N

N

Multiple Glass Transitions in Bismuth and Tin beyond
Melting Temperatures
Robert F Tournier

» To cite this version:

Robert F Tournier. Multiple Glass Transitions in Bismuth and Tin beyond Melting Temperatures.
2022. hal-03870558

HAL Id: hal-03870558
https://hal.science/hal-03870558

Preprint submitted on 24 Nov 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-03870558
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

metals moPy

X Type of the Paper (Article.)

Multiple Glass Transitions in Bismuth and Tin beyond Melting

Temperatures

Robert F. Tournier

UPR 3228 Centre National de la Recherche Scientifique, Laboratoire National des Champs Magnétiques Intenses, European Magnetic Field Laboratory,

Institut National des Sciences Appliquées de Toulouse, Université Grenoble Alpes, F-31400 Toulouse, France.

* Correspondence: robert.tournier@lncmi.cnrs.fr

Abstract: Liquid-liquid transitions were discovered above the melting temperature (Tm) in Bi and Sn up to 2Tm and viewed as glass
transitions at Tg = Tn+ > Tm of composites nucleated at Tx < Tm and fully melted at Tn+. A glassy fraction (f) disappeared at 784 K in Sn.
(Ta+) increases with singular values of (f) depending on Tx with (f) attaining 100% at Tg = Tn+ = 2Tm. The nonclassical model of homo-
geneous nucleation is used to predict Tx, Tn+ and the specific heat. The singular values of (f) leading to (Ta+) correspond to percolation
thresholds of configurons in glassy phases. A phase diagram of glassy fractions, occurring in molten elements is proposed. The same
value of (Tx) can lead to multiple (Tg). Values of (Tg = Tn+) can be higher than (2Tm) for Tx/Tm < 0.7069. A specific heat equal to zero is
expected after cooling from T < 2Tm and could correspond to a fully ordered phase. Weak glassy fractions are nucleated near (Tx-)
after full melting at (Tm) without transition at (Tx). Resistivity decreases were observed after thermal cycling between solid and liquid
states with weak and successive values of (f) due to Tx/Tm < 0.7069.

Keywords: Metals, glass transitions, melting enthalpy, Liquid-liquid transitions, density, first-order transitions, configurons, Phase
3, structural transitions.

1. Introduction

Citation: Lastname, F.; Lastname, F.; Liquid-liquid phase transitions occur in glass-forming melts at temperatures Tn+

Lastname, F. Title. Metals 2022, 12, x.

ttps://dot.org/10.3390 x000x above Tm, the equilibrium thermodynamic melting transition of crystals [ (1) (2) (3) (4) (5)

eadermic Editor: Firetmme Lo (6) (7) (8) (9) (10; 11) (12) (13) (14) (15) (16) (17) (18) (19; 20; 21) (22)]. These transitions often

name result from the separation of two liquid states, occurring in all supercooled materials at a
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Published: date composition coexist. A liquid fraction crystallizes at Tx and melts at Tm while the comple-

temperature Tx < Tm, including pure elements in which two liquid phases of the same

Publisher’s Note: MDPI stays neu-  mentary glassy fraction melts at Tn+ = Tg [ (23) (24) (22)]. The purpose of this publication
tral with regard to jurisdictional

claims in published maps and institu- 1S to relate all the liquid-liquid transitions, occurring above the melting temperature (Tm)
tional affiliations.

in Bi and Sn up to (2Tm), and beyond, to glass transition temperatures [ (1) (3) (4)]. A weak

glassy fraction disappeared at 784 K in Sn as recently observed with specific heat meas-

Copyright: © 2022 by the authors.  urements [5]. Here, we recall that (Tx+) increases with singular values of (f) depending on
Submitted for possible open access . . . . . .
publication under the terms and con-  1x and we examine if (f) can attain 100% at Tg = Tn+ = 2Tm in Bi and Sn as already envisaged

ditions of the Creative Commons At-
tribution (CC BY) license (https:/jcre- for a component of CussZrasAls melt [ (23) (12)].
ativecommons.org/licenses/by/4.0/). Molecular dynamics simulations were employed to study the thermodynamics and kinet-

ics of the glass transition and crystallization in deeply undercooled liquid Ag and Ag-Cu

at high cooling rates of the order of 102 K/s [ (25) (26)]. A first order transition from the
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liquid-phase (L) to a metastable, heterogeneous, ordered phase viewed as a glass phase
called G-phase was observed. The L-G transition occurred by nucleation of the G-phase
from the L-phase. The lowest glass transition temperature of liquid-phase (L) depends on
its Lindemann coefficient and is much weaker than the nucleation temperature of G-phase
[ (27) (28) (29) (30)]. Increasing the heating rate increased the glass transition temperature
of liquid (L). A first order transition from liquid (L) to G-glass was observed, when a su-
percooled liquid evolved isothermally below its melting temperature at deep undercool-
ing [ (26)]. Several simulations of G-phases in various elements showed full melting heat
Hm at various temperatures Tn+ = Ty in Ag [ (25)], in Zr [ (31)], in Cu and in Fe [ (32)]. The
values of Tn+ were determined from singular values of G-phase frozen enthalpy, employ-
ing the nonclassical homogeneous nucleation (NCHN) model to predict Tx, Tn+ and the
enthalpy. Singular values of (f) leading to (Tx+) correspond to percolation thresholds of
broken bonds (configurons) leading to glassy phases up to Tx+ [ (33) (34) (24) (29) (30)].

High undercooling rates of bulk liquid elements are known since many years [ (35)].
Consequently, we plan to confirm, in this publication, that the nucleation of G-phases and
their glass transition temperatures above Tm are observable without employing heating
and cooling rates of the order of 10 to 10" K/s to escape from crystallization. A phase
diagram of glassy fractions, occurring in molten elements at Tx < Tm, is proposed, complet-
ing the diagram already established for Tx > Tm [ (30)] in agreement with previous molec-
ular dynamics simulations [ (25) (26) (31) (32)]. The specific heat values at Tg = Tx+ is pre-
dicted up to Tg=2 Tm where a fully ordered glassy phase is expected. The density far above
Tm depends on the formation time of bonds increasing glassy phase fractions. Resistivity
decreases are due to the increase in (f) in these liquids [ (4)].

2. Diagram of glassy phases
Three liquid states are present in all melts with enthalpies equal to esHm, ggsHm and
AeigHm [ (36)]. For liquid elements, that are easily crystallized, the liquid enthalpy coeffi-
cients obey to the following [ (30), (27)]:

62
8s = 150 (1 = 32-) = €us0(1 —2.25 69), (1)
€gs = Sgso(l - 92/9&9) = &gs0(1 — 6%) 2)
Aslg(e) = [sls - sgs] = [&150 — €gs0 — 67 (2.25 g50 — ggso)]r 3)

where Hmis the melting enthalpy, eis and egs are fractions of Hm, Bom=-2/3 and 6og = -1 are
the reduced Vogel-Fulcher-Tammann (VFT) temperatures in liquid elements for which
the minimum value of T; is fixed by the Lindemann coefficient (31s) of each element [ (27)].
Eq. (3) is transformed into Eq. (4) for the minimum value of &1 = ggso:

Aglg = —1.25 ggsO 92, (4:)
where Ag;4(0g) is the latent heat coefficient, accompanying the glass transition during
the first cooling, the formation of Phase 3 below the percolation threshold of bonds, and
the partial breaking of bonds after reheating above T, occurring without latent heat [ (30)]
Figure 3. These relaxation effects due to the development of bonds below the percolation
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threshold at T are observed after quenching melt in amorphous state and heating at 20 83
K/min [ (37), (38) (39) (40) (41) (42)]. 84
85
Coefficient minima (&iso - €gs0) Were initially determined to be equal to 0.217 [ (43)]. 86
They were the average of many liquid element coefficients deduced from the undercool- 87
ing rate of each of them corresponding to the mean value 0.103 of their Lindemann coef- 88
ficient [9,18]. The number 2.25, initially equal to 2.5 in Eq. (1), had for consequence to fix 89
the VFT temperature to Tm/3 [ (44)]. It appears later that (Aeig) in Eq. (3) is the enthalpy 90
coefficient of a true thermodynamic phase called ‘Phase 3’ discovered for the first timein 91
supercooled water [ (45) (46) (47)]. It is now a generic name, attributed to all glassy phases, 92
which are formed through a first-order transition [ (37)]. Phase 3 could be the congruent 93
bond lattice predicted for disordered oxide systems [ (48)], extended later to critical pack- 94
ing density formation applied to broken bonds (configurons) producing the glass transi- 95
tions at T [ (33), (49)]. An ordered fraction of atoms equal to various percolation thresh- 96
olds exists up to Tn+, in all glass-forming melts [ (34; 50; 23)]. Phase 3 results from the 97
formation of configuron phases [ (50)]. The NCHN model predicted the formation condi- 98
tions of glacial phases (Phase 3) in Ag-Cu and Ag liquids at various heating rates as pre- 99
viously described by molecular dynamics (MD) simulations, showing full melting at Tn+= 100
1.119Tm for Zr, 1.126Tm for Ag, 1.219Tm for Fe and 1.354Tm for Cu [ (25) (26) (31) (32)]. These 101
phenomena are governed by singular values of the enthalpy Aeig of glassy Phase 3, formed 102
at nucleation temperatures Trc [ (29), (30)]. 103
Two families of nucleation temperatures are given in Eqs. (5,6) where 6n- is equal to 104

two opposite values of 8 because &g is a function of 62in Eq. (2): 105
_ _ i(“«'gs_z)

Op- =04 = — (5) 106

0., = Ac (6) 107

where Ag is equal to singular values of the enthalpy coefficient (-Aeig) of Phase 3. 108

There are two methods to produce a glassy phase with an enthalpy coefficient equal 109
to (-Ag). The first one predicts the undercooling temperature for each value of Ae. These 110
nucleation temperatures (6x) are calculated using the (NCHN) model applied to Liquid 2: 111
2
£gs(8 = 0) = (30, + 2 — Ae) /(1 — :Tg 7 112
Here, 80g2 = 1. For Ae =0, a second order-like phase transition temperature takes place 113
at Tgduring heating for the minimum value of gg0. Values of 0xfor various values of Ae are 114
deduced for the same value of ggs. 115
Glass phases, formed at 6x after undercooling, lead to glassy phases with 65 =6n=Ag 116
in agreement with Eq. (6). They are accompanied by a crystallized fraction (1-Ag). A com- 117
posite crystal-glass is built below Tm with a melting enthalpy (1-Ag) Hm and a missing 118
enthalpy (Ae Hm) recovered at Tn: [ (23)]. The glassy phase fraction is not destroyed at Tm 119
and depends on the sample thermal history and the last value of Ag obtained at Txduring 120
heating. 121
The minimum glass transition at Tg is masked by spontaneous crystallization of many 122
liquid elements and determined with Eq. (7) using Ae = 0 and the minimum value of ggoo= 123
glso, depending on the Lindemann coefficient &is of each element [ (27)]: 124
Egso = €i1s0 = 1+ 615)2 -1 8) 125
In Figure 1, a second method is used to calculate new values of 0x during heating. 126
Each value of 6; varying from -0.5 to 2 corresponds to a value of Tg/Tm between 0.5 and 3. 127
All ratios Tg/Tm, represented in Figure 1, could be those of phases resulting from a first- 128
order transition at Tx, with Tx and T, depending on heating rates. Applying Eq. (7), deter- 129
mines the value of ggs0 = €150, (positive or negative [ (23)]), for each (8s) and Ae =0. Each first- 130
order transition at 6x respects Ag = On+ = 65 > 0, in agreement with Eq. (6). Negative values 131
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of 0 (Tg/Tm < 1) are higher than 6x because Tg/Tm is always higher than Tx/Tm. The values
of (6x) obtained with Eq. (7) are weaker than those predicted in Figure 1 along the dashed

curve.
Bi and Sn glassy phase diagram
1 E TTm
: .\ 1-1.4201
I Bi /i \0.8068 : 2-1.4384
/T F sn /N N\, 3-1.5523
[ /0.71022 j 4-1.8675
06 t 23 5-2
0.4 b/ \
0.2 E R E—— 1 I T T T S TS T S R S T T | r——
0.5 1 1.5 2 TyTm 3

Figure 1: Glassy phase diagram (Tg/Tm) resulting from first-order transitions at Tx/Tm during heating of liquid elements.
Valuable for all glass transitions due to Lindemann coefficients. For Bi, Tx/Tm = 0.8068 reveals Tg/Tm=1.8675 as observed
from differential thermal analysis (DTA). For Sn, Tx/Tm = 0.71022 reveals Tg/Tm = 1.5523. For Tx/Tm > 0.7069, there are 5
glass transitions. For T/Tm <0.7069, the number of glass transitions is equal to 3. (Tg/Tm) can be higher than 2. Transitions
at Tg/Tm =1.4291 and 1.4384 are initiated by other (Tx/Tm) values. Tg/Tm = 0.5, 1.5 and 3 for Tx/Tm =0.22451. For Tx/Tm=1,
transitions were observed at Tg/Tm with latent heat much weaker than (A¢ Hm) above Tm.

The two lines between Tg/Tm= 0.5 and 1.5 are symmetrical with respect to 1. There
are 5 values of Ts/Tmfor Tx/Tm higher than 0.7069, and 3 values of Tg/Tmfor Tx/Tm <0.7069,
depending on the singular values of Ae determined by each thermal history. For Tx/Tm =
0.7069, Tg/Tm = 1.475. Note that the NCHN model predicts nucleation temperatures at Tn-
> 2 Tm, ignoring the structure of these new ordered phases. We assume that glassy phases
are formed.

3. Diagram applications

Liquid-liquid transitions in bismuth were observed along lines (1, 2, 4, 5) in Figure 1,
by several authors using differential scanning calorimetry (DSC) or differential thermal
analysis (DTA) at various heating rates, leading, in fact, to vitreous transitions at Tg/Tm =
1.4291, 1.4384, 1.8675 and 2 for Tx/Tm=0.70811, 0.70767, 0.80681 and 1 respectively without
recovery of the endothermic heat (Ae Hm) at these temperatures [ (1) (3) (4)]. The value of
ggs0 for bismuth was equal to 0.1907 corresponding to &1s = 0.0912 [4].

The vertical lines (3,5) in Figure 1 are those of tin and correspond to Tg/Tm = 1.5523
(Tg = 783.9 K) and 2 (Tg = 2 Tm). The horizontal line Tx/Tm = 0.71022 determines Tg/Tm =
1.5523. Two liquid-liquid transitions, occurring at Tg/Tm = 1.5523 and 2 are known up to
now. Only Tg/Tm = 1.5523 is characterized as a glass transition [ (5)].

The Bi glass transition was not reproduced at Tg/Tm = 2 during cooling because all
bonds were erased during heating far above Ts/Tm = 2 as observed with heating and cool-
ing rates of 2 K/min [ (4)] (Figure 13b).

In contrast, the Sn transition at Tg/Tm = 2.168, during heating, disappeared during
cooling and gave rise to a new transition at Tg/Tm = 1.832 characterizing a first-order tran-
sition at Tg/Tm = 2 observing that [(2.168+1.832)/2 = 2] with heating and cooling rates of 7.5
K/min [ (4)] (Figure 13e). The first-order transition at Tg/Tm = 1.832 (Tg = 652 °C) was re-
produced during the second heating and cooling at 10 °C/min and could correspond to Ae
=0.832.

The resistivity [ (4)] after the second heating were much weaker than those obtained
during the first heating of Sn and Bi. At the highest temperature T = 2.28 Tm, the ordered
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fractions did not disappear because Tg is expected to be on the order of 3 Tm. The resistivity
decreases were equal to 22% for tin and 16.7% for Bi.

4. Singular enthalpy coefficients

We examine the case where the glassy phase is formed at Tx. Characteristic values of Aeig
(6) = -Ae at various temperatures Tx would correspond to various percolation thresholds
of configurons. The enthalpy coefficient (Aeiz=-Ag) of Phase 3 is constant up to Tn+ = Tj.
The transition at T leads to a new liquid state with Agig linearly decreasing with temper-
ature in agreement with Eq. (6). Consequently, the melt specific heat, being proportional
to the derivative (Aeig/dT), undergoes a jump equal to AeHm/Tm at Tg = Tn+.

4.1 Bismuth

The weakest glass transition temperature of bismuth was predicted at Tz =202.46 K[ (23)].
The singular enthalpy coefficients Ae were determined: Aeiz= 0, Agigo = 0.1907, -Agig (0g) =
0.094065, -Aeig (Bom = -2/3) = 0.10594, -Agig (0 =-1) = 0.238375 and Aeig=-1. The experimental
coefficients (Ag) giving rise to On+ = 778/544.5 -1 = 0.429 and 784.6/544.5-1 = 0.44096 were
obtained with a heating rate of 5 K/min and were nearly equal to the theoretical values
(0.42908 = 0.1907+0.23838) and (0.43838 = 0.094065+0.10594+0.23838) [ (1)]. In Figure 2,
these two transitions are nucleated at Tx =286.2 and 288 K during undercooling. Only the
transition at T = 286.2 K is represented, leading to the horizontal line (2) up to Tg = 778.1
K. The observed coefficient Ae = 0.8675 [ (3)], nucleated at T = 370 K, was equal to the sum
(0.42908+0.43838) up to Ts=1016 K along Line (3) [ (23)]. The coefficient (Ae = 1) along Line
(4), nucleated at 395 K, without crystallization at Tm, disappears at Tg =2Tm = 1089 K. We
expect, by reversing heating to cooling at a reduced temperature slightly lower than T,
that the enthalpy coefficient Aeig will fall to zero, without forgetting that the glassy fraction
is equal to Ae.

The enthalpy coefficient variation of Phase 3 along Line (5) in Figure 2, obeying to
Eq. (6), is obtained after a transition at Tg = Tn+ followed by continuous heating through
the various glass transitions.

Bismuth enthalpy coefficients (5,; = 0.0912)
1
0 T < <€
! T y ? 7 /I\
Agyg i ! ' '
0 R 2. '
05 | A Eqg. (6) '
y v .
; 3 5 !
Y. : 3l
! i NG
-1 { >5Y > % ’\
370! 1395 K E
286.2 5445K 7781 1016 1089 K
-1.5 !
200 400 600 800 T(K) 1200

Figure 2: Bismuth glassy phase fractions f = Ae expected after undercooling and reheating. Four liquid-liquid transitions
at Tn+ = Tg after reheating were observed. Horizontal lines: 1- Agig = 0 of glassy fractions; 2- Ag = O+ = 85 = 0.42908 up to
Tg=778 K, 0.43838 up to Ts =783 K, (not represented); 3- Ac =0.8675 up to Ts =1016 K; 4- Ae =1 up to Ts = 1089 K without
crystallization at Tm. Vertical lines: Tx = 286.2 K leading to Ae = 0.42908 and a crystallized fraction (1-Ag = 0.57092); Tx =
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370 K leading to Ae = 0.8675 and a crystallized fraction (1-Ae = 0.1325); Tx =395 K leading to Ae = 1; Tm = 544.5 K: melting
of crystallized fractions; Tn+ = 778.1 K; Tn+ = 1016 K; Tn+ = T = 2Tm = 1089 K. The glass transitions leading to Aeiz = 0 could

be observed by reversing heating to cooling slightly below Tg. Line (5) represents Eq. (6).

4.2 Tin

The weakest glass transition temperature of tin is Tg=185.2 K (85 = -0.63332), applying
Eq. (7) for Aggso=0.167, (81s = 0.08028). The singular enthalpy coefficients of liquid tin are
Asgig=0, Agigo = 0.167, -Aeig (Bg) = 0.08373, -Agig (Bom = -2/3) = 0.09278, -Aeig (0 =-1) = 0.20875

and -Agig = 1. A sum of all basic coefficients leads to Ac = 0.5523. Here too, the

combination of singular enthalpy coefficients determines the glass transition at Tg/Tm.

Tin (5, = 0.08028)

0 T
®,= -0.43757
®,=-0.33336
05 | O T

o f X ' \
Ag, | ;

284K 3667K 505K  7839K 1040 K

-1 -0.5 0 05 g 1

Figure 3: Tin glassy phase fraction f = Ae expected after undercooling and reheating. Tx = 284 K (0x = -0.43757), leading
to a liquid-liquid transition at Tn+ = Tg=783.9 K after reheating. (Ae = 0.5523) corresponding to the enthalpy coefficient
of the gray phase. The crystallized fraction (1-Ag) of the white phase is (0.4477). The glassy phase with Tg =2 Tm =1010

K and Ae =1 is nucleated at Tx = 366.7 K (6x = -0.33336) and heated without crystallization at Tm.

In Figure 3, the transition occurring at Tx = 284 K (6x = -0.43757) gives rise to a glassy frac-
tion f = 0.5523 and a glass transition at Tg/ Tm-1.5523 (T = 783.9K) calculated with ggs0 =
0.167 and Egs. (6,7). The temperature (284 K) separates two crystalline phases correspond-
ing to gray and white tin. The temperature Tx = 284 K, corresponding to the melting tem-
perature Tm =284 K of gray tin, is difficult to observe because of the concomitant formation
of a glass phase at the same temperature [ (51)]. Above 284 K, the liquid fraction of gray
phase is a glass with Ty =783.9 K, coexisting with a crystallized fraction (1-0.5523 = 0.4477)
of white tin up to Tm. A glass transition temperature was observed in tin at Tg = 780 K,
confirming the existence of a glassy fraction above Tm [ (5)]. The glass phase corresponding
to f = Ae = 1 would be nucleated at Tx = 366.7 K and heated without crystallization at Tm,
up to Tg =2 Tm = 1010 K. We will see that the glass transition at 1010 K observed by resis-
tivity measurements is reversible [ (4)].

As a conclusion of this chapter, the existence of singular glassy fractions (f) in liquid
Bi and Sn is predicted. Liquid-liquid transitions are observed and occur at the predicted
glass transition temperatures.

5. Experimental densities of Bi and Sn during heating

Density varies linearly with increasing temperature, T (K), above Tm in liquid ele-
ments [ (3) (51) (52) (53) (54) (55)]:

d=dy—aT. )
where do is a density at 0 K. In general, density measurements were made after melting
the crystalline phase in the absence of temperature Tx resulting from undercooling and
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reheating. Nevertheless, liquid-liquid transitions were observed with heating rates be-
tween 0.1 and 20°C/min at temperatures (Tx+) [ (23)]. Consequently, new atomic bonds are
induced by relaxation of liquid state near T+ [ (22)]. The singular coefficient Ae belonging
to lower enthalpy phases determines the temperature Tn+ = Tg, and gives rise, at very low
heating rate, to relaxation of weak endothermic latent heat in the neighborhood of tem-
peratures Tn+. These relaxation times also have for consequence, to disperse the liquid
density measurements and are due to the development of bonds above Tm. Density, d, is
expected to be reduced for bismuth and increased for tin by this enthalpy relaxation up to
Tg =2Tm. Then, Eq. (9) can be written as a function of 6 = Ag, applying Egs. (4,6):

d=dy—aT, (1+6,,) =do —aT, (1 £ Agy).  (10)

Density measurements would lead to dispersed results because they would be dependent
on the measurement time and on the amplitude of the relaxed enthalpy.

5.1 Bismuth density

The specific heat of bismuth above Tm, measured point after point [ (56)], is strongly
dispersed as reproduced in Figure 4. Few singular values of Tn+are indicated. The deepest
one occurs at 862 K (Ae = 2x0.23838 +0.10594 =0.5827) and the highest ones at 1017 K (Ag =
0.8675) and 1089 K (Ae = 1). The specific heat (0.147 J/K/g) at Tm is recovered at 1180 K
showing that the transition width at 1089 K is about 100 K in this case. These results show
that the dispersion of measurements attains 12 % and that these weak glassy fractions
induced by relaxation, have glass transition temperatures equal to Tn+. Consequently, lig-
uid-liquid transitions observed around each temperature Tn+ would correspond to frac-
tions much weaker than the singular value (Ag) associated with Tr+. The same dispersion
is expected for density measurements below the line defined by Eq. (9}.

0.152

0.148

T

< 0.144

=y
= 0.140}

»kl

1089 K
5 0.136}

C

674 K 1017 K

0.132}

0-128 LA 1 Yl 1y Y1 1 J
600 700 800 900 10001100 1200 1300
7, K

Figure 4: Specific heat of bismuth above Tm. Reproduced from [ (56)] with permission of Springer Ed. The line Cp =
0.1464 KJ/ (Kg K) leading to the value of Cp at Tm = 505 K is added. The specific heat is constant from Tm to 2 Tm in the
absence of relaxed enthalpy. Ts = 674 K for Ae = 0.23838+0.09401 = 0.3324, Ty = 778 K for Ae = (0.42908 = 0.1907+0.23838),
Tg = 882 K for Ae = (0.429+0.23838+0.09456 = 0.761), Tg = 1017 K for Ae = 0.8675, Tg = 1089 K for Ae = 1.

The density of liquid bismuth was measured by gamma attenuation from the melting
point to 1000 °C in discrete steps of 5 °C and reproduced in Figure 5 [ (3)]. Values of den-
sity were stabilized at singular coefficients, 0.42908, 0.8093 and 0.90594, each of them being
a sum of basic coefficients corresponding to a glassy phase. A transition between 0.8093
and 0.90594, occurring at 1.8675 Tm (743.8 °C) was observed by DTA at 0.1 °C/min.
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Figure 5: Bismuth density versus temperature, T (°C). Reproduced with authorization of EPL, EPI [ (3)]. The density

variation between Tm (K) and 2 Tm (K) is equal to the density change at Tm while the enthalpy coefficient varies from 0

to 1. Singular values of the enthalpy coefficient are added to the original figure. Line (1) is the density before enthalpy

relaxation of glassy phases. A melting heat, 1.23853 Hm includes the latent heat of the glassy fraction occurring for Tg/Tm

=1 in the phase diagram of Figure 1.

The density change at Tm corresponds to a melting heat of 1.23838 Hm instead of Hm,
because it contains the enthalpy (0.23838 Hm) given by Eq. (4), which corresponds to the
initial formation of Phase 3. There is no visible transition in Figure 5 at T = 2Tm as shown
by the quasi-continuity of the density.

5.2 Tin density

The density of tin is represented Lines (1-3) in Figure 6: solid tin, Line (1) [ (54)], and
liquid tin, Lines (2) [ (53)] and (3) [ (57)]. Lines (2,3) are chosen among measurements with
only 50 Kg/m3 of error reviewed by Alchagirov and Chochaeva [ (53)]. The difference in
density, 82 Kg/m? at 2 T is higher than the measurement error. Lines (2,3) could represent
two liquid densities that are parallel and separated by approximately 75 Kg/m? or less
inside the measurement error. This phenomenon, if confirmed, would be associated with
the presence of a weak glassy fraction f << 0.20875 from 0 K to 2 Tm and beyond as pre-
dicted. The density change at Tm and the melting heat depend on the thermal history and
may include glassy fractions that are melted at very high temperatures beyond 3 Tm as
predicted by the glassy phase diagram.
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Figure 6: Tin density (d) in Kg/m?3, versus T (K). Line (1) [ (54)]; Line (2) [ (53)]; Line (3) [ (57)]. Tx =284 K, the glass 302

formation temperature after undercooling and the melting temperature of gray tin. 2 Tm = 1010 K. 303
304
6. The heat capacities during heating 305

The specific heat (Cp) is reduced by a contribution (3Cp) above Tm during heating in 306
the presence of a glassy fraction f = Ae after an enthalpy change (-Ae Hm) and a first-order 307
transition at Tx: 308

6C, =T (65/69)p (660/6T), = =TSy /T (11) 309

where S = —Ae H,,/T,, = —60 Hp, /T, represents the entropy of the glassy phase 310
fraction at Tn+with Ae = 6, applying Eq. (6). There is no specific heat and density added in 311
the absence of glassy fraction for Ae =0 in all liquids. Eq. (11) is not applied in the absence 312

of first-order transition at Tx. 313
Applying Eq. (11) leads to Cp =0 at Tg=2 Tn: 314
For Sn: 315
C, = 28.43 — 0.0563 X (T — Ty, ), (12) 316
with Hm = 7179 J/mole [ (58)] and Tm =505 K 317
At Tm, Cp = 28.43 J/mole in agreement with Chen’s measurements [ (59)] after adding 0.9 318
mJ/mole corresponding to the electronic specific heat contribution of tin [ (60)]. 319
For Bi: 320
Cp = 30.2 — 0.05546(T — T};,), (13) 321

with Tm = 544.5 K. At Tm, Cp = 30.2 J/mole [ (61)] is used to determine Hm = 8613 J/mole. 322

The measured melting enthalpy is 1.23838 Hm leading to 10662 J/mole inside an uncer- 323

tainty of measurements varying from 10480 to 11300 J/mole [ (62)]. 324
The constants 28.43 and 30.2 J/K/mole are values of Cp at Tm in the absence of glassy

phases. These heat capacities are equal to zero at T = 2Tm and to 28.43 and 30.2 J/mole at

temperatures higher than 2Tm as shown for Sn in Figure 7 and bismuth in Figure 8. When

a fraction (f) of liquid is no longer in a glassy state above the temperature (T), (Cp) linearly

decreases from 28.43 for Sn to zero and from 30.2 J/K/mole to zero for Bi. These specific

heat variations, expected during heating, are plotted as a function of temperature for Sn

and Bi in Figures 7 and 8.
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Figure 7: Heat capacities of bismuth in J/K/mole. Cp = 30.2 from T = 544.5 to 1089 K in the absence of glass phase. Cp
=17.2 from Tm = 544.5 to Tg = 778.1 K in the presence of glassy fraction f = 42.908 %. Cp = 4 from Tm = 544.5 to Tg =
1017 K in the presence of a glassy fraction f = 86.75 %. Cp = 0 for f =100%. Heating beyond Ty, leads to Cp = 30.2
inside the transition width. Cooling from a temperature slightly below T; leads to the glassy state.

Tin heat capacities C, (J/K/mole)
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Figure 8: Heat capacities of tin in J/K/mole. Cp = 28.43 from T = 505 to 1010 K in the absence of glassy phase. Cp =
12.7 from Tm = 505 to Tg = 783.9 K in the presence of glassy fraction f = 55.23%. Cp = 0 for f = 100%. Heating beyond
Tg, leads to Cp = 28.43 inside the transition width. Cooling from a temperature slightly below T; leads to the glassy
state.

7. Other experimental observations of glassy states above Tm 325
7.1Tin 326

A glass transition was detected for the first time around 783.9 K in agreement with 327
our predictions [ (5)]. This transition induced a specific heat jump of about 1.8 J/K/mole 328
instead of 12.7 J/K/mole corresponding to a glassy fraction f = 1.8/28.4 = 6.3 % instead of 329
55.23 %. This glassy fraction was induced in a stepwise-scanning mode: the temperature 330
during the thermal equilibration stage changed with time and gradually approached a 331
constant value in about 60 minutes. The peak of ACp, observed during this slow heating, 332
accompanied by critical phenomena, could be attributed to the thermodynamic transition 333
of configurons [ (33), (63)]. The jump of ACp measured at 4 K/min was weaker because the 334
nucleation time of new bonds was much lower. 335

7.2 Bismuth 336

DTA at 0.1 °C/min reveals an endothermic latent heat of the order of 20 to 100 J/mole 337
[ (3)] at Tg=1.8675 Tm. A transition width (AT) of 200 K was observed at 1089 K by resistivity 338
measurements with 2°C/min and a width (AT = 10 K) expected for R = 0.1°C/min [ (4)]. We 339
attribute this liquid-liquid transition to a glassy fraction of the order of 6.6 % with 20 J/mole 340
and 33 % with 100 J/mole] assuming a transition width of 10 K. A second endothermic heat 341
was observed by DTA at T =2 Tm = 1089 K corresponding to a second glass transition and 342
to the enthalpy relaxed during 720 min between 1017 and 1089 K. 343

Configuron thermodynamic transition was revealed by structural changes at the 344
glass transition via radial distribution functions [ (64), (65)]. The first sharp diffraction 345
minimum in the pair distribution function was shown to contain information on structural 346
changes in amorphous materials at the glass transition temperature (Tg). An additional 347
feature of such configuron transition was determined by measuring the temperature 348
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dependence of the structure factor of molten bismuth, -S(q). The authors observed, in their 349
neutron diffraction analysis [ (3)], an additional feature in the measurement that appeared 350
around the melting temperature of bismuth. Pair distribution function curves (g(r)) were 351
calculated for each (S(q)) measurement. At and above melting, both the S(q) and g(r) curves 352
were characterized by a shoulder located on the high q and r side of the first peak, 353
respectively. The temperature dependence of the coordination numbers lead to the 354
number of atoms contributed by the shoulder, Nshouder(T). The derivative of Nshoulder with 355
respect to temperature, showed a discontinuity at the transition point at 1089 K, and was 356
associated with this temperature-driven transformation and a structural change. This 357
structural change is a signature of the thermodynamic transition of configurons [ (33)]. 358

7.3 BiSb20 wt% 359

DSC revealed that Cp was equal to zero at 1070 °C with a heating rate of 20 °C /min 360
[ (4)] Figure 15b. From our model, we deduce that the glassy fraction (f) was 100 %. The 361
liquidus temperature of this alloy is 425 °C (698 K). The glass transition, occurring at 362
1070 °C (1343 K), was weaker than 2 Tm = 1396 K. The specific heat increased from 1070 °C 363
to 1123 °C. The transition width (2000 K) is expected to be 10 times wider than at 2 K/min. 364
Consequently, the recovery of ACy, for a temperature increase of 53 K, is of the order of 365
53/2000 = 2.6 % of its value at Tm. We conclude that the glassy fraction (f = 100 %) was 366
induced at a temperature Tx < Tm. The rapid increase of the heating rate had for conse- 367
quence to induce the first order transition at Tx < Tm. This experiment showed for the first 368
time that a glassy phase of 100 % can be obtained with a heating rate of 20 K/min. 369
7.4 InSn80wt% 370

An internal friction method was used to study the structural changes of InSn80wt% 371
[ (66)]. This alloy has a melting temperature of about 190°C (463 K) and a glass transition 372
temperature, expected at 2 Tm = 926 K (653 °C). A minimum of internal friction occurs at 373
625 °C et un maximum at 700 °C. Based on the results of a diffraction experiment around 374
700 °C, the liquid structures before and after the peak are very different [ (4)]. Before the 375
change, there are residual covalent bonds of solid tin in the melt and during the transition, 376
the residual bonds are broken and at the same time, new atomic bonds build up, witha 377
relatively uniform melt forming. This description given by [ (4)] is known as being due to 378
the percolation threshold of configurons [ (33)]. 379
7.5 PbSn61.9wt% 380

This eutectic composition has a melting temperature of 183 °C (456 K). The highest 381
glass transition temperature is predicted at 912 K (639 °C). The internal friction has a max- 382

imum at 670 °C and a minimum at 560 °C with a heating rate of 2.5 °C/min and a maxi- 383
mum at 712 °C and a minimum at 600 °C with 6 °C/min. This liquid -liquid transition 384

temperature increases with the heating rate as observed in all glasses [ (4)]. 385
386
7. Another method to stabilize glassy states above (2 Tm) 387

A process was described by Zu F.Q. [ (4)], ignoring at this time, that resistivity de- 388
creases could be due to the formation of glassy fractions, added after several cooling to 389
various temperatures Tx < Tm, followed by successive reheating as shown in Figure 7. Each 390
value of Tx/Tm < 0.7069 lead to a glass transition much higher than 2 Tm as shown by the 391
glassy phase diagram of Figure 1. These various reheating enriched the total glassy fraction 392
as shown by resistivity reductions of 40 % after three heating of Cu-Sb76.5wt%, of 22 % in 393
tin and 16.7% in bismuth after two heating. In addition, depending on heating rate, another 394
glass transition occurs at Tm < Tn+ <2 Tm in various alloys such as InSn80wt%, InBi32wt% 395
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at R = 3°C/min, and CuSb76.5wt% at 5°C/min. They were due to the formation of very 39
weak glassy fractions (f), depending on heating and cooling rates. The residual resistivity =~ 397
is equal to 100 pQ.cm at Tm during the first heating. Consequently, the formation of high 398
glassy fractions with Tg >>2 Tm could be attained after adding new thermal cycles, leading 399
to a maximum resistivity fall. Reheating cycles could stabilize the glassy phase above (Ta+ 400

=2Tm). 401
402
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Figure 9: Resistivity falls of Cu-Sb 76.5 wt% after thermal cycling. Reproduced from [ (4)] (Figure 13f). 404
405
8. Conclusions 406
Liquid-liquid transitions are observed below and above Tm. 407

First-order transitions, predicted by the NCHN model, occur at Tx < Tm, building glassy 408
phase fractions (Ae) after supercooling and crystallized fractions (1-Ag) of melt. Melting of 409
glassy fractions occurs at temperatures Tn+ > Tm at the percolation threshold of configurons 410
(broken bonds). One of them induces a glass enthalpy equal to the melting enthalpy (Ae= 411
1), without crystallized fraction, up to a glass transition (T = 2Tm). All glassy fractions 412
would have a heat capacity equal to zero, revealed by reversing heating to cooling below 413
Th. 414

Liquid-liquid transitions between the melting temperature (Tm) and (2 Tm) are ob- 415
served in the absence of first order transition at Tx < Tm and are reminiscent of glassy frac- 416
tions (f) formed at temperatures (Tx) weaker than (Tm) through first-order transitions. 417
These weak fractions correspond to singular values (Ae) of enthalpy coefficients (Aeig (0) = 418
-Ag) of a new phase called “Phase 3”, and to typical percolation thresholds of configurons 419
at various temperatures (Tn+ = Tg). These fractions are slowly induced near (Tr+) by relaxa- 420
tion in the absence of first order transition prior to melting. 421

Several situations are encountered in bismuth and tin: 422

1+ After melting Bi and Sn at T = Tm, weak fractions (f) were built by slow heating (0.1°C/min 423
for Bi and one hour between each measurement for Sn) and melted at Og = On+ = (T -Tm)/Tm 424
= Ae. Liquid-liquid transitions were observed at 1.8675 Tm for bismuth and 1.5523 Tm for =~ 425
Sn. The glassy character of these transitions is confirmed by structural transitions that we 426
attribute to melting of configurons. The glass transition in Sn was also characterized by a = 427
weak specific heat jump predicted by the NCHN model and a peak at 1.5523 Tm due to 428
the thermodynamic character of a transition obeying to critical exponents associated with 429
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configuron percolation. There is no endothermic latent heat equal to (Ae Hm), only a weak
endothermic heat equal to a weak fraction (f << Ag).

2- After melting Bi and Sn at T = Tm, transitions were also observed at T = 2 Tm by DTA and
(or) resistivity that we consider as new glass transitions. The transition was reversible only
for Sn. A weak endothermic heat was observed for Bi at 2 Tm, as expected for a weak value
of (f).

3- We show that the density variation between Tm and 2 Tm is equal to that from solid to
liquid at Tm. The glassy state of Bi has a density equal to that of the liquid at Tm while, that
of Sn is equal to that of the solid at Tm.

4-  After melting Bi at T = Tm, high-resolution measurements of the density showed the exist-
ence of singular values corresponding to those of the enthalpy of Phase 3. The melting
heat at Tm corresponds to 1.23838 Hm instead of Hm including, in addition, the latent heat
of glassy phase after the first cooling as predicted by the NCHN model.

5- A glassy phase diagram is proposed for systems having their lowest transition determined
by their Lindemann coefficients. Each first order transition at Tx < Tm leads to multiple
glass transitions. The possible existence of weak glassy fractions (f) for Tx/Tm <0.7069, with
glass transition temperatures much higher than (2 Tm) is envisaged (beyond (3 Tm) for f <
22.45%). Resistivity measurements showed decreases in Bi and Sn from Tm to 2 Tm and
beyond, after thermal cycling between the solid and undercooled liquid states.

6- The glassy phase formations at Tx are accompanied by latent heats, being recovered at T+
with (Tm < Ta+ < 2Tm) which decrease the liquid specific heat. Predictions of their contribu-
tion equal to (On+ Hm/Tm) are proposed for Tn+ = Tg < 2Tm. The heat capacity linearly de-
creases down to zero when Ag increases up to 1 (Tn+ = 2Tm). A specific heat equal to zero,
down to Tm, could be induced by reversing heating to cooling from a temperature slightly
weaker than Tg = Tn~. We show, for the first time, that the liquid specific heat is constant
between Tm and 2Tm in the absence of glassy phase.

7-  The stability of glassy fractions for Tx/Tm <0.7069 can be very high because their (Tg) could
be much higher than (2 Tm) as proved by resistivity decreases observed up to 2 Tm and
beyond in Bi and Sn. The glassy fraction (f) is enhanced by successive thermal cycles be-
tween solid and liquid states. Each new glassy fraction could be added and could reinforce
the total glassy fraction at very high temperatures up to f <100%.
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