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Abstract

The modern transportation sector, including aerospace and defense, demand advanced materials with
extraordinary properties to make the service structures more durable and safer. The aforesaid
applications involve high-velocity impact and strain rate situations, in which structures may be
subjected to radically different loading circumstances than their static equivalents. A new era of
materials, namely multicomponent alloys that deviate from the conventional alloying strategy, is
expected to replace traditional materials in future engineering applications. The reasons for this specific
and notable commitment are their exceptional mechanical performance at room, high, and cryogenic
temperatures. These alloys provide a consortium of properties that can outclass many materials
currently in use. Such an alloy, namely Cantor alloy, an equiatomic, five-element material system
CoNiFeMnCr has been tested under low and high strain rates. A remarkable elevated yield strength of
70% as compared to static loading, with high strain rate sensitivity and work hardening, is observed
without fracture. This alloy's outstanding impact resistance makes it a prime contender for shock
absorption and damage tolerant applications. The higher strength contribution at dynamic testing is
linked to the profound effect of dislocation-mediated microstructural manifestation. The study also
provides insights into a novel high strain rate method to evaluate impact-related problems in a precise,
more versatile manner.
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1. Introduction

Unlike the conventional alloys based on iron, copper, or aluminum, high entropy alloys are
materials that deviate from the traditional alloying strategy and are composed of at least five elements
blended in a nearly equiatomic ratio. This manifestation attributes properties that are far better than
conventional materials. Interestingly, superior mechanical properties or governed by phase
adjustments like dual-phase alloys or by the severe plastic deformation methods. However, the high
entropy alloys, in most scenarios, are stable single-phase alloys. However, their mechanical
performance is far better than many conventional single-phase and dual-phase alloys. The
development idea was floated in 2004 [1, 2], and it was investigated that four core effects, namely
high entropy, sluggish diffusion, cocktail, and lattice distortion, contribute to the remarkable physical
and mechanical properties of these materials. Amongst these effects, lattice distortion and cocktail
are primarily concerned with the mechanical performance of alloys due to the atomic level strains and
composite type effect governed by the equimolar nature of the elements present [3]. Another
prominent and amongst the most influential attribute of high entropy alloys is the stacking fault energy
which plays a controlling role in many deformation processes. Mostly the SFE of high entropy alloys
is much lower as compared to conventional materials; for example, copper has SFE in the range of
78 mJ/m? whereas much high entropy and medium entropy alloys have SFE in the range of 15-30
mJ/m2. The lower SFE favors additional deformation mechanisms such as twinning in metals.

The Cantor alloy, consisting of five elements Co, Cr, Ni, Mn, and Fe, has been researched
extensively and shows excellent mechanical properties, including high strength and ductility with a
moderate yield strength at quasi-conditions of loading. A prominent manifestation of this alloy is its
outstanding impact and shock resistance at high strain rates, as reported [4]. This elevated level of
strengthening at a dynamic regime is governed by lattice defects and deformation mechanisms that
initiate and are followed during the progression of straining under impact loading.

The deformation mechanisms are broadly categorized into dislocation mediated [5, 6] and or

coupled with other interface defects like twins [6] in materials where the microstructure is strain rate
sensitive. Keeping in view the complex and unique nature of these alloys, the recent regime of
scientific research has witnessed a swift pace in the investigation of these alloys regarding various
aspects ranging from microstructure [7] processing [8-10] and mechanical characterization[11, 12].
Fewer studies have been conducted to evaluate the dynamic performance of high entropy alloys [13,
14], yet a deep understanding of the phenomenological mechanisms is scarce.
Structural integrity for materials working under extreme conditions of load, impact, and
crashworthiness is of prime concern in the transportation industry, specifically aerospace and
defense, that demands extended safety of structural components. All these extreme conditions
encounter service conditions that are entirely diverse compared with quasi-static loadings or static
impacts. The borderline defining these scenarios of loading is the duration of impact; for example, at
high strain rates, materials encounter high-temperature rise, and the dissipation of heat from the
material is not possible, which in turn can cause softening effect and loss of strength making the
structures vulnerable to damage.

Considering the vital field of impact and shock loading in aerospace and defense, the current study
investigates the five-component based high entropy alloy, CoNiFeMnCr, at different strain rate
regimes using a novel electro-magnetic split Hopkinson pressure bar proposed and developed by Li
et al. [15, 16]. The study shows that the material under investigation bears a unique combination of
strength and deformability, which is not affected by the high strain rate; rather, at the diverse loading
conditions, the material provides high damage tolerance. The results will be helpful to broaden and
pave the futuristic applications of this new class of materials in aforesaid industries.

2. Materials and methods

High entropy alloy consisting of five elements, namely CoNiFeMnCr, was produced by a magnetic
levitation furnace under vacuum conditions. The powders with elemental purity of more than 99.95 %
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were used as raw material to produce the cast rods. The melt homogeneity was achieved by
successive remelting of the cast ingot. Also, the material after casting was homogenized at a low-
temperature range of 600°C for 6 hours in a vacuum to eliminate the effect of elemental segregation,
if any. The chemical composition and phase identification was carried out by disruptive energy
Spectroscopy (EDS) and X-ray diffraction (XRD), respectively. The microstructural characterization
for the raw material and the deformed specimens was furnished using a Scanning electron
microscope, Sigma-300, equipped with EBSD. The samples for EBSD were prepared using
conventional grinding (800-2000 grit) followed by electropolishing employing HCLO4: C2H20H (1:9)
at 20 V.Compression tests were carried out under quasi-static loading utilizing a servo-hydraulic
universal testing machine while dynamic tests were conducted using indigenously developed ESHPB
which uses electrical energy to acquire mechanical impact as compared to conventional split
Hopkinson bar where pneumatic pressure is utilized to impact the striker. In the ESHPB, no striker bar
is used, and only incident and transmitted bars are used as means of achieving high energy impact.
A schematic of the ESHPB is shown in Figure 1. The capacitance plays a role in achieving the impact
pulse duration, whereas the amplitude of the wave is controlled by voltage. The simple and constant
combination of capacitance and voltage makes it possible to achieve the precise and well-controlled
impact energy as compared to conventional SHPB, where pressure variations and mismatch between
striker and incident bar usually result in varying pulse amplitude and hence the strain rate.

Capacitor bank and
transformer unit

~

Active coil

Incident bar Transmitted bar

. Specimen
Inductive coil™

Figure 1: Schematic of electro-magnetic split Hopkinson bar

Square-shaped specimens with dimensions of 4x4x4 mm3were prepared by electric discharge cutting.
For comparison purposes, conventional FCC material, copper, was also tested under the same
loading conditions. Before tests, the specimens were mechanically polished to remove the surface
roughness and make the contact-surface parallel to avoid any stress concentration.

3. Results and discussion
3.1 Pre-compression microstructural characterization

XRD was used to characterize the high entropy alloy for phase identification. The scanning speed for
XRD was chosen as 3 °/ min, and the scanning angle was swept between 30 to 120 °. The phase
map is shown in Figure 2 (a), profiling well-defined XRD peaks corresponding to single-phase FCC
alloy. Also, the homogeneous and equimolar nature is clearly evident from the EDS maps and
chemical composition displayed in Figure 2 (b), respectively. Some black spots are observed in the
individual EDS maps, which correspond to porosity in the material. Being a cast product, porosity is
inherent to materials; however, the distribution of alloying elements is homogeneous (as verified by
EDS), which is a pre-requisite in all the high entropy alloys along with single or multiple phase
formations and their stability. After the compression testing, samples were microscopically examined,
and the results are presented in Figure 5. Details regarding salient features of the corresponding
microstructural evolution are discussed later.



HIGH IMPACT AND DAMAGE TOLERANT MULTICOMPONENT
ALLOY FOR HIGH STRAIN RATE APPLICATIONS

(a)
| (111)
- (FCO)
\5 -
£
e
§ . (200)
S
= N (220) (3,:1} 222)
P— =4 S i i i
30 40 50 60 70 80 90 100 10 120
(b) 2 0 (degrees)

Cr Kal Ni Kal

T

Element
Cr
Fe 18.30
Co 19.59
Ni 20.28
Mn 20.58

[ e | 2w 1
FLTT e

Figure 2:High entropy alloy; XRD phase map (a), EDS maps for individual constituting elements
with chemical composition (b)
. Figure 3 shows the raw material SEM and EBSD images before deformation. The material consists

of almost equiaxed grains with definite grain boundaries. From Figure 3 (a), it can be perceived that
the average grain size is larger than 100 pm.

Figure 3: SEM-BSD image (a) and IPF-unique grain color map for raw material
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3.2 Mechanical characterization

Quasi-static compression was performed at a strain rate of 10 s on cubic specimens. Dynamic
compression tests at a strain rate of 1500 s-! were conducted employing the ESHPB. The acquisition
of incident reflected and transmitted signals are made using strain gauges mounted at the center of
the bars. The complete operational and construction details of the equipment are available in our
previous published work [16]. Tests repeatability was ensured to enhance the validation of results.

For dynamic tests, uni-axial stress wave theory can be used to acquire stress, strain, and strain rate
from the following relationship;

A
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In the above equations, E and A are the elastic moduli and cross-sectional area of the incident bar,
C, is the longitudinal wave speed, and Cq is the longitudinal elastic wave velocity given by /E/p. The

&g and &g are the reflected and transmitted wave signals recorded by the strain gauge. From Eq. 1-
3, the strain rate during deformation is thus proportional to the reflected pulse amplitude; the stress in
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Figure 4:Time history plots for stress wave propagation (a) stress balance curves (b) low and high
strain rate compression curves (c) and work hardening curve at high strain rate plotted against true
stress
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the specimen is proportional to the amplitude of the transmitted pulse, and the axial strain in the
specimen can be calculated by integrating the strain rate with respect to time t. Some salient features
of the new novel method adopted in this study for dynamic testing are the constant strain rate and
stress balance, attributed to the constant input values of voltage and capacitance as compared to the
conventional bar where gas pressure control is always hard to achieve. Figure 4 (a,b) shows the
typical stress pulse generated and related stress balance for the dynamic test carried out in the current
study, respectively.

Uniaxial low strain rate tests and high strain rate test results are presented in Figure 4 (c). The
dynamic stress-strain behavior of high entropy alloys has also been compared to pure copper,
demonstrating a significant difference in mechanical performance between high entropy alloys and
traditional FCC metals and alloys. The engineering stress-strain curves depict salient features of high
strain rate dependent strength elevation and profound strain rate sensitivity. The stress-strain curves
at the end of the test depict unloading since no fracture of the specimens was observed during the
progression of strain. Another prominent feature of the curves suggests bi-linear work-hardening in
both the quasi-static and dynamic regimes. With a shift from low to high strain rate, yield strength rises
from 189 MPa to 323 MPa, and flow stress jumps from 1043 MPa to 1590 MPa. It can be observed
that conventional FCC metals do not manifest such mechanical performance at high strain rates,
specifically the excellent work-hardening capability as shown for copper tested at the same high strain
rate. Such a uniqueness in the properties proposes this new class of materials as a potential candidate
for shock and impact-related applications in future aerospace, automobile, and defense industries,
where strengthening of material at high impact loads is vital. The incredible strength elevation with
altering scenario of strain rate is attributed to the microstructural changes and the intrinsic atomic-
scale arrangements in the high entropy alloys, specifically the lattice distortion and cocktail effect.
Unlike simple metals and alloys, due to the equiatomic nature of the elemental distribution, the strain
fields produced in high entropy material are explicitly governed by individual elements, which reduce
thermal vibrations and increase strength and hardness. Similarly, the cock tail effect, originating from
the rule of the mixture and mutual interaction of constitutive elements present in nearly equimolar
compositions, imparts excessive properties compared to conventional alloys. The work hardening
(WHRY) curves for the HEA at a high strain rate are also shown in Figure 4 (d). It is evident that material
has a steady higher WHR than 2000 MPa, which steadily decreases with increasing strain. The curve
has two distinctive regions; the first, where the work hardening rate decreases very rapidly, represents
the elastic-plastic transition domain. After this, the WHR rate remains almost constant till the end of
the strain value is achieved. This region mainly marks the dislocation-glide mediated deformation, and
all the surge and elevation in yield strength are governed by dislocation-dislocation interactions,
multiplication, and amplification of their density. This feature is discussed in detail in the later section.

3.3 Post-compression microstructural evolution

Macroscopically, the specimens after compression were absent of any physical / surface degradation
except the volumetric change, which was also absent of any bulging or shearing. These findings show
good malleability and compressibility without sacrificing structural integrity. A comprehensive
microstructural examination was carried out utilizing EBSD mapping to better comprehend the
microscopic changes. Figure 5 (a,c) presents the IPF maps of deformed specimens at LSR and HSR.

Figure 5 (a) that overall the grains approximate the same morphology as raw material (Figure 2),
specifically the grain boundary area; however, one salient feature is the variations of color profiles
inside individual grains, which become more prominent at higher strain rates. These color gradients
are, in fact, related to the deformation and strain rate induced changes and are contributed by the
dislocation movements and generation within the grains as the plastic deformation proceeds.
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It is well established that the impediments that must be overcome during dislocation movement can
be categorized into two kinds: a long-range athermal barrier (non-thermally activated) controlled by
the material structure and a short-range barrier (thermally activated barrier) that can be influenced by
the thermal energy which Is governed by thermal fluctuations. However, due to the very short
durations involved in HSR loading, the thermal energy effects decrease, and it becomes hard for
dislocations to overcome thermal barriers, resulting in elevated flow stress [17]. Another proposed
reason for amplified strength during dynamic conditions is the formation of multiple deformation bands
and excessive volume of low-angle grain boundaries (LAGB). These two features are explicitly related
to the grain misorientation during high strain rate tests and, quantifiably speaking, influence the overall
strengthening effect. LAGB can act in two manners; providing new sites for dislocation nucleation or
acting as a barrier to either impede the mobility of dislocations or facilitate the selective transfer of
dislocations [18] to help deformation proceed. At the same time, the dislocation mobility is suppressed,
and the flow stress increases. Besides with progression of deformation, the work hardening also
becomes excessively greater due to the lesser time available for recovery and relaxation of dislocation
source. This manifestation causes increased dislocation density and hence elevated strengthening,
as is observed in the stress-strain behavior of the alloy. The microstructural feature as observed in
Figure 5 (b,d), is akin to the aforesaid phenomena and provides insight into the formation of excessive
low angle grain boundaries (misorientation less than 15°). These LAGB are arrays of dislocations
within the grains which form during the deformation of the material. Both quasi-statically and
dynamically compressed samples have an enormous quantity of LAGBs as compared to undeformed
structures, which consist only of high angle grain boundaries (misorientation greater than 15°). HSR
sample also shows a relatively larger amount of LAGB as compared to a material tested at LSR that
is resultant in the strain rate effect (since the deformation level is approximately the same in LSR and
HSR tests). The LAGB migration, which is governed by the collective motion of its constituting
dislocations, is easier, and it favors the plasticity of material[19].



HIGH IMPACT AND DAMAGE TOLERANT MULTICOMPONENT
ALLOY FOR HIGH STRAIN RATE APPLICATIONS

4. Summary and conclusions

The investigations carried out on a high entropy alloy at low and high strain rates show that this new
class of materials exhibits far better mechanical performance and characteristics as compared to the
metal counterparts with the same phase structure. The high strain rate behavior of the material tested
under the current study shows that;

i.The strengthening effect in the material is attributed to the intrinsic unique elemental combination,
which results in lattice distortion and cock-tail type effect.

ii.The high strain rate strength is mainly attributed to the dislocation nucleation amplification.

iii. The excellent structural integrity at high strain rates provides insight for utilizing the high entropy alloys
as promising future structural materials in impact-related scenarios, especially in aerospace and
automobile.
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