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ABSTRACT

This work explored the dynamic behavior and failure mechanisms of an additively
manufactured high-entropy alloy (HEA) when subjected to high-strain rate shock impacts. A laser-
induced projectile impact testing (LIPIT) setup was used to study the dynamic behavior of the
Cantor alloy CoCrFeMnNi samples manufactured using a directed-energy deposition technique.
HEA flyers were accelerated by a pulse laser to velocities up to 1 km/s prior to impact with lithium
fluoride glass windows. A photon Doppler velocimetry (PDV) system recorded the velocity of the
flyer during the acceleration and subsequent impact. From this velocity profile, the Hugoniot
coefficient and sound speed of the HEA samples were determined.

Upon determination of key shock parameters, spallation occurring due to shock was analyzed.
Using the same LIPIT and PDV systems as the earlier testing, aluminum flyers of various
thicknesses were accelerated into HEA samples. The back-surface velocity profiles of the HEA
samples showed a characteristic “pullback” caused by the interaction of the tensile stress waves
indicative of spall occurrence in the material. The magnitude of this pullback and the material
properties determined in the first experiments allow for the measurement of spall strength at
various strain-rates. This data is compared to previous data looking at similar HEAs manufactured
using traditional methods. A comparison of this data showed that the spall strength of the HEA
samples was equivalent to that of similar alloys but at significantly higher strain rates. As an
increased strain-rate tends to result in increased spall strengths, further examination was needed to
determine the reasons for this decreased spall strength in the AM samples.

Post-shock specimen recovery allowed for the failure mechanisms behind the spallation to
be observed. Scanning electron microscope (SEM) images of the cross-section of the samples
showed ductile fracture and void growth outside of the predicted spall region. Further imaging
using energy dispersive spectroscopy (EDS) showed the presence of potentially chromium-oxide
deposits in regions outside of the predicted spall plane. It is hypothesized that these regions created
nucleation points about which spallation occurred. Thus, to achieve spall strength in AM HEAs
equivalent to strengths in traditionally-casted alloys, the AM sample must be refined to reduce the

occurrence of these deposits and voids.



1. INTRODUCTION

High-entropy alloys (HEA) are a class of relatively novel materials that possess certain
advantageous characteristics when compared to conventional alloys. The unique compositions of
these materials make them more beneficial under certain loading conditions and environments than
previous alloys. A particular HEA, the Cantor alloy CoCrFeMnNi, has shown strong potential for
use in a variety of intense environmental conditions, particularly within the field of aerospace.
While this HEA was one of the earliest to be produced and experimentally studied, recent
developments in additive manufacturing techniques present new avenues for cheaper, faster, and
more adaptable production processes of materials key to the ever-evolving aerospace domain.

However, the nature and implications of these new processes on the composition and
microstructure of these materials are not fully understood. This work seeks to address these
shortcomings by quantifying the difference in high-strain rate loading behaviors between an
additively manufactured HEA and its traditionally casted counterparts. By then identifying the
underlying microstructural differences responsible for these differences, refinement of the additive
manufacturing process can thus seek to eliminate these differences. This is critical in ensuring
these materials can withstand the pressing conditions they will be subjected to during use.

Evaluating the behavior of a material under extreme dynamic loading conditions can require
costly and complex experimental setups. While these setups have proved useful, they have become
unable to fully support the increasing demand in testing for a wide range of new materials being
produced each year. Thus, there is a need for a more efficient, cost-effective way to address this
growing problem. In Chapter 3 of this work, a method to evaluate the dynamic behavior of the
CoCrFeMnNi HEA during high-strain rate loading conditions is discussed. This system uses a
high-energy pulse laser to accelerate a flyer to velocities of more than 1 km/s. Another laser system
uses photon Doppler velocimetry (PDV) to determine the velocities of exposed surfaces present
during testing. These velocity profiles allow for key dynamic parameters and characteristics of the
HEA to be determined. This system is thus both significantly cheaper and accessible than other
competing experimental setups while still producing reliable, valuable data.

The latter half of Chapter 3 will quantify and discuss the differences observed in the
performance of an additively manufactured CoCrFeMnNi sample compared to previous

experimental studies on traditionally-cast specimens. The microstructural features of the tested



specimens are then explored. Conclusions are drawn regarding the implications of these features
on the behavior of the specimens and steps which can mitigate the effects of these differences in

the future.
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2. LITERATURE BACKGROUND

The production and use of alloys extends to ancient times when early civilizations realized the
benefits of combining multiple elements to create a single compound. [1] However, within the last
several decades, significant work has focused on creating a new type of metallurgical alloy, a high-
entropy alloy (HEA). While most conventional alloys are composed primarily of one or two
components with lesser quantities of other supplemental elements, HEAs are composed of four or
more components in equiatomic or near-equiatomic proportions. [2] The first of these HEAs to be
successfully produced, and the HEA of primary focus in this study, is known as the Cantor alloy,
CoCrFeMnNi. [3]

HEAs are advantageous because of the mechanical properties they possess owing to their
unique metallic structures. The CoCrFeMnNi HEA is a single-phase FCC-structure that initially
proved to be highly damage tolerant due to its high strength, high fracture toughness, and ductility.
[4] Further research into this HEA showed that these material properties improved as temperature
decreased. Nano-twinning of the crystal boundaries was observed at cryogenic temperatures
resulting in strain-hardening that is not possible with other conventional alloys. [5] Introducing the
material into a low-temperature environment increases its fracture toughness and strength which
is not found in other cryogenic alloys such as cryogenic steels. A high fracture-resistant, high-
energy absorbing, high strength-to-weight material that can maintain these properties across a large
temperature range such as the Cantor alloy becomes an attractive candidate for the aerospace
domain. Incorporating this technology into use, however, requires a better understanding of the
manufacturing process behind these materials.

HEAs are known as high-entropy because of the large increase in mixing entropy required to
create a metallic microstructure of multiple components in large proportions. [2] This makes their
production exceedingly complex compared to traditional alloys. The original method used to
synthesize this material involved mixing ingots of pure metals within a pure argon atmosphere. [3,
6] This mixture is remelted several times to improve chemical homogeneity before being placed
into a mold to solidify. [6] While this has become a reliable method to create consistent Cantor
specimens, there are limitations in this production process common among mold-casting

techniques including increased cost and geometry limitations. [7]
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Additive manufacturing is often turned to as a solution to address these problems. A variety
of AM methods have been developed in order to print metallic materials with many of these being
extended towards the development of AM HEAs [8], including the CoCrFeMnNi HEA. These
processes are often based on powder bed techniques such as powder-bed fusion [9] or slight
variations thereof in the case of selective laser melting [10]. To produce the AM materials, pure
powders of the elemental components are mixed in their proper proportions. These are then placed
on the bed or build plate in thin layers. A high-energy source such as a laser or electron beam fuses
these powders to form the HEA with microstructural features like those of a cast HEA.

A competing set of AM methods to produce HEASs are found in directed energy deposition
(DED) techniques. In slight contrast to powder-bed based techniques, the metal powder is applied
simultaneously to the melting of the surface by a laser. [8] The powder is injected into the system
as the build plate or laser transverses. This allows for faster and larger builds than powder-bed
based techniques. The CoCrFeMnNi samples used in this work were produced using a particular
DED technique, laser engineered net shaping (LENS). In this method, the powder is fed toward
the focal point of a beam where it is then melted. The laser-powder system remains stationary
while the build plate is translated to allow for rapid solidification of the material. Additional layers
can then be added to create a near net-shape bulk structure. [11]

Initial trials to additively manufacture CoCrFeMnNi using this method proved successful. [12]
As-built samples directly from the prints showed high yield strength and ductile fracture, but they
did not possess the same strain-hardening rates that are otherwise present in their cast counterparts.
An annealing process applied to the as-built prints formed twin boundaries in the microstructure
resulting in mechanical properties equivalent to those of cast specimens. These annealed AM
specimens were thus much improved from previous attempts to AM the CoCrNiFeMn HEA in
replicating these features. However, there were some notable microstructural differences between
the cast specimens and the AM specimens. Oxide deposits were observed randomly throughout
the material which disrupted the grain boundaries. During tensile tests, aluminum-oxide deposits
— despite Al being only found in trace amounts throughout the material — acted as initiation points
from which voids formed. It could not be concluded whether seeking to fully eliminate these Al-
oxide deposits would eliminate these dimple formations or if other oxide deposits containing Cr-

or Mn- would cause similar behaviors.
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Another key evaluation criterion to compare the AM HEA specimen to its as-cast specimen
counterparts is its response under high-strain rate loading conditions. The ability of these materials
to resist fracture when subjected to high-speed impacts makes them highly desirable for the
aerospace domain. Being able to leverage the advantages of AM while maintaining the original
characteristics of the Cantor alloy is necessary for future implementation of this material. Thus, it
is important to ensure these properties are retained in the AM specimens.

During high-velocity impacts, shock waves form in the material. These shock waves
propagate in both directions from the impact location — back into the impactor itself and forward
into the impacted material. In most cases, the propagation of these shock waves is governed
according to Hugoniot equations of state (EOS) for each of the materials. These EOS allow for the
shock wave velocity to be related to the particle velocity behind it. [13] Upon initial impact,
compressive shock waves propagate in both directions through the thickness of the materials.
Whenever these waves reach a free surface or another low-impedance feature in the material, they
reflect and become tensile waves. When tensile waves interact with each other, they create large
tensile stresses in the material. The large stresses under dynamic shock conditions allow for the
rapid nucleation of microcracks and the growth of voids. [14] These fractures and defects often
result in fragmentation of the material referred to as spall.

Spall fracture in material occurs at several thresholds of damage beginning at incipient
fracture to an intermediate stage before progressing to the main crack formation. The rate of
damage progression between these stages is dependent on the decompression rate of the free
surface upon reflection of the initial shock wave. Shock waves traveling at greater velocities result
in greater decompression rates on the free surface. Therefore, high-velocity initial shock waves
will slow the overall fracture process allowing the material to better resist spallation. The shock
wave speed and corresponding decompression rate relate to the strain rate induced by the impactor.
Thus, most materials demonstrate a strain-rate dependence between this decompression rate and
the ability of the material to resist spall fracture, or its spall strength.

Measuring the spall strength of the material allows for the quantification of its performance
to resist spallation. The spall strength of the material is the maximum tensile stress attained during
a spall fracture. Several different methods have been used over time to study and measure this
phenomenon. At a fundamental level, spall strength experiments rely on an impactor traveling at

high velocities to create a shock event within the target material. Accelerating the impactor to great
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enough velocities to generate spall fracture is often done through either the use of lasers, gas-guns,
or explosives. As the wave travels towards and reflects off the free surface of the target, the free
surface begins to travel at the particle velocity behind the shock wave. This surface begins to return
to rest as the wave leaves until accelerating again when the wave returns once again after its tensile
interaction. A velocity interferometer system for any reflector (VISAR) is traditionally used to
record this velocity profile and the change in velocity is observed between the initial arrival of the
shock wave and its return reflection. This change in velocity and the EOS properties for shock in
the material determine the spall strength of the material.

These velocity profiles reveal details of spall fracture behaviors in a material including the
rate of the fracture process and the degree of completion for the spall damage. However, these
profiles are unable to provide full descriptions of the failure mechanisms present. Post-shock
analyses of experimentally tested specimens are necessary for these qualitative assessments. Brittle
materials show signs of cracking at failure locations whereas ductile fracture results in the
nucleation and growth of voids in the material. In the case of the CoCrFeMnNi HEA, post-spall
fracture studies on cast specimens revealed significant plastic deformation in the forms of
dislocations and the formation of twin boundaries. [15] At higher-strain rates, the presence of these
twin boundaries increased due to strain hardening confirming a strain-rate dependence for spall
strength.

While measurements of spall strength and analyses of spall fracture have been studied for
nearly 60 years and can be conducted on most pulsed laser systems, these calculations rely on the
EOS parameters to already be known. The systems for determining these have tended to be much
more complex than those used to determine spall strength. The Hugoniot coefficients for the EOS
are found through an impedance-mismatch technique utilizing conservations of mass, momentum,
and energy to equate the impact, particle, and shock velocities in the flyer to the shock and particle
velocities in the target. [13] Furthermore, an elastic component in the energy balance known as
the Hugoniot elastic limit (HEL) describes the maximum compressive stress the material can
withstand prior to plastic deformation. [16] The traditional spall strength experimental setups
which only measure the back surface velocity of the target are not capable of measuring these data
points.

In order to measure the requisite data points for the determination of these values, a gas-gun

experimental setup using an electric pin technique is commonly used to measure the shock wave
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speed. [17] Electric pins are placed on the front and back surfaces of the target. The velocity profile
of the impactor is still read using a VISAR or similar system and, upon impact, the pins determine
the time for the shock wave to travel across the thickness to determine wave speed. Gas-gun
systems are expensive and difficult to access. Additionally, the size of the flyers required to install
the necessary pin systems can be several millimeters in thickness or more. This makes most pulsed
lasers unable to accelerate them to sufficient speeds required to induce shock wave propagations.

Methods have been proposed to make a determination of the EOS parameters less prohibitive.
Previous studies have shown that there is the potential to use pulsed laser setups like those used
for spall strength measurements to make EOS determinations. [18-19] In these setups, the material
of interest is used as the impactor while a transparent material that allows for velocity
determinations is chosen as the target. This allows for the front surface of the impactor to be
recorded throughout a test providing both the impact and particle velocities immediately after
impact. By selecting a known target material with a linear Hugoniot EOS [20] in the velocity range
of interest, it is possible to determine the shock parameters of the desired material. This technique
has one significant disadvantage. While the target is often a glass with an insignificant HEL, the
HEL of the flyer is unable to be determined from the velocity profile of the front surface of the
impactor. Instead, approximations of this value are made utilizing data from similar materials.

Accessibility of requisite systems can be increased through the adaption of the velocimetry
measurement systems. While VISAR has often been used and is relatively inexpensive and
compact, abrupt velocity changes and surface changes during testing make it sometimes unreliable.
[21] An alternate system has been purposed in the way of Photon Doppler Velocimetry (PDV).
[22] These systems utilize continuous wave fiber lasers and fiber optic components to create a
Doppler shift in the laser beam caused by a moving surface. The shifted beam is compared to the
original signal to determine the magnitude of the frequency shift over time. These frequencies in
the time domain are then related to velocity according to the wavelength. This system is both less
expensive than VISAR systems and capable of extracting weak signals from testing that would
otherwise be lost.

The traditional PDV system described above is homodyne because of its use of the same signal
at both the surface interface and the mixed signal. As a result, a noise band is often created at
frequencies less than 100 MHz. Therefore, low-velocity profiles are often indistinguishable from

this noise. To counter this issue, heterodyne PDV systems have been proposed. [23] These systems
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implement an additional continuous wave laser operating at a slightly higher wavelength to replace
the original signal from being mixed with the Doppler-shifted signal. This upshifts the noise band
away from the testing velocity range. Lower velocity profiles can then be measured. Material
behaviors at these low velocities can prove important in determining the Hugoniot EOS.

The development of HEAs has presented many opportunities for their applications to
aerospace technologies. In particular, the CoCrFeMnNi HEA has shown promise for cryogenic
applications due to its high fracture toughness and strength. The ability to AM this material is vital
as we look to realize the potential of this material for real-world applications. Much is still
unknown regarding the implications of these AM processes on the microstructure and dynamic
behavior of the Cantor HEA. The continued development of this technology, therefore, rests on
the ability to measure these performances in a way that is both accurate and accessible. In the
following chapter, an experimental setup incorporating the concepts discussed here is proposed to

address this need.
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3. ARTICLE: HIGH-STRAIN RATE SPALL STRENGTH
MEASUREMENT FOR COCRFEMNNI HIGH-ENTROPY ALLOY

This article has been published in Metals under DOI: https://doi.org/10.3390/met12091482

Andrew Ehler!, Abhijeet Dhiman?, Tyler Dillard!, Remi Dingreville?, Erin Barrick®, Andrew
Kustas®, and Vikas Tomar?
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tomar@purdue.edu (V.T.)

2 Center for Integrated Nanotechnologies, Sandia National Laboratories, Alouquerque, NM 87185,
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87185, USA; ejbarri@sandia.gov

4 Coatings and Additive Manufacturing Department, Sandia National Laboratories, Albuquerque,
NM 87185, USA; akustas@sandia.gov

3.1 Abstract

In this study, we experimentally investigate the high stain rate and spall behavior of Cantor
high-entropy alloy (HEA), CoCrFeMnNi. First, the Hugoniot equations of state (EOS) for the
samples are determined using laser driven CoCrFeMnNi flyers launched into known Lithium
Fluoride (LiF) windows. Photon Doppler Velocimetry (PDV) recordings of the velocity profiles
find the EOS coefficients using an impedance mismatch technique. Following this set of
measurements, laser-driven aluminum flyer plates are accelerated to velocities of 0.5-1.0 km/s
using a high-energy pulse laser. Upon impact with CoCrFeMnNi samples, the shock response is
found through PDV measurements of the free surface velocities. From this second set of
measurements, the spall strength of the alloy is found for pressures up to 5 GPa and strain rates in
excess of 10° s™1. Further analysis of the failure mechanisms behind the spallation is conducted
using fractography revealing the occurrence of ductile fracture at voids presumed to be caused by

chromium oxide deposits created during the manufacturing process.

Keywords: high-entropy alloy; cantor alloy; equation of state; spall strength; laser-induced

projectile impact testing; Photon Doppler Velocimetry
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3.2 Introduction

High-entropy alloys (HEASs), particularly those composed of at least four elemental
constituents with equimolar or near-equimolar components, have shown great promise for
applications in aviation and aerospace fields owing to their high strength and thermal stability at
high temperatures [1-3]. The so-called Cantor alloy, equiatomic CoCrFeMnNi, has been of
particular interest. This specific quinary HEA possesses a combination of high strength and high
ductility [4-9], as well as the ability to sustain high levels of fracture toughness at extremely low
temperatures [7-9]. These properties make CoCrFeMnNi a strong candidate as a structural
material for a range of applications for which high strength and fracture resiliency are key,
particularly in aerospace and nuclear applications. However, continued research is needed to fully
understand how these materials perform under dynamic-loading conditions. More specifically, the
shock properties of HEAS at ultra-high strain rates are of significant interest to the fundamental
shock physics community and to the broader scientific community.

Previous investigations into the spall strength and equations of state (EOS) of conventional
structural materials involve the use of single-stage gas guns in combination with a variety of
measurement methods such as a Doppler Pin System (DPS) [10] or Photo Doppler Velocimetry
(PDV) [11] to record free surface velocities in order to derive spall strength and EOS. For instance,
Jiang et al. [12] used a gas-gun system setup to investigate the dynamic response of CoCrFeMnNi
alloys, including the Hugoniot elastic limit (HEL) and EOS coefficients. Gas-gun systems,
however, are not always readily available to provide an abundant amount of high-throughput data
across a broad range of impact velocities. As an alternative, recent research has been trending
towards using high-energy single-pulse lasers to achieve high-velocity impacts in order to
investigate spall strengths and failure mechanisms for various materials [13-18].

Lou et al. [19] and Swift et al. [20] developed a laser-launch system capable of determining
EOS using Cu, Ga, and NiTi flyers impacting a known polymethyl methacrylate, PMMA, target
with flyer impact velocities less than 200 m/s. Further studies demonstrated that combining several
high-energy lasers can extend the velocity range for impacts in these studies in excess of 10 km/s
[21]. The extension of this system to high-energy single-pulse lasers used to investigate spall
strength to determine materials’ EOS is a viable and efficient technique as it allows for a decreased
timeline of the evaluation of a variety of emerging materials with respect to their responses under

shock loading conditions.
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In addition to the experimental studies, previous research has also shown that the behavior
of HEAs under high-strain rate loading conditions can be assessed through numerical simulations.
Molecular dynamics (MD) simulations have been used to further analyze the spall strength and
failure mechanisms [22,23]. These simulations have been used to numerically predict spall
strengths of materials and their relations to strain rates as well as determine the failure mechanisms
at the atomic scale. However, successful modeling of these physics has sometimes relied upon the
experimental results for EOS [23]. Furthermore, experimental results serve as a useful
determination in assessing the accuracy of these models. Thus, reliable experimental findings are
required prior to the full implementation of numerical analyses.

In this article, we report the design and results of experiments conducted to obtain the
equation of state (EOS) and spall strength of an additively manufactured CoCrFeMnNi HEA at
high strain rate for the first time. Specifically, we conducted high-strain rate experiments (>108s™?)
that rely on high-speed impact loading to generate large dynamic hydrostatic stresses in a target
material. A laser-induced projectile impact testing (LIPIT) setup allows for the acceleration of thin
metal flyers at velocities more than ~1 km/s. PDV measurements record velocity profiles during
the impacts in order to derive the key parameters to describe the dynamic behavior of the Cantor
samples. Post-shock specimen recovery allows for simple analysis of void nucleation and
fragmentation due to spalling of CoCrFeMnNi HEA. This study provides further insight into the
microstructural features of the additively manufactured specimens that can act as failure

mechanism sites within this material.

3.3 Materials and Methods

In this study, we investigated shock properties of an additively manufactured CoCrFeMnNi
HEA sample using a laser-based flyer plates system with micron-scale disk impactors. The HEA
samples were manufactured using a laser-based directed energy deposition (DED) technique,
Laser Engineered Net Shaping (LENS) [24]. The samples provided for testing were rectangular
with an original thickness of approximately 300 um and are shown in Figure 2.1. To create the
disk impactors required for testing, these samples were then polished using increasingly fine-grit
sandpaper to reduce the specimen to the desired thickness while maintaining planarity along the
surface in order to ensure consistent impact velocities and profiles. Additionally, the polishing

process resulted in a mirrored finish along the surface, increasing the flyers’ reflectivity. This
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mirrored finish was intended to maximize the reliability of photon Doppler velocimetry (PDV)
measurements. Finally, 1.5 mm diameter flyers were punched from these prepared specimens for
testing. Punching of the disks was reserved for the final step to avoid creating irregularities of the
both the surface and overall shape of the flyers.

(2) g  (b)

Figure 3.1. (a) Additively manufactured specimen (b) Polished specimen (c) Punched flyer cut-
out from (b).

The testing equipment utilized in these studies is a modified version of the micron-scale
impact platform developed and used in previous studies [25,26]. The laser-based impact setup used
is shown in Figure 2.2, where the flyer is a thin foil launched by intense laser pulses, accelerating
up to ~1 km/s in less than 100 ns. The flyer launch assembly consists of CoCrFeMnNi HEA
impactors of 10-25 um thickness glued to glass substrates. A high-energy nanosecond pulsed laser
delivered a spatially homogeneous convergent beam directed through the glass to the glass—epoxy—
flyer interface. An Nd:YAG laser, Continuum laser, was used, that produces up to 0.75 J at 1.064
um, with a nominal pulse duration of 8 ns. A uniform beam profile was generated using a 25 mm
diameter diffractive optical element (HOLO/OR). After the diffractive optic, the beam was focused
with an aspheric objective lens with a 60 mm focal length to produce an 800 pum homogenized

focused spot concentric with the flyer disk.
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Figure 3.2. Schematic of laser flyer launch system with photon Doppler velocimeter (PDV). BE
= beam expander, BH = beam homogenizer, OBJ = objective lens, AL = aspheric lens, FI =
Faraday isolator, Reprinted with permission from ref. [25]. Copyright 2022 Springer.

The HEA flyer disk is accelerated inside a vacuum channel of 150 pm length and ultimately
impacts a Lithium Fluoride (LiF) glass target with known shock properties [27]. The PDV system
depicted in Figure 2.2 uses a single-mode fiber that was collimated to 1.5 mm diameter using a
collimator and focused onto the target using an aspheric lens with a long working distance of 17.5
mm. The reflected signal from the flyer was probed through the LiF glass target and mixed with
the original reference signal coming from a splitter to create interference. The mixed signal was
detected through a 20 GHz photodiode detector and recorded on an oscilloscope. The
interferogram produced during the impact was analyzed using a short-term Fourier transform to
obtain the impact velocity of the flyer and particle velocity of the target at the flyer—target interface.
Since the LiF glass window is a standard material with known EQS, the shock state of the impactor
can be deduced via the impedance mismatch technique in Equation (1) [28], where Us and Up are

the shock and particle velocities found through Equation (2) and Equation (3) respectively.

PUsupaUp upa + HELyga = pUs 1ipUp 1ip + HEL i (1)
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where
US = CO + SUP (2)

and
UP,HEA =V - UP,LIF (3)

This technique utilizes conservation of mass, energy, and momentum to derive relations
between shock and particle velocity between the two mediums. PDV measurements record both
the impact velocity, V, of the flyer and the particle velocity in the LiF target. These values allow
for the Hugoniot pressure to develop in the LiF. Thus, the only remaining unknown in Equation
(1) is Us Hea. This system of equations allows for the Hugoniot coefficient s and bulk sound speed
Co to be determined.

Using the same system, slight modifications to the setup were made to investigate the spall
strength of the material. Spall strength can be used to provide further insights into the failure and
deformation mechanisms of the HEA when the tensile load exceeds the fracture energy and voids
nucleate in the material. To perform spall testing of HEA specimens, an aluminum 1100 foil disk
was used as an impactor and an HEA foil was used as the target. Figure 2.3a shows the schematic
of spall failure inside the HEA target. As shown in this figure, the intersection of reflected shock
wave by the free surface of impactor and specimen leads to dynamic tensile stresses that ultimately
result in failure. The PDV measurements of velocity along the free surface of the target are used
to find the spall strength. We estimate the spall strength by determining the difference between the
maximum particle velocity and the minimum of the spall pullback, as depicted by Av in the free
surface velocity profile in Figure 2.3b. The momentum conservation condition in Equation (4) is
then applied to estimate spall strength as a function of material properties and this pullback velocity
[29], where cg is the bulk sound speed of the material. The strain rate induced by this impact is

calculated according to Equations (4) and (5) [19], such that,

1
Ospall = EPOCBAU (4)
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Figure 3.3. (a) Schematic of spall due to flyer impact in Lagrange frame (b) Velocity profile at
the free surface of the target during spall failure.

Post-shock specimen recovery reveals further details into the mechanisms present during
spallation of the tested specimens. Post-impact optical microscopy image analysis of the HEA
target specimen is utilized to evaluate whether there is void nucleation present in the material. In

the asymmetric collision between the aluminum flyer and HEA target, there is a change of flyer
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speed before and after the collision. High magnification images of the HEA target after impact can
be processed to locate the clusters of voids, which can be classified as clusters when linked and in
close enough proximity. The density of the voids in the HEA as a function of the calculated shock
pressure gives a second measurement for spall strength which can be used to validate the first.
Furthermore, scanning electron microscope (SEM) imaging with energy dispersive spectroscopy
(EDS) allows for the determination of the microstructural features of the specimens. These features
can be linked to failures within the samples in order to ascertain the impacts of AM LENS

processes on the dynamic behaviors of the CoCrFeMnNi samples.

3.4 Results and Discussion

3.4.1 Equation of State

Figure 4a shows a velocity history obtained by PDV of the impact faces of an HEA flyer of
25um thicknesses, launched across a 150 pm gap at LiF glass targets. A laser energy of 800 mJ
was used to accelerate the HEA flyers to a velocity of approximately 400 m/s. We note that there
is then a sudden reduction in the recorded velocity of the flyer as it impacts the LiF glass target.
Figure 4b shows the impact velocity profile around this region. Rather than a sudden decrease in
the velocity of the flyer to rest, we measured a period of around 15 ns in which the flyer and LiF
glass interface have a relatively constant velocity, as indicated in Figure 4b. This is an indication
of the particle velocity within the LiF glass target behind the shock wave induced by the impact of
the HEA flyer.
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Figure 3.4. (a) Velocity profile of flyer impact on glass (b) Velocity profile measured at the
flyer—glass interface.

Using these PDV measurements, we wish to extract two parameters for the flyer/target
impacts. These are (i) the flyer impact velocity in free space and (ii) the velocity of the flyer/target
interface, or Uimpact and Up in Figure 4b, respectively. From the known EOS for the LiF glass target,
the relation between shock velocity (Us) and particle velocity (Up) for the HEA flyer can be
obtained from impedance balance using the Uimpact and Up data points. This experiment is then
repeated several times with variations in the thickness of the flyer ranging from 10 to 25 pum,

allowing for several different impact velocities to be reached. These varying impact velocities
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result in unique measured particle velocities in the LiF glass target and thus different Us—Up
relations are found in the HEA sample.

Plotting each of these relations in Figure 2.5, we observe a general positive relation be-
tween particle velocity and shock, as should be expected. Furthermore, these results are compared
to those obtained previously using a gas-gun experiment with a DPS [12], which examined drop-
cast Cantor alloy, as well as to results of atomistic simulations, which look at the micro-scale
relations between the particles to derive Hugoniot pressures. From these results, a linear curve
fitting of the Us—Up relations allows the Hugoniot coefficients for the CoCrFeMnNi samples
examined to be determined. As shown in Figure 2.5, the expected bulk sound speed, c, is expected
to be 3.97 km/s, with a slope of 2.25 representing the Hugoniot coefficient with a coefficient of
determination of 0.10. The Hugoniot coefficient and bulk sound speed reported by Jiang et al. [12]
were 1.39 and 4.50 km/s, respectively. A linear approximation of the MD simulation in the same
velocity range as these experiments found these values to be 2.92 and 3.48 km/s, respectively.

Our measurements agree with both the findings of the MD simulations and EOS for the same
alloy fabricated through a non-AM process determined through use of the gas-gun. However, we
point out that these results have more variability than those produced in the gas-gun experiments.
The results of this study allow us to compare the AM HEA samples to previous EOS and spall
studies of similar materials. Furthermore, the experimental techniques used in this study can be
compared to previous techniques, primarily those used in determination of EOS. While there are
certain advantages offered by the techniques utilized in the study, there are also deficiencies which

must be properly considered.
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Figure 3.5. Us—Up relations found in experiment compared to MD Simulation and previous
literature [9] which allows equation of state to be derived.

To begin, we are unable to determine the HEL of the material from these measurements.
Calculations performed to determine the coefficients of the Hugoniot EOS relied upon published
values. The PDV measurements are unable to provide a velocity-time profile from which this limit
could be deduced as it is in other studies [12] requiring less-available gas-gun experimental setups.
Second, while there are minor variations in these values between similar materials [12] and the
impacts of these variations are minor for the purposes of this study, they do highlight a shortcoming
of this experimental approach. A novel material with unknown values would have no clear
counterparts to reference for a reasonable approximation of its elastic limit. Therefore, there would
be little confidence in the results generated in these studies.

Additionally, there were greater variations in the PDV measurements of the present study
than those found in previous studies using traditional DPS methods. This variation is presumed to
be caused by several factors. First, the homodyne PDV system used had significant noise at lower
frequencies. As a result of this, trials with velocity profiles below ~0.13 km/s did not provide

useful results. On the other side of this envelope, the current experimental setup and procedures
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are unable to achieve the high velocities necessary for testing over a large range. While it is known
that thinner flyers will achieve higher impact velocities and generate greater shock velocities, there
are limitations to reducing thickness. Polishing below 10 pum creates uneven shapes and surfaces
of the flyer non-conducive for testing. Furthermore, the impacts with these thinner flyers do not
create strong shock signals for determining the particle velocity in the LiF target.

To mitigate these issues, several modifications are proposed for future work. Improvements
to the current system can allow for greater determination of impact and particle velocities behind
the shock, especially those occurring at lower velocities. Several authors have proposed an
implementation of a heterodyne PDV system in flyer-impact experiments [30-32] rather than the
current homodyne system used for this study. Referring to Figure 2, instead of splitting the 1550
nm CW laser prior to mixing with the returned signal, another signal with a wavelength of 0.1 pm
difference is mixed. This allows for the noise which typically occurs around the 0-0.1 GHz band
to upshift to >1.5 GHz, well out-side of the testing range. This upshift allows for further testing of
the lower velocities. To achieve higher velocities, an increase in power in laser energy beyond 0.8
J over the same pulse width can achieve higher impact velocities for same-thickness flyers. Laser
power cannot be increased continually without potentially damaging the flyer during launch;
however, small increases could allow for testing over an increased range of velocities, allowing

for greater fidelity in conclusions regarding the Hugoniot coefficients.

3.4.2 Spall Strength

Figure 2.6a shows a PDV measurement during the impact experiments of HEA target using
aluminum flyers. These experiments provide a direct measurement of the free surface velocity of
the HEA alloy samples during impact with the aluminum flyer. This velocity profile is the
signature of a spall failure where material begins to lose cohesive strength under dynamic tension
and pieces of the target material begin to separate from the overall foil. Figure 2.6b shows how
this failure appears within the HEA targets after testing. The tensile wave interactions resulting
from reflections of the shock wave have exceeded the local tensile strength of the HEA sample.
These failures result in the nucleation of voids within the material. A spall failure along the surface

of the sample is readily apparent where a crack has propagated due to material separation.
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Figure 3.6. (a) Particle velocity measured from the free surface of the HEA target (b) Spall
failure in the target.
The free surface velocity history shown in Figure 2.6a can be analyzed to understand the

stress history in the target throughout the spall failure process. At ~39 ns, the free surface velocity

peaks at around 200 m/s. This peak free surface velocity corresponds to the maximum compressive
hydrostatic stress seen in the sample. The free surface velocity measured by the PDV then

decreases until reaching a local minimum. This “pullback” velocity signal occurs at ~50 ns, while

the free surface velocity is 121 m/s. The corresponding “pullback” velocity defined as Av, is
measured as ~79 m/s in this trial. From here, the spall strength of the material is then estimated
using Equation (3). The strain rate induced by the flyer impacts within the HEA samples are also
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determined. Strain rate is determined based upon the slope of the velocity profile at the midpoint
between the peak compressive stress and the pullback signal.

This strain rate will differ depending on the thickness of the aluminum flyer used in the trial.
Aluminum flyers of 25 pm and 50 pm thicknesses were used in these experiments which had
resulting flyout velocities prior to impact with the HEA targets of around 1.0 km/s and 0.5 km/s,
respectively. The differences in these flyouts and the resulting impacts produced different free
surface velocity profiles. The variations of the spall strength and the strain rate for each test
scenario are shown in Figure 2.7.

In Figure 2.7, the data point corresponding to the 50 um aluminum flyers had a strain rate
of 1.58 us* with an observed spall strength of 1.64 GPa. Meanwhile, for the 25 um flyer case,
where the impact velocity was nearly double that of the 50 pm, the strain rate was 6.02 ps™?, with
a spall strength of 3.00 GPa. The higher velocity impacts resulted in both a higher strain rate and
greater spall strength being observed within the HEA samples. This positive correlation between
these two variables is expected. Previous studies on similar materials observed similar behaviors
[10,11].
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Figure 3.7. Strain rate dependence of spall strength for CoCrFeMnNi alloy compared to similar
alloys.
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Figure 2.7 also shows a comparison of the CoCrFeMnNi HEA sample tested in this study to
previous spall-strain rate studies examining similar HEAs produced under conventional methods
[10,11]. These studies tested at strain rate magnitudes lower than those present in these
experiments. However, the spall strengths of those materials at those lower strain rates are similar
to the spall strength determined for this HEA produced using AM methods. There can be several
reasons for these discrepancies. Analysis of the specimens impacted by 25 um flyers did not show
the evident spall failures of those impacted by the 50 um flyers seen in Figure 2.6Db. It is possible
that the tensile stress waves created by these failures were insufficient to produce a strong spall
failure. Thus, the spall strength observed in these higher strain rate tests may not fully reflect the
behavior of the material. In future studies, achieving higher strain rates with flyers in excess of 50
pm thickness would be desired. These trials have shown that spallation occurs throughout the
sample, increasing confidence that the spall strength calculated accurately reflects the material’s
behavior. To achieve higher strain rates with these flyers would require certain modifications to
the current experimental design. Increasing the energy of the laser at the point of launch can best
increase the impact velocity of the aluminum flyers. Similar to the solutions addressed in the
previous section, increasing the energy output of a single pulse at the point of launch through the
use of a different pulse laser or modifications to the diffractive elements prior to the aspheric lens
in order to decrease spot size would achieve this. Flyers of 50 um and greater could then be used
to achieve the high strain rates produced by the 25 um flyers in these studies while still producing
evident spall failures.

Additionally, differences between the AM CoCrFeMnNi samples tested in this study and the
compared HEA specimens may have resulted in similar spall strengths despite the increased strain
rates present. While the compositions of these materials differ and could have contributed to these
discrepancies, there are also dissimilarities in the manufacturing processes. These differing
processes may have resulted in microstructural features that can better explain these findings. To
do so, post-shock recovered samples were examined to identify and characterize the spall failures

in the samples.

3.4.3 Fractography Analysis

High-magnification images were taken using an SEM of the post-shock recovered samples

in order to better observe the spallation within the material. In Figure 2.8, a cross-section of a post-
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impacted 100 um HEA target with the aluminum flyer plate is shown. Outlined in Figure 2.8 is
the region highlighted by the black box in which spall is expected to occur based upon calculations
involving wave speed and thicknesses of the target and flyer [29]. The other red-highlighted
regions indicate the regions in which spallation damage was observed within the sample. The
enlarged images of these areas show rounded crack tips. This indicates ductile behavior in the
HEA sample despite the high strain rates present.

AL Impactor (25 pm)

HEA Target (100 pm)

Figure 3.8. Post-impact cross-section images showing spallation in HEA target both within and
outside of predicted spall region.

Also notable in these analyses are the locations at which spall failure occurred. While
spallation is observed within the expected region, as shown in the left and center enlarged images
of Figure 2.8, there are also indications of spall failure outside of these regions, as shown in the
right image. These failures occurred much nearer to the surface, between the HEA target and the
aluminum impactor. While these failures appear to be of a similar nature as those in the expected
spall region as indicated by the rounded crack tips indicative of ductile failure, the formation of
these failures in an unanticipated location is investigated.

To understand the presence of these spall failures outside of the predicted spall planes, we
acquired further SEM images to reveal features in the microstructure of this material, prior to
impact experiments. In Figure 2.9, the two images in the top left show the presence of both pores
and low atomic number (Z) constituents throughout the samples. The low atomic number
constituents are distinguishable from the porosities in the secondary electron SEM image in Figure
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2.9b, which shows topographic features. The corresponding EDS maps show local enrichment of
Crand O in the areas corresponding to the low-Z constituents, suggesting that these are Cr-oxides.
However, these cannot be identified as oxides with complete certainty because the O Ka X-ray
line at 0.525 keV is unable to be deconvoluted from the Cr La line at 0.573 eV on the EDS
elemental spectrum. Due to the overlapping X-ray energies, further characterization of these AM
samples would be needed to confirm that the light elemental phases shown in the EDS elemental
maps are indeed Cr-oxides. It is hypothesized that during the laser-based DED AM process,
chromium preferentially oxidized to form these chromium-oxide deposits in the material.
Regardless, both the formation of these low-Z constituents as well as the porosities observed in
the material may have served as nucleation sites about which the crack could propagate when
subjected to the tensile waves induced by the shock [33]. The presence of these areas outside of
the predicted spall plane thus resulted in crack formation as observed in the spall failure samples.
To understand which of these two features is responsible for the failures, or whether both equally

contributed, further EDS imagining of post-impact samples would be required.
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3.5 Conclusions

In this study, we investigated the behavior of an AM CoCrFeMnNi HEA when subjected to

shock loading via an LIPIT system. This approach allows for greater versatility in studying the

dynamic behaviors of novel materials compared to traditional methods involving DPS and gas-

gun experiments.

Determination of Hugoniot EOS coefficient and bulk sound speed can be determined
from PDV measurements. These results are reliant upon HEL data from similar materials
to be available.

Future EOS determination can be improved through testing across a wider range of
impact velocities and the implementation of an improved heterodyne PDV system
compared to the available homodyne system used in this study.

Spall strength determination using the free surface velocity of the HEA targets showed
measured spall strength approximately increased material spall strength at higher strain
rates.

Achieving higher impact velocities with flyers of at least 50 um thickness will produce
greater spallation in the materials and lend greater confidence in the accurate assessment
of the material’s spall strength.

Post-shock recovered samples showed evidence of ductile fracture in spall regions. This
spallation occurred both within and outside of the region predicted by the shock wave
speeds.

SEM imaging showed the presence of voids in areas outside of the predicted spall region.
Furthermore, EDS elemental maps showed the presence of Cr-rich oxides as well as
porosities within the HEA samples.

Porosities and Cr-oxides outside of the predicted spall region may have served as void
nucleation sites, explaining spallation observed throughout post-impacted samples rather
than analytically predicted regions.

Further investigation into the exact microstructural features in the failure regions will
better describe whether the voids’ formations are more attributable to the pores or low-

Z constituents.
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« Refinement of the manufacturing process to prevent the formation of the porosities and
low-Z constituents may allow for increased spall strength in the material at high strain

rates.
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4. CONCLUSION

This work investigated the spall behavior of an AM CoCrFeMnNi HEA specimen when
subjected to high-strain rate loading. A novel experimental setup using a high-energy pulse laser
with a homodyne PDV system was used to record velocity profiles during high-speed impacts of
thin disk flyers. This setup demonstrated the ability of this system to measure not only the spall
strength and failure mechanisms of these materials, but also determine key shock parameters
necessary for these spall strength calculations. This system is then capable of providing key
measurements which were previously only possible using more expensive and less available gas-
gun setups. Thus, key supplemental data and verification of numerical simulations are more readily
accessible to address the ever-growing need for high-speed testing as the aerospace domain
evolves.

The results of testing of the AM CoCrFeMnNi HEA showed that the Hugoniot parameters
governing the propagation of shock in the material were like those found in traditionally
manufactured samples and those predicted using MD simulations. Spall strength measurements
determined that the AM specimens possessed equivalent strengths to similar HEAs although at
significantly higher strain-rates. The higher-strain rates associated with these spall strengths and
the occurrence of failures outside of the predicted spall region suggested the presence of
microstructural features in the AM samples different from those of traditionally casted Cantor
alloys. SEM-EDS imaging of the samples revealed likely chromium-oxide deposits and porosities
throughout the sample that would not otherwise be present. These regions likely explain the
differences in spall strengths as well as the occurrence of materials throughout the specimens
instead of being limited to the predicted spall region. Eliminating the occurrence of these defects
by manipulating AM production parameters could improve the performance of AM CoCrFeMnNi
HEA specimens to be equivalent to traditionally manufactured Cantor alloys during high-strain
loadings.

Three recommendations are made for future research building upon this work. First, the
implementation of a heterodyne PDV system rather than the current homodyne version can expand
the velocity range during testing to include lower velocities. This can build greater fidelity in these
values to verify numerical simulations. Second is the incorporation of a higher energy pulse laser

to achieve greater flyer velocities prior to impact. This would allow for testing to better determine
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the effects of increasing strain-rates on the specimens as well as the creation of clearer spall regions
to better analyze the failure mechanisms. Finally, EDS mapping of post-shock samples may be
able to determine the exact microstructural defects responsible for the differing behavior of AM
samples during high-velocity impacts. Doing so would allow for more precision in refining the

AM process.
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