
Preface 

The Second International Conference on Grain Growth in Polycrystalline Materials was successfully 
held at Kitakyushu-Yawata Royal Hotel from 16th May 1995 in Japan sponsored by the Iron and Steel 
Institute of Japan . This conference is the succession of the first international conference held in Rome 
in 1991. We are indebted to Dr. Abbruzzese and Prof. Li.icke who have organized and held the first 
conference and encouraged us to hold the second conference here in Japan . 

Grain Growth is one of the most fundamental microstructural evolution processes which occur in 
all types of polycrystalline materials. It is of major interest scientifically and of great importance in a 
wide range of industrial applications. The purpose of this conference was to bring together a wide 
range of researchers in the research fie ld of experimental, simu lation and theoretical aspects of grain 
growth, to compare the currently avai lable experimental data with recent theoretical results and to 
identify the most promising areas for future research. Furthermore, this conference focused on the 
app lication of our newly found scientific understanding to industrial observations and applications. 

The leading authorities with various specia lities delivered thirty four informative opening, keynote 
and invited lectures, giv ing their comprehensive and penetrating insight into the important topics of 
gra in growth. Invited lectures and sixty nine regular contributions covered experimental and 
theoretical investigations on grain growth phenomena in metals and alloys, ceramics, sintered 
materials, thin films, etc ., and their observation in industrial practice for various materials. Main 
topics were normal and abnormal grain growth, texture, practice and other drag effects, topological 
aspects, grain size effect, boundary structure, mobility and interaction with particles and impurity 
atoms. 

Kitakyushu-Yawata is a birthplace of a grain oriented sil icon steel with high permeability, which is 
one of the representative materials produced by the soph ist icated control of grain growth. The session 
on the secondary and tertiary recrystallization of si licon steel was specially held in this conference in 
commemorating this historical background. Nineteen papers on silicon steel were presented and a new 
production technology of grain oriented sil icon steel was disclosed in one of the keynote lectures. 
Experimental methods (e.g. EBSP, AFM, HVEM, X- ray diffraction and topology, etc.) applicable to 
measurements of grain size, orientation of individual grains, etc. and combination of physical and 
topological parameters were highlighted by devoting nine papers to this topic. 

Last but not least, I w ish to express my sincere appreciat ion and gratitude for the time and effort 
devoted by many authors to make this symposium a success. I am a lso gratefu l to the plenary lectures 
for accepting our invitations . 

It is with deep regret, however, that I have to remind you that Prof. H. Hu had passed away 
immediately after he had finished his abstract for his keynote lecture for this conference, who had 
been one of the members of the International Committee of Grain Growth conference and a lso one of 
the keynote lectures for this conference. He has contributed a great deal to the progress in this field 
and his abstract would become his posthumous work as it is collected in this proceedings together 
with the memorial address made by Prof. Li.icke. 

Finally, my sincere thanks is to Dr. A. Tomoura, chairman of the committee for International 
Activities of Iron and Steel Institute of Japan, for his precious advice and encouragement in 
organizing the conference. 

Special thanks to Mr. Y. Matsumura and to various collaborators who at Nippon Steel significantly 
contributed to different aspects of the conduct and in general to the success of the Conference. 

N. Takahashi 
Nippon Steel Corporation 
Kitakyushu, Japan 
July 1995. 
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The Conference Opening Speech 

Ladies and Gentlemen, 

It is a great pleasure to open the Second International Conference on Grain Growth in Polycrystalline 
Materials, here in Kitakyushu. The first conference was held in I 991 in Rome, Italy, with a single 
topic of Grain Growth and had a great success. 

Grain Growth is one of the most important metallurgical phenomena associated with 
microstructure and property control in polycrystalline materials. In the past, grain growth was 
discussed mainly in relation to recrystallization, solidification and texture evolution . However, it has 
become evident that understanding of grain growth is of increasing importance to development of 
advanced materials, not only ordinary polycrystalline materials, but also in nanostructured materials 
and thin film semiconductor and superconducting materials. 

After the First Conference, there was a great demand for the Second Conference. According to a 
request of the International Scientific Committee, we organizing committee members planned this 
conference . The Iron and Steel Institute of Japan kindly decided to sponsor this conference. On behalf 
of the organizing committee, I would like to welcome you all participants from overseas and Japanese 
participants who are interested and involved in grain growth research. 

I am convinced that all participants can exchange to each other their most recent knowledge of 
grain growth- related phenomena and material problems during this conference. I do hope, this Second 
Conference will mark another milestone for future progress in research area of grain growth in 
materials. 

Thank you for your attention . 

Kitakyushu, 17 May, 1995 
Prof. H. Y oshinaga 
Chairman of the Organizing Committee 





In Memoriam 
William Hsun Hu 

17. August 1927 - 1. February 1995 

As the chairman of the International Scientific Committee, I have the honour to address this 
conference at its opening. Today, we have feelings of joy which overcame us after seeing this 
magnificent conference location and we are grateful to the organising committee, led by the 
chainnan Professor H. Yoshinaga, by the vice chainnan Professor T. Watanabe and Dr. N. 
Takahashi and by the conference secretary Mr. Y. Matsumura, for its excellent work. How
ever, our joy is overshadowed by a very sad event William Hsun Hu, member of the Interna
tional Committee of this conference, looking forward very much to his participation, died on 
February 1, 1995, after a long illness with lung disease at his home at Murraysville, Pa. 

Dr. Hu was born August 17, 1927 in Tien Tsin, Canton, China. He received a BS of Metal
lurgical Engineering from the National Chiao Tung University of China. He then decided to 
continue his studies in the United States, which led to an MS degree from Leheigh Univer
sity, Pa. and a PhD under the supervision of Professor Paul Beck from the University of 
Notre Dame, Ind. This was followed by a 4 year post doctoral appointment at the Institute for 
the Study of Metals of the University of Chicago, under the supervision of Professor Charles 
Barrett Let me here remark that Dr. Hu always enjoyed the fact that he was a student of both 
of the founders of the two opposing theories of recrystallization textures, the theory of ori
ented growth by Professor Beck and the theory of oriented nucleation led by Prof. Barrett 

During the subsequent years he served as Research Engineer, Westinghouse Research Labora
tory (1955 - 1959) and then for about 25 years (1959 - 1983) as Staff Scientist, Section Head, 
and Senior Research Consultant at the E. C. Bain Laboratory for Fundamental Research, U. 
S. Steel Corporation, Monroeville, Pa. After his retirement from U. S. Steel, he was ap
pointed Research Professor, Department of Materials Science and Engineering at the univer
sity of Pittsburgh, where he worked until his death. During his career, he was invited as a 
visiting scientist at the Technical University of Clausthal, Germany, was elected by the Alex
ander von Humboldt Foundation to receive the Distinguished Senior Scientist Award and 
made extended visits to the University of Gottingen and the Rheinisch-Westfii.lische Tech
nische Hochschule, Aachen. 

His life long dedication to basic research in physical metallurgy and his many contributions to 
solutions of major engineering manufacturing problems brought him recognition and many 
awards, among them the Mathewson Gold Medal (1953) and the Honorary Doctor of Science, 
Technical University of Clausthal (1993). He was recognised world-wide as a leading author
ity in the areas of crystallographic texture and texture transitions in ferrous and non-ferrous 
alloys, phase transformations, mechanisms of nucleation, grain boundary migration and grain 
growth. Commercial applications of his work include the grain-oriented electrical steels, 
deep-drawing low-carbon sheet steels, high strength phosphorus and silicon-phosphorus sheet 
steels and textured high-hardness steels for armor plates. He was a highly sought speaker and 
consultants at universities, industries and government laboratories in many countries of 
Europe and Asia. He served as a consultant to the U.S. Steel, Mechanics Research Centre and 
the U. S. Naval Research Laboratory. He was one of the founders and editors of the Interna
tional Journal of Texture of Crystalline Solids. 



As a member of TMS and Fellow of ASM-Intemational, he served as chairman and member 
of many technical and publication committees. He wrote more than 100 highly referenced 
scientific papers. In addition, the books he edited more than twenty years ago are still used as 
seminal references in post graduate departments. Our knowledge of the effects of materials 
processing and thermal treatments on crystallographic texture, microstructure and properties 
of metals and alloys will forever stand as a testimonial to his outstanding contributions. 

Let me conclude in saying that William Hsun Hu became friend to many of us, both because 
he was a valuable partner in scientific discussions and because of his amiable, humble per
sonality, and his ever readiness to be helpful. William Hsun Hu was 67 years of age when he 
died. He is survived by his wife Dianne, who is a systems analyst at the University of Pitts
burgh, by a son Mason in Hobocken N. J. as well as by a brother in Australia, a sister in 
China and many nieces and nephews. 

17 May, 1995 
Prof K. Lucke 
Chairman of the International Scientific Committee of ICGG 
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Posthumous Manuscript 
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ABSTRACT 

A brief historical overview of grain growth in metallic materials of technological interest 
will be presented. The importance of grain growth investigations has long ago been recognized 
by the early metallurgists. This is due obviously to the fact that grain size can significantly 
affect the properties of the material, and that grain growth may occur during the manufacturing 
processes, such as casting, hot working, and annealing, etc. An extensive investigation of the 
grain size of Cu-Pb alpha brass was conducted in 1916 by Mathewson and Phillips [1]. The 
average grain size of the annealed specimen was correlated with the mechanical or physical 
properties of the alloy as a function of the annealing temperature by these authors. 

Even in those early days , it was recognized that the grain growth phenomena took place in 
two distinctly different types . For those metals or alloys, such as the alpha brass mentioned 
above, grain growth occurred gradually and resulted in an increase in the average grain size . 
This type of grain growth has later been classified as normal or continuous grain growth. For 
materials with the presence of a dispersed second phase, the gradual type of growth of the grains 
was much inhibited up to a certain temperature. When this temperature was exceeded, 
extremely large grains developed abruptly in the fine grained matrix. A notable example of this 
type of grain growth was found by Jefferies [2] in producing ductile tungsten for manufacturing 
lamp filaments , using sintered fine-grained tungsten powder with thoria additions . Another early 
known example of capable growth of very large grains is silicon steel containing 3.25 % Si with 
slightly higher manganese and phosphorus [3]. Grain growth of this type has been known as 
abnormal or discontinuous grain growth. Other equivalent terms, such as exaggerated grain 
growth, secondary recrystallization , and coarsening, have also been used frequently in the 
literature. 

The usage of the terms recrystallization and grain growth were apparently not clearly 
distinguished in those early times . In fact, attention was directed to the formation of large 
crystals by grain growth, which was often visually observable , as recrystallization. The parallel 
usage of these two terms seemed to have well been rooted by the paper of Carpenter and Elam 
[4] . According to the driving energy of the processes, Altherthum [5] recognized that 
recrystallization may be distinguished as "cold-worked recrystallization" and "surface-tension 
recrystallization". The latter, of course; corresponds to grain growth by present nomenclature . 
The rapid development of very large grains in some metal samples, as observed also by Jefferies 
[6], was actually a consequence of recrystallization after low deformations. In these cases, 
therefore, it should not be considered as abnormal grain growth, but recrystallization at critical 
deformation. This type of fast growth of large grains was often named "germination" in the 
old literature, a term loosely applied also to abnormal grain growth or second recrystallization. 



xiv lntergranular and lnterphase Boundaries in Materials 

Early investigations of grain growth were mostly conducted by varying the annealing 
temperature. Very few studies of isothermal grain growth were performed. It was commonly 
recognized that, for a given annealing temperature , the grain size at first increased more rapidly 
with the annealing time, but then the growth rate decreased gradually with continued annealing. 
This led to the idea that an "ultimate grain size" seemed to exist for each annealing temperature. 
Extensive studies of isothermal grain growth were later conducted by Beck and co-workers [7] . 
They showed that the gradual decrease in growth rate at long annealing times was due to the 
specimen thickness effect, and that the kinetics of normal grain growth obeys the following 
empirical equation: 

D = Kt" (1) 

where D is the average grain diameter, t is annealing time, and K and n are parameters 
depending on temperature . The value of n, the time exponent, is usually less than, and at most 
equal to 0.5. Except in a few cases, n increases with temperature, and approaches 0.5 near the 
melting point. As can be seen, this equation requires that D = 0, at t = 0, which is not the 
case in grain growth. Hence, an alternate equation is frequently expressed in the form of: 

D"" - D/ " = Ct (2) 

where D0 is the average grain diameter before growth, C is a parameter similar to Kin Eq .(1) . 
These two equations will be essentially equivalent to each other when D0 becomes negligible in 
comparison with D. 

In connection with these empirical equations of normal grain growth, experimental data in 
the literature have been be examined previously . We shall review and discuss , in particular, the 
significance of the time exponent parameter, n, and its temperature dependence as observed in 
many of the experimental investigations . Since grain growth proceeds by the migration of high
angle boundaries, an analysis of the correlation between grain growth and high-angle boundary 
migration studies will be explored. 

Although the phenomenon of abnormal grain growth occurs frequently in engineering 
materials, such as certain types of steel and non-ferrous alloys, extensive studies of its kinetics 
have been scarce. This is largely because of difficulties in experimental measurements. 
Moreover, the main purpose of the secondary recrystallization studies of Si-steels has been the 
control of crystallographic orientations of the secondary grains to reduce the energy losses in 
electromagnetic applications. In fact, too large secondary grains may induce higher eddy-current 
power losses . Some highlight discussions in connection with secondary recrystallization of Si
steels will be included . 
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