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ABSTRACT

Research was performed on the AlgC0152Crig2CuUig2Fe1s2Niig2
[subscripts atomic percent] and Al;s5CrasFessMnyNiis  high-entropy alloys
(HEAS) in an attempt to study their fatigue behavior. The present investigation
shows encouraging fatigue-resistance characteristics due to their high fatigue
lives of various samples at relatively high stresses. The current results indicate
that the fatigue behavior of HEAs compares favorably to many conventional
alloys, such as steels, titanium alloys, and advanced bulk metallic glasses with a
fatigue-endurance limit of the AlgCo152Cri15,CuigFeis2Niig2 HEAS between 540
and 945 MPa and a fatigue-endurance limit to ultimate tensile strength ratio
between 0.402 and 0.703. The Al;5Crz; sFessMnyoNi;s HEAs were found to have
a fatigue-endurance limit between 540 and 630 MPa.

Some unpredictability in the fatigue life of the samples was observed by
scattering in the stress versus life plot. Weibull models were applied to predict
the fatigue data and to characterize the variability seen in
AlgCo0152Cr152Cusg 2Fe152Nirg2 HEAsS. A Weibull mixture predictive model was
used to separate the data into two, strong and weak, groups. This model predicts
that at stress ranges above 858 MPa, the median time to failure of specimens in
the strong group will be greater than 10’ cycles.

Large oxide particles were found on the tensile surfaces of both samples
with microcracks forming at these sites. It was shown that these microstructural

defects may have a significant effect on the fatigue behavior of HEAs. A



comparison of the endurance limits and fatigue ratios of HEAs to conventional
structural alloys shows that HEAs may outperform many conventional alloys
under fatigue conditions. It is believed that a reduction in the number of defects
introduced during fabrication and processing may result in a superior fatigue

behavior, which exceeds that of conventional alloys.
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CHAPTER 1
Introduction

1.1 Definition of High-entropy Alloys

Most practical alloy systems are based on a single principal element to
form the matrix of the system and the addition of various elements to enhance
particular properties of the material, such as iron or copper-based alloys. This
model greatly limits the number of viable systems and, thus, restricts the
expanded use of alloying elements to obtain more desirable properties [2]. An
alloy containing multiple principal elements was expected to yield many
intermetallic compounds with the possibility of complex microstructures and with
less desirable mechanical properties [3]. However, in high-entropy alloys (HEAS),
these phases are not prevalent, and solid solutions based on multiple principal
elements are possible [3-5].

Thermodynamically, a system reaches equilibrium when the Gibbs free
energy of the system (AGnix) reaches its global minimum. The mixing energy of a
system is described by Equation 1,

AGrix = AHpix — TASmix, 1)
in which AHqx is the enthalpy of mixing, T is the temperature, and ASnx is the
entropy of mixing. The tendency to form multi-element solid-solution phases is
likely using the Boltzmann Hypothesis with the entropy of mixing, AScons, given in

Equation 2,

AScons = —kInw = —RIn- = Rlnn, )



where k is Boltzmann’s constant, w is the number of ways of mixing, R is the gas
constant, and n is the number of elements [3]. Because there are multiple
principal elements, they can be considered solute atoms. Elements with small
atomic-size differences are easily interchangeable and able to sit on lattice sites
forming solid solutions. Moreover, the enthalpy of mixing of the elements does
not favor the formation of compounds [4]. The resulting high entropy of mixing
acts to lower the free energy of solution phases. This trend is accompanied by
sluggish diffusion due to the difficult cooperation among the migrations of various
elements. Coupled with the severe lattice distortions due to multiple solute
atoms, diffusion rates are slower in HEAs [3, 6-8]. Thus, simple solid solutions
and nanostructures that avoid the problems of difficult analyses and processing

are formed [3, 4]. Figure 1 gives an example schematic of an HEA solid solution.

Figure 1. Schematic diagram of a BCC HEA as a solid solution [4].



Furthermore, it has been shown that the valence-electron concentration
(VEC) of the constituent elements has an effect on the phase stability [9]. Guo et
al. have shown the face-centered cubic (FCC) and body-centered cubic (BCC)
phase stabilities of solid solutions, such as HEAs, when the atomic-size ratios
are nearly identical [9]. This allows for the possibility of thousands of alloy
compositions [3], shown by Equation 3 where C," is the number of combinations
of m items taken n times, an exciting development for future alloy design.

CP+CE+ P+ G+ G + 0l +CiF + 015 + 015 =7099 (3

Generally, HEAs can be defined as being composed of five or more
elements in equimolar ratios or near equimolar ratios and can be extended to
those compositions in which each principal element concentration is between 5
and 35 atomic percent (at.%) [3]. The mechanical properties of many HEAs have
been tested and shown that these alloys may have the potential for use in a wide
range of applications, such as those requiring high-temperature strengths, high

tensile strengths, increased wear resistance, and corrosion resistance [3, 10-13].



1.2 Mechanical Properties of High-Entropy Alloys

The mechanical properties of many HEA systems have been investigated
due to the promising nature of these alloys for use in structural applications. It has
been observed that many alloys are sensitive to compositional effects which have
a tremendous effect on the microstructure and mechanical properties [3-5, 7, 9, 12,
14-17]. One promising HEA system in particular is the AlLCoCrCuFeNi system
which shows a gradual change from FCC to BCC structures, accompanied by a
large increase in hardness, shown in Figure 2, as the aluminum content
increases from x = 0 to 2.0 [16]. Compositions, such as AlysCoCrCuFeNi, show
a good combination of strength and ductility at room temperature with a

compressive strength higher than 1,380 MPa with a compressive elongation of

more than 51.5% [18].
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Figure 2. Hardness as a function of Al concentration in the Al,CoCrCuFeNi HEA
system [19].



In order to reliably control the properties of the Al CrCuFeMnNi alloy
system, and develop it for practical applications, it is essential to better
understand all aspects of the microstructures. There is generally a trade-off
between strength and ductility in alloy systems, with ductility decreasing as
strength increases. In the HEA system of Al,CoCrCuFeNi, strength (hardness)
clearly increases as a function of the aluminum concentration (Figure 2). The
trend for ductility, however, needs further investigations. An increase in the
amount of the BCC phases present compared to the amount of FCC phases
reduces the ductility. This is to be expected due to the reduced number of slip
systems activated at a particular stress in a BCC systems compared to FCC
systems seen in many materials [20].

Studies of HEAs have also been performed at elevated temperatures. It is
theorized that, due to high mixing entropy, these alloys will have excellent
stability at high temperatures since entropy scales with temperature (Eq. 1).
Studies of AlCoCrCuFeNi, shown in Figure 3, have identified optimal
compositions, such as AlpsCoCrCuFeNi, as good candidates for high-
temperature applications, up to 800 °C [17, 21]. This conclusion was based, in

large part, on a good balance between strength and ductility.
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Figure 3. Compressive stress-strain curves of AlpsCoCrCuFeNi at various
temperatures [17].

More recent investigations [22], however, have raised questions about the
intermediate temperature embrittlement, between 300 °C and 600 °C, in this HEA
due to intermediate phase formation. Controlling this can lead to excellent age-
hardening properties and more investigation is need on this front.

The ALCrCuFeMnNi system is another such alloy that displays
encouraging results for high-temperature applications [23, 24]. These alloys have
been shown to have a mix of face-centered cubic (FCC) and body-centered cubic
(BCC) phases depending on the aluminum content shown in Figure 4. It is
observed that Mn is a BCC stabilizer, promoting the formation of a BCC phase
leading to increased hardness in these alloys compared to Co-containing HEAs,

shown in Figure 5.
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The elevated-temperature properties of these alloys show encouraging
results. Figure 6 presents an age hardening effect seen in these HEAs. An
increase in hardness is seen as a result of aging time at 800 °C [23]. As the
alloying content is changed the aging properties become more pronounced at
different temperatures. For a AlosCrCuFe; sMnNig s alloys there is an increase in
the hardness from 397 HV to 840 HV after 50 hours of aging at 700 °C [24]. This
has been attributed to the formation of a CrsFegMng phase which has extremely

high hardness (1,273 HV).
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HEAs composed of refractory elements have shown even better high-
temperature properties and compare favorably with conventional superalloys [10,
11]. Figure 7 shows a comparison of the yield strength as a function of
temperature of NoMoTawW and VNbMoTaW HEAs compared to conventional Ni-
superalloys. At room temperature these alloys showed high yield strengths of
1,058 MPa and 1,246 MPa, respectively. However, these alloys showed little
ductility (< 2.0%) at room temperature suggesting that the ductile to brittle
transition temperature of these alloys is somewhere between room-temperature
and 600 °C. These alloys have BCC structures that remain stable to
temperatures greater than 1,400 °C and have an increased resistance to
elevated temperature deformation attributed to the sluggish diffusion in these

alloys.
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Figure 7. Temperature dependence of the yield strength of two HEAs compared
to conventional Ni-superalloys [11].



It is seen that many of HEAs have complicated deformation mechanisms
attributed to the structure of these alloys. A study of the deformation behavior of
the AlpsCoCrCuFeNi system shows that this can be attributed to low stacking
fault energy, solution hardening, elemental segregation, and sluggish diffusion
[25]. HEAs tend to show strong work hardening particularly after cold rolling due
to the presence of a large amount of nano-twins. This deformation mechanism is
attributed to the Suzuki interaction where the stacking fault energy is lowered
and, thus, a separation in the distance of partial dislocations is seen. This favors
twinning due to the lower critical stress required to nucleate twins compared to
dislocations.

Additionally, lattice distortion from the solid solution increases the strength
of the matrix raising the critical stress to move dislocations [20, 25]. Dislocation
motion is also inhibited by second phase precipitates that have formed due to
elemental segregation, i.e. copper-rich particles. This further reduction in
dislocation mobility causes twinning to be activated more easily. Increased
deformation leads to an increase in the twin density. The formation of additional
twins requires a further increase in stress. Thus, HEAs show excellent work

hardening and increased strengths.
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1.3 Fatigue Behavior of Structural Alloys

Structural materials are used in a wide variety of operating conditions and
rarely are they subjected to constant, static loads. Most components experience
some type of variable loading conditions through their lifetime. Dynamic loading
conditions are known to cause failure over time in components at lower stresses
than the stress required to cause failure with a single application of a load.
Failures due to repeated loads over a period of time are referred to as fatigue
failures [20, 26-29]. Due to the sheer number of components subjected to fatigue
conditions and the difficulty in detecting any deterioration in performance (if any)
under these conditions, it is estimated that almost 90% of all mechanical failures
that occur during service can be attributed to fatigue [20, 27]. Clearly,
understanding the fatigue behavior of a new class of structural alloys is

imperative if these alloys are to have practical applications in industry.

1.3.1 Fatigue Terms

It will be useful, then, to describe some common terms used to describe
fatigue behavior. Many applications are only concerned about the fatigue
behavior at a very high number of cycles (> 10°) called high-cycle fatigue. Here,
deformation is macroscopically elastic and failure occurs due to localized plastic
buildup. Low-cycle fatigue is another type of fatigue that occurs at N < 10° cycles
and is characterized by controlling the strain into the plastic regime. This study

will only be concerned with high-cycle fatigue. However, due to the numerous

11



potential applications for HEAs at elevated temperatures, it is the author’s
opinion that, in the future, this could be an interesting area of investigation to
characterize how HEAs behave during thermal fluctuations and other similar
processes.

High-cycle fatigue data is normally presented in S-N plots, i.e. the stress
(S) versus the number of cycles to failure (N), also called the fatigue life. The
fatigue life is determined when complete fracture has occurred, unless otherwise
stated. An example of a typical S-N curve for steel and aluminum can be seen in
Figure 8. Generally, at higher stresses shorter fatigue lives are observed
compared to lower stress where longer fatigue lives are seen. Some materials,
such as some steel and titanium alloys, show a sharp change in the curve to
horizontal at a particular stress. This is referred to as the fatigue endurance limit
meaning a component ran at an applied stress below the endurance limit will,
presumably, never fail. This is seen in Figure 8 for the mild steel. Most materials
see a steady increase in the fatigue life as the stress decreases but eventually
failure occurs at some point. This trend is seen in Figure 8 for the aluminum
alloy. In these cases a material is given a fatigue strength depending on a

specified number of cycles, i.e. the fatigue life at 10° or 10’ cycles.

12
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Figure 8. Typical S-N curve for steel and aluminum alloy illustrating the fatigue
life and endurance limit [20].

It is important to characterize the type of alternating stress that can cause
fatigue in components. Stress fluctuates from a maximum, Omax, t0 @ minimum,
Omin, IN repeated cycles, usually in a regular pattern. An example stress cycle can
be seen in Figure 9. Two components can then characterize the stress cycle, a
mean stress, o, also called the steady state stress, and an alternating stress,
0,. The algebraic difference in the maximum stress and minimum stress is
referred to as the stress range, o,. Materials are sensitive to all components of
the stress and may behave differently if the parameters are changed, for
instance, under completely reversed stress (tension and compression) as
opposed to repeated tensile stress. For this reason it is customary to indicate the

parameters of test such as the stress ratio given in Equation 4.

R = Omin (4)

Omax

13
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Figure 9. Typical repeated stress fatigue cycle [20].

1.3.2 Fatigue Failure

The fatigue behavior can be divided into three major stages, crack
initiation, crack growth, and final failure. There are many theories to the actual
mechanisms of crack initiation although it is still not fully understood [20, 26-28].
In general, crack initiation begins at the surface due to the buildup of local plastic
deformation. It is well know that the surface conditions play a major role in the
fatigue behavior. The surface is much more likely to contain stress concentrators
such as notches and bending and twisting moments. Further, second phase
particles with different elastic and plastic properties may serve as stress
concentrators. At these points it is common to see a buildup of slip bands leading
to the formation of microcracks.

The initial formation of microcracks begins very early in the total fatigue
life. Some of these begin to grow but very few additional cracks are formed late

in the fatigue life of components. Once formed they initially propagate along
14



specific slip planes until later in the growth when they usually begin propagating
in a direction perpendicular to the maximum applied stress. This stage of crack
growth is the most apparent when observing the fracture surface. Whereas crack
initiation and initial growth along slip bands is very small, in this stage, indications
of the crack propagation are easily seen. At each successive cycle there is a
maximum and minimum stress applied at the crack tip causing localized plastic
deformation. As the crack advances a ripple pattern, known as striations, can be
seen advancing due to the opening and closing of the crack tip. Each striation is
an indication of one stress cycle. Eventually the crack or cracks will propagate to
such a length that the remaining cross sectional area is insufficient to support the

applied stress and final failure will occur.

1.3.3 Statistical Nature of Fatigue

It is obvious that crack initiation is sensitive to even the smallest of
imperfections. This can lead to considerable differences in the measured fatigue
lives at similar stresses and, thus, considerable scatter in fatigue test data. Often,
specimens are seen to fail at lives much lower than predicted mean fatigue
lifetimes and it is usually observed that as the stress increases the scatter will
reduce. As such, it is usually necessary to consider fatigue data as a statistical
quantity or the probability that a specimen will achieve a particular lifetime. Many
models have been used to characterize the statistical nature of fatigue including
Gaussian distributions. This study will utilize a Weibull distribution to characterize

the scatter in the measured fatigue data.
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CHAPTER 2
Fatigue Behavior of AlgC045,Cr15,CusgsFe15,Nig» and
A|7.5C|'22.5F935Mn20Ni15 HEAS

2.1 Introduction

This investigation will study the fatigue behavior of the
AlgCo0152Cr152Cusg 2Fe1g2Nizg2 and AlysCrazsFessMnyoNiss (atomic %) HEAs. For
the sake of simplicity the AlgC0152Cr152Cuig2F€182Ni1g2 System may be written
as AlpsCoCrCuFeNi (atomic ratio) or referred to as FCC-HEAs. The
Al7 5Crz sFessMnyoNiis system may be referred to as BCC-HEAs. Structural
characterizations of the AlpsCoCrCuFeNi alloy show two distinct phases, a main
a-FCC phase and a copper-rich B-FCC phase [7, 30]. Both show similar lattice
constants of about 3.6 A [7]. In the homogenized and water-quenched condition,
both phases are in a supersaturated state and exhibit aging hardening between
300 and 700 °C due to the precipitation of Al- and Ni-rich BCC phases [22]. This
precipitation-hardening feature increases the strength but is accompanied by a
loss in the ductility. In the as-rolled and as-annealed (at 900 °C) condition, the
AlpsCoCrCuFeNi HEA displays a better combination of strength and ductility, as
compared to conventional alloys, such as 304 stainless steel and Ti-6Al-4V
titanium alloy [22].

The Al; 5Crz2 sFessMnyoNiis system is has been studied as an alternative to
the AI-Co-Cr-Cu-Fe-Ni system. First, it seeks to lower the cost of the raw
materials by substituting the much more expensive and strategic element Co with

Mn. Second, it removes Cu to remove the effect of Cu segregation to
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interdendrite regions [24]. X-ray diffraction of this alloys shows it has a mixture of
an FCC and BCC structure with lattice constants of 3.63 A and 2.88 A,
respectively [24]. An increase in the amount of Al in system is seen to promote
the formation of a fully BCC structure consistent with other HEAs upon the
addition of aluminum [7, 24]. The microstructure of these alloys shows two
distinct phases with a dendrite BCC phase and interdendrite FCC phase. It has
been observed and described in Chapter 1 that Al and Cr are BCC stabilizers
which is consistent with ferrous alloys and confirming that the dendrite phase is
indeed the BCC phase [24, 31]. This phase has a fine dispersion of solution B2-
type Ni-Al particles. This alloys shows significant age hardening from 600 — 800
°C due to the formation of the p-CrsFesMng phase.

The mechanical properties of the as-cast ALCoCrCuFeNi (x = 0 ~ 3 at.
ratio) alloys are readily available and described in Chapter 1 [17]. However, little
research has been performed on the Al;sCr,,sFessMnyNiis system and no
research, the best of the author’'s knowledge, has been conducted to investigate
the fatigue behavior of these and other promising HEA systems [3, 10-13, 17, 30,
32, 33]. This chapter will examine the mechanical properties and fatigue behavior
of AlpsCoCrCuFeNi FCC-HEAs and Al;5CrysFessMnyNiis BCC-HEAS.
Statistical modeling using a Weibull distribution will be conducted to further
investigate the fatigue characteristics of the FCC-HEA and discussed in Chapter
3. Chapter 4 will be a discussion of fatigue behavior and a comparison of HEAs

to other conventional materials.
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2.2 Experimental Procedure

The samples of both AlpsCoCrCuFeNi and Al75CrassFessMnyNiis HEAS
were prepared by arc-melting the constituent elements with a current of 500
amps in a water-cooled, copper hearth. The elements were all at least 99 weight
percent pure, and the melting was accomplished in a vacuum of at least 0.01
torr. The melting and solidification processes were repeated at least five times to
improve the chemical homogeneity of the sample. The FCC-HEA cast samples
were annealed at 1,000 °C for six hours, water quenched, and cold rolled. The
rolling reduction was 84% with a final thickness of 3 mm. The BCC-HEAs were
forged to a thickness of 5 mm at 1,000 °C and held at this temperature for 30 min
then water quenched. The slab was then rolled at 350 °C to a final thickness of 3
mm for a total of a 40% reduction in thickness.

The rolled sheets of both alloys were, subsequently, machined into fatigue
samples with dimensions of 25 mm x 3 mm x 3 mm for four-point-bend fatigue
experiments, as described below. Samples were machined parallel to the rolling
direction. That is, the 25-mm length of the samples runs parallel to the rolling
direction. Thus, the applied stress on the tensile edge will be parallel to the rolling
direction. Two distinct microstructures were observed in this region (and in the
samples as a whole) depending on the sample’s position in the mold during
casting, as discussed later in the experimental results. Hence, the fatigue
behavior as a function of the characteristic microstructure was also determined.

To remove as many surface imperfections as possible, the samples were

polished on a Buheler rotating grinder and polisher. Grits of 240, 400, 600, and
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1,200 were used in the respective order. The sample was turned 90° after each
polishing step finishing with the 1,200 grit running parallel along the length
direction of the sample so as not to introduce scratches that could act as small
notches perpendicular to stress.

Tensile and compression experiments were performed on samples of the
as-rolled FCC-HEAs and BCC-HEAs, respectively, to characterize the
mechanical behavior of the alloys, and their results are used to compare to other
conventional alloys. The gauge section of the FCC-HEA tensile specimens was
machined to a size of 3 mm x 12 mm and tested on an Instron 4505 at a strain
rate of 1 x10° s™. The specimens were tested to failure to determine the yield
strength, ultimate tensile strength, and the percent elongation. Compression tests
were performed on the BCC-HEAs using a Materials Test System (MTS)
servohydraulic machine at a strain rate of 1 x10 s™ on samples with a length to
diameter ratio (L/D) of 2. The strain was measured with MTS Extensometer.

To study the fatigue behavior of the HEA samples, four-point-bend tests
were conducted at various applied loads and ran until the failure of the specimen
or 10 cycles was reached. The results of the fatigue tests were plotted on a
typical S-N curve. The maximum stress, o, on the tensile surface within the span
of the two outer pins in the four-point-bend fatigue experiment was calculated,
using the following beam-theory relationship [34],

3P(S, - S;)

7= Bws (5)
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where P is the applied load, S, is the outer span length of 20 mm, S; is the inner
span length of 10 mm, B is the thickness, and W is the height. In this
investigation, B = W = 3 mm. Images of the experimental setup and a schematic
of the four-point-bend test can be seen in Figure 8. The samples were tested at
10 Hz with a loading ratio of R = Omin/ Omax. = 0.1 [34].

High-energy x-ray diffraction (XRD) was performed on FCC-HEAs at the
Advanced Photon Source (APS) using the 11-ID beamline located at the
Argonne National Laboratory to obtain diffraction patterns of the sample for
structural characterizations. The specimens were 1 mm thick using a beam
energy of 115.27 keV. The scattered, transmitted x-rays were collected using a
Mar345 image plate [35].

Microstructural features of the tensile regions of the fatigue samples were
analyzed, using back-scattered electron microscopy (BSE) to determine the
homogeneity of the microstructures. The fracture surfaces were investigated to
study the fatigue mechanisms using scanning-electron microscopy (SEM). The
BSE, SEM, and energy-dispersive x-ray spectroscopy (EDS) for microstructural
characterizations were performed with a Gemini Leo 1525 scanning-electron

microscope at 15 kV and 20 kV.
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Figure 10. a) Schematic of the four-point-bend setup to show dimensions and b)
experimental test setup.
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2.3 Experimental Results

Tension tests were initially performed on the FCC-HEASs to characterize
the mechanical behavior of the rolled material. The results are shown in Figure
11. The specimen exhibits a high yield stress of 1,284 MPa and ultimate tensile
strength (UTS) of 1,344 MPa, generally, exceeding that of conventional alloys,
such as steels, titanium, aluminum, and nickel alloys [27, 36-38]. Advanced
alloys, such as bulk metallic glasses (BMGs), usually have higher strengths and
lack tensile ductility. However, the present FCC-HEA shows a degree of plastic
deformation necessary in structural applications with a tensile elongation of 7.6%
for the as-rolled material.

Compression of BCC-HEA is shown in Figure 12. This alloy has a yield
stress of 1,254 MPa and displays significant strain hardening to 2,580 MPa. This
alloy also shows sufficient ductility for structural applications with an elongation of
15% before the test was stopped. Again, these values of strength and ductility
compare favorably to many conventional alloys.

Hardness testing was also conducted on both samples. The FCC-HEAs
had an average hardness of 378.8 + 27 HV. This agrees very well with the
reported literature value 378 + 12HV [25]. BCC-HEASs had a hardness of 390.3 +
14 HV which is also in good agreement with the reported literature value of 386 *
7 HV [24]. The high hardness of these samples compared to as-cast samples
[17] is due significant work hardening from the rolling operation. Even after
undergoing homogenization at 1,000 °C recovery is slow due to the reduced

diffusion of HEAs [7, 25].
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Figure 11. Engineering stress vs. strain curve of the AlpsCoCrCuFeNi HEA under
tension at room-temperature and a strain rate of 10° s,
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Figure 12. Engineering stress vs. strain curve of the BCC-HEA under
compression at room-temperature and a strain rate of 10~ s™.
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Microstructural characterizations were performed on FCC-HEAs using
synchrotron XRD and SEM. Figure 13 shows a synchrotron XRD pattern of the
AlpsCoCrCuFeNi HEA and averaged at azimuthal angles (@) between 55 and 65
degrees. The pattern indicates an FCC structure with the presence of some
ordered structure indicated by the 100 peak. This ordered structure is the L12
phase, similar to the NizAl intermetallic compound, homogeneously dispersed in
the FCC matrix as observed previously by transmission-electron microscopy
(TEM) analyses [7, 39]. The low peak intensity can be partially attributed to the
high amount of lattice strains present in the alloy [7]. The lower heights of the
(111) and (220) peaks relative to the (200), (311), and (400) peaks are due to the
texture in the sample introduced in the rolling deformation. Detection limits of
XRD to approximately 1 volume percent have masked the detection of any minor
phases, such as oxide particles, later shown to be present by the EDS analyses.
Only one set of FCC peaks is seen in the XRD pattern. Previous studies have
shown that the lattice constants of these two phases are very similar,
approximately 3.6A [7]. This trend will cause the overlapping of the characteristic
diffraction peaks if the resolution of the experimental setup is not high enough. It
is important to note that because no BCC characteristic peaks were observed,

the structure is indeed a two-phase FCC structure.
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Figure 13. Diffraction pattern of the AlpsCoCrCuFeNi HEA specimen using
synchrotron high-energy x-rays.

BSE and EDS analyses of the specimens were performed to observe and
determine the elemental compositions of the specimens. Figure 14 shows an
SEM micrograph of a typical sample. The microstructure consists of two phases:
the a-FCC matrix phase formed from the FCC dendrite phase (the dark phase)
and the B-FCC Cu-rich phase (the light phase) developed from the FCC Cu-rich
interdendritic phase. The Cu-rich phase is seen to elongate along the rolling
direction [22]. The elemental compositions of these two phases are shown in
Table 1. It is observed that the Cu-rich phase has a Cu content of 59 atomic
percent (at.%). This phase separation is due to the relatively large positive
bonding energies of Cu-Fe, Cu-Co, and Cu-Cr due to copper’s tendency to

segregate in clusters [7, 39].
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Figure 14. SEM micrograph showing the a-FCC matrix dendrite phase and 3-Cu-
rich FCC interdendritic phase elongated along the rolling direction indicated by
the arrow.

Table 1. EDS analyses of the matrix (dendrite) and Cu-rich (interdendrite) phases
in the microstructures of the AlgsCoCrCuFeNi HEA.

AlosCoCrCuFeNi Phase Compositions (Atomic %)
Region Al Co Cr Cu Fe Ni
Dendrite

Matrix 7 20 21 11 22 18
phase

Interdendrite
Cu-rich 10 5 4 59 6 15
phase
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Four-point-bend fatigue tests were performed, and the results plotted by
the stress range (the maximum stress calculated from Equation 5 and the range
(0.90max ) determined using R = 0.1) versus the number of cycles to failure or 10’
cycles to give the S-N curve seen in Figures 15a and 15b. There is a noticeable
amount of scatter at various stress levels for the FCC-HEAs. The results do
display typical fatigue behavior for crystalline materials corresponding to an
increase in the number of cycles to failure, as the stress level decreases.

In Figure 15a, which displays the data for the FCC-HEAs, it is seen that at
a stress range of 1,125 MPa, corresponding to a maximum stress of 1,250 MPa
near the vyield stress of 1,284 MPa, most failures are within an order of
magnitude from around 35,000 to 450,000 cycles, although there is still a high
amount of scatter. As the stress level decreases, the spread in the data is even
more pronounced, which is generally characteristic of fatigue behavior [26].
Estimations of the endurance limits based on the stress ranges were placed with
a lower bound of 540 MPa and an upper bound of 945 MPa. Values were chosen
because the specimens reached 10’ cycles without failure.

Figure 15b displays the fatigue data for BCC-HEAs. Again, there is some
scatter seen. At a stress range of 630 MPa a specimen failed at less than 10,000
cycles while the other was ran to completion without failure. It is estimated that
these alloys have a fatigue limit between 540 and 630 MPa. Figures 15 a and b

were combined to show a comparison of the two alloys and shown in Figure 16.
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Al7 5Cr2, sFessMnyoNi;s HEA plotted with the stress range versus the number of
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The microstructure morphology was taken into account to try to determine
if this feature had an effect on the fatigue life. Although the fatigue specimens
were machined in parallel to the rolling direction, the morphology of the matrix
phase (a) and the Cu-rich phase (B) in the tensile region of the sample might be
different from sample to sample. This trend could be tracked to their position and
the different heat-flow directions in the copper mold during solidification.
Therefore, the orientation of the loading direction in relation to the different
morphologies was investigated.

The SEM micrographs presented in Figure 17 show two typical
morphologies observed in the tensile region of the samples. Figure 17a displays
the parallel morphology, which features a lamellar flow pattern of alternating o
and B phases. Figure 17b presents the vertical type characterized by a random
orientation of the a and B phases. After the microstructure identification for all
tested samples by SEM, Figure 16 is re-plotted as Figure 18, and shows the
fatigue behavior of the parallel and vertical types of samples. It appears that
there is no correlation between the scatter in the fatigue life and the orientation of
the loading direction with respect to the different morphology, and later statistical
modeling efforts confirm this trend. Thus, the orientation and morphology of the

phases do not appear to have a significant effect on the fatigue life.
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Figure 17. SEM micrographs showing two different types of morphology: (a) the
parallel type featured with a lamellar flow pattern of alternating a and B phases
and (b) the vertical type featured by a random orientation of a and B phases.

Stress Range (MPa)

Figure 18. S-N curve presenting scattering of the cycles to failure for the parallel-
and vertical-type morphologies in the samples, respectively.
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A likely cause for the variable fatigue life is due to the amount of defects in
the sample introduced during the casting and rolling processes. In particular,
aluminum-oxide-rich particles formed during the melting and solidification
process as well as the homogenization process. EDS analyses were performed
on these particles to examine their approximate compositions and can be seen in
Figure 19. This feature shows the presence of approximately 50% oxygen
consistent with aluminum-oxide particles. These particles provide nucleation sites

for microcracks due to the stress concentration at the particles.

Element

28kUV x1.8088 16prm 88686811

Figure 19. SEM micrograph with EDS analyses of the aluminum-oxide particles.
The compositions of the regions labeled A and B are given in the corresponding
tables, indicating the presence of aluminum-oxide particles.
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Figure 20 presents the number of cycles to failure versus the number of
defects per 240 um x 165 pym observed at 500x magnification in specimens of
various stress levels. It can be observed that a decrease in the number of defects
may correlate to an increase in the fatigue life at various stress levels. The air-
cooled or final solidification side of the casting contains more segregation,
inclusions, and shrinkage pores, which could induce microcracks during cold
rolling and the initial stages of fatigue. If high densities of these microcracks are
located on the tensile side during the four-point-bend fatigue loading, the fatigue

resistance would be reduced, and failure would occur after fewer cycles.
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Figure 20. The cycles to failure compared to the number of surface defects at
various stress range levels showing that as the number of defects decreases, the
life generally increases at a particular maximum stress level.
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Fracture surfaces were analyzed to determine the unique fatigue
characteristics of the samples, such as crack-initiation sites, propagation, and
final fracture and shown in Figures 21 — 24. Figure 21a shows the fracture
surface of an FCC-HEA sample that failed at a stress range of 900 MPa after
555,235 cycles. Figure 21b presents the crack-initiation behavior from
microcracks that have formed from defects on the surface of this sample. Figures
22a and 22b show a similar phenomenon occurring for BCC-HEAs. This sample
was run at a stress range of 990 MPa and failed after 24,460 cycles. Oxides on
the surface are apparent and can have sizes on the order of tens of microns. A
buildup of slip bands is observed with microcracks nucleating from these.

The samples exhibit similar fracture patterns with crack initiation within the
tensile region of the sample surface. Cracks usually initiated at defects present
on the surface, as discussed later, or at the corner of the samples. Inclusions on
the surface of the FCC-HEAs were usually much smaller than those observed for
BCC-HEAs. These areas represent high stress-concentration regions favorable
for crack nucleation.

Numerous cracks nucleate and grow perpendicular to the stress in the
specimen (parallel to the applied load) through the tensile region. For the FCC-
HEAs crack propagation generally occurs through approximately one third of the
cross section before the final failure, depending on the applied stress level.
Figure 18 presents SEM micrographs of the various regions of the fracture

surface showing typical fatigue characteristics of striations in the crack-
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propagation region (Fig. 23a) and dimples due to mircovoid coalescence in the
final failure region, indicating ductile fracture mechanisms (Fig. 23b).

Figure 24 shows typical fracture surfaces observed for the BCC-HEAs.
Striations can be seen at or near the tensile surface propagating perpendicular to
the applied stress although they are much less prevalent in these alloys. The
final fracture surface has a much different appearance than the FCC-HEAs. This
area is characterized by cleavage-type fracture (Fig. 24a) and intergranular
fracture (Fig. 24b) seen along the grain boundaries and. This is indicative of

brittle failure mechanisms in these alloys.
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Figure 21. (a) SEM macrograph of the fracture surface of a sample that failed at
a stress range of 900 MPa after 555,235 cycles. Crack initiation occurred at (b)
the surface of the sample with microcracks formed before the fatigue test (Note

that the loading direction comes out of the page).
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Figure 22. SEM micrograph of a typical tensile surface of the BCC-HEAs. a)
Large oxide inclusions can be seen near fracture surface with a buildup of slip
bands around them. b) Microcracks nucleating at large oxide particles.
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Figure 23. SEM micrographs of FCC-HEAs showing (a) fatigue striations in the
crack-propagation region with the crack-growth direction indicated by the arrow
and (b) dimples in the final fracture region, indicating a ductile fracture in the

sample.
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Figure 24. SEM micrographs of the fracture surface of BCC-HEAs showing a)
cleavage fracture and b) intergranular fracture in the final failure region indicating
a brittle fracture mechanism.
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CHAPTER 3
PREDICTIVE MODELS FOR FATIGUE LIFE

3.1 Weibull Predictive Model

The phenomenon of fatigue is of stochastic nature [40]. Statistical models
and data-analysis methods are, therefore, imperative tools for studying the
fatigue behavior. In this investigation, statistical fatigue-life models were
developed to predict the fatigue life of the HEAs. The Weibull model was only
applied to AlpsCoCrCuFeNi HEAs due to the number of samples required at
each stress level. The first predictive model assumes a Weibull distribution to
describe the fatigue-life distribution at each fixed stress range, and is based on a
commonly used analytical representation of the S-N curve given by Equation 6
[41],

N(S)=cS™, )
where S denotes the applied stress range, N(S) is the expected fatigue-life
cycles at the stress range level, S, and ¢ and d are positive material parameters.
Taking the natural logarithm on the S-N relation (Equation 6) results in

log(N(S)) = 7o + 7, 109(S), 7)
where y,=Ilog(c) and y =-d. The S-N relation given by Equations 6 and 7

provides a simple way to relate the effect of the stress applied on the test item to
the number of cycles to fatigue failure [41]. It, however, does not capture the
variability in the observed fatigue-life data. Equation 8 accounts for such

variability, an error term, &, is introduced to Equation 7, i.e.,
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Iog(N(S)) =y, + 4 109(S) + ¢. (8)

It can be assumed that the error term, ¢, follows the standardized smallest
extreme value distribution. The fatigue-life model then given by Equation 8
becomes a Weibull regression model [42]. The Weibull regression model can be
written as an equivalent Weibull- accelerated life-testing model that is widely
used in reliability engineering and lifetime data analyses [42]. The fatigue life at a
given stress level, S, follows the Weibull distribution. The probability density
function (pdf) and the cumulative distribution function of the Weibull distribution

are described in Equations 9 and 10, respectively,

p-1 p
f(N(S)Ia(S)ﬁ)=£(%) exr’[‘[%}}

(9)

B
F(N(S)Ia(S)'ﬂ)ﬂ‘”’[{%j J

(10)

where B is the Weibull shape parameter, and the Weibull scale parameter, a(S),
depends on the stress, S, according to,

log(c(S)) = 7o + 7. 109(S). (11)

In this experiment, four samples had not failed when the bending fatigue

test was terminated at 10’ cycles, and they became censored observations. The

probability of obtaining a censored observation at the stress level, S, is given by

Equation 12,

B
P(N(S)=N;)=1-F(N; |(S). ) =eXp[_[aT§ ] J
(12)
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where N equals 10’ cycles, denoting the censoring time of the experiment.

The first fatigue-life model, which will be called the Weibull predictive
model, consists of two components; the Weibull distribution describing the
fatigue-life variability at a fixed stress range, and the relation describing the
stress dependence of the fatigue life, given by Equation 11. Note that lifetime
distributions other than the Weibull distribution may be used. For example, if the
error term, &, in Equation 8 is assumed to be a standardized normal random
variable, then the fatigue life, N(S), at a given stress level, S, follows the
lognormal distribution. This study assumes the Weibull distribution, because it is
the most widely used lifetime distribution in reliability engineering and lifetime
data analyses, and has been applied to model the fatigue behavior of a variety of
materials, such as steels [43, 44], aluminum alloys [45], and metallic glasses
[46, 47].

The Weibull predictive model has three unknown model parameters, S8, yo,
and yi;, which can be estimated by the maximum likelihood method [42]. We
denote the observed fatigue-life data by {(N;, S;, &), i =1, 2,..., m}, where m is the
total number of samples tested, and N; and S; are, respectively, the fatigue-life
cycles and the applied stress of the ith sample. The binary indicator variable, &,
equals 1 if Njis a failure observation, and &; = 0 if N; is a censored observation.
Given the observed fatigue-life data, the maximum likelihood method estimates

the model parameters by maximizing the likelihood function given in Equation 13,

S
Hl_s N Y N Y
L(ﬁ’ 7o 71) - ]:[li e70+71 log(S;) (e}/o*h log(S;) j eXp N e70+7/1 log(S;) ) (13)
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Once the model parameters are estimated, the fatigue-life behavior at a
given stress, S, can be predicted by estimating the p quantile life, which is given
by Equation 14,

N, (S) =exp(y, + 7 log(S))(~log(d - p))*”. (14)
The median fatigue life (i.e., p = 0.5) can be used to describe the relationship
between the applied stress and the average fatigue-life response. The 2.5 and
97.5 quantiles can be employed to construct a 95% predictive interval for the

fatigue life, and to quantify the scatter in the fatigue life cycles.
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3.2 Weibull Mixture Predictive Model

The Weibull predictive model, however, may not be able to adequately
characterize the excessive variability in the observed fatigue data shown in
Figure 15. Especially, when the applied stress range is less than 1,000 MPa, the
observed fatigue lives seem to form two groups, a strong group and a weak
group. The fatigue lives in the weak group are much shorter than those in the
strong group. This excessive variability in the fatigue data may be caused by the
variability in the defect density in the experimental units, as discussed later. A
Weibull mixture model (or called the multimodal Weibull model) may be used
when the population of units is nonhomogeneous [48]. The second predictive
model, therefore, assumes a mixture of two Weibull distributions for the fatigue
lives at each stress range level. The pdf and cdf of the Weibull mixture model are

given in Equations 15 and 16, respectively,

Aot Bu
F(N(S)| p,aw(smw,as(sms):paﬂ—&)(%j exp[—(—;\l((i))J ]

A1 Bs
A (N©) (N©)
0 p)as(s{as(S)j exp[ (as(S)J }

Pu Ps
F(N(S)|p,aw<5),ﬂw,as<8),ﬁs)=p[l—exp{—[ot"(?)j Hﬂl—p{l—exp{—(%} ﬂ (16)

where the subscripts, w and s, denote the weak and strong groups, respectively,

(15)

and the parameter, p, is the fraction of samples belonging to the weak group.
The probability of obtaining a censored observation in the Weibull mixture model

is then given by Equation 17,
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¢ B ¢ B
P(N(S)>N,)= pexp{—[a (S)j ]+(1— p)exp[—(a (S)J ] a7

Again, the Weibull scale parameters, a.(S) and as(S), are assumed to be

dependent on the stress, S, according to Equations 18 and 19,

log(at, () =70 + 72 109(S), (18)
and

log(ez; (S)) = 74,0 + 752 109(S), (19)
respectively. The second fatigue-life model, called the Weibull mixture predictive
model, has seven unknown parameters p, Vwo, Yw.1, Bw: Vs0, Vs1, and Bs. The

unknown parameters can again be estimated, using the maximum likelihood

method. The likelihood function of the model parameters is given by Equation 20,
LR, Bus Vwor s Bs Vso0 V) =H f (Ni)cSi (- F(Ni))hSi ' (20)
i=1

where f(N;) and F(N;) are given by Equations 15 and 16, respectively. Once the
maximum likelihood estimates of the seven model parameters are obtained, the
observed fatigue data can be clustered into the two groups. If N; is a failure
observation, the likelihoods of the ith sample belonging to the weak group and

the strong group are given by the expressions

ﬂw_l :Bw
ﬂw Ni exp| — Ni
e7w,0+7w,1 log(S;) e}/w,0+7w,1 log(S;) e7w,0+7w‘llog(s|)

and

ﬁs -1 ﬂs
ﬁs Ni exp| — Ni
e7$,0+7/s,1|Og(Si) e7s,0+7s,1 log(S;) e7s,0+75,1|09(3|) !
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respectively. The ith sample is then assigned to the group with a higher likelihood
value. Similarly, if N; is a censored observation, the likelihoods of the jth sample

belonging to the two groups are given by

B Ps
N. v Nj
exp[_(e}/w,0+7w,1|09(si) j J and exp[_[eys,0+751|09(sj) j J !

respectively. The p quantile fatigue lives of the strong group and the weak group

are predicted by Equations 21 and 22,
N . (S) = €XP(740 + 71 109(S))(—log(L - p))" 7, (21)

N, (S) =exp(y; o + 71 109(S))(—log(L— p))"*, (22)

respectively.
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3.3 General Log-Linear Model

This study also developed a third predictive model to study the correlation
between the fatigue life and the type of morphology. A binary variable, X, is
introduced to indicate the morphology type of the ith experimental unit, i.e., X;=0
for the parallel morphology, and X; = 1 for the vertical morphology. A general log-
linear model is assumed to describe the effect of the stress and the morphology
on the Weibull scale parameter given in Equation 23,

Ing; =y, + 1, 100(S;) + 7, X;. (23)
To determine whether the morphology affects the fatigue life, a test of
significance can be performed on the regression coefficient, y,. The two
hypotheses in the test of significance are Hop: y>, = 0 versus Hj: v, # 0. If Ho is
rejected, there is evidence that the type of morphology affects the fatigue life. If
the test of significance fails to reject Hy, there is no evidence against the

hypothesis that the morphology does not affect the fatigue life.
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3.4 Computational Results

The Weibull predictive model is first applied to analyze the observed
fatigue-life data. The maximum likelihood estimates of the three model
parameters are B = 0.492, yp = 70.869, and y; = -8.327. Figure 25 shows the
predicted median, 0.025 quantile, and 0.975 quantile fatigue lives. The 2.5 and
97.5 quantiles are used to construct the 95% predictive interval for the fatigue
life. This 95% predictive interval captures all the failure observations. This
predictive interval, however, is very wide due to the excessive variability in the

data and the limited sample size.
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Figure 25. Predicted quantile lives by the Weibull predictive model.
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Next, the Weibull mixture predictive model is used to analyze the
experimental data. The maximum likelihood estimates of the seven model
parameters are p = 0.369, By = 3.773, Vwo = 15.238, yw,1 =-0.555, Bs = 0.612, yso
=126.454, and ys1 = -16.245. Figure 26 shows the predicted quantile lives by the
Weibull mixture predictive model. The observed data are also clustered into the
two groups. We are more interested in the strong group, because samples in the
strong group contain less fabrication defects, and may, therefore, reveal the
intrinsic fatigue behavior of the HEA, as discussed later. The median life of the
strong group exceeds 107 cycles when the applied stress range is less than 858

MPa, which may be used as an estimate of the endurance limit of this HEA.
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Figure 26. Predicted quantile lives by the Weibull mixture predictive model
(Square symbol: observations in the weak group; Circular symbol: observations
in the strong group).
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When the applied stress ranges are 1,125 MPa, 1,080 MPa, and 1,035
MPa, there are four failure observations at each of the three stress levels. The
Kolmogorov-Simirnov Goodness-of-Fit test is conducted to check if the Weibull
distribution and the Weibull mixture distribution are appropriate for the fatigue-life
data observed at these three stress levels. Table 2 summarizes the Kolmogorov-
Simirnov test statistic values. Because all the test statistic values are less than
the critical value of 0.494 [49], there is no evidence to reject the Weibull or the
Weibull mixture model as an appropriate model for the data collected at these
three stress levels. For the fatigue data collected at other stress levels, the

Goodness-of-fit test is not conducted because of the very small sample sizes.

Table 2. Kolmogorov-Simirnov goodness-of-fit test for the Weibull and the
Weibull mixture distributions.

Stress range Kolmogorov-Simirnov test statistics
(MPa) Weibull distribution | Weibull mixture distribution
1,125 0.32 0.31
1,080 0.22 0.33
1,035 0.39 0.39
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To determine which predictive model is better for the observed data, we
apply three commonly-used model-selection criteria, i.e., the log-likelihood, the
Akaike information criterion (AIC), and the Bayesian information criterion (BIC).
The AIC and BIC are defined by Equations 24 and 25, respectively,

AIC=2logL -2k, (24)

BIC=2logL —klogm, (25)

where logL, n, and k are the log-likelihood, the number of observations, and the
number of parameters of a model, respectively. The log-likelihood measures
how well a model fits the data. Using more complex models usually fits the data
better. The AIC and the BIC, however, penalize the complexity of the model
where the complexity refers to the number of parameters in a model. A model
with a higher logL, AIC, or BIC value is usually more preferred. Table 3 lists the
three model-selection criteria for the two predictive models. All the three criteria
indicate that the Weibull mixture predictive model is more preferred than the

Weibull predictive model.

Table 3. Model selection between the Weibull predictive model and the Weibull
mixture predictive model.

Model Model-selection criteria

Log-likelihood, logL | AIC =2logL-2k | BIC =2logL-klogm
Weibull -303.9 -613.7 -617.4
Weibull 293 -601.9 -610.5
mixture
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It was thought that the microstructure, specifically the orientation of the a
and B phases due to casting, could play an important role in affecting the fatigue
characteristics. To study the relationship between the fatigue life and the
morphology, the third predictive model is applied to analyze the observed fatigue-
life data in the strong group. The Weibull distribution is used to model the
variability in the fatigue life at a fixed stress level for the strong group, and the
Weibull scale parameter is modeled by the general log-linear relation (Equation
23). The test of significance for the regression coefficient, y», yields a P-value of
0.18. The test, hence, fails to reject Hy: y2 = 0 at the commonly used significance
level of 0.05 or 0.10. Analysis of the observations in the weak group results in the
same conclusion with a P-value of 0.73. Therefore, there is no evidence to

indicate that the morphology affects the fatigue life.
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CHAPTER 4
Discussion

4.1 Effect of Defects

Both the experimental results (Figs. 20 and 22) and the computational
result (Figure 26) confirmed that the fatigue-life cycles of the HEA are mainly
controlled by the defects. Figure 27 illustrates that the strong group tends to have
less defects, on average, than the weak group. At a given stress level, the strong
samples with less defects tend to exhibit longer fatigue lives than the weak
samples with more defects. Therefore, the control of the defects during the
fabrication processes is critically important for the future advancement and
applications of the HEA. It is believed that a reduction in the number of these
defects could result in more favorable fatigue behavior compared to that of

conventional alloys.
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Figure 27. Bar-graph of the average number of defects observed for the weak
and strong groups. The weak group tends to have more defects than the strong
group, which can lead to shorter fatigue lifetimes.
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4.2 Comparison of HEAs to Conventional Alloys

In total, four FCC-HEA specimens reached the endurance limit at stress
ranges of 540 and 720 MPa, and two specimens at 945 MPa, respectively
(Figure 15). These values correspond to excellent fatigue ratios (equal to the
fatigue-endurance limit / UTS) between 0.402 and 0.703, respectively. The
fatigue-endurance limit estimated by the Weibull mixture predictive model is 858
MPa for the strong group, which corresponds to a fatigue ratio of 0.638. These
estimates show that FCC-HEAs have favorable and/or greater endurance limits
and fatigue ratios comparable to steels, aluminum alloys, nickel alloys, titanium
alloys, and bulk metallic glasses (BMGs), as shown in Table 4 and Figure 22 [27,
34, 36-38] and detailed below.

Two BCC-HEA specimens also did not fail throughout their fatigue lives at
stress ranges of 540 and 630 MPa. The absence of tensile data prevents a
normalized comparison of these alloys to other conventional alloys using the
ultimate tensile strength. In general the BCC-HEAs tend to have a yield stress
comparable to that of the FCC-HEAs at 1,254 and 1,284 MPa, respectively,
described in Section 2.3. Shorter fatigue lives are comparable stress levels as
well as lower estimates of the fatigue endurance limits seems to indicate that
FCC-HEAs tend to outperform BCC-HEAs under fatigue conditions. That’s not to
say that BCC-HEAs perform poorly. In fact, a comparison of the endurance limits
of BCC-HEAs to conventional alloys reveals that HEAs are comparable to most

steels and outperform alloys with lower strengths.
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Table 4. Comparison of the fatigue-endurance limits, ultimate strengths, and
fatigue ratios (EL/UTS) of the AlpsCoCrCuFeNi and Al; 5Crz; sFessMnyoNiis HEAS
to various other alloys [34, 36-38].

. . Fatigue ,
e Toneay | Endurance | "aIoue
Limit (MPa)
HEA AlosCoCrCuFeNi (This 1,344 540/945 | 0.402/0.703
study)
HEA A|7_5CI'22,5F835Mn20Ni15
(This study) N/A 540/630 N/A
4340 Steel (Quenched &
Tempered ES??8°C) [37] 1,260 670 0.532
4340 Steel Annealed [37] 745 340 0.456
15-5PH Stainless Steel [37] 1,137 620 0.545
1015 Steel Annealed [37] 455 240 0.527
Ti-6Al-4V [37] 1,035 515 0.498
IN 625 Superalloy [37] 1,082 445 0.411
Al 6061 (T6) [37] 310 96 0.313
Zr Grade 702 [38] 430 155 0.36
Zr-based BMGs [34, 36] 1,480-1,900 239-983 0.161-0.517

56



1,400 — T — T —— T
L a
1,200 - HEAs ke
Yy BMGs
1,000 -
s
;_«? L J
800 |- ]
2
(0] 4340 Steel (Q& T ¢ 567676 %% q ]
D o0 | 15-5PH Stainless St _
[}
I | T|_6A|_4V .................................... i
§ 400 L IN:625Superalloy. == s—simnmis e s e e i
B RIS RPN =+t e Arn et i e S n A e -
b J
200 L 1045 SWRIAIEEISY & & i & dsnil S S e o S |
Zr Grade 702
0 i & i pigEl 5§ o wanq § 4 e g gl
10,000 100,000 1,000,000 10,000,000
Cycles to Failure
1.0 — Ty — Ty — Ty
0.9 - b |

T 7

)
=
5
~
[0}
(o))
c
& v,
0.6 -15-5PH StainlesX&t&elX
? 14340 Steel (0&1‘5 RS SR GO
o 0_5_10158teelAnneaIe S IOV IIIIID,
&4 Ti-6Al-4V A 7
~ 4340 Steel Annealed >
o 04 IN 625 Superalloy —*
© - Zr Grade 702 1
X o3} ; ; ~ \ ‘ .
[0} A ‘ : |
D02t N\ NN -
uﬂz - BMGs N SN ) ) .
00 " N 0l " i a9l " PR R ST R AT AT |
10,000 100,000 1,000,000 10,000,000

Cycles to Failure

Figure 28. S-N curves comparing (a) the endurance limits and (b) the fatigue
ratios of the AlpsCoCrCuFeNi HEA, other conventional alloys, and bulk metallic
glasses [27, 34, 36-38].
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Figure 28a presents HEAs with the lower bound of the endurance limit
comparable to 15-5PH stainless steel, 4340 steel, and titanium alloys, and the
upper bound surpassed only by some BMGs. This trend is due to the extremely
high UTS of BMGs (~ 1,900 MPa) relative to HEAs (1,344 MPa). Figure 23a
illustrates this relationship when comparing the fatigue-endurance limit vs. UTS.
One reason for the high fatigue strengths of FCC-HEAs is the high tensile
strengths of these materials. It is clearly seen that as the UTS increases, the
endurance limit will also increase in a linear fashion approximately equal to 0.5
for most materials [27]. FCC-HEAs follow a similar pattern and even exceed this
ratio with an upper bound of 0.703 (Figs. 22b, 23b, and Table 4).

To better compare the fatigue performance of HEAs to materials relative
to their UTS, the fatigue ratios are used and seen in Figure 23b, 24b, and Table
4. The lower bound of the fatigue ratios of HEAs compares favorably to those of
steels, titanium, and nickel alloys, and outperforms the zirconium alloys as well
as some of the Zr-based BMGs. Moreover, for some materials, such as ultra-high
strength steels and wrought aluminum alloys, their high tensile strengths result in
lower fatigue ratios due to their brittle nature [27]. The strong group of HEAs
tends to outperform these materials by displaying a greater fatigue ratio than
materials with comparable tensile strengths due to the reduced number of
defects. The upper bound of the fatigue limit of HEAs is significantly higher than
that of other conventional alloys and BMGs, showing that HEAs have the
potential to outperform these materials in structural applications with improved
fabrication and processing.
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CHAPTER 5
Conclusions

The fatigue studies show encouraging fatigue-resistance characteristics
due to the long fatigue lives of various samples at relatively high stresses. The
fatigue-endurance limit of FCC-HEAs was found to be between 540 and 945
MPa. The fatigue-endurance limit for BCC-HEAs was found to be between 540
and 630 MPa. Some scattering of the fatigue life was seen in the S-N curve. A
possible explanation of the scatter can be attributed to the different defect
densities of aluminum-oxide particles and microcracks introduced during the
casting and rolling operations. A Weibull mixture predictive model was utilized
and showed two main groups with the strong group having a predicted median
time to failure of greater than 10" at 858 MPa.

The fatigue-endurance limit to ultimate-tensile strength ratio between
0.402 and 0.703 compares favorably to conventional materials, such as steels,
nickel-, aluminum-, and titanium-alloys, and advanced BMGs. This trend may
partially be due to the high tensile strength of FCC-HEAs, compared to these
materials. However, when the fatigue ratios of these materials are compared,
HEAs may surpass those of conventional alloys with a reduction in defects
introduced during fabrication and processing. AlgC0;52Cr1g2Cuig2Fe1g2Nig 2 and
Al7 5Cr2, 5FessMnyoNi;s HEAs show promising fatigue-resistance characteristics
and may be useful in future applications where fatigue is a factor.

These results are very encouraging to future research, exhibiting the

potential for excellent fatigue resistance in HEAs and with possible long fatigue
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lives, even at stresses approaching the ultimate stress. Because of the lack of
the literature on the fatigue behavior of HEAs, the focus of the continuing
research should be placed on the data points that show an unexpectedly long
fatigue life as well as other promising HEA compositions. If the necessary
information on the fatigue resistance can be found as well as the development of
a prediction model for fatigue specimens, HEAs have a promising future in

numerous applications for components in fatigue environments.
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