is a public domain Java image processing program inspired by NIH Image for Macintosh.

112

Table 5.3: Prior-β grain size measurements as a function of orientation and build height.

Figure 5.9: Regions of interest for prior-β grain size measurements of a 10 layer, Ti-6Al-4V DED alloy.

Alpha lath widths were calculated using an in-house MATLAB® code, as described in the
Appendix A, was based-on the principles outlined by Tiley et al. [6], which reflected similarities
in a model developed by Gundersen et al. [7]. Optical micrographs at each location were imported
into the MATLAB® software and a threshold of 80% was applied to distinguish α- and β-phases,
as shown in Figure 5.10. Parallel lines were overlaid on the threshold image and segmented upon
an intersection with any instance of β-phase. Lengths of the segmented lines were measure, λ, and
the process was repeated by rotating the grid of parallel lines in relation to the threshold image 18
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times from 0 to 180°. Average lath width was then calculated using the relation identified in
equation (1).

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝛼𝛼 𝑙𝑙𝑙𝑙𝑙𝑙ℎ 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ [𝜇𝜇𝑚𝑚] = (

(a)

1

1.5(1⁄𝜆𝜆)𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

(14)

)

(b)

Figure 5.10: Estimating α-lath width based on a threshold image and procedure performed by Gundersen
et al. [7].

Results indicated the average α-lath width approximated to be 1.10±0.06 μm for a 10-layer
Ti-6Al-4V build. According to Figure 5.11 (a), the thickest laths were parallel to the build
direction, estimating to values of 1.19±0.22 μm, as compared to the 1.10±0.09 μm and 1.06±0.05
μm α-lath widths measured in the transverse and longitudinal orientations, respectively. In terms
of the influence of build height on α-lath width, Figure 5.11 (b) identified no significant increase
in the average α-lath width upon taking measurements along the positive build height direction of
a 10-layer build. However, the largest average α-lath width of 1.09±0.01 μm was calculated for
location 3 which was evaluated near the top of the build height as identified in Figure 5.12. As
previously seen in the prior-β grain analysis, the morphology of grains in the heat affected zone
were in transition between α-and β-phases which could also be identified in Figure 5.12 and more
obviously observed in a comparison of an α-lath microstructure and its corresponding threshold
image in Figure 5.13.
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(a)

(b)

Figure 5.11: Estimate of α-lath width as a function of (a) orientation and as a function of (b) build height.

Figure 5.12: Regions of interest for average α-lath width grain size measurements of a 10 layer, Ti-6Al4V DED alloy.
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(a)

(b)

Figure 5.13: Comparison of (a) location 3 with defined α-laths with corresponding threshold image and
(b) heat affected zone.

Additionally, grain size analyses were completed for the titanium substrate after acquiring
a 2285.8 µm² EBSD map for the rolling direction and top face cross-sections. CHANNEL 5
software was used to obtain an average grain diameter by circumscribing an ellipse inside of a
grain boundary to obtain a major and minor axis length. The average grain diameter was
determined to be 3.37±5.08µm and 3.05±2.83 µm for the rolling direction and top face,
respectively. Average aspect ratios of 2.40±1.45 and 2.16±1.09 were calculated, for the rolling
direction and top face cross-sections, which suggested the grain were elongated in shape.
Furthermore, corresponding IPF-Z maps of both AM Ti-6Al-4V and Ti-6Al-4V substrate
material were colored according to the preferred grain orientation as indicated in Figure 5.14. In
the case of the AM sample, grains hand no significant texturing contribution. Similarly, the
substrate material showed weak texturing. This agreed with Waryoba et al. [15] whom investigated
the microtexture in Ti-6Al-4V alloys produced by DED. Waryoba et al. [15] previously reported
weak texturing across all build heights of a DED Ti-6Al-4V and near the titanium substrate.
Furthermore, no prominent variant selection occurred across all build heights. For a Ti-6Al-4V
alloy a {0001} Burgers orientation, basal plane, preserved the α-phase in the DED process.
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Likewise, the family of planes {0001} and <1120>family of directions of the α-phase was parallel
to the family of planes {110} and <111> family of directions of the β-phase [8].

(a)

(b)

Figure 5.14: IPF-Z maps of (a) AM Ti-6Al-4V and (b) Ti-6Al-4V substrate material.

Vickers hardness measurements were evaluated for two as-deposited Ti-6Al-4V builds
using a LECO M-400-G1 Hardness Tester and 1000 g*F load. Samples used for hardness
measurements were sectioned parallel to the width of the build. Measurements were taken on a
0.05 μm polished surface every 2 mm along a build height, and replicated five times for five
locations. In addition, five measurements were recorded for the titanium substrate and results were
correlated to the microstructure.
Results indicated that an average Vickers hardness value of 394.6±12.74 HV and
392.8±6.14 HV for a 2.54 mm (100%) hatch spacing and 3.08 mm (125%) hatch spacing,
respectively were reported for the interface. Likewise, Figure 5.16 indicated upon increasing build
height and moving further away from the substrate material, a decreasing trend was noticed for
both as-deposited structures. Higher hardness values present in the interface were related to the
fine, complex grain morphology characteristic at this location. Alternatively, the addition of layers
led to grain coarsening along the direction of the build height.
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(a)

(b)

Figure 5.15: Hardness measurement schematics of as-deposited Ti-6Al-4V DED alloys processed with
the (a) 100% hatch spacing condition and (b) 125% hatch spacing condition.

Figure 5.16: Vickers hardness values as a function of build height for two as-deposited Ti-6Al-4V
components.

5.3

Laser Ultrasonic Characterization of Ti-6Al-4V Alloys
Material microstructure and elastic properties are capable of being characterized by

ultrasonic attenuation and wave velocity measurements. Attenuation can provide information on
grain size and morphology, while wave velocity responds to differences in elastic properties of a
material. This investigation focused on the evaluation of differences in attenuation for a titanium
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substrate and two Ti-6Al-4V builds deposited using the baseline condition and the 125% hatch
spacing condition described in Chapter 3.
5.3.1

Procedure for Ultrasonic Acquisition and Data Processing
Ultrasonic measurements were conducted using an experimental testbed which included a

532 nm Nd:YAG pulsed generation laser 3 and a Polytec OFV 505 broadband laser vibrometer
combined laser interferometer 4. The generation laser was composed of a series of concave, convex,
and spherical lens and a 45° mirror to generate a line-focused thermal excitation on the surface of
polished Ti-6Al-4V sample. Thermal vibrations generated Rayleigh waves across the surface of
the sample. Rayleigh waves were detected by the point focused beam for various propagation
distances from 20 mm to 25 mm in 1 mm increments, as represented in the schematic diagram in
Figure 5.17. Signals received by the laser interferometer were observed using an oscilloscope,
128 times averaged, and saved for further signal processing and data analysis.

Figure 5.17: Schematic representation of ultrasonic wave generation and detection for a Ti-6Al-4V
sample. The sample displayed here is etched, though measurements were taken on a polished surface.

Time domain signatures were filtered using a bandpass filter code and plotted using the
MATLAB® which is referenced in the attached Appendix B. Additional FFT codes developed in
MATLAB® provided information on the frequency domain representations of the received signals.
3
4

Continuum®, San Jose, CA, USA
Polytec GmbH, Waldbronn, Germany
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Figure 5.18 (b) showed an example of a frequency domain plot calculated from the time domain
(Figure 5.18 (a)) where wavelengths varied between 100 μm - 6000 μm. Features less than 50 μm
or half of the wavelength were disregarded.

(a)

(b)

Figure 5.18: Signals received in the (a) time domain and transformed into the (b) frequency domain.

5.3.2

Attenuation Response to Laser-DED Ti-6Al-4V
Attenuation was measured on two Ti-6Al-4V builds processed using the baseline and 125%

hatch spacing condition, and a titanium substrate. Attenuation was evaluated based on the slope of
the normalized amplitude as a function of relative displacement between the generation and
detection beam. Higher attenuation corresponded to larger slope values and larger grains, while
measurements which only slightly deviated from a slope of zero corresponded to fine grain
structures in a material. In this case, the titanium substrate measured less attenuation than both asdeposited Ti-6Al-4V samples, as shown in Figure 5.19. Additionally, there was no significant
attenuation response for as-deposited Ti-6Al-4V produced using either hatch spacing condition.
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Figure 5.19: Attenuation as a function of material processing conditions for as-deposited Ti-6Al-4V and
a titanium substrate.

Though, an initial comparison of data would suggest the large, prior-β grains in the asdeposited material contributed to higher attenuation, the prior-β grain boundaries were only visible
in the optical results. EBSD maps and phase results did not show significant contributions from
the β-phase for the as-deposited sample, though there were slight indications of β-phase outlining
some α-laths. Prior-β grain boundaries require a reconstruction of misorientation angles in order
for the boundaries to be visible in EBSD results. Therefore, while the prior-β grains have an
average width of 264.3 ± 79.8 µm as compared to the average grain diameter of 3.37 ± 5.08 µm
calculated for the rolling direction in the wrought material, these results did not provide a complete
explanation as to why the as-deposited material measured higher attenuation. Furthermore,
attenuation could not be properly evaluated for the wrought material since the wavelength was
limited to 100 µm which meant features less than 50 µm were not resolved. Any attenuation
observed in the wrought material was not a result of scattering from the grain boundaries and rather
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other features present. Other factors such as melt pool boundaries and/or defects present in the
material were also likely to attenuate signals more in the as-deposited material. Both AM samples
analyzed had instances of lack of fusion between passes which was extensively characterized in
Chapter 3.
•

Attenuation measurements indicated AM materials faced higher attenuation than a
wrought titanium substrate when a wavelength of 100 µm - 6000 µm was selected.
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6.1

Chapter 6
CONCLUDING REMARKS
Summary and Major Findings
Over the past several decades, additive manufacturing has sought many technological

advancements focused on understanding the processing parameters which influence the heat
source and powder feedstock interactions [1]. Additionally, high temperature thermo-physical
properties specific to each metal alloy contributes to how the melt pool behaves when processing
parameters are selected. Most investigations have focused on fabricating full density parts with
optimized mechanical properties [2]. However, AM components still lack the robustness desired
for wide-scale adoption in industries.
The main contributing factor which restricts the fabrication process from being robust is
the formation of defects which cannot be healed without extensive inspection and post-processing
HIP. The three typical defects developed in the DED process include keyhole porosity, gasentrapped porosity, and lack of fusion defects [1]. Vilaro et al. [3] has previously reported the
presence of porosity in builds has negatively impacted the mechanical behavior in parts. Thus,
efforts have shifted towards the development of in situ process monitoring tools to correct for these
defects before becoming entrapped as internal flaws in as-deposited components.
While thermal and optical NDE techniques have been the primary techniques integrated in
PBF and DED processes due to their low cost and ease of interpretation, thermal and optical
methods have lacked the ability to characterize subsurface layers [4]. Ultrasonic methods, on the
other hand, has demonstrated significant potential for in process monitoring based on its previous
identification of subsurface features in high temperature welding and laser cladding process
environments [4–6]. Furthermore, ultrasonics has been used to characterize material properties
based on signal responses for a variety of metal alloys. However, contact piezoelectric transducers
and noncontact laser ultrasonic methods have not expanded at the rate of thermal and optical
methods due to the variety of set-ups and complexities involved with signal interpretations.
Nonetheless, noncontact techniques such as laser ultrasonics has presented a feasible solution for
DED process monitoring of various metal alloys based on its attractive capabilities of operating in
high temperature environments, in-line inspection close to the deposition head, and potential to
offer real-time feedback.
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Efforts to establish laser ultrasonics as a reliable process monitoring technique required the
method to account for features such as lack of fusion defects of various sizes, shapes, and depths,
as-built surfaces, and operation at typical processing speeds characteristic of the DED process.
Additionally, by evaluating several metal alloys with various velocities, crystal structures, and
densities, this provided insight of the adaptability of the technique. This investigation selected
materials desirable for aerospace applications that could be found in both wrought and powder
form. Materials investigated included Ti-6Al-4V, Inconel® 718, and 17-4PH stainless steel.
Furthermore, it was valuable to understand the relation between processing parameters and
lack of fusion defect formation for different materials. Thus, realistic lack of fusion defects were
introduced in DED components by varying processing parameters which are often improperly
selected or disrupted during the build process. Intentional defect parameters selected focused on
varying hatch spacing, powder flow, and power to alter the behavior of the melt pool and cause
changes to the bead overlap for each metal alloy. Optical microscopy images obtained for each
metal alloy provided a two-dimensional representation of defect size and shape, while x-ray CT
inspection provided a three-dimensional understanding of defect size, morphology, location, and
an overall visual representation of the defect volumes present in each build.
Lack of fusion defects were formed in all materials when insufficient overlap existed
between adjacent passes. It was determined upon combining an increased hatch spacing with
disrupted powder flow, the largest volume percent porosity was observed for all materials. These
results disregarded defects formed near the outer boundaries of the contour, though the boundaries
contributed to higher volumes of lack of fusion for Inconel® 718 and 17-4PH stainless steels.
Differences in where the lack of fusion defects were localized was attributed to the variations in
melt pool size and shape of the Inconel® 718 and 17-4PH builds. Variation in sensitivities to form
lack of fusion defects were observed for each material due to the thermo-physical properties which
influence the melt pool size and shape.
The majority of lack of fusion defects fell within the 0.50 mm and 0.75 mm size range,
while sphericity values were primarily encompassed between 0.35 and 0.50. Sphericity values
confirmed the defects formed in each build was non-spherical or elongated in shape. Consequently,
while the majority of defects were produced in the 0.50 mm and 0.75 mm range, this did not
elaborate on large defects that coalesced during the build process. An overall decreasing power
law trend was observed for all hatch spacing conditions in a Ti-6Al-4V build when the degree of
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sphericity as a function of hatch spacing was reported. Furthermore, Ti-6Al-4V reported a
magnitude higher difference in lack of fusion defect formation versus the higher density Inconel®
718 and 17-4PH stainless steel builds.
Lack of fusion defect results obtained from optical microscopy and x-ray CT inspection
established a key framework of defect sizes, morphologies, and locations to correspond defects
detected by laser ultrasonics. Initially, artificial EDM holes were inspected in wrought and as-built
Ti-6Al-4V to optimize the signal configuration and SNR for as-built surfaces. Results identified
artificial defects ~0.80 mm in diameter at a depth of ~1.50 mm were within the range of detection
of the laser ultrasonic system. Thus, defect depth profiles were created to include defects with
diameters greater than 0.50 mm and defects within the depth range of 2 mm.
Localized lack of fusion defects along passes identified in x-ray CT scan data were
correlated to B-scan data. B-scans reported lack of fusion defects as a series of parabolas from a
machined surface of a 5-layer Ti-6Al-4V build processed with a 3.56 mm hatch spacing (140%
hatch spacing condition). A single defect approximately 1.11 mm in diameter (0.02 mm3) with a
degree of sphericity of 0.39 was detected from an as-built Ti-6Al-4V surface processed with 3.56
mm hatch spacing and disrupted powder flow. Additionally, lack of fusion defects were able to be
detected at realistic DED processing speeds of 10.58 mm/s for a machined Ti-6Al-4V build.
Furthermore, the feasibility of using laser ultrasonics as a microstructural characterization
tool was evaluated upon assessing the attenuation response from a polished surface of an asdeposited Ti-6Al-4V alloy and wrought titanium substrate. Results indicated a higher attenuation
in the as-deposited sample versus the wrought sample was influenced by the large the prior-β
grains which averaged a grain width of 264.3 ± 79.8 µm as compared to the average grain diameter
of 3.37 ± 5.08 µm calculated in the rolling direction of the wrought material. However, since the
wavelength selected for measurements were between 100 μm - 6000 µm, feature sizes less than 50
µm were not accounted for in the data. Other factors such as melt pool boundaries and/or defects
present in the material, likewise, may have contributed to some of the signal attenuation reported.
6.2

Future Work
Computational models may be used to develop an understanding of the bead geometry and

bead size related to the thermo-physical properties and processing parameters selected for each
material. Models may help achieve an understanding of the sufficient bead overlap which
diminishes the likelihood of forming lack of fusion defects. These models may then be
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experimentally implemented for various metal alloys using select processing conditions and
evaluated using x-ray CT to observe whether minimal defect formation was achieved for multiple
builds.
As previously mentioned, only a single defect was identified in all Ti-6Al-4V builds. This
indicated the generation and detection beam require fine tuning to measure defects beyond 2 mm
below the surface and smaller than 1.11 mm. The ability of the system to measure multiple realistic
lack of fusion defects from an as-deposited build surface produced by DED for various materials
is required prior to considering this technique for wide-scale integration. Furthermore, wave
velocity measurements were not evaluated in this investigation based on the experimental set-up
selected for attenuation measurements. Therefore, wave velocities collected and cross-correlated
to elastic constants for as-deposited and wrought samples would provide sufficient information to
evaluate the feasibility of laser ultrasonics for characterizing complex, AM microstructures.
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APPENDIX A: Alpha Lath Width Measurement
%% Calculation of alpha lath widths for a Ti-6Al-4V alloy. Each section
should be selected and commands control + enter will implement each section
of code.
%% The original script was developed by Abdallah Nassar, while further
modifications have been implemented by Bryant Foster and Marissa Brennan.
imageFile='.tif';
image=imread(imageFile,'tif');
tmpSize=size(image);
if length(tmpSize)==3
if tmpSize(3)==2
image(:,:,2)=[];
elseif tmpSize(3)==3
image=rgb2gray(image); % converts to grayscale
end
end
% shading correction applied to an image
% element dimensions used to adjust for illumination
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);
70
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)
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% measure image size
imageSize=size(rotatedImageBW);
%generate a grid of parallel lines for angles various angles 0 to 180
%degrees
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,j-1)~=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 extend 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 B: Filtering Signal Information in the Time Domain
%% The following code was implemented to filter signal measurements which was
collected by an oscilloscope.
%% The framework of the code was developed by Chaitanya Bakre.
clc
clear all
format long
% A butterworth filter was used to filer noise in the signal data.
sr=1000e6;
dt=1/sr;
[A,B] = butter(2,[0.1e6 30e6]/(sr/2),'bandpass');
%A csv file was selected from signal measurements collected by an
%oscilloscope.
P12=csvread('T0088CH2.CSV',17,0);
Time=P12(:,1);
P0(1,:)=P12(:,2);
figure(11)
%The following function plots the time domain signal which can further be
%used to obtain time of flight and amplitudes of interest.
plot(Time*1e6,P0(1,:)-0,'r')
hold on
F=filter(A,B,P0(1,:));
plot(Time*1e6,F,'black')
axis([0 25 -0.15 0.15])
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