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M2 Sciences de la Matière – ENS Lyon, 2016
 Les transitions de phases par l’exemple, Frédéric Caupin Page 1
 Les transitions de phases par l’exemple
 N.B. : les liens renvoient vers les sites officiels des ressources ; [ici aussi] indique un autre site
 accessible sans souscription.
 I. Rappels
 1) La transition liquide-vapeur
 isothermes : E.W. Washburn, Principles of Physical Chemistry, McGraw Hill, New York,
 1915, p. 59.
 surface PVT :
 http://pages.physics.cornell.edu/p510/w/images/p510/2/22/H5.pdf
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 2) Démixtion des solutions régulières
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 II. Décomposition spinodale
 1) La découverte
 isothermes : Bradley 1941, V. Daniel and H. Lipson, An x-ray study of the dissociation of an
 alloy of copper, iron, and nickel, Proc. Roy Soc. London, 1943, 181, 368-378.
 (a) (b) (c) (d)
 explication par la modulation spatiale
 du pouvoir diffusant du réseau (a)
 ou de son pas (b)
 (cf. modulation d’amplitude
 ou de fréquence)
 Tem
 pera
 ture
 Densitym
 eta
 sta
 ble
 meta
 sta
 ble
 un
 sta
 ble
 sta
 ble
 vapo
 r
 sta
 ble
 liq
 uid
 binodal
 spinodal
 binodal
 critical point (b)
 trempe (quench)
 http://classic.rspa.royalsocietypublishing.org/content/181/987/368
 http://classic.rspa.royalsocietypublishing.org/content/181/987/368
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 2) La théorie
 J.W. Cahn, On spinodal decomposition, Acta Metallurgica, 1961, 9, 795-801 [ici aussi]
 stable instable
 3) Animations
 http://www.eng.utah.edu/~lzang/images/cahn-hilliard-anim.gif
 http://www.eng.utah.edu/~lzang/images/spinodal.wmv
 https://www.youtube.com/watch?v=95NYPyx6QrA
 https://www.youtube.com/watch?v=26IT4ph5PY4
 http://doi.org/10.1016/0001-6160%2861%2990182-1
 http://ihuos.uos.ac.kr/down.jsp?file_name=20080530181645041021_1.pdf&file_dir=/upload/hakbu/board/free/20018E15/2008/05/&real_file=20080526091645157_cahn-acta-metall9-1961.pdf
 http://www.eng.utah.edu/~lzang/images/cahn-hilliard-anim.gif
 http://www.eng.utah.edu/~lzang/images/spinodal.wmv
 https://www.youtube.com/watch?v=95NYPyx6QrA
 https://www.youtube.com/watch?v=26IT4ph5PY4
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 III. Nucléation
 1) Surchauffe et cavitation
 a) Visualisation :
 fil chaud : V.P. Skripov and P.A. Pavlov, Explosive boiling of liquids and fluctuation nucleus
 formation, High Temperature 1970, 8, 782-787.
 Fil de platine de 20 µm x 10 mm. La résistance R du fil donne sa temperature T, la rupture de
 pente indique le développement d’une couche de vapeur qui isole le fil du liquide.
 plaque chaude : C.T. Avedisian, R.E. Cavicchi and M.J. Tarlov, New technique for
 visualizing microboiling phenomena and its application to water pulse heated by a thin metal
 film, Rev. Sci. Instr. 2006, 77, 063706. [ici aussi]
 La rupture de pente dans R(T) devient de plus en plus ténue pour des salves plus courtes.
 http://scitation.aip.org/content/aip/journal/rsi/77/6/10.1063/1.2206560
 http://scitation.aip.org/content/aip/journal/rsi/77/6/10.1063/1.2206560
 http://scitation.aip.org/content/aip/journal/rsi/77/6/10.1063/1.2206560
 http://www.nist.gov/customcf/get_pdf.cfm?pub_id=830952
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 film de platine, 30 x 15 x 0,2 µm
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 b) Théorie classique de nucléation
 J.W. Gibbs, Collected works, Longmans, Green and co, New York (1928), Vol. I:
 Thermodynamics, p. 252-258, On the possibility of the formation of a fluid of different phase
 within any homogeneous fluid.
 𝐸b =16 𝜋 𝜎3
 3 (𝑃 − 𝑃sat)2
 pour 𝑅c =2𝜎
 𝑃sat − 𝑃
 2) Sursaturation et condensation
 a) La chambre à diffusion en flux laminaire
 H. Lihavainen and Y. Viisanen, A laminar flow diffusion chamber for homogeneous
 nucleation studies, J. Phys. Chem. B 2001, 105, 11619-11629.
 tubes d’inox diamètre int. 4mm, longueur 0,3 m
 Ener
 gie
 rayon R
 Eb
 Rc
 P1 < P
 satP
 2 < P
 1 < P
 sat
 http://gallica.bnf.fr/ark:/12148/bpt6k95192s
 http://gallica.bnf.fr/ark:/12148/bpt6k95192s
 http://pubs.acs.org/doi/abs/10.1021/jp011189j
 http://pubs.acs.org/doi/abs/10.1021/jp011189j
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 A.A. Manka et al., Homogeneous water nucleation in a laminar flow diffusion chamber,
 J. Chem. Phys. 2010, 132, 244505. [ici aussi]
 b) Théorie cinétique de Becker et Döring
 R. Becker und W. Döring, Kinetische Behandlung der Keimbildung in übersättigten
 Dämpfen, Ann. Phys. 1935, 24,719-752. [ici aussi]
 http://scitation.aip.org/content/aip/journal/jcp/132/24/10.1063/1.3427537
 http://www.brus.net/downloads/water_2010.pdf
 http://onlinelibrary.wiley.com/doi/10.1002/andp.19354160806/abstract
 http://onlinelibrary.wiley.com/doi/10.1002/andp.19354160806/abstract
 http://zfbb.thulb.uni-jena.de/servlets/MCRFileNodeServlet/jportal_derivate_00155236/19354160806_ftp.pdf
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 3) Surfusion et cristallisation
 a) Expériences
 P. Taborek, Nucleation in emulsified supercooled water, Phys. Rev. B 1985, 32 5902-5906.
 http://prb.aps.org/abstract/PRB/v32/i9/p5902_1
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 b) Règle d’Ostwald
 W. Ostwald, Studien über die Bildung und Umwandlung fester Körper, Z. Phys. Chem. 1897,
 22, 289–330.
 S.-Y. Chung, Y.-M. Kim, J.-G. Kim and Y.-J. Kim, Multiphase transformation and Ostwald’s
 rule of stages during crystallization of a metal phosphate, Nature Phys. 2009, 5, 68-73.
 http://en.wikipedia.org/wiki/File:Wilhelm_Ostwald_-_Studien_%C3%BCber_die_Bildung_und_Umwandlung_fester_K%C3%B6rper.pdf#file
 http://www.nature.com/nphys/journal/v5/n1/pdf/nphys1148.pdf
 http://www.nature.com/nphys/journal/v5/n1/pdf/nphys1148.pdf
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 4) Nucléation hétérogène
 a) Mouillage partiel
 M. Volmer, Über Keimbildung und Keimwirkung als Spezialfälle der heterogenen Katalyse,
 Z. Elektrochem. 1929, 35 555–561.
 b) Crevasse
 A.A. Atchley and A. Prosperetti, The crevice model of bubble nucleation, J. Acoust. Soc. Am.
 1989, 86, 1065.
 B.M. Borkent, S. Gekle, A. Prosperetti, and D. Lohse, Nucleation threshold and deactivation
 mechanisms of nanoscopic cavitation nuclei, Phys. Fluids 2009, 21, 102003. [ici aussi]
 with
 θ P’ P
 http://dx.doi.org/10.1121/1.398098
 http://dx.doi.org/10.1063/1.3249602
 http://dx.doi.org/10.1063/1.3249602
 http://doc.utwente.nl/68546/1/Borkent09nucleation.pdf
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 IV. La « transition » vitreuse
 C.A. Angell, Formation of glasses from liquids and biopolymers,
 Science 1995, 267, 1924-1935 [ici aussi]
 P.G. Debenedetti, T.M. Truskett, C.P. Lewis, and F.H. Stillinger, Theory of supercooled
 liquids and glasses: energy landscape and statistical geometry perspectives,
 Adv. Chem. Eng. 2001, 28, 21-79 [ici aussi]
 M.D. Ediger and P. Harrowell, Perspective: Supercooled liquids and glasses,
 J. Chem. Phys. 2012, 137, 080901
 De l’âge de pierre à nos jours
 pointe de flèche en obsidienne vase égyptien (1400 avant JC) fibres optiques
 Department of Energy British museum Wikimedia Commons
 1) Phénoménologie
 a) Viscosité
 C.A. Angell, Formation of glasses from liquids and biopolymers,
 Science 1995, 267, 1924-1935 [ici aussi]
 http://www.sciencemag.org/content/267/5206/1924
 http://www.public.asu.edu/~caangell/Abstracts/300.pdf
 http://dx.doi.org/10.1016/S0065-2377(01)28003-X
 http://dx.doi.org/10.1016/S0065-2377(01)28003-X
 http://www.princeton.edu/~fhs/supliq/supliq.pdf
 http://dx.doi.org/10.1063/1.4747326
 http://web.ornl.gov/info/news/pulse/pulse_v44_99.htm
 http://www.britishmuseum.org/explore/highlights/highlight_objects/aes/b/blue_glass_jug,_inscribed.aspx
 http://commons.wikimedia.org/wiki/File:Fibreoptic.jpg
 http://www.sciencemag.org/content/267/5206/1924
 http://www.lehigh.edu/imi/Angell%28science,1995%29.pdf
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 b) Structure
 R. Bellissent et G. Tourand, Short range order in amorphous and liquid Se1-xTex systems,
 J. Non Cryst. Sol. 1980, 35-36, 1221-1226.
 c) Volumétrie
 M.S. Elsaesser, I. Kohl, E. Mayer, and T. Loerting, Novel method to detect the volumetric
 glass-liquid transition at high pressures: glycerol as a test case, J. Phys. Chem. B, 2007, 111,
 8038–8044. [ici aussi]
 http://dx.doi.org/10.1016/0022-3093(80)90364-6
 http://pubs.acs.org/doi/abs/10.1021/jp0708897
 http://pubs.acs.org/doi/abs/10.1021/jp0708897
 http://homepage.uibk.ac.at/~c724117/publications/elsaesser07-jpcb.pdf
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 d) Calorimétrie
 Introduction to Differential Scanning Calorimetry, Radu Nicula, Universität Rostock (2002).
 Plusieurs méthodes : compensation, flux de chaleur…
 C.A. Angell, Liquid fragility and the glass transition in water and aqueous solutions,
 Chem. Rev. 2002, 102, 2627-2650. [ici aussi]
 http://wwwswt.informatik.uni-rostock.de/englisch/projekte/Physik2000/ExperimentII/ta2web001.pdf
 http://pubs.acs.org/doi/abs/10.1021%2Fcr000689q
 http://www.public.asu.edu/~caangell/Abstracts/395.pdf
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 K. Sou, High-resolution calorimetry on thermal behavior of glycerol, thèse Chiba University,
 2011, Chap. 3.
 http://mitizane.ll.chiba-u.jp/metadb/up/thesis/Sou_Kalyan.pdf
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 Paradoxe de Kauzmann : W. Kauzmann, The nature of the glassy state and the behavior of
 liquids at low temperatures, Chem. Rev. 1948, 43, 219-256.
 dx.doi.org/10.1021/cr60135a002
 dx.doi.org/10.1021/cr60135a002
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 e) Relaxation diélectrique
 U. Schneider, P. Lunkenheimer , R. Brand, A. Loidl, Dielectric and far-infrared spectroscopy
 of glycerol, J. Non-Cryst. Sol. 1998, 235-237, 173-179.
 2) Compétition avec la cristallisation
 S.F. Swallen and M.D. Ediger, Self-diffusion of the amorphous pharmaceutical indomethacin
 near Tg, Soft Matter 2011, 7, 10339-10344.
 http://dx.doi.org/10.1016/S0022-3093(98)00561-4
 http://dx.doi.org/10.1016/S0022-3093(98)00561-4
 pubs.rsc.org/en/content/articlelanding/2011/SM/c1sm06283b
 pubs.rsc.org/en/content/articlelanding/2011/SM/c1sm06283b

Page 19
                        
                        

Les transitions de phases par l’exemple, Frédéric Caupin Page 19
 Taux de nucléation de la glace dans l’eau surfondue en fonction de la température. Le segment rouge
 correspond aux mesures expérimentales, la courbe bleue à un modèle basée sur la théorie classique de
 nucléation avec un préfacteur proportionnel à la diffusion
 3) Fragilité
 C.A. Angell, Formation of glasses from liquids and biopolymers,
 Science 1995, 267, 1924-1935. [ici aussi]
 http://www.sciencemag.org/content/267/5206/1924
 http://www.lehigh.edu/imi/Angell%28science,1995%29.pdf
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 C.A. Angell, Liquid fragility and the glass transition in water and aqueous solutions,
 Chem. Rev. 2002, 102, 2627-2650. [ici aussi]
 http://pubs.acs.org/doi/abs/10.1021%2Fcr000689q
 http://www.public.asu.edu/~caangell/Abstracts/395.pdf
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 4) Relation de Stokes-Einstein
 B. Chen, E.E. Sigmund, and W.P. Halperin, Stokes-Einstein Relation in Supercooled
 Aqueous Solutions of Glycerol, Phys. Rev. Lett. 2006, 96, 145502. [ici aussi]
 dx.doi.org/10.1103/PhysRevLett.96.145502
 dx.doi.org/10.1103/PhysRevLett.96.145502
 http://arxiv.org/pdf/cond-mat/0611529.pdf
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 5) Hétérogénéités dynamiques
 L. Berthier, Dynamic heterogeneity in amorphous materials, Physics 2011, 4, 42.
 H. Yuan,S. Khatua, P. Zijlstrab, and M. Orrit, Individual gold nanorods report on dynamical
 heterogeneity in supercooled glycerol, Faraday Discuss. 2013, 167, 515-427. [ici aussi]
 Diffusion rotationnelle de nano-bâtonnets d’or 14 3 nm x 35 5 nm
 http://physics.aps.org/articles/pdf/10.1103/Physics.4.42
 pubs.rsc.org/en/content/articlelanding/2013/fd/c3fd00091e
 pubs.rsc.org/en/content/articlelanding/2013/fd/c3fd00091e
 https://openaccess.leidenuniv.nl/bitstream/handle/1887/22072/chapter5.pdf
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 V. Phénomènes critiques
 H. E. Stanley, Introduction to Phase Transitions and Critical Phenomena (Oxford University
 Press, Oxford and New York 1971).
 Un cours de Cornell University propose un recueil de textes introduisant la question.
 1) Loi des états correspondants
 E. A. Guggenheim, The Principle of Corresponding States, J. Chem. Phys. 1945, 13, 253-261.
 [ici aussi]
 G.-J. Su, Modified Law of Corresponding States for Real Gases, Ind. Eng. Chem., 1946, 38,
 803–806.
 http://pages.physics.cornell.edu/p510/w/images/p510/2/22/H5.pdf
 http://dx.doi.org/10.1063/1.1724033
 http://termodinamicaunlp.files.wordpress.com/2011/11/the-principle-of-corresponding-states-e-a-guggenheim.pdf
 dx.doi.org/10.1021/ie50440a018
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 2) Opalescence critique
 Une vidéo montre un mélange méthanol-cyclohexane près du point critique de la courbe de
 démixtion.
 3) Exposants critiques
 D. Beysens, J. Straub, D. J. Turner, Phase Transitions and Near-Critical Phenomena, Fluid
 Sciences and Materials Science in Space, 1987, pp 221-256 [ici aussi]
 http://www.youtube.com/watch?v=OgfxOl0eoJ0
 http://dx.doi.org/10.1007/978-3-642-46613-7_7
 http://www.td.mw.tum.de/tum-td/de/forschung/pub/CD_Straub/44.pdf
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 P. Damay, F. Leclercq, P. Chieux, Critical scattering function in a binary liquid mixture: A
 study of sodium-deuteroammonia solution at the critical concentration by small-angle neutron
 scattering, Phys. Rev. B 1989, 40, 4696-4708
 4) Champ moyen vs. Ising 3D : modèle de liquide sur réseau
 http://dx.doi.org/10.1103/PhysRevB.40.4696
 http://dx.doi.org/10.1103/PhysRevB.40.4696
 http://dx.doi.org/10.1103/PhysRevB.40.4696
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 5) Interface liquide-vapeur
 S. Wu and W.W. Webb, Critical liquid-vapor interface in SF6. I. Thickness of the diffuse
 transition layer, Phys. Rev. A 1973, 8, 2065–2076 ; Critical liquid-vapor interface in SF6. II.
 Thermal Excitations, Surface Tension, and Viscosity, Phys. Rev. A 1973, 8, 2077–2084.
 http://dx.doi.org/10.1103/PhysRevA.8.2065
 http://dx.doi.org/10.1103/PhysRevA.8.2065
 http://dx.doi.org/10.1103/PhysRevA.8.2077
 http://dx.doi.org/10.1103/PhysRevA.8.2077
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 Champ moyen
 6) Aspects dynamiques - Ralentissement critique

Page 31
                        
                        

Les transitions de phases par l’exemple, Frédéric Caupin Page 31
 7) Effets de gravité
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 8) Force de Casimir
 A. Ganshin, S. Scheidemantel, R. Garcia, and M. H.W. Chan, Critical Casimir force in 4He
 films: confirmation of finite-size scaling, Phys. Rev. Lett. 2006, 97, 075301. [ici aussi]
 http://dx.doi.org/10.1103/PhysRevLett.97.075301
 http://dx.doi.org/10.1103/PhysRevLett.97.075301
 http://arxiv.org/pdf/cond-mat/0605663.pdf
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 C. Hertlein, L. Helden, A. Gambassi, S. Dietrich and C. Bechinger, Direct measurement of
 critical Casimir forces, Nature 2008, 451, 172-175. [ici aussi]
 http://dx.doi.org/10.1038/nature06443
 http://dx.doi.org/10.1038/nature06443
 http://web.mit.edu/kardar/www/research/seminars/Casimir/BechingerNature.pdf
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 VI. Effet du confinement
 1) Equation de Kelvin – mûrissement d’Ostwald
 T.W. Hansen , A.T. DeLaRiva, S.R. Challa, and A.K. Datye, Sintering of Catalytic
 Nanoparticles: Particle Migration or Ostwald Ripening?, Acc. Chem. Res., 2013, 46, 1720–
 1730
 2) Nanoparticules
 G.L. Allen, R.A. Bayles, W.W. Gile, W.A. Jesser, Small particle melting of pure metals, Thin
 Sol. Films 1986, 144, 297-308.
 http://dx.doi.org/10.1021/ar3002427
 http://dx.doi.org/10.1021/ar3002427
 http://dx.doi.org/10.1016/0040-6090(86)90422-0
 http://dx.doi.org/10.1016/0040-6090(86)90422-0
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 R. Kofman et al., Surface melting enhanced by curvature effects, Surf Sci., 1994, 303, 231-
 246.
 H. Reiss, P. Mirabel, and R. L. Whetten, Capillarity theory for the “coexistence” of liquid and
 solid Clusters, J. Phys. Chem. 1988, 92, 7241-1246.
 http://dx.doi.org/10.1016/0039-6028(94)90635-1
 http://dx.doi.org/10.1021/j100337a016
 http://dx.doi.org/10.1021/j100337a016
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 3) Condensation capillaire
 a) Isothermes d’adsorption
 K. Morishige and M. Shikimi, Adsorption hysteresis and pore critical temperature in a single
 cylindrical pore, J. Chem. Phys. 1998, 108, 7821-7824.
 b) Modèle de Cohan
 L.H. Cohan, Sorption Hysteresis and
 the Vapor Pressure of Concave Surfaces,
 J. Am. Chem. Soc. 1938, 60, 433–435
 c) Modèle de Cole et Saam
 M.W. Cole and W.F. Saam,
 Excitation spectrum and
 thermodynamic properties of liquid
 films in cylindrical pores,
 Phys. Rev. Lett. 1974, 32, 985–988
 http://dx.doi.org/10.1063/1.476218
 http://dx.doi.org/10.1063/1.476218
 http://dx.doi.org/10.1021/ja01269a058
 http://dx.doi.org/10.1021/ja01269a058
 http://dx.doi.org/10.1103/PhysRevLett.32.985
 http://dx.doi.org/10.1103/PhysRevLett.32.985
 http://dx.doi.org/10.1103/PhysRevLett.32.985
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