




 

 

 

Investigation of Triple Line Energy in Copper 

with Atomic Force Microscopy 
 

Von der Fakultät für Georessourcen und Materialtechnik  
der Rheinisch-Westfälischen Technischen Hochschule Aachen 

 

zur Erlangung des akademischen Grades eines 

 

Doktors der Ingenieurwissenschaften 
 

genehmigte Dissertation 

 

 

vorgelegt von M.Sc. 

 
Bingbing Zhao 

 
aus Hebei, China 

 

Berichter: Univ.-Prof. Dr.rer.nat. Dr.h.c. Günter Gottstein 
           Prof. Dr.rer.nat. Lasar S. Shvindlerman 
 

 

Tag der mündlichen Prüfung: 09. November 2011 



Bibliografische Information der Deutschen Nationalbibliothek 
Die Deutsche Nationalbibliothek verzeichnet diese Publikation in der 
Deutschen Nationalbibliografie; detaillierte bibliografische Daten sind im 
Internet über http://dnb.d-nb.de abrufbar. 
1. Aufl. - Göttingen : Cuvillier, 2011 
    Zugl.: D82 (Diss. RWTH Aachen University), 2011

    978-3-86955-946-9 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
© CUVILLIER VERLAG, Göttingen 2011 
    Nonnenstieg 8, 37075 Göttingen 
    Telefon: 0551-54724-0 
    Telefax: 0551-54724-21 
    www.cuvillier.de 
 
 
Alle Rechte vorbehalten. Ohne ausdrückliche Genehmigung des Verlages 
ist es nicht gestattet, das Buch oder Teile daraus auf fotomechanischem 
Weg (Fotokopie, Mikrokopie) zu vervielfältigen. 
1. Auflage, 2011 
Gedruckt auf säurefreiem Papier 

    978-3-86955-946-9 



 

 

 

 

 

Acknowledgement 
 
It is my great pleasure to express my gratitude to all those people who helped, 
encouraged and stood by my side during the past years to make this dissertation 
possible.  

I would like to thank Prof. Dr.rer.nat. Dr.h.c. G. Gottstein for giving me the 
opportunity to work at the Institute of Physical Metallurgy and Metal Physics 
(IMM). I am deeply grateful for his trust to encourage me in developing my 
independence, his guidance, support, understanding and patience throughout 
my whole work.  

I would like to thank Prof. Dr.rer.nat. L.S. Shvindlerman, who has been 
inspiring and encouraging me since the very first day, and showed me the 
beauty of physics, mathematics and thermodynamics. It is his instructions, 
encouragement, humor and kindness that let me enjoy and love my work. I am 
thankful to be his student. 

I am very grateful to Arndt Ziemons for all the technical support referring to the 
furnace and the mould, Gerd Schütz for helping me cut my specimens, Thomas 
Burlet and everyone in our workshop for constructing the furnace. It is their 
contribution to realize the growth of my Cu tricrystals.  

I am also very grateful to David Beckers for helping me with the specimen 
preparation, testing various methods to obtain an excellent surface carefully and 
in the mean time practice my German patiently.  

I am indebted to our research group. Prof. Dr.rer.nat. D.A. Molodov, Christoph 
Günster, Tatiana Gorkaya, and Dirk Kirch were all so kind, explained to me 
everything ever since I was a Master student at IMM. Yaping Lü was not only a 
colleague, but also a friend and a sister, with whom I could discuss both 
scientific and life problems. Thank you very much.   



 

 

To all my dear colleagues and friends I only have words of gratitude. Manuel 
Krott, Volker Mohles, Luis Antonio Barrales Mora, Talal Al Samman, Jian 
Zhou and Yingxiao Ma, thank you all. 

At last, I would like to gratefully and sincerely thank my husband, Yan Jin, and 
my extended family for their unconditional love and support. I am, in particular, 
very grateful to my parents, Guihe Zhao and Yumin He, for their faith in me. 
They have been a constant source of love, concern, support and strength all 
these years. Without them, none of this would have been possible.  

  

 



 

 i 

 

 

 

Preface 
 
The development of fine grained and nanocrystalline materials has attracted 
considerable attention, recently. One of the major problems of these very fine 
grained materials is the maintenance of their physical and mechanical properties 
which, in turn, is intimately connected to the stability of the granular 
microstructure. The high density of internal interfaces causes a strong 
propensity for grain growth and thus, a loss of the specific character of these 
materials.  

It is often overlooked that a high density of internal interfaces entails a high 
density of their junctions, i.e. triple lines and quadruple points. It was recently 
established that these junctions are defects on their own with specific 
thermodynamic and kinetic properties which can strongly impact 
microstructural development [Gottstein 2004, 2005a]. It was shown in 
particular that the evolution and stability of the grain microstructure in 
nanocrystalline and ultra fine grained materials is likely to be determined by the 
mobility of grain boundary junctions, which results in a different 
microstructural development and grain growth kinetics compared to the 
development controlled by the kinetics of grain boundary motion during 
curvature driven grain growth. On the other hand, the effect of grain boundary 
junctions on recovery, recrystallization and especially grain growth offers new 
possibilities to control the grain microstructure in a desired way [Gottstein 
2005b; Mattissen 2005].  

While grain boundary thermodynamics and kinetics have been addressed 
frequently in the past, very little is known of the thermodynamic properties of 
grain boundary junctions. It was proven that triple lines with the accumulation 
of strain can act as nucleation sites. They have been identified as nucleation 
sites for precipitation and recrystallization [Lefevre-Schlick 2009], and as a 
locus of yield nucleation, allowing plastic deformation to occur both in 
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polycrystalline bulk [Was 1998] and thin films [Owusu-Boahen 2001]. Also, at 
high temperatures when grain boundaries start to slide during creep deformation, 
triple lines are frequently the nucleation sites for cracks [Morris 1977]. These 
examples demonstrate that grain boundary triple lines have properties distinct 
from those of the connected grain boundaries. 

It was found that there is enhanced solute segregation of bismuth at triple lines 
in copper [Yin 1997], which is determined by the line tension of grain boundary 
triple lines, and in turn, causes a drag effect of solute atoms and consequently, 
the triple junction mobility. 

However, so far only few attempts have been made to investigate the triple line 
energy experimentally as well as theoretically. The first experimental attempt 
by Fortier et al. [Fortier 1991] was based on the inappropriate hypothesis that 
the triple junction pit on the surface has the shape of a tetrahedron. The work 
that tried to extract the triple line energy by measuring the pit depth on 
nanocrystalline thin films of ZrO2, did not achieve quantitative values of the 
triple line energy [Kim 2009]. Computer simulations provide ambiguous results 
for a number of reasons [Srinivasan 1999; Caro 2001]. Therefore, it is in the 
objective of this study to investigate the energy of grain boundary triple lines. 
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