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ABSTRACT

Compared to decades-old theories of strengtigemmi dilute solid solutions, the mechanical
behavior of concentrated solid solutions is reltiypoorly understood. A special subset of these
materials includes alloys in which the constituelments are present in equal atomic
proportions, including the high-entropy alloys @&cent interest. A unique characteristic of
equiatomic alloys is the absence of “solvent” asaltite” atoms, resulting in a breakdown of the
textbook picture of dislocations moving throughodévent lattice and encountering discrete solute
obstacles. To clarify the mechanical behavior ao$ tinteresting new class of materials, we
investigate here a family of equiatomic binary,ngey, and quaternary alloys based on the
elements Fe, Ni, Co, Cr, and Mn. These subsets drepg-cast, homogenized, cold-rolled, and
further annealed. The recovery, recrystallizatgnajn growth and phase stability of these alloys
were investigated first to identify the alloys wiplire FCC crystal structure and their stability
and to determine the suitable thermomechanical ggsing needed to obtain desired
microstructures. After this, the mechanical propsrof the alloys with FCC crystal structure
and comparable grain size were investigated aadcifun of temperature. The flow stresses were
observed to depend to varying degrees on temperatiattice friction stress appears to
contribute significantly to the temperature-deperndgeld stress, possibly because the Peierls
barrier height decreases with increasing tempezatue to thermal vibration induced increase of
dislocation width. In the early stages of plastaf (5~13% strain, depending on material), the
temperature dependence of strain hardening is daelyrto the shear modulus changing with
temperature since the curves at different tempegateollapse when the shear modulus corrected
flow stress is plotted against strain. In all etprigic alloys, both strain hardening capability and

ductility increase with decreasing temperature, tedformation of deformation twinning could



be an important comtribution to this. A statistiaalysis is conducted to investigate the
alloying (compositional) effects on the mechanalperties. The analysis suggests that, among
the factors that have been investigated, the mécdlamehavior is most highly correlated with

the annealing twin density, which can have effectstrength and strain hardening behavior.
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INTRODUCTION

This dissertation is based on three journatleg: 1) “Recovery, Recrystallization, Grain
Growth and Phase Stability of a Family of FCC-Stuued Multi-Component Equiatomic Solid
Solution Alloys”; (2) “Temperature Dependence oé tMechanical Properties of Equiatomic
Solid Solution Alloys with FCC Crystal Structuresjnd (3) “Alloying Effects on the
Mechanical Properties of Equiatomic FCC Solid SolutAlloys”. The focus of these articles is
to investigate the influence of temperature on thechanical properties of single-phase
equiatomic multi-component alloys with FCC crystalicture. The first article was published in
the Intermetallics in 2014; the second article was submittedAtta Materialia on June 25th
2014, and the third article is under preparatiansidbmission to Scripta Materialia. In keeping
with the guidelines for a multi-part dissertatiop the Graduate School of the University of
Tennessee, each article is presented as an indivethapter in the dissertation, with the figures

and tables are listed in an appendix at the emécih chapter.

Traditional design and development of alloysnainly based on one principle element, such
as iron in steels [e.g., 1-3], copper in brasses l@onzes [e.g., 4-5], aluminum in aluminum
alloys [e.g., 6-9], nickel in superalloys [e.g.;18], and titanium in Ti-based alloys [e.g., 14516]
leading to an enormous amount of knowledge abdaysalvhose compositions are located at the
edges or the corners of the phase diagrams. Cothparthese, there is very little knowledge
about alloys containing several main components aear equiatomic compositions. Motivated
by this, Yeh et al. [17] tried a new approach toyadesign including multiple (five or more)
principle elements at or near equiatomic at or regmriatomic ratios and defined this class of
alloys as “high entropy (HE) alloys”. In generalbrh physical metallurgy intuition, increasing

number of additive elements will simultaneouslyrease the probability that second phases will



precipitate out. Recently, however, a limited numbgalloys containing multiple constituent
elements in equiatomic or near-equiatomic conceatra have been discovered and shown to
crystallize as solid solutions with simple (FCCBZC) crystal structures [18-21]. The striking
feature of some of these alloys is that they areesed of elements with very different crystal
structures, which contradicts traditional notion$ solid solubility based on empirical
observaions such as Hume-Rothery rules. As a gessikplanation for this, it has been
hypothesized that their remarkable solid solubitythe result of high configurational entropy.
High configurational entropies are expected to bk &0 overcome enthalpies of compound
formation and phase separation, thereby stabilithegsolid-solution state relative to the various
possible multiphase states in such highly alloyedtenfals. This high-entropy concept, if
generally valid, provides new ways to rationalizZlyaphase stability. Other than the high
entropy effect, sluggish diffusion [22], severetitat distortion [17] and large solid solution
strengthening [17] are also expected and have beewn to be important effects for the high
entropy alloys. Motivated by these anticipationd aarlier observations, tremendous amount of
efforts have been put mounted during the past @edhd investigation and exploration of
various properties of high entropy alloys. Higrestyth, outstanding wear resistance, exceptional
high-temperature strength, good structural stgbiljood corrosion and oxidation resistance have
been observed for some HE alloys, however, thergeftion mechanisms of HE alloys are not

well understood.

Recently, an equiatomic quinary alloy, FeNiCd@r was fabricated and shown to be FCC-
structured single phase solid solution alloy [IHhce its discovery, extensive research has been
conducted, including its recrystallization behavi@3] and diffusion kinetics [21]. More

importantly, to understand its deformatio, the naubal properties of this alloy were



investigated as a function of temperature by Gadil.g24] and Otto et al [25]. A striking feature
observed in the behavior of this alloy is that bitghstrength (yield strength and ultimate tensile
strength (UTS)) and elongation increase with thereksing of temperature. Through
microstructural characterization, the increase ®5land elongation at low temperature (77 K)
were attributed to the transition of deformationdadrom dislocation-mediated plasticity to
nano-twinning. Regarding the yield strength, it l&gen shown and widely accepted that the
yield strength of BCC metals is highly temperatdependent [26]. In general there are two
barriers that contribute the temperature-dependehgeeld strength of BCC metals [27]. The
first one is the locking of dislocations by intéiat solute atoms, and the second is the Peierls-
Nabarro barrier. Because of the difficulty of reshgcinterstitial impurities to levels where they
would be only sparsely distributed along disloaadioit is not possible to distinguish with any
certainty between these two possibilities. Howewsrlier work with highly purified iron
showed that the yield strength is very low whenithpurities reach extremely low levels, but
there is still a substantial temperature dependeviieh must arise from the Peierls-Nabarro
barrier [28]. Due to a much smaller Peierls-Natdrarrier, the yield strength of pure FCC
metals has been observed to be relatively inseasio changes in temperature (at low
homogeneous temperatures), as confirmed experithei2é]. However, similar to what has
been observed in the FeNiCoCrMn alloy, a tempeeati@pendent yield strength has been
reported for several binary FCC solid solution wld29-36]. In these materials, the yield
strength is normally separated into athermal aedntal portions, with the former arising from
the interactions of a dislocation with long-randestacles and the latter from the interaction of a
dislocation and short-range barriers. Both therathé and thermal portions were observed to

increase with the solute concentrations, indicatingincrease of the amount of both types of



obstacles. However, for the binary FCC solutionsl dor the equiatomic quinary alloy,
FeNiCoCrMn, a fundamental understanding of theamlsible mechanisms and the nature of the

obstacles which contribute to the temperature seitgiremains elusive.

To develop better theories of unusual temperatarnsisvities of mechanical properties of
equiatomic multi-component alloys, it is importamiexperimentally characterize the mechanical
behavior of a range of equiatomic solid solutidoys as a function of temperature. To this end,
we will investigate in this dissertation a family equiatomic binary, ternary and quaternary
alloys which are all subsets of the “parent” FeNd@dn alloy. The first step is to examine all
available phase diagrams for these alloys. Phamgrains for quaternaries are virtually non-
existent; thus we have to experimentally deterntireestability. For ternary and binary alloys,
phase diagrams are helpful for excluding the altbyg will not be able to solidify as FCC solid
solutions. The remaining alloys which will possittlg FCC solid solutions have been drop-cast
and homogenized to identify their phase componéiasthe alloys that have been identified as
FCC solid solutions, thermomechanical processingdeducted to investigate their phase
stability and recovery, recrystallization and grgmowth behavior. This first part is covered in
the first published article “Recovery, Recrystaltion, Grain Growth and Phase Stability of a
Family of FCC-Structured Multi-Component Equiatoriolid Solution Alloys”. After this, the
mechanical properties of the identified FCC solidusons are investigated as a function of
temperature. To achieve this, alloys with comparajplain size are tensile tested under five
different temperatures (77-673 K) at a constaristrate (10 s?). Their melting temperatures,
shear moduli and Poisson’s ratios are measurecelfp us understand and analyze data. The
experimental observations and mechanistic undatstgnof the mechanical properties the

equiatomic alloys is covered in the second subthiéieicle “Temperature Dependence of the



Mechanical Properties of Equiatomic Solid SolutAioys with FCC Crystal Structures”. From

this set of experimental data, another effect seoled, an alloying arising from the addition of
different elements. A statistical method is usetiétp understand this and analyze this which is
covered in the third article “Alloying Effects ohe Mechanical Properties of Equiatomic FCC

Solid Solution Alloys”.
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Abstract

The equiatomic high-entropy alloy FeNiCoCrMn is Wmoto crystallize as a single phase with
the face-centered cubic (FCC) crystal structureb@&ter understand this quinary solid solution
alloy, we investigate various binary, ternary andgtgrnary alloys made from its constituent
elements. Our goals are twofold) {0 investigate which of these lower order systatss form
solid solution alloys consisting of a single FCCaph, and i) to characterize their phase
stability and recovery, recrystallization, and grgrowth behaviors. X-ray diffraction (XRD)
and scanning electron microscopy with backscattetedtron images showed that three of the
five possible quaternaries (FeNiCoCr, FeNiCoMn ani€oCrMn), five of the ten possible
ternaries (FeNiCo, FeNiCr, FeNiMn, NiCoCr, and NMI9, and two of the ten possible binaries
(FeNi and NiCo) were single-phase FCC solid sohgim the cast and homogenized condition,
whereas the others either had different crystailctaires or were multi-phase. The single-phase
FCC quaternary, FeNiCoCr, along with its equiatort@mary and binary subsidiaries, were
selected for further investigations of phase stgldind the thermomechanical processing needed
to obtain equiaxed grain structures. Only fourhafse subsidiary alloys—two binaries (FeNi and
NiCo) and two ternaries (FeNiCo and NiCoCr)—werenfo to be single-phase FCC after rolling
at room temperature followed by annealing for 1t hleanperatures of 300-1100 °C. Pure Ni,
which is FCC and one of the constituents of thenguyi high-entropy alloy (FeNiCoCrMn), was
also investigated for comparison with the higheteoralloys. Among the materials investigated
after thermomechanical processing (FeNiCoCr, FeNNIGoCr, FeNi, NiCo, and Ni), FeNiCo
and Ni showed abnormal grain growth at relatively lannealing temperatures, while the other
four showed normal grain growth behavior. The grgiowth exponents for all five of the
equiatomic alloys were found to be ~0.25 (compaeed0.5 for unalloyed Ni), suggesting that

solute drag may control grain growth in the allolysr all five alloys, as well as for pure Ni,
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microhardness increases as the grain size decreaaddall-Petch type way. The ternary alloy
NiCoCr was the hardest of the alloys investigatedthis study, even when compared to
the quaternary FeNiCoCr alloy. This suggests tbktts hardening in equiatomic alloys depends

not just on the number of alloying elements bub #hir type.
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1. Introduction

High-entropy (HE) alloys were defined by Yeh et [4]] as equiatomic or near-equiatomic
alloys containing at least five principal elemeritkeir work was an attempt to rationalize why
certain relatively concentrated multi-element atlogolidify as simple (BCC or FCC) solid
solutions rather than with multi-phase microstroesu consisting of several different
intermetallic compounds—as would be the expectdtiom physical metallurgy intuition. Yeh
et al. hypothesized that the high configuratiomat@ies of equiatomic alloys containing five or
more elements would overwhelm the enthalpies of pmamd formation, thereby suppressing
intermetallic formation and favoring the formatiof solid solutions. Consistent with such a
hypothesis, it has been found that the microstrestof some HE alloys are in fact single-phase
FCC [2, 3] or BCC [4, 5]. However, most alloys ttzae referred to in the literature as high-
entropy alloys actually contain secondary phases.,[€-8]. In such multi-phase alloys, the
configurational entropy should be much lower [Hriithat of a random mixture assumed by Yeh
et al. [1] and thus unlikely to be able to overcotne effects of the enthalpies of compound
formation and phase separation [9]. Nevertheléssidrm “high-entropy alloys” has taken hold
in the literature and is now used to describe@lii-eor near equi-atomic multi-component alloys
containing five or more elements regardless of ivaethey are true single-phase solid solutions

or not.

Due to the multiple alloying elements present in &lays, they are expected to exhibit a high
degree of solid solution hardening [1]. This habtl® numerous research efforts aimed at finding
alloys with simple microstructures and promisingchemical properties [e.g., 2, 5, 10-14]. A
prominent example is the equiatomic FeNiCoCrMnyatlmat was first reported by Cantor et al.

[2] to solidify as a single-phase solid solutiombSequent studies showed that it exhibits a high
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degree of thermodynamic stability [9], that it leascellent malleability [12], and that its grain
size can be controlled by rolling and recrystatima [12-14]. Gali and George [12] first reported
and Otto et al. [14] further investigated the tengroperties of this high-entropy alloy, which
shows a strong increase in strength with decredsmgerature accompanied by a large increase
in ductility [12, 14]. Through microstructural claaterization by transmission and scanning
electron microscopy, the increases in ultimate ikersgrength and ductility at liquid nitrogen
temperature were attributed to a changeover in roeftion mechanism from dislocation
mediated plasticity to nano-twinning [14]. In cast, the mechanism responsible for the strong
increase in yield strength with decreasing tempeeafl2, 14], which is atypical for pure FCC

metals [e.g., 15] but observed in binary FCC sstitiitions [e.g., 16-18], is not well understood.

To better understand the mechanical behavithisfHE alloy (FeNiCoCrMn) and the effects
of the number/type of alloying elements on mechalnproperties and phase stability, it is
important to systematically study its various etuigic subsystems, namely the five quaternary,
ten ternary, and ten binary alloys that can be &frfrom the constituent elements of the HE
quinary, as shown in Fig. 1.1. To this end, werasgtted and homogenized these sub-alloys and
identified the phases present in their microstmaguOf the five quaternaries, three were found
to be single-phase FCC, and from those we seldatedurther study the quaternary alloy
FeNiCoCr and its equiatomic ternary and binary stgoOur rationale for this selection was that:
(i) the FeNiCoCr alloy has been reported to exhilstinanical properties similar to the high-
entropy FeNiCoCrMn alloy [12], andi many high-entropy alloys investigated in theratere
are based on the FeNiCoCr equiatomic compositiamhich additional elements such as Al [19],
Cu [20], Mn [9, 12-14]Ti, Nb, and Mo [21] are added. We also investiggdee (unalloyed) Ni

to obtain a baseline against which the higher osdéid solution alloys can be compared. For
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each of these materials, we investigated phasalitstalmicrostructure and microhardness

evolution as a function of heat treatment aftedcolling.

2. Methods and Experimental Procedures

2.1. Phase Diagram Assessments

Quaternary phase diagrams are virtually notexisin the literature. Therefore, we had no
choice but to experimentally identify the phasesspnt in our equiatomic quaternaries. In
contrast, ternary and binary phase diagrams teih@ tmore common so we used them as a first
step in our analysis followed by experimental veation of the phases that were actually
present. All phase diagrams used in this study waken from the ASM Alloy Phase Diagram
Database [22]. The data gathered from the availsiidse diagrams are summarized in Table 1.1
where the phases present at various temperatwedstad. Based on these data, the equiatomic
alloys FeCoCr, FeCrMn, FeCr, NiCr, CoCr and CrMn reveeliminated from further
consideration since they have either the BCC dngttacture or consist of multiple phases at
high temperatures. In the case of Fe-Co alloys HD€ phase is stable only above 985 °C; at
lower temperatures, either BCC or B2 is the staiblase. Additionally, phase separation has
been shown to occur in a surface layer up to 70iumhickness (not associated with surface
oxidation) at temperatures to 1300 °C [23] inclgdat the FeCo equiatomic composition [24].
Therefore, it, too, was excluded from further ststyce our focus was on those alloys that are
single-phase FCC at room temperature. The remagigig ternary and five binary equiatomic
alloys couldpotentially form single-phase FCC solid solutions, but experital validation was

necessary since phase diagrams were either ndalaleajin some cases), or available only for a
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limited range of temperatures. Of the five elemantdhe quinary alloy (FeNiCoCrMn), only Ni
has the FCC crystal structure at room temperaBgaieed on these starting observations, several
different ingots were prepared and analyzed foredgrpental verification of phase stability as

described below.

2.2. Alloy Preparation and Characterization

Ingots of the selected equiatomic quaternatexsaries, binaries, and pure Ni were produced
by arc melting the constituent elements (>99.9%epum a water-cooled copper hearth under
argon atmosphere. Since Mn oxidizes easily, it wi@smned in a 25% nitric acid solution
immediately before use; additionally, since it laalsigh vapor pressure, it was stacked between
the other constituents to minimize evaporation.rEsge, there was some loss of Mn during
melting, and extra Mn was added to the charge topemsate for its weight loss based on our
previous experience with Mn-containing HE alloys [, 14]. To improve compositional
homogeneity, the arc-melted buttons were flippedanhelted five times before drop casting

into square cross-section copper molds measuringrhighx 12.7 mmx 127 mm.

The drop-cast ingots were homogenized for 24t Wdifferent temperatures, as shown in
Table 1.1, followed by water quenching. Homogemmatwas performed at as high a
temperature as possible without resulting in mgltiAfter homogenization, crystal structures
were examined by x-ray diffraction with Cu-targatiation at 40 kV and 40 mA on 2.54-mm
thick slices. The samples were scanned throughaging from 20 to 90 degrees with a scan
rate of 1.2 degrees/minute. Microstructures weraged in a JEOL 6500 FEG scanning electron

microscope (SEM) operated in the backscatteredrete¢(BSE) mode.
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For the alloys selected for further studiespbfise stability, recovery, recrystallization and
grain growth, additional ingots measuring 12.7 m2b.4 mmx 127 mm were cast. The solidus
temperatures of these solid solution alloys werasueed using a NETZSCH 404 C differential
scanning calorimeter (DSC). In this paper, thedswitemperatures are defined as the start
temperature of the endothermic peaks observed erD®C traces upon heating from room
temperature to the melting temperature. The homagéningots were rolled at room
temperature in steps from 12.7 mm to 1 mm (totektress reduction of 92%) without cross-
rolling or intermediate annealing. Specimens whantcut perpendicular to the rolling direction
and annealed at temperatures between 300 and CLO8fter annealing, crystal structures and

microstructures were analyzed as described preyious

Grain growth kinetics were investigated at 900and annealing times of 1, 2, 4, 8, and 16 h.
Pure Ni was excluded from the grain growth studgalse its starting grain size after 1 h was
very large (=130 pm) and was expected to grow smuificant fraction of the thickness of the
rolled sheets (~1000 um) after longer annealing$inGrain size measurements were made on
SEM BSE images of the alloy microstructures usimg inear intercept method; at least 150

grains were counted for each specimen.

Microhardness was measured with a LECO LMa3®0ckers Hardness tester using a load of
500 g. Ten indents were made for each conditiomfrehich average values of hardness and

standard deviations were calculated.
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3. Results and Discussion

3.1. Phase Identification and Phase Stability

X-ray diffraction patterns and BSE images & ttast and homogenized alloys are shown in
Figs. 1.2-1.4. Three of the five quaternaries, E0@r, FeNiCoMn and NiCoCrMn, five of the
eight ternaries, FeNiCo, FeNiCr, FeNiMn, NiCoCr adiCoMn, and two of the five binaries,
FeNi and NiCo, exhibited only FCC peaks, while ¥ReD spectra of the others included peaks
from other phase(s). The BSE micrographs showneBwh alloy are consistent with their
respective XRD patterns. In the case of FeCoMn, ireNiMn, and CoMn, phase diagrams
show that only an FCC phase should be presenesethlloys at high temperatures (Table 1.1).
However, their microstructures after homogenizaaod water quenching are not single-phase
(Figs. 1.3 and 1.4) indicating that the high-terapare FCC phase is not stable at low
temperatures. Figure 1.1 summarizes the above\@igars and identifies in red those materials
that are single-phase FCC at room temperature editing and homogenization. Starting from
the quinary FCC-structured equiatomic alloy (FeNd@dn), there are three quaternary, five
ternary, and two binary equiatomic alloys that difi as single-phase FCC solid solutions.
Possible criteria for why some high-entropy allégsd to solidify as a single-phase FCC solid
solution while others tend to solidify as multippasere proposed by Guo et al., including
valence electron concentration (VEC) [25] and ¢attdistortion [26]. According to Guo et al.
[25], when the effective VEC of an alloys8, it tends to form as single-phase FCC, for v@lue
between 6.87 and 8, it tends to form as two-ph&@-BCC, and for values 6.67, it tends to
form as single-phase BCC. To determine whether was true in our equiatomic binaries,
ternaries and quaternaries, we calculated thesct¥le VECs using the elemental VECs given in
[25]. We found that, except for two binaries (Fef@w NiMn), our alloys generally obeyed the
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VEC criterion of Guo et al. [25]. Their second eribn, based on lattice distortion [26], requires
knowledge of the lattice parameters of our alleyisich is beyond the scope of the current study
and can be taken up in a follow-on investigationonk these, we selected the FeNiCoCr

guanternary and its ternary and binary subsetiiftiter investigation.

Figure 1.5 shows XRD patterns and BSE images daddirom FeNiCoCr, FeNiCo, FeNiCr,
NiCoCr, FeNi, and NiCo after cold rolling and ankmegat 800 °C for 1 hour. All of these alloys
still exhibit only FCC peaks, except for the FeNialtoy, which exhibits additional peaks
belonging to another phase. This second phasehvidigresent mainly on the grain boundaries,
has the BCC structure based on our analysis oKRE pattern and ternary phase diagram.
Therefore, the FeNiCr alloy was excluded from farthonsideration since our focus here is on
those alloys that are single-phase FCC after themeebanical processing. The remainder of this
paper deals with those materials (FeNiCoCr, FeNNIgoCr, FeNi, NiCo,and Ni) that were
single-phase FCC after cold rolling and annealilg1f h at temperatures of 300-1100 °C, as
determined by XRD and microstructural analyses BEM. It is possible that some of these
alloys (e.g., FeNi) might decompose into intermigtgdhases if subjected to long-term, low-

temperature anneals.

3.2. Microstructural Evolution during Casting, Homogenization, Cold Rolling and

Annealing

Figure 1.6 shows representative microstructaféle equiatomic FeNiICoCr alloy in the cast,
homogenized, and recrystallized states. The assgagimen consists of large elongated grains

extending from the edges to the center of the mngetiar cross-section molds (Fig. 1.6a),
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consistent with the heat flow directions duringidification. After homogenization at 1200 °C
for 24 h, the elongated grains near the centenetasting are replaced by more equiaxed grains
(Fig. 1.6b). After cold rolling and annealing atO9®C, the microstructure is fully recrystallized
and comprised of equiaxed grains (Fig. 1.6c). Ailaimmicrostructural evolution was observed
in the other alloys. Figure 1.7 shows the recriigead microstructures of all the equiatomic
alloys investigated here, along with that of puiie after cold rolling and annealing at 1000 °C
for 1 hour. All of them exhibit equiaxed grains,thwith different grain sizes and different

numbers of annealing twins.

3.3. Recovery, Recrystallization and Grain Growth Knetics

Microhardnesses after 1-h anneals at variompeeatures are shown in Fig. 1.8a. The open
arrows indicate the start of recrystallization attie filled arrows the completion of
recrystallization [; and T; are the corresponding temperatures at which rliyation starts
and finishes, respectively). Note th@t and T; are only approximate since our annealing
temperatures had an increment of 100 °C. Figureatk® includes, as representative examples,
BSE images of the microstructures of the FeNiCoyalwhen annealed at 500 °C (beladyy, it
exhibits a fully wrough tmicrostructure (Fig. 1.8bhen annealed at 600 °T;) it exhibits a
partially recrystallized microstructure (Fig. 1.8apd when annealed at 800 °T)( it exhibits a
fully recrystallized microstructure (Fig. 1.8d). dloverall decrease in hardness with increasing
temperature (Fig. 1.8a) is presumably the combiesdlt of recovery, recrystallization and grain
growth. A determination of the relative contribuisoof each of these processes to the hardness

decrease would require more detailed analyseseatt®@mperature increments.
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As would be expected based on solute effects angtin, the smallest hardnesses were
observed in pure nickel with the binaries havingaswgably higher hardnesses. However, the
hardest material was not the quaternary but onthefternaries (NiCoCr), indicating that the
nature of the alloying elements has to be takem atount in addition to the sheer number of

alloying elements.

Table 1.2 presents the temperatures at which geggbmmenced in the alloys, i.e., the solidus
temperatures, based on the DSC measurements.| Boe alloys shown in Fig. 1.8a, the solidus
temperatures lie in a relatively narrow range (34482 °C). Therefore, the hardness differences
seen in Fig. 1.8a (related to the different temjpeearanges for recovery, recrystallization and
grain growth) are not due to differences in the blmgous temperatures. Rather, they appear to

be related to the nature of the specific elemergsant in the different alloys.

Traditional notions of the effects of solutes onowery, recrystallization and grain growth
behavior can help us understand the differences seé&ig. 1.8, even though, in equiatomic
alloys, unlike in more dilute solid solutions, thés no “solvent” into which solute atoms are
added. Solute atoms can influence the stacking fngrgy and/or impede the movement of
dislocations [27]. Stacking fault energysfg is one of the most important parameters that
determines the degree of recovery by affectingettient to which dislocations dissociate, which
in turn determines the rate of dislocation climla amnoss slip, which are the mechanisms that
usually control the rate of recovery [27]. In mstalith low ysge such as copperclimb is
difficult, which slows down recovery [28]. On thé¢her hand, in metals with higlsresuch as
aluminum climb is rapid, and the rate of recovery tend®eohigher [e.g., 29, 30]. It has been
shown that additions of Cr, Co, and Fe all lower skacking fault energy of Ni, with iron having
the smallest effect and Cr the largest [31,32].eBasn these results, one might expect the
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stacking fault energies of our materials to inceeimsthe order: NiCoCr < FeNiCoCr < NiCo <

FeNiCo < FeNi < Ni. The annealed microstructuresashin Fig. 1.7, with different densities of

annealing twins, are consistent with this trendstaicking fault energies. Thus, the relatively
rapid decrease in the hardness of pure Ni cantbbuaéd to its higher stacking fault energy
while the slower decrease in some of the equiat@iays may be due to their lower stacking
fault energies. Our experimental results are ctersisvith the work of Seymour and Harker [33],
who found that there was no hardness reductiohenFeNi equiatomic alloy after a 1-h anneal

at 500 °C but significant reduction after a 1-headrat 600 °C.

Figure 1.8 also shows that the recrystallizatiant<T;) and finish {) temperatures depend on
alloy composition. NiCo and Ni have simildr and T; temperatures, which are significantly
lower than those of FeNiCoCr, FeNiCo, NiCoCr andNieRecrystallization temperatures
usually vary inversely with the degree of cold wéekg., 34, 35]. In the present study, all the
materials investigated were subjected to the saegreé of cold rolling (92% reduction in
thickness); yet, as shown in Fig. 1.8, they exhibisignificantly different recrystallization
temperatures. Thus, once again the specific natfirthe alloying elements appears to be

important.

Figure 1.9 shows the mean grain size after 1-h alan& various temperatures. With the
exception that pure Ni exhibited both the largestirgsize and the greatest amount of grain
growth with annealing, there are no general treandbe observed behavior as a function of the
number of elements in the alloy. The NiCoCr all@adithe smallest grain size at all annealing

temperatures.
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Two of the alloys exhibited abnormal grain growtpure Ni between 500 and 700 °C and
FeNiCo at 800 °C. The short arrows in Fig. 1.9 painthe annealing temperatures at which
abnormal grain growth was observed. An examplébabamal grain growth in pure Ni annealed
at 500 °C for 1 h is shown in the inset BSE imag€ig. 1.9, which shows the presence of a few
large grains in a matrix of much smaller graind.tAé other alloys showed normal grain growth
at all temperatures, with a relatively narrow graipe distribution that evolved in a uniform
fashion. Abnormal grain growth in alloys has beetritaited to texture [36, 37] or grain
boundary pinning by precipitates [38] and can ugudtvelop if certain boundaries are pinned
more than others [39]. In high-purity bulk polycials and in specimens without texture, the
occurrence of abnormal grain growth has been at&rtto the segregation of impurity or solute
atoms at grain boundaries [40-44]. Randle and Hdd8] observed anomalous grain growth in
high-purity Ni for annealing temperatures lowerrntta68r,,, but relatively normal grain growth
for higher temperature anneals. They attributesl tilhigrain boundary structural transformations,
which can lead to a change in the mobility of sgrens boundaries and allow them to migrate
at a faster rate than average. Lee et al. [46héurlinked abnormal grain growth in pure Ni to
the formation of faceted grain boundaries. Addilomvestigations are needed to determine
whether any of these factors are responsible #®rattnormal grain growth seen here in Ni and

FeNiCo.

The kinetics of grain growth are often analyzedoading to the rate equation:

1 1

dn — d,n = kt, 1)

whered is the average grain size after annealing for tirdgis the average initial grain sizejs

the rate constant aml is the grain growth exponent [47, 48]. Wha&nis very small and a
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significant amount of grain growth has occurred.(d>>d,), this expression can be simplified

and written in its more usual form [49]

1
dn = kt, (2)

Burke and Turnbull [50] obtained a theoretical wabfn = 0.5 for the grain growth exponent,
but many experimental studies have reportedrthatgenerally well below this value and that it
varies with composition and temperature [27]. lct,fa grain growth exponent of 0.5 has rarely
been found even in pure metals with very low imutevels [27]. In our case, all the
equiatomic alloys have a grain growth exponenteckns0.25 (Fig. 1.10), which is at the lower
end of typical values reported in earlier studiezone-refined metals where the n values ranged
from 0.25 to 0.5 [27]. To eliminate from consid&vatthe very early stages of recrystallization
and grain growth, the 1-hour grain size data, aigfnoshown in Fig. 1.10, were not considered in
our estimation of the grain growth exponents. Valoén less than 0.5 are often attributed to
solute drag effects on the boundary mobility [53]. n the case of unalloyed Ni, a grain growth

exponent close to 0.5 has in fact been reported [45

3.4. Microhardness Dependence on Grain Size

Figure 1.11 shows the dependence of microhasdna mean grain size for the equiatomic
alloys and pure Ni. The data indicate that the hesdes all follow a Hall-Petch type relationship.

As a consequence, the data in Fig. 1.11 can be thte expression

H=H,+ kyd¥?, (3)
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whereH is the hardness at a grain siéH, is the hardness interceptdat®=0, andk, the Hall-

Petch slope, is a material parameter related tgrdie boundary strength.

Table 1.3 lists the Hall-Petch constants for thigedint alloys. In general, the Hall-Petch
slopes follow the expected stacking fault energgnds discussed earlier. Fischmeister and
Karlsson [53] noted that an increase in the valud® stacking fault energy decreases the Hall-
Petch slope and attributed this effect to the éasyation of a cell structure, reasoning that cell
boundaries, rather than grain boundaries, limit ghe lengths of dislocations in such cases.

However, it is certainly possible that other fastoontrol the behavior in these complex alloys.

At a given grain size, the hardness differenceBign 1.11 are a measure of the hardening
effects of different solutes. Due to the large nambf alloying elements in HE alloys, a high
degree of solid solution hardening has been hygatéé in equiatomic multi-component alloys
[1]. However, our results show that simply incregsihe number of alloying elements does not
always make the materials harder. For exampleadl#ion of Co to pure Ni to form a binary,
or to the FeNi alloy to produce a ternary, causgg minor hardening while the addition of Cr to
NiCo and FeNiCo causes tremendous hardening. kr etbrds, the nature of the added element
also plays an important role in the hardening afiggmic alloys. In general, the factors that
affect solid solution hardening are size misfit,dalus mismatch, stacking fault energy changes,
and long-range and/or short-range ordering. Thenihade of the elastic interaction force
between a dislocation and a solute increases with the atomic size and modulus misfits
between solute and solvent atoms. In terms of #iz &adii, the atomic sizes of Fe, Ni, Co, and
Crare 1.411, 1.377, 1.385, and 1.423 A, respdyt[@d]. The largest difference in these atomic
sizes is only 3.3% suggesting that the differemcéhe hardness of the alloys is unlikely to be

due to size misfits. In contrast, the Young’'s moaiilFe, Ni, Co and Cr are 211, 200, 209, and
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279 GPa, respectively [55], with the largest defere yielding a misfit 39.5% between Cr and
Ni. Therefore, the observed hardening effects mightlargely due to the modulus mismatch
between Cr and the other elements, although itfiiudt to extrapolate the general principles

governing strength beyond the binary alloys.

4. Summary and Conclusions

The high-entropy alloy FeNiCoCrMn has previguséen shown to be single-phase FCC. All
possible equiatomic subsystems (quaternary, terreargl binary) of this quinary alloy were
studied by assessing their available phase diagesmdsexperimentally verifying which of the
sub-alloys formed single-phase FCC solid solutiodse of the single-phase quaternaries,
FeNiCoCr, plus its equiatomic ternary and binarpsais that had the FCC crystal structure,
were then selected for further investigations ofgghstability, recovery, recrystallization and
grain growth behavior. Pure Ni was also investigai® provide a baseline against which to
compare the alloys. It was shown that neither thibtyato form a single-phase solid solution,
nor the degree of solid solution hardening, wa®mened solely by th@umber of alloying
elements; rather thigpe of elements present in the alloys needs to bentake account. Based
on this study, the following conclusions can bendra

(1) Three quaternaries, FeNiCoCr, FeNiCoMn, and NiCo&rM¥ive ternaries, FeNiCo,
FeNiCr, FeNiMn, NiCoCr, and NiCoMn, and two binaid-eNi and NiCo, are single-

phase FCC solid solutionsin the cast and homogemiaerdition.
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(2) Among the FCC subsets of the FeNiCoCr alloy, plseg®ration occurs in one alloy,
FeNiCr, when it is cold rolled and annealed (retafjiged), while all the others remain
as single-phase FCC solid solutions.

(3) FeNiCo and Ni exhibit abnormal grain growth at tielely low annealing temperatures
while all the other alloys show normal grain growghavior.

(4) The grain growth exponents of the equiatomic allegbliCoCr, FeNiCo, NiCoCr, FeNi,
and NiCo are ~0.25, compared to ~0.5 for pure ijgesting that solute drag may alter
the grain growth kinetics of the equiatomic alloys.

(5) All the equiatomic alloys as well as pure Ni showHall-Petch type of grain size
dependence of microhardness.

(6) The ternary equiatomic alloy NiCoCr is harder tladinthe other alloys, including the
quaternary alloy FeNiCoCr, suggesting that solidtsan hardening in multi-component
equiatomic alloys cannot be solely determined lgyrtbmber of alloying elements; the

type of alloying elements is also important.
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Table 1.1. Phases present in the various alloys iestigated in the present study as inferred from
available phase diagrams and determined by experiméal analyses. Room temperature and high

temperature are designated as rt and ht, respectile

Phase stability information obtained

Homogenization
temperature used in

Phases present aff
homogenization

200-347 °C: (Fe)rt+Felit

Alloy from phase diagrams this study (°C) (experimentally
y determined)
FeNiCoCrMn NA 1200 FCC (single-phase)
FeNiCoCr NA 1200 FCC (single-phase)
FeNiCoMn NA 1100 FCC (single-phase)
FeNiCrMn NA 1100 Multi-phase
FeCoCrMn NA 1100 Multi-phase
NICoCrMn NA 1100 FCC (single-phase)
. 600-800 °C: FCC; .
FeNiCo 500-600 °C: FCC+BCC 1200 FCC (single-phase)
. 927-1400 °C: FCC; .
FeNiCr 300-927 °C: ECC4BCC 1200 FCC (single-phase)
: 400 °C: MnNi rt; .
FeNiMn 25 °C: (Fe)rt 4o phase 1100 FCC (single-phase)
1200-1400 °C: FCC+BCC;
FeCoCr 1100 °C: FCC/FCC+BCC boundary; X X
700-1000 °C: FCC + phase
600-1200 °C: FCC;
400 °C: FCC+BCC :
FeCoMn 300 °C: BCC4B-Mn:; 1200 Multi-phase
25 °C: FCG+FCG,
1200 °C: BCC;
750-1000 °Co phase;
FeCrMn 700 °C:c phase+Cy26MNg.ad-e 30 X X
25 °C: BCC +o phase
NiCoCr 927-1227 °C: FCC 1200 FCC (single-phase)
NiCoMn 25 °C: FCC 1100 FCC (single-phase
. 650-952 °C: FCC+BCC,; .
NiCrMn 25 °C: FCC o phase 1050 Multi-phase
CoCrMn 25 °C: (Co) rt & phase + CrMairt 1100 Multi-phase
360-1440 °C: FCC;
FeNi 347-360 °C: FCC+Felit; 1200 FCC (single-phase)
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Table 1.1. Continued

Alloy

Phase stability information obtaineg
from phase diagrams

d

Homogenization
temperature used in
this study (°C)

Phases present aff
homogenization
(experimentally

determined)

FeCo

FeCr

FeMn
NiCo
NiCr

NiMn

CoCr

CoMn

CrMn

985-1490 °C: FCC;
730-985 °C: BCC;
below 730 °C: B2

830-1600 °C: BCC;
700-830 °Cws phase + BCC;
540-700 °Co phase;
0-540 °C:c phase + BCC

510-1310 °C: FCC;
250-510 °C: FCC + (Mn)rt;
0-250 °C: (Fe)rt + (Mn)rt

0-1480 °C: FCC,;
0-1346°C: FCC + BCC

890-1040 °C: FCC;
760-890 °C: FCC + B2;
720-760 °C: L3+B2;
80-720 °C: L}

1282-1400 °C: FCC + BCG(C;
998-1282 °C: FCC + phase;
600-998 °C: (Co)rt b phase

710-1180 °C: FCC;
545-710 °C: FCC +jMn);
300-545 °C: MnCo rt

890-1440 °C: BCC;

400-890 °C: BCC + GMn; ht

X

1200

1200

980

1100

X

X

Multi-phase

FCC (single-phase
X

Multi-phase

Multi-phase

X

NA—not available

performed

—phase diagrams indicatBCC or multiple phases so experiments
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Table 1.2. Temperatures at which melting was obseed to start in DSC measurements of the

recrystallized FCC materials investigated in this tdy.

Alloy

Melting Temperature°C)

FeNiCoC

FeNiCc

FeNiCi

NiCoCr

FeNi

NiCo

Ni

142z

1451

1391

1417

143(

1462

145¢
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Table 1.3. Hall-Petch intercepts and slopes for thequiatomic alloys and pure Ni.

Hall-Petch Hall-Petch slop
Alloy
interceptH, (HV) | ky (HV-um?
FeNiCoC 118 165.5
FeNiCo 97.3 131.1
NiCoCr 146.5 197.3
FeNi 104.7 1134
NiCo 62.2 167.1
Ni 68.6 34.3

36



FeNiCoCrMn

FeNiCoCr FeNiCoMn FeNiCrMn FeCoCrMn NiCoCrMn

FeNiCo FeNiCr FeNiMn FeCoCr FeCoMn FeCrMn NiCoCr NiCoMn NiCrMn CoCrMn

FeNi FeCo FeCr FeMn NiCo NiCr NiMn CoCr CoMn CrMn

Fe Ni Co Cr Mn

—FCC  ----- Different crystal structure or multi-phase

Fig. 1.1. All the possible quaternary, ternary, hihary, and pure metal subsets of the quinary high-
entropy alloy FeNiCoCrMn. After casting and homogeiration, those that are single-phase FCC are
identified in red, while those that are multi-phaseor have a different crystal structure are identified

in black.
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Fig. 1.2. XRD patterns and BSE images of the fiveuaternary equiatomic alloys investigated in this
study in the cast and homogenized condition.
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Fig. 1.3. XRD patterns and BSE images of the eighé¢rnary equiatomic alloys investigated in this
study in the cast and homogenized condition.
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Fig. 1.4. XRD patterns and BSE images of the fivamary equiatomic alloys investigated in this
study in the cast and homogenized condition.
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Intensity (a.u.)

FeNiCoCr

]
30 40 S50 60 70 80

260 (°)
Fig. 1.5. XRD patterns and BSE images of the equiamic alloys NiCo FeNi, NiCoCr, FeNiCr,

FeNiCo, and FeNiCoCr after cold rolling and annealig at 800 °C for 1 hour. Green arrows in the
XRD pattern and BSE image of FeNiCr indicate the BC phase.
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Fig. 1.6. Microstructures of the FeNiCoCr alloy: (3 in the as-cast state, (b) after homogenization at
1200 °C for 24 h and (c) after cold rolling and anealing at 900 °C for 1 h.
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(c)

(e)

Fig.1.7. Microstructures of (a) FeNiCoCr, (b) FeNi®, (c) NiCoCr, (d) FeNi, (e) NiCo and (f) Ni,
after cold rolling and annealing at 1000 °C for 1 bur.
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Fig. 1.8. (a) Microhardness of the equiatomic allayand Ni after rolling and subsequent annealing
at various temperatures for 1 h; the open and closkarrows represent approximately the start and
finish of recrystallization, respectively. Represetative examples of the microstructural evolution
with annealing temperature are shown in the BSE imges of the FeNiCo alloy annealed for 1 hour

at (b) 500 °C, (c) 600 °C, and (d) 800 °C after abfolling.
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Fig. 1.9. Grain sizes of the recrystallized equiatoic alloys and pure Ni after annealing for 1 h at

different temperatures. Inset shows an example ofbaormal grain growthin pure Ni after 1-h

anneal at 500 °C. The short arrows identify the fouannealing temperatures at which abnormal

grain growth was observed in FeNiCo and Ni.
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Fig. 1.10. Grain size as a function ofannealing timat 900 °C for the equiatomic alloys.
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CHAPTER I

Temperature Dependence of the Mechanical Propertiesf Equiatomic Solid Solution

Alloys with FCC Crystal Structures
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Abstract

Compared to decades-old theories of strengthemrdjlute solid solutions, the mechanical
behavior of concentrated solid solutions is re&tipoorly understood. A special subset of these
materials includes alloys in which the constitueadments are present in equal atomic
proportions, including the high-entropy alloys @cent interest. A unique characteristic of
equiatomic alloys is the absence of “solvent” asaltite” atoms, resulting in a breakdown of the
textbook picture of dislocations moving throughoévent lattice and encountering discrete solute
obstacles. To clarify the mechanical behavior ao$ tinteresting new class of materials, we
investigate here a family of equiatomic binary,ngey, and quaternary alloys based on the
elements Fe, Ni, Co, Cr, and Mn that were previpgslown to be single-phase face-centered
cubic solid solutions.The alloys were arc-meltedppecast, homogenized, cold-rolled, and
recrystallized to produce equiaxed microstructush comparable grain sizes. Tensile tests
were performed at an engineering strain rate ofsfOat temperatures in the range 77-673 K.
Unalloyed FCC Ni was processed similarly and tefded¢omparison. The flow stresses depend
to varying degrees on temperature, with some (&NgSoCr, NiCoCrMn and FeNiCoCr)
exhibiting yield and ultimate strengths that ineeatrongly with decreasing temperature, while
others (e.g., NiCo and Ni) exhibit very weak tenapere dependencies. To better understand this
behavior, the temperature dependencies ofthe giedshgth and strain hardening were analyzed
separately. Lattice friction appears to be the @madant component of the temperature-
dependent yield stress, possibly because the ®dartier height decreases with increasing
temperature due to a thermally induced increasdisibcation width. In the early stages of

plastic flow (5~13% strain, depending on materidhje temperature dependence of strain
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hardening is due mainly to the temperature depeaeeasi the shear modulus. In all the

equiatomic alloys, ductility and strength increasth decreasing temperature down to 77 K.

51



1. Introduction

Dissolved solute atoms, to varying degrees, aftBet mechanical properties of metals.
Conventional treatments of solid solution strengithg assume that dislocations move through a
solvent lattice of like atoms and encounter digcnatlike atoms (solutes) that can affect their
mobility. The simplest case to consider is the gegcs of, and the force resulting from, the
elastic interaction of a dislocation with the stréield of a single solute atom [e.g., 1-7]. Both
atomic size misfit and modulus mismatch betweerstiete and solvent atoms can contribute to
this interaction. In reality, however, a dislocationteracts with multiple solute atoms
simultaneously, and the net force exerted by all sblute atoms needs to be considered. For
dilute solutions, early theories assumed thatnteraction force between the dislocation and the
solute atoms is either the maximum value possisi®orig obstacles lying exactly in the slip
plane), or zero (obstacles lying above or belowdl plane) [8, 9]. Taking into account the
Friedel [10] separation between strong obstaclesowertered by a dislocation, Fleischer
developed a description in which the critical shsei@ess to overcome obstacles varied as the
square root of the solute concentration, a rebaltwas confirmedby early computer simulations
[11, 12]. For more concentrated solutions, Laby&@a15] developed a statistical treatment of a
dislocation moving through an array of obstaclethva distribution of interaction strengths,
rather than the binary interaction assumed in élha@gs treatment, and obtained a critical shear
stress that varied as the two-thirds power of gateincentration. Since the development of these

early theories, there have been many refinememstbe years [e.g., 16-21].

The picture of a dislocation moving through a sotvattice and encountering discrete solute
obstacles breaks down as the solute concentratoh campositional complexity increase.

Relatively little is known about the fundamentalamenisms of solid solution strengthening in
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compositionally complex alloys, i.e., alloys conged of multiple elements in high

concentrations. An interesting subset of compaiiy complex alloys is one in which the

constituent elements are present in equal atonmicegdrations. In suceguiatomic alloys, there

is no “solvent” or “solute” in the conventional sen Therefore, rather than considering a
dislocation moving through a solvent lattice anigiacting with discrete solute atoms, it may be
more appropriate to envisage the dislocation asimyarough a mythical “average solvent” or
“effective medium.” In other words, the equiatométloy is not a simple extension or

extrapolation from the dilute solution limits buather a distinct new state akin to a

stoichiometric compound with fixed atomic ratiodyeat disordered.

In order to develop accurate effective medium tlesoof solid solution strengthening, it is
desirable to experimentally characterize the mechhbehavior of a range of equiatomic solid
solution alloys. To this end, we investigate heevesal equiatomic binary, ternary and
quaternary alloys that were previously shown tsibgle-phase face centered cubic (FCC) [22].
In addition, the alloys are all subsets of an eguanéc, quinary high-entropy alloy, FeNiCoCrMn,
that is known to be a FCC-structured single-phasiel solution alloy [23-28]. Tensile tests
showed that the yield and ultimate strengths of thigh-entropy alloy increase as the

temperature is decreased [24, 26].

The term high-entropy alloy (HE alloy) was coined ¥eh et al. [29] to denote alloys
containing five or more elements in approximatefjuiatomic concentrations. These authors
reasoned that the high configurational entropiesuch alloys would stabilize the formation of a
solid solution by counteracting the enthalpies bage separation and compound formation.
However, most of the so-called HE alloys discudgettie literature aremulti-phase alloys [e.qg.,
30-32] whose configurational entropies, as poirdetlby Otto et al. [27], should in fact be low
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rather than high. There are only a few multi-elemaltoys that are true single-phase solid
solutions with FCC [23-28] or BCC crystal strucwif@3-35]. The configurational entropy of

these single-phase alloys is likely to be high,rapphing the value of the ideal mixture assumed
in the analysis of Yeh et al. [29]. The presentdgtof equiatomic binaries, ternaries, and
guaternaries aims to provide an experimental Hasisderstand the mechanical behavior of all

equiatomic alloys, including the more complex Hi6yd containing five or more elements.

2. Experimental Methods

2.1. Alloy Preparation and Characterization

The equiatomic alloys listed in Table | were proglliby arcmelting the elements Fe, Ni, Co,
Cr, and Mn (>99.9% pure) in a water-cooled copgarth under Ar atmosphere. All these alloys
are single-phase, FCC solid solution alloys, asvshio an earlier paper [22], and all are subsets
of the quinary, single-phase, FCC-structured, tEgtropy alloy, FeNiCoCrMn [23-27]. For
comparison, pure Ni was produced using the sameepso When Mn was added as an alloying
element, special care was taken in the processioguse of its high vapor pressure and tendency
to oxidize rapidly, as discussed elsewhere [22,2B4,27]. The arc-melted buttons were flipped
and re-melted at least five times to promote thghomixing and then drop-cast into copper
molds to produce rectangular ingots measuring fr#hvx 25.4 mmx 127 mm. The drop-cast
ingots were homogenized for 24 hours at either 1873473 K (see Table 2.1), followed by
water quenching. They were then cold rolled aldmg lbngitudinal ingot direction to a total
thickness reduction of 90-92% (Table 2.1) withoubss-rolling or intermediate annealing.

Annealing studies were conducted on the rolled tshiesedetermine the temperatures and times
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that would yield fully recrystallized microstrucas and comparable grain sizes (see Table 2.1).
In addition, the grain size of one of the alloyseNFCoCr) was systematically varied to
investigate its influence on mechanical behavice. Bmnealed samples were ground (through
800-grit SIC paper), polished (through 20-nm caoléi silica suspension) and their
microstructures examined in a JEOL 6500 SEM opdratehe back-scattered electron (BSE)

mode.

2.2. Tensile Tests

Flat dog-bone-type specimens with a gage lengthOofnm were cut from the cold-rolled
sheets by electrical discharge machining (EDM) whiir longitudinal axes perpendicular to the
rolling direction. The specimens were annealethatémperatures and times listed in Table 2.1,
and all faces of their gage sections ground thro®@®-grit SiC paper. Nine Vickers
microhardness indents spaced 1 mm apart were niandg the specimen gage lengths using a
LECO LM 10Q:r Vickers Hardness tester witha force of 200 g. Umifeelongations to fracture
were calculated by averaging the change in thamtst between adjacent indents, excluding the

two indents on either side of the fracture plane.

Tensile tests were performed with a screw-drivamsite testing machine (Instron) at an
engineering strain rate of 8! and temperatures of 77, 203, 293, 473, and 670Kthe tests
below room temperature, the specimens and grips Yt fully immersed in a bath of liquid
nitrogen (77 K tests) or a dry ice plus ethanoltomie (203 K tests) for about 15 minutes before
starting the test. During the tests, the baths wapped off as needed to keep the specimen and

grips fully immersed at all times. Room-temperatiggts were performed in ordinary ambient
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air and those above room temperature in vacuunayXdiffraction was performed on the gage
sections of specimens tested at 77 and 673 K &rrdéte whether any phase transformation or
second phase precipitation had occurred. No samifi changes indicative of any phase
transformations were observed on the XRD pattéfrecture surfaces were examined in a JEOL

JCM-5000 microscope operated at 10 kV.

2.3. Melting Temperature, Shear Modulus and Poissos Ratio Measurements

The melting temperatures of the materials were oredsusing a NETZSCH 404 C
differential scanning calorimeter (DSC). The matjpoint was determined during heating from
room temperature as the start temperature of tHetkarmic melting peak observed on the DSC

trace.

To determine the room-temperature elastic constatssities were first measured with an
AccuPyc 1330 pycnometer. Right cylindrical samglésnm lengthx 6 mm diameter) were cut
from the homogenized ingots and ground through @@0siC paper followed by compression to
~3 mm before being used for the density measurean&he purpose of this ~60% compression
was to close up any casting pores that may have jpesent. After density measurements, the
samples were annealed at 9G0for 3 h to produce fully recrystallized micrasttures. The
annealed samples were carefully ground, their tleskes measured, and time of flight
measurements made with appropriate acoustic traesslto obtain longitudinal and shear wave
velocities. Assuming the recrystallized (polycryigt@) materials are isotropic, their two
independent elastic constants were calculated tt@mlongitudinal and shear wave velocities

using techniques described elsewhere [36].
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The temperature dependence of the shear modulhe &feNiCoCr alloy was measured using
resonant ultrasound spectroscopy (RUS) using a @miah RUS system (RUSp&cQuasar
International Inc., Albuguerque, NM, USA) with trd transducer configuration. To make the
measurements, a cylindrical ingot of this alloy,26m in diameter, was cast and homogenized
at 147X for 24 hours. A 7-mm-thick sliceof this ingot wésen compressed to 3 mm and
annealed at 1078 for 3 hours. From this slice, a cylindrical spaen 25.4 mm in diameter and
3 mm thickwas cut using EDM and used for the RU&sueements. Additional details of the

measurement procedures are described elsewhere [37]

3. Results and Discussion

Figure 2.1 shows the recrystallized microstites of theequiatomic alloys and pure Ni after
the annealing treatmentslistedin Table 2.1. The B&&ges in this figure were taken on cross-
sections perpendicular to the rolling directionl 8 the alloys have equiaxed microstructures
and similar grain sizes (24-48 um), as summarinetiable 2.1, but with different densities of
annealing twins. Unfortunately, a pure Ni specimeéth a grain size in this range could not be
produced. As discussed in a previous paper [22],ubilergoes abnormal grain growthat
temperatures below 1073 K when processed by thdéadstemployed here. Normal grain
growth occurs only at 1073 K and above. The sntajesin size we could produce at 1073 K

was 85um, so the test results presented for pure Ni heréoa this larger grain size.

Figure 2.2 shows the engineering stress vs. enggeplastic strain curves of the equiatomic
alloys and pure Ni as a function of temperature.@ines were obtained from the tensile load-

displacement data with the crosshead displacenarated using the elongation of the gage
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length determined from the microhardness indentrdeed earlier. To compute the plastic
components of the strain, a line was fit to thedinelastic portion of the stress-strain curves and
the amount of the elastic strain at a given pomthee curve was subtracted from the total strain
to obtain the plastic strain. In general, the fl®iress £mon) decreases with increasing
temperature, and the stress-strain curves systatiatshift up with decreasing temperature.
Some of the alloys, namely, NiCoCr, FeNiMn, NiCoMfgNiCoMn and NiCoCrMn, exhibit
pronounced serrations on their 673-K stress-staimes that extend essentially from the yield
point all the way to the startof necking. In twotlé alloys, FeNiMn and NiCoMn, the serrations

were also observed at 473 K. Such serrations &&a asociated with dynamic strain aging [38].

Figure 2.3 summarizes the 0.2% offset yield stiesi@t,), ultimate tensile strengths (UTS),
and uniform elongations to fracture, all of whiaitrease with decreasing temperature, with
maximum values attained at liquid nitrogen tempera({77 K). Since there are variations in the
melting points of the different alloys (Table 2.2ye also plotted yield strengths versus
homologous temperatures (not shown here). Basittadlysame trends and order of the different
alloysas seen in Fig. 2.3 were observed also irhtireologous temperature plots. At any given
temperature, the alloys have large ranges of sineargd ductility, with the ternary alloy, NiCoCr,

havingthe highest valuesoverall.

Broadly speaking, there are two types of effectéai in the mechanical properties shown in
Figs. 2.2 and 2.3 — those due to the differentyaitp elements and thosedue to temperature.
Considering first the former effect, it has beeeapated [29] that equiatomic HE alloys will
have higher strengths than conventional alloysainimg just one principal element due to the
higher degree of solid solution hardening from ittreased number of elements. However, the

current results show thatyield strength is notnapse function of the number of elements in the
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equiatomic alloys. In fact, the yield strength does$ increase monotonically as the number of
elements increases: one of the ternary alloys (Ri¢Cdas the highest strength, two of the
guaternaries (FeNiCoCr and NiCoCrMn) are next, alidhree have higher yield strengths
(Fig. 2.3) than the five-element equiatomic allBgNiCoCrMn [26]. Therefore, strength is not
solely determined by the number of elements but dépends onthe type of added elements. In
the present family of alloys, Cr appears to bertiust potent strengthener. A similar behavior

was observed previously inthe microhardness datiaesk alloys [22].

While traditional notions of solid solution hardegi may shed some light on possible
mechanisms by which composition affects strengtimaed before, because of their equiatomic
compositions, there are no “solvents” or “solutes’'these alloys. Therefore, new “averaging”
schemes may be needed to properly account for dhgplex atomic arrangements that are
present both in the dislocation cores and in theosading lattice. Nevertheless, among the
factors that can producesolid solution hardenioghsas size misfit, modulus mismatch, stacking
fault energy changes, and short-range orderingfitstetwo may be important based on trends
observed in relatively dilute alloys [39]. For telements in our alloys (Fe, Ni, Co, Cr and Mn),
the largest (pair-wise) differences in atomic siaed Young's moduli are 3.7% between Ni and
Mn [40] and 40.9% between Cr and Mn [41], respe&tyiv suggesting that the observed
differences in strength may be due to modulus misimiather than size misfit. However, further
studies are needed to develop a deeper undersgantlicompositional effects in equiatomic

alloys.

The second broad trend that can be seen in tharditgs. 2.2 and 2.3 is that the flow stress,
oiow, depends to varying degrees on the test temperdtuis convenient to think of the flow
stress as consisting of two parts:(1) the yieldsstig,), which depends on the initial dislocation
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density 2), and (2) an incremental hardenidgs() due to the evolution of dislocation densipy (

with strain, such that:
Uﬂow (T):Uy (T)+A0p (T) (1)

Consequently, the temperature dependence of fl@gsseen in Figs. 2.2 and 2.3 may be due
to the temperature dependencies of either, or lodtthe terms on the right hand side. In the
following sections we address the potential medmasiby which temperature can affect the

yield strength and strain hardening behavior ofdtpgiatomic alloys.

3.1. Effects of Temperature on Yield Strength

Because of their negligible Peierls-Nabarro basri¢he yield strengths of pure FCC metals
are relatively insensitive to changes in tempegaat least at low homologous temperatures), as
has been confirmed by previous studies [42-45]y@l$ as our present results on pure Ni (Fig.
2.3a). Nevertheless, temperature-dependent yiedthgths have been reported for binary FCC
alloys, including Cu-Mn [46, 47], Cu-Al [48-50], G@8e [51-53], Cu-Zn [54, 55], Cu-Ni [56],
Au-Ag [56], and Al-Mg [57], with the yield strengttypically increasing at lower temperatures.
Both the thermal and athermal portions of the yigticbngth vs. temperature curves of these
binaries often shift to higher values as the sobatecentration increases [58, 59], suggesting an
increase in the number of both short-range disiocaibstacles that can be overcome by thermal
activation and longer range obstacles that can@ohsistent with previous observations in
binary alloys (most of which were relatively diligelid solutions), the compositionally complex

equiatomic alloys examined here also exhibit vayymegrees of strengthening at lower
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temperatures, with at least some, for example NIC&NXCoCrMn, and FeNiCoCr, exhibiting

significant strengthening as the temperature isedesed into the cryogenic range.

Yield stress is a combination of the frictionaless i), or the intrinsic lattice resistance to
dislocation motion, plus the various incrementegrsgthening contributions, such as those due to
the initial dislocation density\g,,), solid solution hardenind\¢s¢, precipitate hardenind\gppy),
and grain boundary (Hall-Petch) strengthenifig,f). A general expression for the yield strength

can therefore be written as:

0,=0,+00;+D0 +D0  +D0 . (2)

ppt

In the present analysis, two of the terms on thletriand sideXo,p andAc,;) can be eliminated
immediately. First, no precipitates are presentour alloys, at least based on their x-ray
diffraction spectra and BSE images [22], both ofokhindicate that the alloys are single-phase
solid solutions, sdwopp: can be ignored. Higher magnification transmissatgctron microscopy
(TEM) also failed to reveal any precipitates in teated FCC quinary FeNiCoCrMn [26]. Since
all the alloys investigated here are equiatomic F&lBsets of this “parent” alloy, it seems
reasonable to assume that the lower order alleyslap free of second phases. Second, TEM of
the equiatomic quinary alloy, FeNiCoCrMn, foundtthapresentative images from foils of the
recrystallized alloy contained practically no didtions [26]. Since the current alloys were
processed similarly and fully recrystallized to gmoe comparable grain sizes, it is reasonable to
assume that their initial dislocation densities also very low. Assuming that is the case, we

ignore the limited contribution of initial dislogah density to yield stressin our analysis.
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Next, we address the third term on the rigtd;s Mechanistically, as mentioned before, solid
solution strengthening has traditionally been adexsd in relatively dilute solutions where there
is a solvent lattice through which the dislocatiomsve and interact with discrete solute atoms.
In such cases, the dislocation core is comprisewbstl exclusively of like (solvent) atoms that
encounters unlike (solute) atoms as it moves thrdhg lattice. At low solute concentrations, the
flexibility of the dislocation line allows it to el around obstacles and take on low-energy
configurations. This becomes progressively mordicdit as the spacing between obstacles
decreases. In the limit of the equiatomic alloy&ré is no “solvent” lattice through which the
dislocations move and no “solute” atoms that thegasionally encounter, assuming the
constituent atoms are truly randomly arranged @enREGC lattice. In this sense, the equiatomic
alloys represent a new state of material more &kim stoichiometric compound with fixed
atomic ratios, albeit disordered, than a traditiahlate solid solution. When viewed in this light,
it is logical to fold the solid solution hardenitegm Qos9 in Eq. (2) into the lattice friction term
(ox), where the latter now represents some “averagsiStance offered by all the constituent
atoms rather than a single type of solvent atons. Biows usto simplifythe expression for the

yield strength to:
g,(T)=0,(T)+A0(T), ®3)

where the temperature dependence of yield strecaythbe the result of either, or both, of the
two terms on the right. In what follows, we firsddxess the second term on the righyp,
which is the contribution of grain boundaries teesgth, and then focus mostly on the lattice

friction o.
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In the classical Hall-Petch treatment of grain lang strengthening, a plot of yield strength
versus the inverse square root of grain size malinFigure 2.4 issuch a plot for one of the
quaternary equiatomic alloys, FeNiCoCr, at fivefediént temperatures. If the grain boundary
strengthening term in Eq. (3) were temperature-deéget, then the Hall-Petch slopes would vary
with temperature. However, it is apparent thatglopes in Fig. 4 are all essentially the same.
This, coupled with the fact that the alloys in Fag all had roughly the same grain size (Table
2.1), leads us to conclude that grain boundaryngtheening does not contribute significantly to

the observed temperature dependence of yield skréamghe present study.

Therefore, the only remaining factor that coptdduce the observed temperature dependence
of yield stress is a temperature-dependent laftickon stress 4;). To analyze this, we note that
the Peierls-Nabarro stress (henceforth referregistthe Peierls stress,), which is commonly
used to explain lattice friction, is given by[39]:

2G =27
apzl_vexy{ b j )

where G is the shear modulus, is Poisson’s ratiow is the dislocation width, and is the
magnitude of the Burgers vector. The temperatupeni@encies oG andb in this expression
can obviously lead to a small temperature deperaehthe Peierls stress. However, it has been
pointed out that the dislocation widiéhcan also be temperature dependent, and, sincpetep

in the expression inside the exponential, it maythee dominant factor. The dependence of
dislocation width on temperature has been appraeidhby Dietze [60] as:

w_(w T
E‘(Bl ex‘{?]’ ®)

m
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Where(C—‘)j indicates values at 0 Kjs the test temperature, amg is the melting temperature.
0

Ignoring the change df with temperature, and using asimple Taylor exgansive can rewrite

equation (5) as:

W=, {1+ 3le (6)

m

wherew, is the dislocation width at 0 K. This indicateBreear relationship between dislocation
width and absolute temperature provided the tenperails low compared to the melting

temperature, a relationship used previously bytPgt]. Therefore, to a first approximation:
=, (1+aT), 7)

where a is a small positive constant. Combining equatigidy and (4), the temperature

dependence of the Peierls stress becomes:

g,= 12—Gv exp(_zf‘)ojtbxp(_zgm aTj (8).

From the above expression, the Peierls stres&atah be obtained as:

0,(0)= 12_GV exp(_zg%j 9).

This suggests that if the temperature-dependengelof stress is the same as that of the Peierls

stress, the yield stress will decay with tempegrtaran exponential way.

To check the validity of these concepts, the ystlgss data are re-plotted in Fig. 2.5, along

with data obtained previously for the equiatomidnguy alloy FeNiCoCrMn of comparable
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grain size [26]. It was found that the data ard described by curve fits (dashed lines) shown in

Fig. 2.5 of the form:

o,(T)=0, exy{%} +0,, (10)

Whereos, C, andgy, are fitting constants. When written this way, fivet term on the right
represents the thermal or temperature-dependentfodre yield strength and the second term is
the temperature-independent or athermal part. Eyudhe temperature-dependent part of Eq.

(10) with the temperature-dependent Peierls stneBg. (8) yields:

2G =27
g,=0,(0) :1_Vexy{ . Oj (11)
and
C= b 12).
2Tm,a

Values of the parameters,, C, and g, determined from least squares fits of the expertaien
data are listed in Table Ill. Since it has beenwshd62, 63] that Eq. 4 is a reasonable
approximation of the Peierls stress over the rar@yd<w/b< ~2.1 (i.e., 0.b<w < 2b), the table
also includes values of the Peierls stressat 6,(0), calculated from Eq. 9 assumitag= 0.5,

b, 1.5 and 2,which can be compared withthe valuesopfound from the curve fits. The shear
moduli and Poisson’s ratiosused in the calculatiwas: measured by ultrasonic techniques and
are given in Table 2.2. For the equiatomic alldige, calculated Peierls stress at 0d$(0)) has

the best match with the fitted values whenoo = b. For pure Ni, on the other hand, the match is
betterwhenuy= 1.%. We are not aware of any published data for teedation widths in pure
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Ni, but a value of 15has been reported for pure Cu [53, 66], and thisesgwell with the value
derived here for Ni. The reasonable match betwéen calculated and fitted values lends
credence to the analysis and suggests that thecdigins in the equiatomic alloys are narrower
than in pure FCC metals. Additionally, the analygiggests that the temperature dependence of
the yield strength of the equiatomic alloys may dwee to thermally-induced changes in

dislocation width that, in turn, produce a tempamitdependence of the Peierls stress.

To further check the validity of this analysis, was fora in Eq. (8) were calculated from the
fitted C values by means of Eq. 12 where it was assumedsgrab for the equiatomic alloys
and 1. for pure Ni. These are listed in Table 2.3, alariy values for the product of andT,.

For most of theequiatomic alloys and pure Ni, thedpct ofa and Ty, lies in the neighborhood

of 1 (~0.8-1.5), implying that =~ Ti Inserting this into equation (8) gives:

g,= 26 ex{_znwoj Dexi_znw Tj =0,(0) Dexp[_znw0 TJ (13).
1 b bT bT

m

This expression is very similar to an equation \atiby Dietze [60] to take into account the

increase of dislocation width with temperature aadsequent decrease in the Peierls stress:

~ —27m,
o,=0,(0) Dexp[ = Tj (14).

m

The only difference between equations (13) and {d#)e factor 3, which, as noted by Nabarro

[65], isunlikely to be significant in light of thearious assumptions made in the derivations.

It is generally believed that Peierls barrierstagh in BCC metals and relatively low in FCC

metals and that a major factor contributing to tHiference is the relative widths of the
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dislocations. The present analysis suggests teatifiocations in equiatomic FCC alloys may be
narrower than those in pure FCC metals, which cdeddl to a stronger Peierls barrier and
temperature dependence of strength. However, thedeature dependence of the equiatomic
alloys, while stronger than that of pure FCC metasnot as strong as that of BCC metals.
Specifically, from room temperature to liquid ngen temperature the yield stress of the
equiatomic FCC alloys increases by a factor of <21in comparison to a factor of ~3.5 for

BCC metals such as iron [66] and tantalum [67]. STHhe Peierls barrier height of the FCC

equiatomic alloys is likely intermediate to thatpafre FCC and BCC metals.

It should be noted that all of these argumentspaeeised on the notion that the primary
source of the temperature dependence of the yisdgth is the temperature-dependent height
of the Peierls barrier. Other temperature deperetenould accrue from the thermally activated
processes that control dislocation mobility durigiide, but these have not been explicitly
addressed here. Detailed knowledge of the spetiéichanisms responsible for these thermally

activated processes would be needed to model theunagely in future investigations.

3.2. Effects of Temperature on Strain Hardening

Since flow stress depends on the yield stregsveork hardening [Eqg. (1)], either one or
both could cause the observed temperature depemndéflow stress in the equiatomic alloys.
As discussed above, yield stress does indeed demperdmperature, and its origin can be
ascribed to a temperature-induced change in thecdison width and friction stress. To
investigate the temperature dependence of stragehieng, we first note that the engineering

stress-strain curves of some of the equiatomig/alin Fig. 2.2 appear to be parallel to each
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other at different temperatures. If this is gerlgraue, it implies that the strain-hardening
component of the flow stresfAd,) is essentially temperature independent, leavimg t
temperature dependence of the yield stregp s the primary contributor. To determine
whether this is in fact the case, the engineeriregs-strain curvesin Fig. 2.2 were converted
to true stress-strain curves and the 0.2% yielekstivas subtracted from each value of stress
to give the portion of the flow stress associatéth \strain hardeningfo, = ofiow - Aoy.The
results are shown in Fig. 2.6. Clearly, the curdesnot fully converge, indicating that the

strain hardeningg,) does indeed depend on temperature to some extent.

The classical Taylor model [39] for strain hemohg due to forest dislocations is usually

described by
Ao, =Gbp?, (15)

wheref is a constant that depends on the strength aifthecation-dislocation interactiofg

is the shear modulub,is the magnitude of the Burgers vector, ansl the dislocation density.
Among the terms on the right hand side of Eq. X& $hear modulus is certainly
temperature dependent. To investigate if this is frimary origin of the temperature
dependence of the strain hardening, the isotrd@arsmodulus ofFeNiCoCr was measured at
293, 473 and 673 K using resonant ultrasound speipy. The shear moduli of pure Ni at
these temperatures were obtained from [68], andhtbdulus of FeNi was calculated from
known single crystal elastic constafts, Ci12 andCs4[68] using the formula given by Hashin

and Shtrikman [69]. Table 2.4 lists the measureticaiculated shear moduli.
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The strain hardening curves for FeNiCoCr, Fed Ni in Fig. 2.6 were normalized using
their respective temperature-dependent shear madulable 2.4, and the resulting values
(Ac,/G) are plottedin Fig. 2.7 as a function of plasti@is. These normalized curves generally
converge up to certain strains, namely, ~13% ferttho alloys and ~5% for pure Ni. This
suggests that, at low strains, the temperaturendigmee of strain hardening in equation (14)
is indeed mainly due to the temperature dependehahear modulus and that dislocation
multiplication, interaction and accumulation ocdar a temperature-independent manner

during the early stages of plastic deformation.

In addition to displaying higher strengths, manytloé equiatomic alloys are significantly
more ductile than pure Ni, and their ductilitiemgrally increase with decreasing temperature, as
shown in Fig. 2.3. Similar trends were reportecearlier papers on high and medium entropy
alloys [24, 26], where the high ductilities wererdsed to their high work hardening capability,
which postpones the onset of necking instabilityoading to Considere’s criterion. To evaluate
whether its role in the present study, the extémtark hardening, defined here as the difference
between the ultimate tensile strength (UTS) andyik&l strength, is plotted as a function of
temperature in Fig. 2.8 for the equiatomic alloysl ure Ni. To varying degrees, the work
hardening capability of all the materials increas@t decreasing temperature, similar to what
was observed before in the equiatomicquinary aileiCoCrMn [24, 26], as well as in other
FCC alloys [70-75]. It appears therefore that thmsy be the reason for the increasing ductility

with decreasing temperature.

One of the mechanisms for the much higher work dwrd) capability at cryogenic
temperatures in the FeNiCoCrMn alloy is deformadimiuced twinning [26], which can provide
strengthening because of the additional internah tlboundaries generated, the so-called
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“‘dynamic Hall-Petch” effect. Deformation twinningaurs in FCC metals and alloys with low
stacking fault energyyére) such as 70:30 brass, [76], but not in FCC metéils medium or
high stacking fault energy such as Al [77]. Thetical stacking fault energy below which
twinning occurs in FCC materials has been repoiteble ~45 mJ/f At higher stacking fault
energies (>45mJ/f deformation is controlled by dislocation glidesvbasatvery lowstacking
fault energies (<18 mJ/y martensitic transformation is favored over defation twinning [78,
79]. At low temperatures, even materials wigke> 45mJ/mi are found to be mechanically
twinned, for example, Cu [80], whoge-eis ~80 mJ/M[39]. Even in pure Niysee~ 150 mJ/r)
[39], deformation twinning occurs under shock |logdconditions [81]. Previous studies have
shown that the addition of Fe, Co, Cr and Mn tcephr all reduce thestacking fault energy, with
Cr having the largest effect and Fe the smalle3t §B]. Additional work is needed to confirm
whether, and to what extent, twinning contributeswork hardening in the present alloys.
Martensitic transformation appears not to be a rdmuting factor since post-fracture x-ray

diffraction performed on specimens tested at 7éWaled no new phases.

The representative fracture surfaces in Fig. 2.8wshhat there is significantly less
macroscopic necking in the equiatomic alloy, FeNan in pure Ni, consistent with its higher
tensile ductility and work hardening capability tthpostpones the onset of necking instability
according to Considere’s criterion. Microscopicalhowever, both exhibit ductile dimpleson
theirfracture surfaces.A similar lack of neckingsaabserved in the other equiatomic alloys that
exhibited high ductilities. Microscopically, alléhFCC alloys examined here exhibited ductile

dimples on their fracture surfaces.
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5. Summary and Conclusions

Several binary, ternary and quaternary allojth wquiatomic compositions were arc-melted,
cast, cold rolled and recrystallized to produceiapd grains of comparable size. All the alloys
are subsets of a quinary FCC high-entropy alloywees previously investigated (FeNiCoCrMn)
and consisted of single-phase solid solutions WighFCC structure. For comparison, unalloyed
FCC Ni was also investigated. The effects of temfge on tensile properties were quantified

over the temperature range of 77-673 K yieldingftewing observations:

(1) The flow stress of the equiatomic alloys is tempera dependent to varying degrees
depending on the alloy. The yield and ultimate rggtes of NiCoCr, NiCoCrMn, and
FeNiCoCr increase strongly with decreasing tempegaivhereas those of NiCo and Ni
exhibit very weak temperature dependencies.

(2) Alloying affects both the thermal and athermal o of the yield stress vs. temperature
curves.

(3) The stronger alloys are not necessarily the ondstive most elements. The nature of the
constituent elements is also important, with thec@rtaining alloys in general being the
strongest.

(4) The Hall-Petch slopes of the FeNiCoCr alloy areepssally independent of test
temperature. This implies that grain-boundary gitieening is unlikely to be a major
contributor to the observed temperature dependeftte yield strength.

(5) An analysis suggests that the temperature depeadsrtbe yield strength in the alloys
may be determined by Peierls-barrier-dominatedcéatiriction, with the height of the
Peierls barrier controlled by thermal influencestlo& width of the dislocation. By fitting

the experimental yield stress vs. temperature sutvehe Peierls-Nabarro equation, the
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barriers in the equiatomic FCC alloys appear toststenger than those in pure FCC
metals but weaker than those in pure BCC metals.

(6) The ultimate tensile strength and uniform elongatio fracture of all the equiatomic
alloys increase with decreasing temperature, viighlargest increase occurring between
77 and 293 K. It is possible that deformation tvwmgnsimilar to that observed in the
FeNiCoCrMn high-entropy alloy [26] contributes teetenhanced ductility atcryogenic
temperatures in some of the alloys. Additional wisrkeeded to verify this.

(7) During the initial stages of plastic deformatiorl3% strain, depending on material), the
temperature dependence of strain hardening is thnesa entirelyto the temperature
dependence of the shear modulus. This indicatesathermal nature of dislocation

multiplication, accumulation and interaction durihg early stages of deformation.
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Table 2.1. Processing conditions and grain sizesthie equiatomic alloys.

Homogenization Reduction in Annealing temperature (K Grain siz

Alloy temperature (K) thickness (%) time (h) (um)
FeNiCoC 147: 92 1173, : 24
FeNiCoMr 137: 90 1273, : 48
NiCoCrMn 137: 90 1273, : 36
FeNiCc 147: 92 1173, : 28
NiCoCr 147: 92 1273, : 41
FeNiMn 137: 90 1173, : 30
NiCoMn 137: 90 1173, : 32
FeNi 147: 92 1173, : 35
NiCo 147: 92 1073, : 35
Ni 1473 92 1073, 0.5 85
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Table 2.2. Measured melting temperatures, room termgrature shear moduli and Poisson’s ratios of
the equiatomic alloys.

Alloy Melting ;[E;nperaturl Shear modulus (GPa) Poisson’s rafio
FeNiCoCrMr 155: 80 0.2¢€
FeNiCoC 169t 84 0.2¢
FeNiCoMr 153: 77 0.2z
NiCoCrMn 148¢ 78 0.2t
FeNiCc 172¢ 60 0.3t
NiCoCr 169( 87 0.3C
FeNiMn 147: 73 0.24
NiCoMn 1462 77 0.2:
FeNi 170z 62 0.34
NiCo 173¢ 84 0.2¢
Ni 172¢ 76 0.31
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Table 2.3. The fitting parameterse,, C, and 6, obtained from curve fits of the data in Fig. 5

according to the form of Eq. 10. The table also lis: the 0 K Peierls stressg;,(0), calculated by

assumingmy = 0.5b, b, 1.5b, and 2b; the constant; the melting temperatures {,); and the product

of @ and T,,,. Additional descriptions of the parameters and thiz symbols are given in the text.

5a C o5 0p0) (MPa 0,(0) (MPa 0p(0) (MPa o,0) (MPa__ a To*o
alloy Tm(K)
(MPa)(K) (MPa) (05=0.5b) (wo=b) (wg=1.5b) (w=2b) (K%
FeNiCoCrMr 42Z 18C 10¢ 935¢ 40t 17 0.7¢ 0.0008¢ 155: 1.37
FeNiCoC 44: 184 184 985¢ 42€ 18 0.8C 0.0008° 169t 1.4¢
FeNiCoMr 282z 21¢ 101 854~ 36¢ 16 0.6¢ 0.0007: 153: 1.11
NiCoCrMn 491 207 16¢ 900z 38¢ 16 0.7¢ 0.0007" 148¢ 1.1¢
FeNiCc 29z 25z 12t 799( 34t 14 0.6t 0.0006: 172¢ 1.0¢
NiCoCir 48¢ 22& 167 1075¢ 46E 20 0.87 0.0007( 169C 1.1¢
FeNiMn 28% 19t 18z 831¢ 35¢ 15 0.67 0.0008: 147 1.2C
NiCoMn 30z 19C 17C 865¢ 374 16 0.7C 0.0008¢ 1462z 1.2Z
FeNi 341 291 74 800( 34¢ 14 0.6t 0.0005f 170% 0.9:
NiCo 13C 33€ 50 10241 44% 19 0.8< 0.0004° 173t 0.8Z
Ni 46 30& 70 953/ 41z 17 0.77 0.0005: 172¢ 0.8¢
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Table 2.4. Temperature dependence of the shear mdds of FeNiCoCr (this study), FeNi
(calculated from [68]), and pure Ni (extractedfrom[68]).

Shear modulus (GF

Temperature (k FeNiICoC FeNi Ni

77 - 68 84
20¢< - 66 80
29¢ 84 62 76
478 79 62 73

678 72 6C 7C




(a)

(g)

Fig. 2.1. Back-scattered electron images of: (aeNiCoCr, (b) FeNiCo, (c) NiCoCr, (d) FeNi, (e)
NiCo, (f) FeNiMn, (g) NiCoMn, (h) FeNiCoMn, (i) NiCoCrMn,and (j) pure Ni after cold-rolling and
annealing (annealing temperatures and times are sham in Table 2.1).
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CHAPTER IlI

Alloying Effects on the Mechanical Properties of Egiatomic FCC Solid Solution Alloys
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Abstract

The mechanical properties measured in uniabeasile tests of a family of single-phase
equiatomic binary, ternary, quaternary alloys (Wwhiare subsystems of the equiatomic
FeNiCoCrMn quinary alloy) have been analyzed andetated with material parameters that
can be used to help understand their behavior.maierial parameters include the number of
alloying elements, melting temperature, latticeapaeter, Poisson’s ratio, differences in atomic
size and elastic modulus, and annealing twin dgnSiatistical procedures were used to analyze
the influences of these factors and the extenthiwhvthey contribute to the differences in basic
mechanical properties including yield strengthinudite strength, work hardening, and ductility.
The analysis suggests that the mechanical behmsviapst highly correlated with the annealing
twin density, which has effects on both the strenghd strain hardening behavior, and the
maximum modulus difference which correlates in gnificant way with the strengths of the
alloys. The strength also mildly correlates witle tiumber of alloying elements, but it appears
that the specific nature of the alloying elemertspiobably more important. Chromium, in

particular, provides significant strengthening.
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Recent experimental work has shown that ibimetimes possible to combine five or more
metallic alloying elements in equal atomic propmm§ to obtain a single phase random solid
solution alloy with a simple crystal structure sua$f face-centered cubic (FCC) [1]. Often
referred to as high entropy alloys (HEA), it hagmeuggested that the reason these alloys can
exist as simple single phase materials is thaetitopy of mixing is large enough to overcome
the enthalpy reduction associated with compounphaise formation [2]. Although the number
of equiatomic alloys that exist as truly stableggrphase materials is limited, those that do often
exhibit interesting mechanical properties includimgh strength and ductility. In addition, it has
recently been shown that some FCC equiatomic akaysbit significant increases in strength
and ductility with decreasing temperature [3-5], ¢ontrast to pure FCC metals whose
mechanical properties are usually not a strongtionof temperature in the cryogenic range [6].
Another interesting characteristic of equiatomiloyd is that the mechanisms that determine
their strength cannot be described by normal cdscep solid solution strengthening. This
follows from the observation that when the alloyiepments are present in equal atomic
proportion, there is no way to distinguish betwé®an solute and solvent species. Most theories
of solid solution strengthening start from the asgtion of a dilute solution of the solute in the
solvent.

In a recent set of experiments, we investig#tedohase stability and mechanical properties of
a series of equiatomic alloys based on the FeNi@woGrquiatomic system [5, 7]. This quinary
alloy exhibits a strong increase in strength anctitity at liquid nitrogen temperatures, possibly
caused by an increased tendency for deformationning [4]. We have found that several
subsystems of this alloy also exist as single-pHeS€ random solid solutions [5], which

provides an interesting opportunity to study thehamical behavior of much simpler alloys and
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explore the influence of the number of alloyingnedmts on the properties. The specific single-
phase FCC subsystems are: (1) the binary alloys &#NiCo; (2) the ternary alloys FeNiCo,
FeNiMn, NiCoCr, and NiCoMn; and (3) the quarternaijoys FeNiCoCr, FeNiCoMn, and
NiCoCrMn. Along with the quinary FeNiCoCrMn and puFCC Ni, this represents a set of 11
related equiatomic alloys with single phase FCQcstre. We recently documented the tensile
stress-strain behavior of these alloys as a funatiotemperature over the range 77-673K and
found that the strength and ductility of all theogs increase with decreasing temperature, but to
differing degrees depending on the exact alloyinggination. Curiously, the alloy with the
largest solid solution strengthening effects is thet quinary but one of the ternaries, NiCoCr.
This suggests that it is not necessarily the nundfealloying elements that produces the
strengthening effects, but rather that the nattitheospecific elements is somehow important.
Here, we re-examine the mechanical propertg ftaim a statistical perspective to determine
what characteristics of the alloys correlate witis&rved mechanical properties. The focus is on
those parameters, which, from a mechanistic petispecare known to be important in
traditional descriptions of strengthening. Thesdude the number of elements, n, the melting
temperature, J (measured by differential scanning calorimetrife toom temperature lattice
parameter, a (measured by powder x-ray diffractitvg densityp, (measured by pycnometry),
and the shear modulus, G, and Poisson's ngtigneasured by ultrasonic techniques) [5]. Since
theories of solid solution strengthening are ofbased on differences in elastic modulus or
atomic size of the alloying species, we also carstie maximum modulus difference among
the alloying elements (maximum Young's modulus n@itth was used since there is no
available data for the shear modulus of one of dlments, Mn),AE, and the maximum

difference in their atomic sizé&yr. For reference purposes, the polycrystalline Ypsimoduli, E,
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for the pure elemental materials in their normgstalline forms ardér. = 211 GPa Ey; = 200
GPa,Ec, = 209 GPaEg = 279 GPa, andy, = 198 GPa [8], and the atomic radii agg =
0.1411 nm ,§ = 0.1377 nmrg, = 0.1385 nmyg = 0.1423 nm, andy, = 0.1428 nm [9]. Since
twinning is suspected to play a role in determiniihg strength of some of these materials, we
also examine the annealing twin densjty,in, as a first-order indicator of the ability of the
material to twin. The annealing twin density isidefl here as the number of intersections of
twin boundaries by a line of unit length determirfemin the back-scattered scanning electron
microscope images [3, 5]. Details on how these maters were measured are provided
elsewhere [5].

The mechanical properties of interest in theetation analysis are the yield strength, the
ultimate tensile strengthgys, the uniform percent elongation to fractueg,the work hardening
capability, (gus-0), and the average strain hardening rédgs-&;)/er. Because of the interest in
strength and ductility at cryogenic temperaturég, parameters have been evaluated both at
room temperature (RT), nominally 293 K, and lignittogen (LN) temperature, 77 K.

Table 3.1 shows the basic data matrix, where thws represent each of the equiatomic alloys
and the columns are the measured material paranétervisualize the relationships between
the measured mechanical properties and the othterialgparameters in the matrix, scatter plots
of the basic mechanical properties (rows) agalmestother material parameters are given in Fig.
3.1a for the room temperature properties and Fibb 3or the properties at 77K. Each plot
contains 11 data points, one for each of the IysillFor each individual plot, the units used are
those in Table 3.1. Examination of the plots shtiweg some parameters are highly correlated,
e.g., the ultimate tensile strength and the twinsdg, while others are not, e.g., the yield

strength and Poisson's ratio.
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To statistically test the strength of the correliasi, we use two commonly used correlation
procedures: Pearson's product-moment correlatiah Sgpearman’s rank correlation [10, 11],
both of which assume a linear relationship betwidsentwo variables. In general, the Pearson
correlation is more useful than the Spearman ariogl, in which the ranking rather than the
actual value of the parameter is used, but folPg@ son to apply, the data must be distributed in
a roughly normal fashion. To establish the extentvhich the data are normally distributed,
cumulative probability plots were constructed fbie tpair of variables and the degree of
normality was visually assessed. Significant démnst from normality were observed for the
maximum modulus mismatch and the maximum atomie sirsmatch, so for these cases, the
Spearman correlation was used. In all other casesPearson correlation was applied. In order
to determine the level of significance of the clatiens, Student's t-test was used to measure the
level of significancep. It has been shown that the t-test is very robuston-normality except
for very small samples (e.g., N<5) [10]. Detailetbgedures for the determination of the
correlation coefficients,, and the level of significancp, can be found elsewhere [10, 11].

The calculated correlation coefficienty dnd level of significancgf computed in these ways
are summarized in Table 3.2. The values osange between -1 and +1, representing perfect
negative and positive linear relationships, redpelst When r>0, the two variables are
positively correlated (one variable increases \&ithincrease of the other and vice verse), and the
magnitude of a correlation coefficient indicates ttegree of linear correlation between the two
variables. Whem<0, the two variables are negatively correlated amel decreases as the other
increases. The typical rangerdfor a very strong correlation is +0.9 to +1. A stgocorrelation
exists forr's in the range £0.7 to +0.9 and moderate cormator £0.5 to +0.7 [10]. With

respect to the level of significance, when 0.05, the correlation is deemed "significant” and
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unlikely to have occurred by chance [10, 11]. Théugsr andp in Table 3.2 have been color
coded to indicate the level of significance in camation with the strength of the correlation. For
correlation parameters shown in black, the levesighificancep is not less than 0.05, so the
material parameters are not significantly correlatéor the fonts shown in colors, a significant
correlation existsp<0.05), and the correlation coefficianis greater than 0.5, indicating at least
a moderate degree of correlation. Correlation patara in red are very strongly correlated
(r>0.9 or r<-0.9), those in blue are strongly clated (0.7€<0.9 or -0.9%<-0.7), and those in
green are moderately correlated (087 or -0.7«<-0.5).

Examination of the data in Table 3.2 shows thaatgreajority of the mechanical properties
correlate in significant ways with the annealingntwlensity. The highly correlated parameters
include the strength, elongation, and hardeningalsdipy, all of which show statistically
significant positive correlations for room temperattesting and at liquid nitrogen temperature.
Assuming that the tendency to deform by twinnindjnged to the tendency to form annealing
twins through the stacking fault energy, many & torrelations can be explained in terms of a
tendency for the material to deform by twinning m@@sms that become more pronounced at
lower temperatures. In fact, it has been suggesitat the formation of nano-twins during
deformation at low temperatures may explain thgdawork hardening capability and thus the
increased ultimate tensile strength of the FeNiGaCalloy [4] and other alloys [12-17]. The
formation of mechanical twins and their role inatefation provides additional strengthening if
the twin boundaries are effective barriers to aigtmn motion. Normally, deformation twinning
is not observed under normal deformation conditi@neom temperature in face-centered cubic
(FCC) metals with medium or high stacking faultrglyeyse, such as Al [18]. However, at low

temperatures (LN), materials with moderate stackagdt energies do form mechanical twins.
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One such example is Cu [19], whose stacking fandtgy is ~ 80mJ/Mm[20]. Fe, Co, Cr and Mn
have all been shown to reduce the stacking fawdtggnof nickel, with Cr having the largest
effect and Fe the smallest [21, 22]. Based on tris,could argue that the equiatomic FeNi alloy
should have a relatively high stacking fault eneagyl NiCoCr a low one, consistent with the
observation that the annealing twin density in FsNelatively low while that in NiCoCr is high.
Thus, the differences in strength at low tempeest@mong the equiatomic alloys examined here
could be reasonably attributed to differences atlshg fault energy caused by alloying that
affects the work hardening behavior through themmion of twinning activity. The onset of
deformation twinning would also postpone neckingtability and hence increase the ductility,
resulting in a strong correlation between the ditictind annealing twin density, as observed in
some of the alloys.

The parameters in Table 3.2 also suggest that iherenoderate to strong correlation between
the many of the mechanical properties, especib#lyyield strength and ultimate tensile strength,
both at room temperature and at liquid nitrogen perature, and the maximum modulus
mismatch in the alloying elements. Curiously, thare essentially no significant correlations
between mechanical properties and the maximum atsieé mismatch, as is often the case in
solid solution strengthening. However, this is patticularly surprising given that all 5 of the
elements are essentially the same size, varyingnby 3.7% at most. The maximum modulus
mismatch in the alloys is as high as ~40%, with ldrger mismatches occurring in the Cr
containing alloys (Cr has by far the largest modulfithe five elements). These observations are
consistent with conventional theories of solid $olu strengthening that attribute the
strengthening effects largely to modulus and at@siae mismatch. On the other hand, it is clear

from the scatter plots in Fig. 3.1 and the datdectibn matrix in Table 3.1 that the maximum
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modulus mismatch alone cannot explain the diffezenn strength. For instance, the equiatomic
FeNiCoCrMn, FeNiCoCr, NiCoCrMn and NiCoCr alloys lahve the same or similar maximum
modulus mismatch of 40.9%, 39.5%, 40.9% and 39./&¥pectively, but their yield strengths
vary over a large range from 215 MPa for FeNiCoCtbl804 MPa for NiCoCr.

Lastly, given that it has been suggested that tn@ber of elements in a single phase
equiatomic alloy may correlate with its strengttedo the potential for more complex lattice
distortions when the number of alloying elementdigh [2], a comment is warranted on the
relationship between the number of elements iratloys and their mechanical properties. Table
3.2 indicates that there indeed is a statisticsiliyificant, positive correlation between number
of elements and the yield strength of the alloysl @ a lesser extent the ultimate tensile strength
However, there are notable exceptions to this tairom. Specifically, the material with the
greatest yield strength at all temperatures iggh®ary NiCoCr, whereas the yield strength of the
qguinary FeNiCoCrMn alloy is essentially in the melaf the alloys [3]. In addition, for the
ternary alloys, the yield strength of the NiCoClowl(304 MPa) is much higher than that of
FeNiCo (213 MPa), and this phenomenon is also @bdefor the FeNiCoMn (176 MPa) and
NiCoCrMn (282MPa) quarternary alloys. In both caslkes only compositional difference is that
the replacement of Fe with Cr, indicating a muchrengronounced strengthening effect of Cr
than Fe in the alloys. A large strengthening efi@lcCr relative to Mn is also observed by
comparing the two ternary alloys, NiCoMn (230 MRa)d NiCoCr (304 MPa), and two
guaternary alloys, FeNiCoMn (176 MPa) and FeNiC{Zt4 MPa). Thus, when it comes to
strength, it is clear that the nature of the alligyelements is just as important or more important

that the number of elements, with Cr appearinget@ Isignificant strengthener in this system of
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alloys, possibly due to its much larger elastic olod. The circled data points in Fig. 3.1
identify the Cr containing alloys, and show thatlare almost all associated with high strength.
In summary, a statistical analysis was usethvestigate alloying effects on the mechanical
properties of a family of FCC-structured equiatomatloys. Numerous physical and
microstructural parameters were analyzed to estaldiatistically significant correlations with
basic mechanical properties at 293K and 77K. Scaitets were made for each pair of
parameters to visualize the potential correlatitoibowed by calculations of the correlation
coefficient and level of significance determinedngsstandard statistical procedures. Some
mechanical properties were found to correlate gmiicant ways with two primary material
parameters, the annealing twin density and the maxi modulus mismatch, and mildly with
the number of alloying elements. It appears, howahat the nature of the alloying elements is
just as important as the number of alloying elemenith Cr containing alloys generally being
stronger, possibly due to its much larger modukusther investigations are needed understand
the fundamental nature of strengthening in equiatoailoys since simple solid solution

strengthening concepts appear to be inadequate.
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Table 3.1.Data matrix, which includes the number oktlements ), melting temperature (T.,), lattice parameter @), Poisson’s ratio ¢),
shear modulus (5), maximum size and modulus mismatch4r and 4E), annealing twin density pwin), Yield strength (), ultimate tensile

strength (6.s), elongation &) and average rate of work hardening (§us oy)/€).

G -
. Tl | " o oo | ey | A AE (‘:T‘]Wr'r”] oRT) | owlRT) | ”‘(“F:T‘)’y (©Ous-a)l & | afLN) ausLN) e gus oy (LN) | (ows-y)l &
(K) (glen?) 5| | o s (MPa) | (MPa) P RT) (MPa) (MPa) (LN) (MPa) (MPa) (LN)
Fm?;]o 5 1553 3'?99 79792 | 026| 80 37|  409| 19 215 595 0.39 380 974 432 1050 0.62 618 996
. 3571
FeNiCoCr | 4 1695 . 81435 | 028| 82 | 334 3095| 312 274 705 | o038| 431 1119 474 1167 0.50 693 1386
FeNr'fOM 4 1533 3'291 8.1603 | 0.22| 77 37| 66| 13 176 545 | 041| 369 895 300 822 0.48 522 1096
N'C?]C'M 4 1489 3'289 79635 | 025| 78 37|  409| 353 282 696 0.44 414 947 502 1280 0.62 778 1250
FeNiCo 3 1724 | 3569| 83004 036 60| 247 5% 6 213 514 | o031 301 977 341 796 0.43 455 1069
NiCoCr 3 1600 | 3559| 82726 03 87| 334 305 38.2 304 860 | 059| 556 928 515 1300 0.75 785 1043
FeNiMn 3 1473 | 3616| 7.8420 02 73 3y 64 12 229 610 | 036| 381 1058 368 910 0.45 542 1193
. 3.507
NiCoMn 3 1462 7 8.1604 | 023| 77 37| 55| =2 230 655 | 038| 425 112 370 927 0.50 557 1118
. 3.582
FeNi 2 1703 . 82326 | 034| 61 | 247 55| 7 187 508 | 036| 321 899 333 817 0.47 484 1027
. 3.534
NiCo 2 1735 . 88484 | 029| 84 | o058 45| 24 110 543 | 043| 433 1016 149 813 0.62 664 1079
. 3523
Ni 1 1728 . 8908 | 031 76 0 0 5 95 30 | 027| 255 940 102 538 0.38 436 1134
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Fig. 3.1. Scatterplots in which the horizontal axigs the basic measured material parameter and the
vertical axis is the mechanical property of interes The blue circles identify alloys containing Cr.
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Table 3.2. Correlation coefficientsy, and level of significancep, for each of the correlations.

No.of Melting Lattice Shear Max size Max modulus
Density | Poisson's ratjo Twin density
elements point parameter modulus mismatch mismatch
r 0.62 -0.58 0.53 -0.75 -0.20 0.18 0.54 0.74 0.6646
Yield stress(RT)
p 0.0429 0.0604 0.0949 0.085 0.5582 0.6004 0.0854 0.0093 0.0257
r 0.73 -0.52 0.59 -0.80 -0.22 0.17 0.54 0.84 0.6422
Yield stress (LN)
p 0.0113 0.1025 0.0553 0.28 0.5178 0.6245 0.0854 0.0013 0.0331
r 0.52 -0.58 0.33 -0.54 -0.30 0.52 0.58 0.73 0.8688
UTS(RT)
p 0.0991 0.0604 0.3170 0.0856 0.3765 0.099D 0.0580 0.0108 0.0005
r 0.65 -0.59 0.35 -0.61 -0.27 0.48 0.63 0.86 0.8897
UTS (LN)
p 0.0298 0.0556 0.2864 0.0472 0.4258 0.1341 0.0368 0.0006 0.0002
r 0.31 -0.25 0.05 -0.23 -0.21 0.64 0.38 0.59 0.8115
Elongation(RT)
p 0.0991 0.0604 0.3170 0.0856 0.3765 0.099D 0.0580 0.0108 0.0024
r 0.37 -0.24 -0.02 -0.17 -0.14 0.66 0.36 0.68 0.8283
Elongation (LN)
p 0.2678 0.4841 0.9604 0.6200 0.6816 0.026p 0.2709 0.0216 0.0016
hardening r 0.35 -0.21 0.11 -0.28 -0.33 0.72 0.22 0.35 0.8867
capability(RT) | p | 0.2863 0.5372 0.7382 0.4062 0.3290| 0.0131 0.5243 0.2898 0.0002
Hardening r 0.44 -0.27 0.02 -0.27 -0.27 0.73 0.35 0.67 0.9799
capability (LN) | p [ 0.1752 0.4171 0.9428 0.4151 0.4267| 0.0115 0.2917 0.0255 0.0000001
Averagestrain | | | 03544 -0.2727 0.3405 -0.3530 -0.3083 0.225p 11 0.0046 0.2248
hardening rate
RT) p 0.2848 04171 0.3055 0.2868 0.3562 0.505p 0.747Pp 0.9892 0.5063
Average strain | | 0.2406 -0.2 -0.0029 -0.2069 -0.1766 0.385 01624 0.0554 0.3646
hardening rate
(LN) p 0.4760 0.5554 0.9930 0.5415 0.6032 0.2411 0.632p 0.8713 0.2702
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SUMMARY and CONCLUSIONS

Decades-old theories of solid solution streegihg have focused on binary dilute solid
solutions. In sharp contrast, the mechanical benaficoncentrated solid solutions is relatively
poorly understood. During the past decade, spacisets of concentrated solute solutions in
which the constituent elements are present in eafoahic proportions have received a great deal
of attention. A unique feature of equiatomic allayshe absence of “solvent” and “solute” atoms
which results in a breakdown of the textbook pietof dislocations moving through a solvent
lattice and encountering discrete solute obsta@e& example is the equiatomic quinary alloy,
FeNiCoCrMn, in which a strong temperature depenéesfcstrength was observed, unlike in
pure FCC metals where no such dependence is tygeeal. Interestingly, the ductility increased
hand in hand with strength as the temperature dsece from room temperature to liquid
nitrogen temperature. Through microstructural ctt@rézation, strain-induced nano-twinning at
liquid nitrogen temperature was observed to be arsiple for the observed large strain
hardening and thus the high UTS and elongation. é¥@w a mechanistic understanding of the
temperature sensitivity of yield strength is gtitit clear. Thus, to have a better understanding of
the aforementioned temperature dependent behawidrt@ develop better theories of solid
solution strengthening, we investigated the tenmtpesadependence of the mechanical properties
of a family of multi-component equiatomic alloyshih are subsets of the constituent elements
in the “parent” FeNiCoCrMn alloy.

After excluding a few alloys that are not able odidify as a pure FCC solid solution based on
available phase diagrams, all other binary, ternand quaternary alloys were drop-cast and
homogenized, followed by phase identification usipgwder x-ray diffraction and back-

scattered SEM. It was shown that, after drop-cgséind homogenization, three quaternaries,
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FeNiCoCr, FeNiCoMn, and NiCoCrMn, five ternariegNtCo, FeNiCr, FeNiMn, NiCoCr, and
NiCoMn, and two binaries, FeNi and NiCo, are sigiase FCC solid solutions. The FCC
subsets of FeNiCoCr were selected to investigawr tbhase stabilities and recovery,
recrystallization and grain growth behaviors. Thakeys were cold-rolled and annealed at 300-
1100°C for 1 hour to investigate their phase stabilitifhase separation occurs in one alloy,
FeNiCr, when it is cold rolled and annealed (retafiiged), while all the others, FeNiCoCr,
FeNiCo, NiCoCr, FeNi and NiCo, remain as singleggh&CC solid solutions. FeNiCo and Ni
exhibit abnormal grain growth at relatively low @ating temperatures while all the other alloys
show normal grain growth behavior. Under 8@0 the grain growth exponents of the equiatomic
alloys FeNiCoCr, FeNiCo, NiCoCr, FeNi, and NiCo ai@25, compared to ~0.5 for pure Ni,
suggesting that solute drag may alter the graiwtirdinetics of the equiatomic alloys. All the
investigated equiatomic alloys, FeNICoCr, FeNiCaZdLCr, FeNi and NiCo, as well as pure Ni
show a Hall-Petch type of grain size dependenceiofohardness. The ternary equiatomic alloy
NiCoCr is harder than all the other alloys, inchglthe quaternary alloy FeNiCoCr, suggesting
that solid solution hardening in multi-componenti@tpmic alloys cannot be solely determined
by the number of alloying elements, rather the ypalloying element is also important.

For those alloys identified as FCC single phasil solutions, the mechanical properties were
investigated as a function of temperature. Theyallwere arc-melted, drop-cast, homogenized,
cold-rolled, and recrystallized to produce equiaradrostructures with comparable grain sizes.
Tensile tests were performed at an engineerininstage of 1¢°s™ at temperatures in the range
77-673 K. Their melting temperatures, shear modndl Poisson’s ratios were measured to help
us understand and analyze the data. Generally isyggdkere are two effects on the mechanical

properties: temperature effects and alloying e¢fethe flow stress of the equiatomic alloys is

111



temperature dependent to varying degrees and dr@®esthe temperature-dependence of both
yield strength and strain hardening. The tempeeati@pendence of the yield strength in the
alloys may be determined by Peierls-barrier-donaithdattice friction, with the height of the
Peierls barrier controlled by thermal influencestba width of the dislocation. By fitting the
experimental yield stress vs. temperature curvethéoPeierls-Nabarro equation, the Peierls
barriers in the equiatomic FCC alloys appear tstibenger than those in pure FCC metals but
weaker than those in pure BCC metals. During thtealrstages of plastic deformation (5-13%
strain, depending on material), the temperaturesaggnce of strain hardening is due almost
entirely to the temperature dependence of the ghedulus. This indicates the athermal nature
of dislocation multiplication, accumulation anddrdction during the early stages of deformation.
The ultimate tensile strength and uniform elongatio fracture of all the equiatomic alloys
increase with decreasing temperature, with theelropcrease occurring between 77 and 293 K.
It is possible that deformation twinning similar tieat observed in the FeNiCoCrMn high-
entropy alloy contributes to the enhanced ductiditycryogenic temperatures in some of the
alloys.

Alloying affects both the thermal and atherrpaltions of the yield stress vs. temperature
curves. With similar grain size, the stronger al@re not necessarily the ones with the most
elements. The nature of the constituent elemests mktters\, with the Cr-containing alloys in
general being the strongest. To have a better stateling of the compositional effects, the
physical properties (density, melting temperatueddstic properties (shear modulus, Poisson’s
ratio), crystal structure parameter (lattice con§taand microstructural parameter (annealing
twin density) were collected in a matrix, in whithe maximum modulus and size mismatch

were also included, together with the mechanicaperties deformed at room temperature and
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low temperature. A statistical method was used dterthine that what characteristics of the
alloys may specifically correlate with the observeéchanical properties. Scatterplots were
made for each pair of parameters to visualize tbefrelation followed by calculations of
correlation coefficient and level of significan@ereasure the strength and significance of their
correlations. Some mechanical properties were fdoncbrrelate in significant ways with two
primary material parameters, the annealing twinsdgrand the maximum modulus mismatch,
and mildly with the number of alloying elements.afipears, however, that the nature of the
alloying elements is more important than the nundfealloying elements, with Cr containing
alloys generally being stronger. Further invesiayet are needed to understand the fundamental
nature of strengthening in these alloys since ssplid solution strengthening concepts are not

adequate.
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