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Vidros, para que servem?




Mecanismos de formacao de vidros

Vidro é um solido amorfo com auséncia de ordem de longo alcance e periodicidade,
apresentando uma regiao de transicao vitrea.
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Representagao bidimensional: (A) do arranjo cristalino simétrico e periédico de um cristal de composi¢éo A,0,; (B)

representacao da rede do vidro do mesmo composto, na qual fica caracterizada a auséncia de simetria e periodicidade.
http://lges.igm.unicamp.br/images/pontos_vista_artigo_divulgacao_vidros.pdf
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Liquido superesfriado e transi¢ao vitrea
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Diagrama de fase de uma substancia que apresenta transicao vitrea.

(ROSA Jr,, A. C. P. Sistemas complexos ndo-aditivos: Aplicagcdes em Astrofisica, Quimica e Engenharias. Tese (Doutorado)
- PPMCTI/CIMATEC. Salvador. 2015.)



0 liquido superesfriado corresponde a uma fase metaestavel

A caracterizacao dos fenomenos de transporte em liquidos superesfriados é essencial
para a compreensao da dinamica de formacao de vidros.

DIFUSIVIDADE VISCOSIDADE

A medida que a substancia se aproxima da transicao vitrea torna-se altamente
viscosa.

A viscosidade esta associada a uma energia de ativacao
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Log (viscosity in poise)
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Grafico de Angell original.
(https://doi.org/10.1016/0022-3093(88)90133-0 )

Log (viscosity in Paes)


https://doi.org/10.1016/0022-3093(88)90133-0

Para diversos sistemas formadores de vidros a curva de viscosidade apresenta um
declividade relativa ao comportamento padrao de Arrhenius.

FRAGILIDADE

LIQUIDO FORTE (STRONG): a energia de ativacdo é independente da temperatura.

LIQUIDO FRAGIL (FRAGILE): a energia de ativacdo é uma funcdo crescente com o

inverso da temperatura.
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A fragilidade esta relacionada ao grau de ordem de curto alcance no arranjo atomico
do material vitreo.

Ordem de curto alcance
O ordenamento dos atomos se
restringe até os vizinhos mais
proximos

Ordem de longo alcance
atomos ordenados de forma
periodica ao longo de grandes
distancias interatomicas

LIQUIDO FORTE: alto grau de ordem de curto alcance.

LIQUIDO FRAGIL (FRAGILE): Falta de ordem de curto alcance bem definida.

A interpretacao fisica do comportamento nao-Arrhenius em liquidos
superesfriados é uma questao em aberto, sendo a motivacao desta pesquisa.
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The charactenization of the formation mechanisms of amorphous solids 1s a large avenue for research, since
understanding its non-Arrhenius behavior is challenging to overcome. In this context, we present one path toward
modeling the diffusive processes in supercooled liquids near glass transition through a class of nonhomogeneous
continuity equations, providing a consistent theoretical basis for the physical interpretation of its non-Arrhenius
behavior. More precisely, we obtain the generalized drag and diffusion coefficients that allow us to model a
wide range of non-Arrhenius processes. This provides a reliable measurement of the degree of fragility of the
system and an estimation of the fragile-to-strong transition in glass-forming liquids, as well as a generalized
Stokes-Einstein equation, leading to a better understanding of the classical and quantum effects on the dynamics
of nonadditive stochastic systems.
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Processo de Reagao-Difusao

Densidade volumétrica
por unidade de tempo
associada a processos
dissipativos

Concentragéo de
uma substancia

Densidade de
corrente
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Solugdo estaciondria mmm) o(T)=p,

k,T

A solucao estacionaria maximiza formas entrdpicas nao-aditivas, a exemplo da
entropia de Tsallis.

n=2 - O coeficiente de difusao é proporcional a p

O limite m — 2 recupera a lei Arrhenius classica

m<?2 - Processos do tipo super-Arrhenius
m>2 W) Processos do tipo sub-Arrhenius

Limiar de temperatura para ) _(2-m)E
processos super-Arrhenius = kg
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Viscosidade

n(T) = Q"“tmpl_m -

(inverso da mobilidade)
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Relacao de Stokes-Einstein
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Dependéncia da relacao de Stokes-Einstein generalizada com a temperatura.

A relagao de Stokes-Einstein é independente da temperatura para E >> kT
A relagao de Stokes-Einstein padrao ocorre para m — 2 ouk,T>>E
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Characterization of the non-Arrhenius behavior of glass-forming liquids is a broad avenue for research toward
the understanding of the formation mechanisms of noncrystalline materials. In this context, this paper explores
the main properties of the viscosity of glass-forming systems, considering super-Arrhenius diffusive processes.
We establish the viscous activation energy as a function of the temperature, measure the degree of fragility of the
system, and characterize the fragile-to-strong transition through the standard Angell’s plot. Our results show that
the non-Arrhenius behavior observed in fragile liquids can be undersiood through the non-Markovian dynamics
that characterize the diffusive processes of these systems. Moreover, the fragile-to-strong transition corresponds
to a change 1n the spatiotemporal range of correlations during the glass transition process.

DOL: 10.1103/PhysRevE 101.042131
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Grafico de Angell
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Fragile-to-strong transition o ] , o
A transicao esta associada a variacOes da

energia generalizada E durante o processo
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ABSTRACT - e

The recently proposed nonadditive stochastic model (NSM) offers a coherent physical interpretation for

diffusive phenomena in glass-forming systems. This model presents nonexponential relationships

between viscosity, activation energy, and temperature, characterizing the non-Arrhenius behavior

observed in supercooled liquids. In this work, we fit the NSM viscosity equation to experimental ‘.‘) Check for updates
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parameters with those obtained using the Vogel-Fulcher-Tammann (VFT), Avramov-Milchev (AM), and
Mauro-Yue-Ellison-Gupta-Allan (MYEGA) models. The resulis demonstrate that the NSM provides an

effective fitting equation for modeling viscosity experimental data in comparison with other established
models (VFT, AM, and MYEGA), characterizing the activation energy in fragile liquids, presenting a

reliable indicator of the degree of fragility of the glass-forming liquids.
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Tratamento de dados experimentais

Soda-cal-silica = Si0, + Na,0 + Ca0
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Ajuste do modelo de viscosidade a dados Energia de ativacao viscosa em funcao do
experimentais do logaritmo da viscosidade pelo inverso da temperatura. Simulacao a partir dos

inverso da temperatura. parametros de ajuste.



Borossilicatos — SiO, + B0,
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inverso da temperatura. Simulacao a partir dos
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Aluminossilicatos = Si0, + AL O, (alumina)
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Calcogenetos — elementos calcogéneos - S, Se, Te (exceto 0)
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Vidro metalico (Titanio) — Na,0 + TiO, + SiO,
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experimentais do logaritmo da viscosidade pelo
inverso da temperatura.



Glass logipne R* X v T (K) T, (K) M,
(x10~2)
Silicates
CaM gSi20g -3.94(7) 0,9994 1.1 16,1(2) 890(3) 991(22) 141(4)
NBST710 -2.34(5) 0,9999 0,1  18,5(3) T08(3) 851(23) 92(3)
NS66 -3,15(4) 0,9999 0,2 18,5(2) 615(2) 725(12) 103(2)
CN6040 -3,38(7) 0,9998 0,4 18,7(4) 593(4) 698(21) 106(4)
CN6020 -4.39(6) 0,9999 0,3 19,0(3) 706(3) 818(17) 119(3)
NC 4.0(1) 09996 08 234(5) 651(4) 821(27) 90(4)
NS&0 -3.32(8) 0,9998 0,5  24,1(6) 578(5) 752(27) 80(4)
Aluminosilicates
Ca3627 -7,0(4) 09984 5.1 20(1) 980(20) 1104(87) 158(15)
Cad412 -6,5(3) 0,9976 9,2 22(2) 950(10) 1110(114) 131(18)
Ca7611 -5,65(8) 0,9998 0,6 29,2(6) 867(6) 1154(30) 88(3)
NaAlSi;Ox 5,9(1) 0,9998 0,3 59(3) 550(10) 1094(62) 60(5)
Borosilicates
Pyrex 1,2(2) 00977 3.1 11.1(6) 832(8) 890(156) 160(30)
BB -2.9(2) 0,9992 14  21(1) 680(12) 845(75) 87(9)
BNC -4.2(1) 09994 1,6 21,2(6) 678(5) 819(31) 102(5)
E -5,9(2) 0,9994 1,7 28(1)  725(9) 941(48)  94(6)
Titania-Silica
24N a0 — 765104 -1,74(7) 0,9998 0,3  16,6(4) 655(6) 769(37) 95(5)
22NasO — 2Ti0y — 76510 -2,1(1) 09994 0,7 16,8(6) 685(7) 801(48) 99(7)
17TNasO — 8Ti0, — 7585105 -2,8(1) 09998 0,2  17,9(5) 743(6) 873(40) 102(6)
19N a,0 — 5Ti05 — 765i05 -2.55(9) 0,9998 0,2 18.8(4) 687(5) 826(35) 93(4)
23Nax0 — 1Ti05 — 765105 -2,20(8) 0,9998 0,3  19,1(5) 638(6) 779(36) 87(5)
15N asO — 9Ti05 — 765105 -3,0(1) 0,9998 0,3 19,9(7) 703(8) 853(42) 93(6)
Chalcogenides
SegoT'e1n -3,7(1) 09996 0,7 12,7(1) 296,6(8) 315(9)  206(6)
SegsTes -4.75(5) 0,9998 0,7  13,4(1) 287.9(5) 306(4) 218(3)
Se -5,0(1) 0,9988 24 154(4) 279(2) 303(10) 180(8)
AsySes -8,9(2) 0,9993 1,0  38(2) 318(6) 443(27) 97(8)
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Comparativo com outros modelos

Vogel-Fulcher-Tammann (VFT) - log1on(T) = logio(ns) + . BT
— 40

Aramov-Milchev (AM) ‘ lOngW(T):logm("ooH(%)

K C
MYEGA - ZOQIOU(T) — logl()(noo) -+ Teacp (T)

As quatro equacdes de viscosidade emergem de interpretacdes tedricas
distintas.



Glass AM VEFT MYEGA
logip e R X*  logigne R X logyg N R’ X’
(x1072) (x1072) (x1072)
Silicates
CadgSi0; 0,29(4) 0,0096 0,8 -2,65(4) 0,0090 0.3 0,01(3) 00990 03
NBST710 [],58(8) 0.9997 0.3 —l.,f:i:lE(Tj 0,99999 0,002 —ﬂﬁ?(ﬁj (0,9999 0,1
NSG6 -0,5(2)  0,9988 2,7 -2,46(8) 0,9998 0.5 -1,5(2) .9993 1,5
CNG6040 —U..{lﬁ(lal]l 0,9994 1.6 —2,43(&1) (,9999 0,2 —111(1) 00,9997 0,7
CN6020 —U.,l?(él]l 0.99993 0,2 —3.,12(5) 00,9999 0.1 —1.,18(5) (0,99996 0,1
NC 0,007(72) 0,9998 0,4 -3,00(7) 0,9998 0.3 -1,33(6) 0,9999 0,2
NSR0 —U.,lﬁ(ﬁ]l 0,999 0.6 —2.,fi4[:8) 00,9996 0.4 —1.,4175(‘.1}) (,9999 0,4
Aluminosilicates
Ca3627 -1,6(1)  0,9998 0,7 -5,1(3)  0,9991 3 -2,6(2) (.9996 1,0
Cad412 -2,0(1)  0,9995 1.8 -5,5(4)  0,9984 6 -3,0(3) (.9992 3.0
Ca7611 —1.,59(6] 0,99991 0.3 —4,?5(6) (,9999 0.3 —3.,23(5) 0,99997 0,09
NaAlSiz;Og -3,1(3)  0,9997 0,5 -5,5(2)  0,9998 0.3 -5,1(2) 00,9998 0,4
Borosilicates
Pyrex 1,[}(4) 00,9931 9.6 —4.,5(:1) 00,9959 2.7 [],4{5] (,9940 8.3
BB [],11(9) (0,9998 0,4 —2,2(2) 00,9995 0.9 —1,1(1) 00,9997 0,5
BNC 0,005(51) 0,9999 0,3 -2,99(9) 0,9998 0.5 -1,16(3)  0,99998 0,06
E —1.,4(3} 0.99997 0,06 —4.,8(1) 00,9997 0.8 —3.,[]4(8) 0,99992 0,2
Titania-Silica
24Nas(0 — 76510 0,71(8) 0,9997 0,3 -1,16(6) 0,9999 0.1 -0,25(7) 0.9999 0,2
23N a0 — 1Ti0, — 76510, [],55{8} (0,999 0.3 —1,5fi(fi) (,9999 0.1 —f]|,54(?) (0,9999 0,1
22N a0 — 2Ti0, — 765105 0,77 !J) (0.9996 0.4 —1,3(1) 0,9997 0.4 —{},2(1) 00,9997 0,3
19N a0 — 5Ti05 — T65i02  0,5(1) 00,9997 0,4 -1,80(8) 10,9999 0.2 -0,6(1) 00,9998 0,2
17TNa>O — 8T'i()y — 7THS5i0- 1,(]?(8) 0,9999 0,2 —1.,6(1) (,9999 0,2 U.,U{H]'E(lﬂii) (,99992 0,1
15NasO — 97105 — 765105 0,59(4) 0,99998 0,03  -2,10(9) 0,99992 0.1 -0,61(5)  0,99999 0,02
Chalcogenides
SegnT'ern -1,5(1)  0,9964 7.6 -3,35(5) 0,9997 0.7 -1,9(1) 0.9977 5,0
SeqsTer —1,{](1} 00,9978 6,2 —3.,2(](6) 00,9996 1 —1,5(1) 0.99836 4.0
Se -1,3(2)  0,9968 6,3 -3,7(2)  0,9985 3 -2,1(2) 0.9976 5,0
AsySes 4.1(2) 09995 06  -8.0(2) 09994 0.9 6.4(3) 09994 0,7
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Abstract. We present a review of the Non-additive Stochastic Model (NSM) for supercooled liguids, an effi-
cient approach for diffusive processes that provide a suitable interpretation for the non-Arrhenius dynamics
in these materials. Based on a class of non-homogeneous continuity equations, the NSM provides funetions
to model the thermal behavior of the viscosity and diffusivity in fragile liquids. The model defines a rig-
orons physical criterion that distinguishes super-Arrhenius from sub-Arrhenius processes, establishes a
robust scale of frapility, describes fragile-to-strong curves in Angell’s plot, and provides an accurate fitting
equation for experimental viscosity data as effective as others viscosity classic models.



Perspectivas

* Investigar a relacao entre a fragilidade em liquidos superesfriados e o0s
modelos de entropia e capacidade térmica emergentes do formalismo.

* Estabelecer uma conexao entre a equacao de viscosidade do modelo com
a entropia configuracional do liquido superesfriados.

« Validar experimentalmente a equacao de difusividade do modelo.

 Estabelecer a conexao entre modelos estocasticos nao-aditivos e
modelos microscopicos aplicaveis a dinamica de liquidos superesfriados.
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