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Table. 2.1. Composition and properties of HE-BMGs as well as
some representative Ti— or Zr-based BMGs with good glass

forming ability.[1]

Table. 4.1. Nominal compositions of rare earth element based
bulk metallic glasses and their Ty, Tk, ATy, AH and maximum

diameter. Heating rate = 20 K/min

Table. 4.2. Nominal compositions of rare earth element based
high entropy bulk metallic glasses and their T, Tx, ATy, AH,
T, AH,.

Table. 4.3. Reduced elastic modulus, nano—hardness, yield
strength by nano—indentation and elastic modulus, yield strength

by compression test

Table. 5.1. Fitting parameter A, Tgo, D* from relationship
between T, and In® of RE element based (HE)BMG using the
VF equation.



Fig. 2.1. Schematic diagram of atomic distribution in crystalline

solid, liquid, amorphous, gas state.[2]

Fig. 2.2. Angell plot comparing the viscosities of different
types of glass forming liquids.[3]

Fig. 2.3. TTT curve containing physical meaning of Yy

parameter.[4]

Fig. 2.4. Schematic diagram for alloy design of multicomponent

system.
Fig. 2.5. Ilustration of the AS,; for ternary alloy system.[5]

Fig. 2.6. Temperature dependence of the diffusion coefficients
for Cr, Mn, Fe, Co and Ni in different matrices.[6]

Fig. 2.7. Schematic diagram of the variation of lattice potential
energy and mean difference during the migration of a Ni atom

in different matrices.[6]

Fig. 2.8. Structure : severe lattice distortion effect (assuming
BCC structure).[5]

Fig. 2.9. (a) XRD analysis of Al,CoCrCuFeNi alloy system;V
FCC phase, and 49 BCC phase, (b) Vickers hardness ad total
crack lengths of the AlCoCrCuFeNi alloy system with different

vi



Al contents (x values).[7, 8]

Fig. 2.10. Empirical rules of alloy design for multi-component

system. [5]

Fig. 3.1. TEM (FEI Tecnai F20) in KIST.
Fig. 3.2. Electro-Static Levitation (ESL in KRISS).

Fig. 4.1. Rare earth element based BMGs : (a) Increased
glass forming ability with addition of second rare earth
elements in ternary rare earth element based BMGI[9, 10], (b)
Physical and chemical properties of high entropy alloys[9, 11,
12] (E : Young’s modulus, G : shear modulus, K : bulk
modulus, p : density, Hy : Vicker hardness, s - effective Bohr
magnetron moment for rare earth elements), (c) Phase diagram

of Er-Gd alloys showing complete solid solution.

Fig. 4.2. Alloy design of rare earth element based high

entropy bulk metallic glasses.

Fig. 4.3. Atomic radius and melting enthalpy between
constituent elements in REVsRE?5AlCoy BMG systems.

Fig. 4.4. Alloy design for REMsRE?sRE®9AlCos high

entropy bulk metallic glass systems.

Fig. 4.5. DSC traces of REWsRE?5AlCoy BMG alloys.
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Fig. 4.6. XRD results of as-spun REV5RE?yAlyCospalloys.

Fig. 4.7. Glass formation In REY4RE?90AlCos bulk samples

with 2 mm diameter.

Fig. 4.8. DSC traces of REVRE?1sRE®yAluCoyx HE-BMG

for as—spun samples.

Fig. 4.9. X-ray diffraction pattern of RE"V;sRE?1sRE®0Als—
Cooyy HE-BMG for ball samples.

Fig . 410 DSC traces for Erlng18Y20A124C020HE*BMG.

Fig . 4.11. X—ray diffraction pattern for Erlngng20A124C020
high entropy bulk metallic glass.

Fig. 4.12. High resolution transmission electron microcopy
(HRTEM) image and corresponding selected area diffraction
pattern (SADP) (inset) of Er;sGdisY20AlosCos 5 mm bulk sample

showing fully amorphous structure.

Fig. 4.13. TG/DSC  traces of RE™sRE?1sRE®5Al,Coxy
HE-BMG for bulk samples.

Fig. 4.14. Relation between AH®™™ and Sykp for the BMG
forming alloy system.[44]

Fig. 4.15. (a) Reduced elastic modulus, (b) nano-hardness and
(c) vyield strength by nanoindentation in rare earth element

based high entropy bulk metallic glasses.
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Fig. 4.16. First pop—in behavior in rare earth element high

entropy bulk metallic glass system.

Fig. 4.17. Serrated flow for rare earth element based high

entropy bulk metallic glasses.

Fig. 5.1. Effect of 6, AHuix, ASmix, AX, VEC on phase stability

in multi-component alloys. [13]

Fig. 5.2. Correlation between elastic property and fragility in
bulk metallic glass system.[14]

Fig. 5.3. Cooling curve for (a) ErsAlsCon BMG system (b)
Er 18Gd18Y20A124C/020 HE-BMG system.

Fig. 54. (a) DSC traces showing the annealing conditions
680 K and 686 K) and (b) X-ray diffraction patterns of

as—spun and heat treated ribbons.

Fig. 5.5. (a) BF TEM, (b) SADP, (¢c) HAADF STEM image,
(d) EDS quantification result of as-spun Er;sGdigY20AlCosy
high entropy bulk metallic glasses.

Fig. 5.6. (a) BF TEM image, (b) magnified BF TEM image,
(c) SADP for aperture with a diameter of 130 nm (d) indexing

result of ErisGdigYo0AluCoy as—spun sample annealed at onset

temperature.(630K)
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Fig. 2.1.

Schematic diagram of atomic distribution in crystalline
solid, liquid, amorphous, gas state.[2]
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2. Fragility

T

fragility= =

fragility index, m< &3to] FX3} & 4 v} [22]
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2.1. Thermodynamic fragility

Adam-Gibbs model & el dHetz 50w AERI 9
LA EAY daEE 2438 dUAE BEFASE Ao o]
= 7 A wid Abeld] Mol FES VIWte®m v o] FES
shear stress relaxation time 1, © HEH] &} HXE9} shear stress
relaxation time < H| &3P E HE2o] 2% o|FA L2 Adam-Gibbs 2] &

2 xdd ¢ o [24]
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2.2. Kinetic fragility
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Fig. 2.2. Angell plot comparing the viscosities of different types of
glass forming liquids.[3]
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Fig. 2.3. TTT curve containing physical meaning of y parameter.[4]
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Fig. 2.5.

Nlustration of the AS. for ternary alloy system.[5]
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Fig. 2.6.
Cr, Mn, Fe, Co and Ni in different matrices.[6]
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Fig. 2.7. Schematic diagram of the variation of lattice potential
energy and mean difference during the migration of a Ni atom in

different matrices.[6]
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Fig. 2.8. Structure : severe lattice distortion (assuming BCC

structure) [5]
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Fig.

of the AliCoCrCuFeNi alloy system

2.9. (a) XRD analysis of AliCoCrCuFeNi alloy system;V FCC
phase, and € BCC phase, (b) Vickers hardness ad total crack lengths

values)[7, 8]
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Fig. 2.10.
system. [5]
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Table. 2.1. Composition and properties of HE-BMGs as well as
some representative Ti— or Zr- based BMGs with good glass forming
ability.[1]

Composition {at%) {n?:n} (-:.% ;’; g(}? {l‘\: E;a) Ref.
TiyoZ¥ zoH2oCitroNig 15 {658 | 711 | 53 | 1920 | 33}
Z050Ca5658 25 YD o (Lin ssMOg 15 30 3 | 323|348 | 25 | <500 | [34]
St,0Ca,4 Y5 Mg 2 ZRos ~5 | 353 | 389 | 36 | <500 | [35]
St36Ca,0YB2MGs (Zng <Clig <) 2 ~5 } 251|391} 40 | <500 | [35]
£r,0Th,oDyaoNizAly 2 - . - - 1351
PP ClizgNizgPoo 10 | 580 | 645 | 65 . 132}
TiyoZt20CtsNi 2B 3 | 683 | 729 | 46 | 2315 | (1]

Zrgy o TisaaCuppsNipgBey - (Vitl) | >20 | 625 | 705 | 80 | 1737 | i36]

TisoZrysCly NiBe s >34 | 601 | 64 | 42 | 1680 | 137]
Ty Zr; Cuis NicBeso 10 - - - | 2105 | 38]
Thap 5 ZF50,,Cts s NigBe 5 >50 | 611 | 655 | 44 | 1831 | [39]
TissZr;oClicNisBe 2 6 - - - | 2050 | @0}
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Fig. 3.1.

TEM (FEI Tecnai F20) in KIST
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A3 d<E &Y
1. DSC & TG/DSC
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Fig. 3.2. Electro-Static Levitation in KRISS [41]
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Fig. 4.1. Rare earth element based BMGs : (a) Increased glass
forming ability with addition of second rare earth elements in ternary
rare earth element based BMGI9, 10], (b) Physical and chemical
properties of high entropy alloys[9, 11, 12] (E : Young’s modulus, G :
shear modulus, K : bulk modulus, p : density, Hy:Vickerhardness,es -
effective Bohr magnetron moment for rare earth elements.), (¢) Phase

diagram of Er-Gd alloys showing complete solid solution.
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Fig. 4.2. Alloy design of rare earth element based high entropy bulk

metallic glasses.

Rare Earth based BMGs
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— high mixing entropy effect
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Fig. 4.3. Atomic radius and melting enthalpy between constituent
elements in RE(1)36RE(2)20A124C020BMGsystems.

a) EryeYz0Al54C050 b) Gdg¥20Alz4Coz
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Fig. 4.4. Alloy design for

bulk metallic glass systems.

a) ErigGdygY;0Al,C0

d) Gd;gNd;5Y50Al,C05

RE(D 18RE(2) 18RE(3)20A1246020 hlg h entropy

b) ErygGd;gY,0AlNiyg
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Fig. 4.5. DSC traces of as spun REV4RE%5AlCox BMG alloys.
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Fig. 47. 3 Table 41. & ErsY2AluCoxn, GdisY20AluCon,
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Fig. 4.6. XRD results

Intensity (a.u.)

of as—spun RE(1)36RE(2)20A124C020 alloys
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Fig. 4.7.

2 mm diameter.
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Table. 4.1. Nominal compositions of rare earth element based bulk
metallic glasses and their Ty Tx, ATy, AH and maximum diameter.
Heating rate = 20 K/min

Composition Ty (K) T, (K) AT (K) | AH (J/g) ([:1“;:3 Ref.
ErsgYopAlo,Coyg 657 691 34 -69 12 [12]
Gd15Y20Al4C040 613 661 48 -83 5 [12]
Nd35Y20Al154C05 567 634 67 -92 2 Present
Erz5Gd,pAl,Cong 639 677 38 -72 2 Present
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Fig. 48. & & A7olA AMFA /e JEF oA sfoldE
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ErisNdigYooAlCo,  GdisNdigY20Al2Cog,  ErisNdigGdaAluCoxn &2
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Fig. 4.8. DSC traces of REVRE?sRE®5AluTMy HE-BMG for
as—spun samples.(RE = Er, Gd, Nd, TM = Ni, Co)
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Fig. 4.9. X-ray diffraction pattern of RE"RE?sRE®5AlCom
HE-BMG for bulk samples.
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Fig. 410 DSC traces for Erlng18Y20A124C02o HE-BMG
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Fig. 4.11. X-ray diffraction patterns for

EI‘18Gd18Y20A124C020 hlgh
entropy bulk metallic glass.

Intenstiy (a.u.)
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Fig. 4.12. High resolution transmission electron microscopy

(HRTEM) image and corresponding selected area diffraction pattern

(SADP) (inset) of ErigGdigY2AluCoxp 5 mm bulk sample showing
fully amorphous structure.
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Fig. 4.13. TG/DSC traces of REU)18RE(2)18RE(3)20A124C020 HE-BMG

for ball samples.
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Table. 4.2. Nominal compositions of rare earth element based high
entropy bulk metallic glasses and their Ty, Ty, ATy, AH, T, AH,

critical diameter D¢max, Tig, gamma(y) parameter.

Composition T (K | T (K) | AT (K) 5/}:;) T, (K) (?}';!) (?nmr;x) T y
Er15GdigY20Al4Nisg 633 656 23 -78 931 -108 2 0.62 0.3978
ErisGd;sY,0Al,Co | 634 | 680 46 -83 953 | -108 5 10.6149 | 0.4084
ErygNd;oY,0AL,Co, | 613 | 671 58 -83 | 944 | -70 2 |0.6204|04191
GdygNdygY Al 4Cos 588 651 121 -98 923 -71 1 0.5857 | 0.4083
Er;gNd1GdaAlL,Cos | 595 | 624 29 77 | 896 | -73 1 |0.6185 |0.4001
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Fig. 4.14. Relation between AH™™™ and S,/kg for the BMG forming

alloy system.[44]
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Fig. 4.15. (a) Reduced elastic modulus, (b) nano-hardness and (c)

yvield strength by nano-indentation in rare earth element based high

entropy bulk metallic glasses.
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Table 4.3. Reduced elastic modulus, nano—hardness, yield strength by
and elastic modulus, yield strength by compression

nano-indentation

test
Nano-indentation Compression test
1 f:gduc%d i Nano-hardness | Yield strength | Elastic modulus | Yield strength
Fiaatle Mesulld> [GPal [Gpal {GPa] {GPa]
[GPa]
ErssAlsCogy 73.3116.60 5.50+0.46 2.1810.24 79.79 1.60
ErssY,0ALsC0o5 73.0+£8.98 5.371+0.25 2174018 72.94 146
ErigGdi3Y,0Al4C0,0 | 65.18+4.15 4.81+0.19 2.0+0.19 65.71 1.24
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Fig. 4.16. First pop-in behavior in rare earth element high entropy
bulk metallic glass system.
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Fig. 4.17. Serrated flow for rare earth element based high entropy

bulk metallic glasses.
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Fig. 5.1. Effect of 6, AHmix,ASmix,AX, VEC on phase stability in

multi—-component alloys. [13]
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Table. 5.1. Fitting parameter A, TgO D" from relationship between

T, and In® of RE element based (HE)BMG using the VF equation.

Ax10%] T () D’
ErssALsCos, 2.086 610.46 0.1787
ErssY20Al4C050 4.211 624.74 0.2579
Er1eGl1oY20Al24C050 14.867 644.97 0.2760
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Fig. 5.2. Correlation between elastic property and fragility in bulk

metallic glass system.[14]
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Fig. 5.3. Cooling curve for (a) ErssAlssCoxn BMG system (b)
Erlng18Y20A124C020 HE-BMG system.
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Fig. 5.4. (a) DSC traces showing the annealing conditions (680 K

and 686 K) and (b) X-ray diffraction patterns of as—-spun and heat

treated ribbons.
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Fig. 5.5. (a) TEM BF, (b) SADP, (c) HAADF STEM image, (d)
EDS quantification result of as—spun ErisGdigYo0AlosCos high entropy

bulk metallic glasses.

00
(d)
Element | Er(L) | Gd(L) | Y(K) | AK) | Co(K)
Atomic % | 23.88 | 18.36 | 17.2 | 21.58 | 18.95
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Fig. 5.6. (a) BF TEM image, (b) magnified BF TEM image, (c)
SADP for aperture with a diameter of 130 nm (d) indexing result of
phase identification in ErigsGdigY20AlsCos as—spun sample annealed at

onset temperature(680K).
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(a) HR image, (b) FFT image (inset)

of ErigGdigYo0AlosCoo high entropy bulk metallic glasses annealed at

AlY nanocrystalline

. 9.1.

Fig

onset temperature.
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Fig. 5.8. (a) BF TEM image, (b) HAADF STEM image, (c) SADP

for aperture with a diameter of 130 nm (d) schematic diagram of (c),

(e) indexing result of ErigGdigY20AluCos as—spun sample annealed at

1%" peak end temperature (686K).
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Abstract

Unlike conventional alloy system, newly developed high
entropy alloys (HEAs) contain multi-elements as major constituents.
These HEAs lead to high mixing entropy and formation of simple
solid solution rather than intermediate or intermetallic compound. In
this study, by investigating high entropy bulk metallic glass to bridge
both high entropy alloy and bulk metallic glass, the structure and
properties of multicomponent systems with high configuration entropy
could be understood well. Especially, rare earth (RE) elements based
BMGs has relatively high glass forming ability and rare earth
element group has similar properties among them so, RE elements
based high entropy in amorphous state has a characteristic of high
entropy alloy and bulk metallic glass. So, with RE elements, high
entropy bulk metallic glass 1s fabricated and they have characteristics
of bulk metallic glass system in terms of normalized mismatch
entropy and phase stability parameter. Their thermal properties, glass
forming ability and mechanical property are evaluated and
Er-Gd-Y-Al-Co system has relatively lower glass transition
temperature, nano-hardness, elastic modulus, and yield strength
compared with RE element based ternary or quarternary system. In
addition, with the fragility, parameter of relative atomic bonding
between the components, each alloy systems could be explained by

relative free volume amount in the systems. In addition, to compare
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with characteristic of high entropy alloy, sluggish diffusion, one of 4
core properties, is considered. First of all, phase transformation from
stable liquid to solid is evaluated by electrostatic levitation in KRISS.
Compared with other system like ErssAlssCos, ErisGdigYooAlosCoo has
lower undercooling and long time to grow, which means they have
growth rate distribution by multiple phase precipitation. Secondly, in
terms of phase transformation from metastable liquid to solid,
nanocrystallization occur during non-isothermal annealing up to 1%

end peak and each phases are Al rich phase.

keywords : rare earth element, metallic glass, high entropy
alloy, high entropy effect, high entropy bulk metallic glass,
crystallization, sluggish diffusion, nanocrystalline structure.
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