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2.7.2 The Origins of BMGs

* History of Metallic Glasses

2 First amorphous metal produced by evaporation in 1934.
* j. Kramer, Annalen der Phys. 1934; 19: 37.

2 First amorphous alloy(CoP or NiP alloy)

produced by electro-deposition in 1950.
* A. Brenner, D.E. Couch, E.K. Williams, ]. Res. Nat. Bur. Stand. 1950: 44; 109.

% First metallic glass (Aug,Si,,)
produced by splat quenching at Caltech by Pol Duwez in 1957.

*W. Klement, R.H. Willens, P Duwez, Nature 1960; 187: 869.

% First bulk metallic glass (Pd., :Cu,Si, )
produced by droplet quenching at Harvard Univ.
by H.S. Chen and D. Turnbull in 1969

*H.S. Chen and D. Turnbull, Acta Metall. 1969; 17: 1021.

produced by water quenching of PATMSi, Pt-Ni-P and Pd-Ni-P system
by H.S. Chen in 1974 ( long glassy roads, 1-3 mm in diameter and several centimeters in length)

*H.S. Chen, Acta Metall. 1974; 22: 1505
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FIGURE 2.7
Maximum diameters of the BMG rods achieved in different alloy systems and the years in
which they were discovered.



3. Glass-Forming Ability of Alloys
® Many glasses were produced more or less by trial and error.
— The ability of a metallic alloy to transform into the glassy state is
defined in this chapter as the glass-forming ability (GFA).

3.2 Critical Cooling Rate
If an alloy melt is solidified from a temperature above the liquidus tem-

perature, Tj to below the glass transition temperature, T,, then the volume
fraction of the solid crystalline phase, X formed under non-isothermal crys-
tallization conditions can be given by the equation [8,9]

T Ty 3

jzj(T’* )dT” | dT’ G.)

4dm
X =35

where [ and U are the steady-state nucleation f requency and crystal growth rate,

X=10-¢ H R = %xuﬁj”) JlI(T”)dT” AT’ (3.2)

Since the equations for [ and U contain terms like viscosity of the supercooled
liquid, n, entropy of fusion, AS;, etc., the critical cooling rate, R. decreases

with increasing 1, AS;, and decreasing liquidus temperature, T,. The best way

to experlmentally determine R_ is by constructing the time—temperature—

transformation (T-1-T) diagrams.




3.2.1 T-T-T Diagrams: isothermal processes

Liquid the liquid alloy should be cooled at a rate faster than R_
= and to a temperature below T,.
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FIGURE 3.1

Schematic time—temperature—transformation (T-T-T) diagram for a hypothetical alloy system.
When the liquid alloy is cooled from above the liquidus temperature T,, at a rate indicated by
curve “1,” solidification starts at a temperature T, and time #,. The resultant product is a crystal-
line solid. However, it the same liquid allov is now cooled, again from T,, at a rate faster than the
rate indicated by curve “2,” the liquid will continue to be in the undercooled state, and when
cooled below the elass transition temperature T, the liquid is “frozen-in” and a glassy phase is
tormed. The cooling rate represented by curve “2" is referred to as the critical cooling rate, R..




R.vs D, ., in Ti-Zr-Cu-Ni alloy system

J. Appl. Phys. 78, 1 December 1995

Maximun thJc]mess of glass phase (mm)
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FIG. 1. Critical cooling rates for glass formation and corresponding maxi-
mum thickness of glass phase. Key to the alloys: (1) Ni; (2) FegBg: (3)
FegoB);; (4) Te; (5) AupygGe338igs; (6) FegsByq; (7) Fey) sNig;sBy; (8)
Coq¢Si1sB1o;: (9) Ge; (10) FepoSiygByy 3 (11} NipsSigB 73 (12) PeggP3Cys (13)
PtggNi;sPys; (14) PdgySijg; (15) Nigy 4Ny (16) PdyysCugSijess (17)
Pd.;oNi‘me (above from Ref. 3); (18) .AUSjpbmens (Ref. 6); (19)
ZrgsCuy7.5Ni1gAly 5 (Ref. 9); (22) Zry; oTij3 gCuyp sNijgBey, s (Refs. 4 and 5);
(23) TiyZr;,CuyyNig.

Total cooling time T ~(R?/k)

Sample dimension (dia. or thickness) : R
initial temperature: T,
thermal diffusivity :

k=K/C

thermal conductivity : K
heat capacity per unit volume: C

. dr 1. 1) KT T

N I ey

For Ti-Zr-Cu-Ni system,
T,,-T, ~400K K~0.1W/cms'K?' C~4]/cm*K*
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3.2.2. Effect of Alloying Elements

Slow
cooling
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FIGURE 3.2

Position of the T-T-T curves with the addition of a large number of alloying elements. The
C-curve shitts to the right with increasing number of alloying elements and consequently, the
zlassy phase can be synthesized at slow solidification rates. The left-most C-curve represents
a typical situation of an alloy system where a glassy phase is obtained by rapid solidification
processing (RSP) from the liquid state. The middle C-curve represents an alloy composition
where a glassy phase can be obtained by slow cooling. The right-most C-curve represents a
situation when an alloy can be very easily produced in a glassy state.
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(a) Measurement of TTT diagram during cooling by DSC/DTA

Appl Phys. Lett,, vol. 77, No. 8, 32 August 2000
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TTT diagram of Pd,,Cu,,Ni,,P,,

Appl. Phys. Lett., Vol. 77, No. 5, 31 July 2000
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(b) Measurement of TTT diagram by drop tube technique

Solidification of containerless undercooled Melts, edited by Dieter M. Herlach and Douglas M. Matson, 2012, p.1-7
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Electrostatic levitation in KRISS

HV (z-axis) T:~3000°C
P:~ 107 Torr

Feedback

i KRISS material : Dr. G.W.Lee,
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Measurement of TTT diagram by ESL technique
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Comparison of TTT diagrams: TZ3 vs ZCAAB vs VIT1 vs PNCP
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Comparison of TTT diagrams: TZ3 vs ZCAAB vs VIT1 vs PNCP
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3.2.3 Measurement of R,

The measurement of R, is an involved and time-consuming process. One
has to take a liquid alloy of a chosen composition and allow it to solidify
at different cooling rates and determine the nature and amount of phases
formed after solidification.

Measurement of R_in Ca,.Mg,-Zn,, (D,,..>15 mm)

1000 Prr——m—mr——— T T T
900 Ca65M915zn20 -
(Cu mold casting in air atmosphere)
— 800 4
X
L 700 .
2 (O D=kl . | top position: 20 K/s
©600 | N e S .
g. (b)d =10 mm | middle position: 93 K/s
2 500 . -
(aA)d= 6 mm | bottom position: 149 K/s
w0 @O\®  NO 0 o T, -
300 | .
l 1 1 l 1 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1
5 10 15 20 25 30 35 40 45

time (sec)
* Coolmg CUrves measured at the center of the three transverse cross sections

*]. Mater. Res. 19, 685 (2004)
* Mater. Sci. Forum 475-479, 3415 (2005)



3.2.3 Measurement of R,

Measurement of R_.in Mg BMG (D, ..=14 mm)

max
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* Cooling CUrves measured at the center of the three transverse cross sections

* JAP 104, 023520 (2008)



TABLE 3.1

Some Representative Critical Cooling Rates (R) for
Formation of Glassy Phases in Ditferent Alloy Systems

1) Effect of B,0; fluxing
Pd,,Cus,Ni Py, 1.58K s without fluxing [22]
0.1K s7! with fluxing [18]

2) Effect of # of components

Pd828113 1.8 x 103K 5_1 “ 5501( 5_1 Pd7scu68i16
CuspZrsy 250K s 4mp <40K s™! CuyZri Al

3) Nature of alloying addition

MgesCups Yo

100K s! e 1Ks! e (07Ks!

Mg65Cu25G dw Mg65Cu15Ag5Pd5G dlo

Alloy Composition R, (K s Reference
Al G1r Sie 4 3 10F [24]
Ca, Mg,-Ni,; 24 [25]
Ca;Mg,s7n,, <20 [26]
Cu,,Zry, 250 [27]
CuyZrAl, <40 [27]
CuypZryAgsAlg 44 [28]
Fey CrigMoy CyoBsPyg 100 [29]
Fe, Ni, P,,B, (Metglas 2826) 4.4x10° [30]
Hf. Pd, Ni,, 124 [31]
La-Al.Cu,, 58 [32]
LagsAlsNiy, (Y [32]
MgesCunsGd g 1 [16]
MgsCuasYyp 100 [33]
Mg Cu,;Ag:PdGd,, 0.7 [34]
Mg Cui; sNi; ;A8 Zn:Gd5Y 5 20 [35]
Nd,,Co, Al 4 [36]
Ni;Nb.g 57 [37]
NigPd, Py 10° [38]
PdsCu,S5iy, 550 [39]
Pd, Ni, P, 128 [22]
Pd,, .Cu,Ni. .P,, 0.067 [18]
Pd,,Cu,;Ni,-P,, 0.150 [18]
Pd 4,CuNiy Py (without fluxing) 1.58 [22]
Pd,Cu,Ni Py (with flux treatment) 0.1 [18]
Pd- Pty -Cui, sPyy 0.067 [19]
Pd,,Si, 1.8x10° [40]
Pd,,Si 800 [41]
Pd,,Si,, (with flux treatment) [ [42]
ZrsAl N1 Cuys s 15 [43]
214y 5Ti135C 05 5Ny gBeyy 5 14 [44]
214 55Tig 25C U7 5Ny gBeyy 5 28 [44]
Zr5Cuiy5,Niy, (Al ND; 10 [45]
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3.3 Reduced Class Transition Temperature (Kinetic aspect for glass formation)

I, parameter =T,/T, ~ 1) : the higher T, the higher n, the lower R

: ability to avoid crystallization during cooling

30 | | | |
Troni < Trgaussi < Trgsioz

Ryni = Raussi > Rgioo

S O
1
1

Crystal nucleation rate
LogI (cm3s1)
=
|

| | | l
1.0 08 06 04 0.2 0
— Tr=T/Tjquidus Turnbull, 1959 ff.




e Based on the nucleation theory,
Turnbull suggested that at
T,,22/3, homogeneous
nucleation of the crystalline
phase is completely suppressed.
Most typically, a minimum value
of T,,~0.4 has been found to be
necessary for the glass to form.

e One should note the T), liquidus
temperature as the point at the
end of the liquid formation, and
not at the beginning of melting.

TABLE 3.2

Reduced Glass Transition Temperatures (1)

for Different Glass-Forming Alloys

Alloy Composition Ty References
CagAl 0.69 [47]
Ca Mg, ,Cu,, 0.60 [48]
Ca.-Mg,,Cu,, 0.64 [45]
CuHf.. 0.62 [49]
CugHipAly 0.62 [50]
CugZrs, 0.64 [51]
LassAlsNiy, 0.71 [32]
La,,Al - -(Cu,Ni),, 4 0.58 [52]
La., Al -(Cu,Ni), 4 0.47 [52]
Nig,Nb, 0.60 [37]
MNig NbsZr, 0.49 [53]
Pd,MNig Py 0.67 [54]
Pd,;CusNi Poyg 0.67 [18,55]
Zry,, T3 00y, 5Ny Beg, 5 0.624 [45]

£ 535 Tg g1 55N By o5 0.50 [44]




® The concept of T,, was introduced for kinetic reasons with the need to
avoid crystallization [46]. It is known (and we will discuss this in some detail
in Section 3.4) that T, is a very weak function of the solute content, i.e., T,
varies much more slowlv with solute concentration than the liquidus tem—

perature, T,. Consequently, the value of T,, increases with increasing solute

content, up to the eutectic composition, and therefore it becomes easier to
avoid crystallization of the melt at the eutectic composition [13]. This reason-

ing seems to work well in simple binary alloy systems. But, in the case of
multicomponent alloy systems such as the BMG compositions, the values of
I, and T, vary significantly. Since the variation of viscosity with temperature
is different for different alloy systems (and depends on whether a glass is
strong or fragile), T, alone may not provide information about the variation
of viscosity with temperature and therefore, the T,, criterion may not be valid
1N some systems.

Easy glass formation at compositions corresponding to high 1,, can be
easily realized in alloy systems that feature deep eutectic reactions in their
phase diagrams, and this is further explained in Section 3.4.




3.4 Deep Eutectics (Thermodynamic aspect for glass formation)

® High GFA : low free energy |AG(T)

for transformation of liquid to crystalline phase

AG(T)=AH,-TAS;| AGJ — AH.J§ & AS, T

Enthalpy of fusion Entropy of fusion

ASf "‘ . proportional to the number of microscopic states
Entropy of fusion ~ Multi-component alloy systems containing more than 3 elements

causes an increase in the degree of dense random packing

AH f 1 Large negative enthalpy of mixing among constituent elements
Enthalpy of fusion

*The free energy at a constant temperature also decreases in the cases of low
chemical potential caused by low enthalpy and high reduced glass transition

temperature (=T,/T,) and high interface energy between liquid and solid phase.



3.4 Deep Eutectics (Thermodynamic aspect for glass formation)

AH; J — deep eutectic condition: increase stability of stable liquid (= T,/T,T)

Temperature

- decreasing melting point — less supercooled at T, & AG = Gla-Geryst l

ex) metallic / inorganic system

A
Liquid T Melting Temperature
%
Metallic Glass ! Glass Transition/
Temperature
»
Time

temperature (°C)

Glass forming region:
Compositions near the eutectic

0 20 40 60 80 100
atomic percent silicon



Multi-component eutectic alloys with strong negative heat of mixing

, less supercooled at T, = AG= Gliq-Gcrystl
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Deep eutectic Shallow eutectic

A Composition B A Composition B
T,,~ highest value at T,g~ may not be high
eutectic composition at eutectic composition

FIGURE 3.3
Schematic variation of the glass transition temperature, T,, liquidus temperature, T, the

reduced glass transition temperature, T,,, in two different types of eutectic systems—deep
eutectic and shallow eutectic.



Ribbons of about 20-50um in thickness were produced by melt-spinning
techniques in a number of binary alloy systems near eutectic compositions
and they were confirmed to be glassy. Some of the most investigated eutectic
compositions are found in Fe-B, Pd-5i, Cu-Zr, Ni-Nb, Ni-Tj, etc., alloy sys-
tems [1,2]. There have been some reports in recent years of “bulk” (?) metallic
glass synthesis in binary alloy systems such as Ca—Al [59], Cu—Hf [49], Cu—Z/r
[51], Ni-Nb [37], and Pd-5i [42]. But, the maximum diameters of these binary

alloy glassy rods were only 1 or 2mm, and even then, some of these alloy
glasses contained nanocrystalline particles embedded in the glassy matrix
[60]. This point will be further discussed in detail in later chapters. But, the

important point here is that the “bulk” glassy phase is produced not at the

eutectic composition, but, at off-eutectic compositions. Further, the highest

GFA, i.e. the composition at which glass formation was the easiest or the
maximum diameter of the BMG rod could be obtained, was located away
from the eutectic composition. The best glass-forming compositions have
been reported to be at 35 at.% Hf in Cu-Hf, 36 at% Zr in Cu-Zr, 38 at% Nb in
Ni-Nb, and 19 at% 5i in Pd-5i alloy systems. But, the eutectic compositions
in these alloy systems are at 33.0 and 38.6 at.% Hf in Cu-Hf, 38.2 at% Zr in
Cu-Zr, 40.5 at.% Nb in Ni-Nb, and 17.2 at.% 5i in Pd-5i systems [61]. Similarly,
it was reported that while a nearly fully glassy rod with 12mm diameter
could be obtained at an off-eutectic composition near Lag Al A(Cu,Ni)y; 4,

only a 1.5 mm diameter rod could be obtained in a fully glassy condition for

the eutectic alloy of La, Al,,(Cu,Ni),, [52].




Part of a regular
Eutectic phase diagram

Glass-forming and
Composite-forming
Zones (symmetrical
about eutectic

composition) L BN

Omitting the

Negligible G effects Ve ST
C e

at high V,

a glass-forming zone:
growth rate range over
which a given alloy
with composition C
becomes a glass.

(C) Tip temp.-growth rate
(cooling rate) relationship
for eutectic, dendritic a, 8

maxT’= growth/tip temp. of
<. C N C 0 the i crystalline phase

- o e =

. for alloy composition
between C,™" and C,™

for alloy composition

of C > Cmax



1. Growth 9A|S &3l y]

> Glass7} A€ =71
Ly Crystal nucleationo] 2 oju}x] -8
Ly Growth of the nucleiZ} 21 A=

=) “T; > growth temperature of any of the possible crystalline phases”

» Growth/Tip temperature of i phase, Tix

= Thermodynamic equilibrium temp. = undercooling required for growth

» Upon cooling, the phase having the highest Tix is kinetically the most

stable one.
T, >T (x=eu,a, f,...) 1
3
T,=T", T,=T17, andT,=T1¢

“Glass former?] =7~

Liquid
Off-E
7}‘2 Eu / ZEﬂ
atLN/ 1L
(a) |
C. C—



> T.”: V(growth rate) ¢]

T?” - Te - Ke Vl..-"'Z’

-

gl
T =T,V =Vy
T/ =T,V =V/

I?: I?_ I _KQI/”, V= V? when C < Cl&lin’
GD
B 18 _ o
T;‘ - T; ” ABV”, V> Vf when C > Cglaxﬁ
Liquid
oft-Ey< 4
j}a Eu /. 4
fLa+rlNz FrL
&~ L
@ |
C—I—-




1. Growth A4S £3I y]

T — 2 .
)= (Z. ﬁTg) , independent to qumdo ff
K- composition 'E
e 7}0{ Ell . ]?B
o a+IN/ B+L
O (X (e A Ry A /S L —
‘ K" | o T -T
e ™
_ 1/ L .
Vﬁ [mp(C—C,)+T,— T,]"" (a) P Tﬁ_'F
Kl T > ' : e =m
B
c. ¢c— C-C,

> VCe 7} maximum©o] &=
CMm<C<CM™ oA
71¢ £2 GFAE 714
T.o T, 9 7-‘}017} At

=35 GFA”




Part of a regular
Eutectic phase diagram

Glass-forming and
Composite-forming
Zones (symmetrical
about eutectic

composition) L BN

Omitting the

Negligible G effects Ve ST
C e

at high V,

a glass-forming zone:
growth rate range over
which a given alloy
with composition C
becomes a glass.

(C) Tip temp.-growth rate
(cooling rate) relationship
for eutectic, dendritic a, 8

maxT’= growth/tip temp. of
<. C N C 0 the i crystalline phase

- o e =

. for alloy composition
between C,™" and C,™

for alloy composition

of C > Cmax



Tip temp.-growth rate
(cooling rate) relationship
for eutectic, dendritic o, B

C. 71
Com<C<CM™

o5 9

for alloy composition

Part of a irregular L :
] i of C < C,min

eutectic phase diagram

for alloy composition
between C,min< C <C max

Glass-forming and
Composite-forming
Zones (asymmetrical
about eutectic composition)



Schematic diagram showing
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Composites & Glass forming composition
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Composites & Glass forming composition
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Composites & Glass forming composition
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3.5 Topological Model (Structural aspect for glass formation)

Metallic glasses produced by RSP methods in the form of thin ribbons
have been traditionally classified into two groups, viz., metal-metalloid and

metal-metal types. Structural models of the metal-metalloid-type metallic

glasses have identified that the best composition to form a g]ass is one that
contains about 80 at.% of the metal component and 20 at.% of the metalloid
component. The actual glass composition ranges observed are 75-85 at.% of

the metal and 15-25 at.% of the metalloid. As stated in Chapter 2, the 80 at.%

of the metal can be either a single transition metal or a combination of transi-
tion metals or one or a combination of noble metals. Similarly, the 20 at.% of
the metalloid content could be made up of just one component or a mixture of
a number of components. In the case of metal-metal types, however, there is
no such restriction on compositions. Metal-metal-type metallic glasses have
been observed to torm over a wide range of compositions, starting from as
low as 9 at.% of solute. Some typical compositions in which metal-metal type
glasses have been obtained are Cujs 52157575, Fegg 01219 1, Mgeg_754n95 1),

Nbeelr,s, and Nigg_ (215, 4, [65].




* Metallic glass : Randomly dense packed structure

1) Atomic size difference: TM - metalloid (M, ex) Boron)

— M is located at interior of the tetrahedron of four metal atoms (TM,M)

— denser =) by increasing resistivity of crystallization, GFA I

— Ex) Fe-B: tetrahedron with B on the center position
1) interstitial site, B= simple atomic topology
2) skeleton structure

3) bonding nature: close to covalent bonding

[rrespective of the actual size of the voids and whether the above model
is valid or not, it is of interest to note that the metal-metalloid-type binary

phase diagrams exhibit deep eutectics at around a composition of 15-25 at.%
metalloid. Some typical examples are Fe-B (17 at% B), Au-5i (18.6 at.% 5i),
and Pd-51 (17.2 at.% Si). Therefore, the concepts of deep eutectics and struc-
tural models also seem to converge in obtaining glasses in the (transition
or noble) metal-metalloid types.




3.5.2. Egami and Waseda Criterion

One of the possible ways by which a crystalline metallic material can become
g]asay 1s bj,f the introduction of lattice strain. The lattice strain introduced
disturbs the crystal lattice and once a critical strain is exceeded, the crystal

becomes destabilized and becomes glassy. In fact, Egami takes pains to state
that “In general, alloying makes glass formation easier, not because alloying

stabilizes a glass, but because it destabilizes a crystal” [72, p. 576]. Using the

atomic scale elasticity theory, Egami and Waseda [73] calculated the atomic
level stresses in the solid solution (the solute atoms are assumed to occupy
the substitutional lattice sites in the solid solution) and the glassy phase.

They observed that in a glass, neither the local stress fluctuations nor the

total strain energy vary much with solute concentration, when normalized
with respect to the elastic moduli. But, in a solid solution, the strain enercy

was observed to increase continuously and linearly with solute content.
Thus, bevond a critical solute concentration, the glassy alloy becomes ener-

getically more favorable than the corresponding crystalline lattice. From the
vast literature available on the formation of binary metallic glasses obtained
by RSP methods, the authors noted that a minimum solute concentration was
necessary in a binary alloy system to obtain the stable glassy phase by RSP
methods. 7




2) min. solute content, C;*: empirical rule By Egami & Waseda: in A-B binary system

—y |7
{ oo T ‘(FE‘ A) _ Cgﬂﬂ (_5)3 _1l=01 v: atomic volume
¥

.
»
U

B ‘ v A: matrix, B: solute
A A

minimum concentration of B for glass formation £X|
— Inversely proportional to atomic volume mismatch

| AV/ Val
0 0.5 1.O 1.5
IN#]—TO (~Be I I
Ti-Be Lo-Cu
Q2rF Pb—Sh\:;ﬂ: DLQ/__-ﬁu-Pb =
Amp 2 "] o
L A —
_ ol wﬁ#‘o’—in i
!
I of -
>
{] Ni-Ta Lo-Cu ; _g,
—_— Zr—Be
02 - p.«-gb\_ﬁn . /-ﬁ-—-nu~Pb .

£ ™
Em L) 2 A a
O 0] '—__:_-“_S_A%%%i_
o o

o3

0 —° Zr, oFe, X Co, oNi,eCao, mLa, YU, A& OTHERS _|
| | }
-150 -100 -50 o 50

AH (KJ/g atom)

Fig. 1. Relation between |Ay| = CI'" |4¢ /v, |, and |dv /v, | and A H, for 66 binary systems which
can be vitrified by liquid quenching.



3.5.3. Nagel and Tauc Criterion

Nagel and Tauc [74,75] proposed that a glass is most likely to form if its elec-
tronic energy lies in a local metastable minimum with respect to composi-
tion change. They showed that if the structure factor corresponding to the
first strong peak of the diffuse scattering curve, K, satisfies the relationship
K, =2 kp, where kg is the wave vector at the Fermi energy, then the electronic
energy does indeed occupy a local minimum.
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a(K) Fourier transform of the pair correlation function g(r)

Kp Nearest neighbor distance of the liquid metal in K-space : Diameter of Fermi surface



