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Science during Paradigm Creation

John Werner Cahn

It is a great honor and a real pleasure to receive the Kyoto prize for my work
as a materials scientist. To be in the footsteps of all the previous prizewinners is a
humbling experience. Metallurgy, later ceramics, and then materials science provided
me with important and interesting problems that kept me happy and gave me a
feeling of accomplishment during a long research career. How did this happen?
How did I find these fields? What are the events that led to this day? In looking
over my life, | am amazed how small and large events, some calamitous, caused

unplanned lifestyle and career changes oflen with serendipitous consequences.
Paradigm building fields

At the beginning of my career 60 years ago, scientific metallurgy and ceramics
were, in what Thomas Kuhn calls, the paradigm building stage. Paradigms are the
laws, rules, methods, lore, and other teaching concepts that are universally shared
by those working in a field. (Kuhn 2" Ed. P viii. ...universally recognized scientific
achievements that for a time provide model problems and solutions to a community
of practitioners. P.10. Their achievement was sufficiently unprecedented to attract an
enduring group of adherents away from competing modes of activity, and simultaneously
was sufficiently open-ended to leave all sorts of problems for the redefined group of
practitioners to resolve.) For thousands of years craftsmen had honed their knowledge
and skills about metals and ceramics, and created craft lore that helped them
teach their apprentices. One marvels at what was achieved by gifted craftsmen
who usually were illiterate. Medieval scholars rarely made observations and had
quite different concepts from each other and from craftsmen. Both craftsmen and
scholars had misconception, but both made advances. For example, for millennia,
Western craftsmen always made steel in small amounts by heating iron for days in
a charcoal fire. They believed that the fire purified the iron and turned it into
something noble, that is, steel. In 1781, a Swedish alchemist, Tobern Bergman,
studying the effect of acids on metals, found that nothing remained when iron was
dissolved, but when steel was dissolved there was a residue composed of carbon.
Once it was known that steel is an alloy of iron and carbon, large-scale production
of steel with controlled carbon content became possible.

Being ignorant of the extensive craft knowledge, the academic community had
strange ideas about the inertness of solids. It was obvious to them that “solid”
meant that atoms or molecules could not move or react in a solid, even though it
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Using Lead to Separate Copper from Silver (nanban-buki)

Smelted copper and lead is put inte a furnace and heated till part liquefied; then it is
worked with an iron tool, the copper will remain at the top while the liquid lead will run
off. The copper that remains is called “squeezed-out copper” (shiboride). By this
process the silver contained in the copper will be drawn out dissolved in the lead. The
process is called “shibori-fuki”. Since this way of smelting was introduced from abroad, it
is called the “southern barbarian smelting method” [nanban-bukil.
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Separating Silver from Lead

When the extracted lead is put into a furnace lined with ashes and slowly melted in a
charcoal fire, the lead will sink into the ashes; and only the silver will remain in the
center. This is called cupellation (haifukigin, literarily “Ash-smelted silver™,)

was known to craftsmen. It was not until 1900 that diffusion in the solid-state was
studied, and found to obey the same mathematical laws as diffusion in liquids and
gases, only much slower. It took 20 more years for scientists to discover that
defects, such as “vacancies,” sites for atoms that are unoccupied, mediated the
motion in ionic crystals, and another 30 years for them to realize that the same
was true for metals. Craftsmen had long postulated “pores” to account for the drawing
out by the fire of whatever made iron weak; the changes moved inward with heating
time and implied movement in solids; now we call the pores, vacancies. As late as
1950 T was taught that the chemical species of solids cannot react to form different
chemical species until they were dissolved or vaporized, and that solids could only
change their concentrations, their ratios of chemical constituents, by dissolving and
crystallizing. There was a strong belief in the “law of definite proportion.” It took a
long while for the “indefinite proportions™ of solid solutions, so well-known and
common in alloys, to be accepted.

There is great power in a mature science. There are laws and paradigms for
everything and they can be trusted. You know what to measure, how to measure
it, and why you need it. With good data, your predictions work and you are almost
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never wrong. It is very different in the paradigm building sciences, like metallurgy
and ceramics. You have to decide what is important, find ways of measuring it,
and how to use it. There is usually great collegiality among scientists. You are all
hoping to understand the regularities that are observed and trying to formulate
laws or paradigms. You are at great risk of being wrong. But every once in a while
things fall into place, creating great opportunities for further advances.

In the 1950s only about 300 scientists worldwide were contributing to scientific
metallurgy. Because metallurgy was simpler than ceramics, many new scientific
paradigms emerged from it and created advances in metallurgy, ceramics and later
in polymers. Often the announcement of a new paradigm triggered a cascade of new
discoveries. It was an exciting time. Most of the early paradigms were qualitative.
Mathematics was not yet a tool of metallurgical science, and advanced mathematics
was nol part of the training of metallurgists and physical chemists. Although I had
additional training in mathematics, I did not expect that it would be part of my
research.

Early years

Let me talk now about my own path to becoming a scientist. I was born Jewish
in Germany in 1928. My father was a lawyer. As a young man my grandfather had
founded a wine company with a small loan that became the largest wine company
in Germany. As the only male Cahn grandchild, I was destined to become a German
wine merchant.

In 1933 my father was warned of an impending arrest by the new Nazi
regime, and fled to Belgium with his family. At the age of 5, I became a refugee.
We spent most of 1933 in Le Coq, Belgium with other refugees, including Albert
Einstein.

For the next six years my family lived mostly in Amsterdam, Holland, where
[ had an excellent education at a Dalton School. For part of 1935-6, until the
Hitler-Mussolini pact, we lived in Italy. It was a happy and interesting childhood.
[ was aware of the dangers to my extended family, but they seemed like Grimm
Fairy Tales. T was good in chess and geometrical thinking. 1 enjoyed taking
mechanical gadgets apart, to see how they worked and how to put them together
again.

If war had not come in September 1, 1939, I would have grown to be a
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LeCoq 1933.

Refugees waiting for sanity to return to Germany

Dutch citizen. Instead we left neutral Holland on September 16, 1939 on the
Holland America line, sailed past England at war, and settled in New York. I was
immediately enrolled in public school without knowing a word of English. Even
though I was skipped a grade, I already knew most of the subject matter. That
was okay because I needed to learn English.

Brooklyn Technical High School

The next serendipitous event occurred because I was bored in elementary school.
Quite by accident, I learned about a challenging public school, Brooklyn Technical
High School, for boys who were good in math and science. On the application form
I was asked what kind of engineering 1 was interested in. I had no clue. After asking
another applicant, T put down “civil” engineering. | was admitted, and had an amazing
and challenging high school education. That is how I became a scientist.

These were hard financial times for most families. I began working after
school at age thirteen, delivering groceries. Later I became the handyman at the
large apartment house in which we lived, and tutored in mathematics and science.
During two summers | worked as a waiter in resort hotels. My family became
American citizens in 1945. 1 stand before you today as a retired US scientist
because of political events. Serendipity?
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Universities of Michigan and California at Berkeley

A high school chemistry teacher got me interested in chemistry. Everyone
in my family had been seli-employed, and there was a feeling that there was
no dignity in being a chemist because they worked for others. [ grew up valuing
self-determination. 1 applied to the University of Michigan, and in June of 1945
came to Ann Arbor.

For my entire time at Michigan I worked 20 hours per week in the chemistry
stockroom, while taking a full load of courses. I quickly found that I did not like
undergraduate chemistry, and tried majoring in physics and mathematics, which
would prove to be important for me later. I had no understanding of what a career
in any of these fields would be like. All the problems in the courses had solutions
which could be gotten in a few hours. Would a career in science be solving longer
versions of the same kinds of boring problems? 1 was losing interest in science,
but did not realize that [ did not want to be in a mature science.

In my senior year a course in physical chemistry exposed me to problems
that had not been solved. That convinced me to apply to the top physical chemistry
department in the US, which was at the University of California in Berkeley. Since
I had not had many chemistry courses at Michigan, I wanted to register for those
I had not taken. Instead I was asked to teach some of them. By teaching, I learned
the material faster and more thoroughly, and it was good preparation for my later
career. I don’t think the students I taught suffered. Graduate school was a happy
time. As luck would have it I met Anne Hessing and we were married within the
year.

The qualifving examination at Berkeley consisted of proposing and defending
research plans for three topics different from my thesis topic. Serendipitously, I
chose phenomena near critical points (to be revisited later in this talk) as one of
my topics. There were many conflicting theories and most were illogical. Many
experimental results were strange and often not reproducible. 1 was asked few
questions because I had stimulated intense discussion among my examiners. Critical
phenomena have since been important topics in physics, and important for testing
some of my basic ideas in materials science.

The State of California imposed a loyalty oath on University of California
professors, which drove many top theoretical physicists away. However the physics
department managed to attract a great young theoretical physicist, Charles Kittel,
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Carbon dioxide encapsulated with three floats, one above, one below and one at the
critical density, and equilibrated for a long time at four temperatures, from left to right:

- Above the critical temperature there is a single uniform fluid

+ At the critical temperature (and at the spinodal) the single fluid is milky (opalescent)
due to the large density fluctuations as a result of the near zero compressibility. There
is a large effect of gravity.

+ Slightly below the critical temperature two floats are at the surface between gas and
liquid, but the liquid is not dense enough to float the heaviest float. Both liquid and gas
are milky.

* Well below the critical temperature liquid and gas are clear and there is enough density
difference to confine all three floats to the surface.
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Cyril Stanley Smith, ca. 1950

who specialized in the solid-state. 1 audited his undergraduate course and became
intrigued with the idea of making a career in creating the field of solid-state
chemistry. Chemists had little interest in solids. My career plan was 40 vears
premature.

Knowing almost nothing about metals, I took a chance and applied successfully
to join the faculty of the Institute for the Study of Metals at the University of
Chicago, headed by Cyril Stanley Smith. It was the first interdisciplinary materials
research group. My initial appointment was for two vears, and it proved impossible
for me to learn enough about metals, to initiate research and have resulls in that
time. None of my early ideas for quick results worked. In desperation I chose to
measure diffusion in a solid alloy.

Diffusion is the process whereby atoms or molecules in liquids, gases, or solids
intermingle as a result of their spontaneous movement caused by thermal agitation.
Normally in solutions, the dissolved substances move from a region of higher to
one of lower concentration, causing the concentrations to become more uniform.

To measure the rate of diffusion in a solid metal, one can deposit a thin layer of

a metal on a metallic single crystal, heat the crystal for a few weeks, and then
slice it to measure how far the deposited metal has penetrated. It was tedious boring
hard work that might have provided useful data and insight. But I did not have
the necessary skills. My data were not accurate enough and all that tedious work
was worthless. Chicago was a good lesson. I had been unprepared to begin work
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in a new field, and had undertaken a long tedious study that was not worth the
effort.

Cyril Smith taught me another lesson. He hated crowded fields, and had
spent a lifetime successfully searching for subjects that were not being studied by
any scientist and then being the first to show that science could be done on that
subject. He cared about expanding knowledge, and did not care who did it as long
as it was done. He is known to have left one subject as soon as he learned that an
excellent scientist was following his footsteps. Smith showed me that metallurgy
was a field filled with interesting subjects, and that there were far too few people
working on them. Even though my contract at Chicago was not renewed we
became lifelong friends later at MIT.

GE

The two years at Chicago could have been the end of my career, but the choice
to do diffusion and having to leave was more serendipity. The best work in scientific
metallurgy in the world was being done at the Metallurgy and Ceramics Department
of the General Electric (GE) Research Laboratory in Schenectady, New York. It
included a group under David Turnbull making pioneering studies about how
diffusion occurs in solids. Having shown a willingness to engage in such boring
work, I was hired into that group.

An unexpected road block provided me with another amazing serendipitous
career change. To expand its laboratory, GE had been building a new wing to be
finished in the summer of 1954, When 1 showed up in September 1954, the new
wing was not finished. There was not enough space! For nine months I had no
laboratory available to start my diffusion work. My shared desk space was in a
blocked off windowless hallway. My bosses were terribly apologetic about my inability
to begin my experimental work. I was under no pressure to do anything! What a
wonderful opportunity to learn! I had nine months to become acquainted with the
research of my new colleagues, and discovered that I could be helpful to them. I
had a knack for formulating and solving their problems. When my laboratory was
completed, 1 had published three small pieces of useful theoretical model making.
Simple mathematical theories that could become paradigms were useful and needed,
but there were few who could create them. I began doing modeling in addition to
experimental work. I had generous help from GE’s mathematicians, and gradually
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Turnbull’s group at GE in 1957. Cahn, Hilliard and Turnbull are,
respectively, first, fifth and sixth from left in back row. Within a
decade most of the scientists became leading professors.

acquired greater skills. With a steady stream of results, [ could drop projects
which were stalled and initiate projects when there was a new idea. I never
returned to the boring diffusion work for which I had been hired. Seven years
later T would devise the Cahn-Hilliard equation, which is an important equation for
a common Kind of diffusion, but the path to that was a circuitous one with much
serendipity. The Kyoto Prize work occurred en route.

The path to spinodal decomposition and the Cahn-Hilliard equation

One of the main research topics of Turnbull's group was how particles of
matter arise that are different in composition and structure from what had been there
before. It was tacitly assumed that all such particles must start small and then
grow. “Nucleation” is an apt name for this; it describes the “birth” of a new
“phase,” a physically distinct and mechanically separable portion of matter, like for
example, a new bubble of gas, a new droplet, a new crystal, even a new crack in
a crystal, the “birth” of something physical, arising from an existing “matrix”
phase. During solidification, solid metals nucleate and then grow from melts.
Many alloys, ceramics, and plastics are hardened or given their properties by the
precipitation within the solid of some of their chemical elements. Nucleation
needed to be understood and controlled. David Turnbull was one of the world’s
leaders. We all believed that nucleation was the universal birth mechanism for

starting any new phase.
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The theory of nucleation kinetics has several parts. If the material of
the new phase is to grow, it has to be able to exert a pressure, which can be
determined from thermodynamic data. This pressure is needed to expand the
surface surrounding the nucleating particle. Nucleation has some similarities to
blowing up a balloon; the huffing and puffing become easier after a certain size
is reached. The tension of the surface, called surface tension, surrounding the new
particle resists the growth of the particle. Surface tension is the work of creating
the surface, and is the hardest (o measure quantity in nucleation theory. An error
of a few percent can result in a hundred fold change in the prediction of the
nucleation rate. It is almost impossible to measure for solid surfaces, although my
colleagues tried many ways. Where estimates exist, predictions from nucleation
theory most of the time find that nucleation is much too difficult for the nucleation
rates that are observed. For a long time, scientists rationalized such observations
by postulating that small particles and other unobservable small defects were the
midwives of nucleation. Such a postulate is unscientific because it cannot be
falsified.

Not everyone believed in nucleation theory. I arrived at GE at the end of a
scientific polemic between David Turnbull and Prof G. Borelius of Sweden about
how precipitation occurs in solid alloys of tin dissolved in solid lead when cooled
to temperatures where the tin is supersaturated, that is, where more tin is
dissolved in the lead than it could hold. Borelius believed that nucleation was so
difficult that another process, made possible by a postulated condition, termed the
spinodal, had to be involved. Beyond a spinodal a material is unstable and able
somehow to change continuously into the precipitate. Borelius calculated the
temperature where this continuous process should occur in solid alloys of lead and
tin, and lead to the precipitation of tin. From indirect measurements of electrical
resistance, he claimed that changes indeed began at that temperature. Turnbull
found by observation under a microscopic that tin crystals nucleated and grew,
depleting the lead crystals of tin. Since every part of the alloy remained unchanged
until the growth front reached it, the material was clearly not unstable everywhere,
even down to minus 40T, well below the calculated spinodal. Borelius accepted
these findings, and joined everyone who claimed that the spinodal was nonsense.

Turnbull’s experiment created an unexpected important paradigm for low
temperature processing. These temperatures were too low to explain the draining
of tin from the solid lead. Grain boundaries, internal surfaces in the solid specimens,
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acted as highly effective diffusion “short circuits” because they swept throughout
the solid. It took another 40 years to understand what caused the internal surfaces
to move.

Nickel-Gold

Nothing in my background had taught me about either the spinodal or
nucleation. In those early months at GE I had a chance to look a bit deeper. |
concluded on quite fundamental grounds that Borelius’ claim was fundamentally
wrong and should not have been taken seriously, There could not be a spinodal in
alloys of lead and tin. For thirty years there had been conflicts between believers in
the spinadal and nucleation mechanisms, but that should not have happened. The
name spinodal was coined by van der Waals in 1873 and generalized by J. Willard
Gibbs in 1875 based on limits where necessary conditions for stability of a material
failed. If they failed, the material would change continuously. In the same paper
Gibbs developed a nucleation theory, including a theory for various types of midwives.
He implied that nucleation would come into play only if there was no spinodal.
Because most scientists thought that nucleation was catalyzed by dirt, it was not
a subject for science. For fifty years the spinodal became the only topic studied,
and the link to Gibbs was forgotten. The condition for the spinodal was easy to
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Fig. 14.7  Gold-nickel phase disgram. (From Carspells. Louis A, ASM Matsis

Handbook, 1948 ed.),
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The left and right hand parts of the curve show the solubilities of nickel in
solid gold and gold in solid nickel, respectively. They merge at the critical
point at 840C and about 40% nickel. Above 840T nickel and gold are
completely miscible. At equilibrium alloy below the curve will decompose
into a mixture of gold and nickel rich particles.
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The crystal structures of Gold and
Nickel are the same, but Nickel is
about 15% smaller. Alloys have
tremendous lattice distortions. More
serendipity!
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Precipitation in my Nickel-Gold alloy, shown in my
early attempt at microscopy, as the black areas,
nucleated at grain boundaries, the midwife defects
peeking out as the back curved lines between black
areas. The speckled white is untransformed and
metastable. There is no evidence of the spinodal.
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(M. C. Escher)
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teach as an approximate way for erroneously predicting where nucleation would
begin. If a prediction failed, dirt could be blamed. In 1925, when Volmer and Weber
proposed a primitive theory for nucleation kinetics, they mention rediscovering
Gibbs' nucleation work, but few became familiar with his more profound
accomplishments.

[ looked for an alloy where a spinodal could occur. Nickel (Ni) and gold
(Au) have the same crystal structure. At low temperatures there are two phases;
solid gold which can dissolve a little bit of nickel and solid nickel which
can dissolve a little bit of gold. If we try to accommodate more into a single
phase, the excess will eventually appear as a second phase. As the temperature
rises, the mutual solubilities increase. At a temperature of 840T gold-rich and
nickel rich phases become identical and merge. This temperature and the limiting
compositions of about 40% nickel define the critical point. At and above 840C
nickel and gold can dissolve in each other in any proportion; they are completely
miscible. If the spinodal existed as then defined, it had to be at the critical
composition and below the critical temperature of 840T.

When my lab was finished, I prepared alloys of gold and nickel with the critical
concentration, heated them above 840T to make a single solid solution and then
cooled them and observed how the alloys transformed into separate nickel rich
and gold rich particles. Under the microscope it was no different from lead and
tin. All the evidence supported (meta) stability. Nucleation and growth were the
only mechanisms. I joined everyone else and believed the spinodal was nonsense.
We rationalized that it was wrong, because the spinodal criterion did not account
“surfaces” that would have to be created.

I turned to other research and continued to be productive. I took a course
on dislocation, and published a theory of nucleation on dislocations in which I
found conditions for which the energy barrier to nucleation disappeared. It was my
first use of variational calculus, which | had learned. This was then an advanced
mathematics that none of my colleagues had learned. It has since become an
important tool frequently used in materials theory.

Diffuse interfaces and nucleation with John Hilliard

In 1956 GE managed to hire a great experimental metallurgist. John Hilliard. He
had spent five years at MIT after his PhD from Liverpool. Every vear during that
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period he had produced new imaginative directions for experimental work, including
some fine measurements on the surface tension of internal surfaces of solids.
Hilliard and I shared many interests. His knowledge of experimental metallurgy
and my burgeoning confidence in theoretical work complemented each other. We
soon began collaborating.

There were many theories for estimating surface tension. One factor contributing
to it was based on a simple chemical bond model for the energy, obtained by counting
the number of bonds that would be changed when an abrupt surface was created,
and assuming a bond energy. This contribution was predicted to be proportional to
the square of the composition difference across the surface. This estimate is easy
to devise and the square of the difference has a universal plausibility. It is still
rediscovered regularly, although Thomas Young discovered it in 1805. We knew
only of it discovery by Richard Becker in 1938, and used it at GE for crude
estimates because there was nothing else. It was hard to test because when two
immiscible materials are in contact, say oil and water, the composition difference
cannot be changed much. Changing the materials changes the bond energy. The
exceptions are near critical points where concentration differences change rapidly
and tend to zero at the critical temperature where surfaces disappear. It has been
known since the 1890s that the measured surface tensions go to zero much faster
than predicted by the square of the composition differences.

Early in my discussions with Hilliard we realized that letting the surface tension
be proportional to the square of the composition difference has a basic flaw. If we
split the surface into two surfaces, each with hall the composition jump and thus
a quarter of the energy, the combined tensions of the two surfaces would be
halved. The further the surface is spread, the lower the combined surface tension
would be. We developed a theory for what keeps it from spreading. Material with
compositions intermediate between the compositions of material on each side of
the surface would have a higher energy and should appear sparingly. However
near a critical point where two solutions become identical this extra energy of
intermediate material becomes small and surfaces should become very broad. We
used a simple model for the energies of the two solutions, how they merged at
the critical point, and computed the properties of the surface between them.
Although there had been several earlier papers with this idea, our 1958 paper is
still highly cited.

With a reasonable model for surface tension near a critical point and the energy
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of the phases, we had all the ingredients for a theory of nucleation. We consider
a single solution under conditions where two solutions should be present at
equilibrium, and used variational calculus to calculate what kind of droplet of the
second solution would be a critical nucleus. Far away from the spinodal, we calculated
nuclei that agreed with classical theory. They were droplets of the second solution
phase, the surface of the droplets matched the surface between the two solution
phases, had the predicted size to continue growing. However, as the conditions
in the original solution approached those of the spinodal, the energy barriers
to nucleation approached zero, and the nucleus became a cloud spread over an
increasingly larger volume in which there was an ever smaller enrichment in the
components of the second solution. We did not know what to make of this, and
tried to reconcile this result with nucleation theory. Beyond the spinodal, the original
solution was clearly unstable to continuous changes. There was no energy barrier
to nucleation. If it meant that nucleation, the birth of droplets of the second solution,
would take place everywhere, what would that look like?

A more serious matter was reconciling our computed results with my
experiments on nickel and gold. I came to the conclusion that there was
something about solids solutions that was missing from the model of our solutions.
The radius of a nickel atom is about 15% smaller than that of gold; these atoms
would have a hard time fitting into the same crystal, and moving them about
would surely create stresses in the crystal. Such effects would not apply in liquid
solutions and were not part of the model we had assumed. We had no other idea.
Putting “liquids” into the title of the nucleation paper was in a safe caveat. The
spinodal was no longer nonsense, but 1 had no clue what to do next. It was a puzzle
that would require serendipitous excursions.

The Guggenheim Fellowship at Cambridge

GE invited some of the best scientists from academia to spend their summers
in our laboratory. We formed lifelong friendships with some of them, F. C. Frank
from Bristol, J. W. Christian from Oxford, Neville Mott, Jack Nutting, with whom I
wrote a paper, and Alan Cottrell from Cambridge, and M. H. Cohen, whom I had
known in Chicago. Mott from the Cavendish Laboratory is reputed to have said
of us that he has never seen so many mediocre scientists do such good work. It
was a compliment to the research environment at GE.
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[n spite of becoming a respected metallurgist, I was keenly aware of the gaps
in my knowledge and in my experimental skills. In the summer of 1959, Cohen
suggested that [ apply to the Guggenheim Foundation for a fellowship to go to
Cambridge. I applied and in spite of being an industrial scientist, I was fortunate to
be granted the Fellowship for 1960-1.

In September of 1960 I arrived at the Metallurgy Department (in the old
building of the Goldsmith Laboratory) of Cambridge University and promptly found
out that most of my research plans could not be carried out. There had been two
major fires in the department. Consequently, no furnace was allowed to stay on
overnight. My planned microscopy research involved heating specimens for weeks
and months. The metallurgy courses were qualitative and much too superficial. [
looked around for other opportunities.

In the calmer atmosphere of Cambridge, there was time to revisit unsolved
problems and unfinished research. In my first term I serendipitously took two
courses outside the department, Hydrodynamic Instability and Elasticity. At GE |
had been trying to understand “dendrites,” needlelike crystals with needlelike
branches, like snowflakes, which commonly occur during the casting of alloys and
affect the properties of the cast metal. I had hoped that the course in hydrodynamic
instability would give me insight into how the branches originated. Instead it
showed me how to think about what happens when a material is inside the spinodal.
The Cahn-Hilliard (CH) equation was then easily derived using variational calculus
to be consistent with what we knew about diffusion and the energy contributions
from gradients. Inside the spinodal the diffusion coefficient is negative; matter flow
from regions of low concentration to ones with higher concentration. The picture
predicted by this equation about what would happen inside the spinodal was very
different from what I expected. The spinodal instability produces concentration
waves that eventually give rise to particles periodically arrayed. Unlike the nucleation
idea, these particles don't starting out small and their surfaces sharpen late in the
process.

In the elasticity course, I learned how to deal with the effects of the elastic
stresses when spinodal decomposition occurs in a solid. There is no way for the
energy from the elastic stresses to be diminished. Spinodal decomposition could
occur in solids only when a reformulated stronger condition for the spinodal had
been reached. Deeper cooling of the Nickel Gold alloys later revealed spinodal
decomposition. Because elastic effects depend on direction in the crystal, spinodal
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decomposition chooses those directions in crystals known to be softest. The
interaction between composition changes and local stresses has become a paradigm
and a field of its own.

As soon as we knew what microstructure spinodally decomposed material
would have, we could find many examples and use the theory to control the
properties. GE colleagues wrote many patents for improved permanent magnets
that required ageing in a magnetic field. Spinodal decomposition has found many
applications in creating useful structures in alloys and ceramics.

Solving backward diffusion

In normal diffusion, matter flows down the concentration gradient, that is, from
where the concentration is higher to where it is lower. How matler will spread out
by normal diffusion can be predicted by solutions to an equation known as the
diffusion equation shown in the appendix. But infinitely many starting distributions
of matter can give the same distribution at a later time. Given how matter
is distributed at that later time, the equation cannot tell you how it got that way,
specifically, which one was the earlier distribution? Because it cannot be solved for
the past, that is, for normal diffusion going backward in time, the backward diffusion
equation is called “ill posed.”

Because diffusion of heat and matter obey the same equation, the mathematics
of this equation is highly developed. Whereas a fundamental law of thermodynamics,
which even Einstein believed would never be overthrown, prohibits thermal diffusivity
from being negative, the diffusion coefficient for matter can be negative. Heat cannot
spontaneously flow from a cold temperature spot to a higher temperature spot, that
is, “up the temperature gradient.” But matter is often attracted to the same kind
of matter and then it can flow spontaneously from where its concentration is low
to where it is high. The negative D found inside the spinodal, forward in time, is
the same as backward diffusion. The problem for the equation going forward in
time with a negative D is the same as for the equation with a normal positive D going
backward in time. Both are ill posed. The Cahn-IHilliard equation has a solution for
negativity D and is not ill posed. By accident, an equation of great interest to
mathematicians and to researchers in many in other fields had been created. It
was amazing serendipity.
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Looking through thin slices of solid iron-aluminum alloys to see
an approach to a critical point. The 24% alloy on the right is about
15X further from the critical point. The wavy lines are surfaces,
called (APB). The APB will disappear at the critical point, where
the abutting regions become identical and merge. From the
thesis of S. M. Allen.

Academia

Sputnik increased the demand for academic metallurgists. When I returned to
GE in 1961, the best scientists in our group were being lured away. In 1962 David
Turnbull and John Hilliard left GE for Harvard University and Northwestern
University, respectively.

David Turnbull used his knowledge of nucleation to make metallic glasses by
avoiding nucleation of crystals. He won the Japan Prize in 1986. A cosmologist
wrote a paper about the spinodal decomposition of the early universe after learning
ahout the spinodal in Turnbull’s class. Like my solutions above the critical point,
the early universe was homogeneous when diffusion was normal; it was then so
hot that atomic motion was hardly affected by gravity. As the universe cooled it
reached temperatures where gravitational attraction matched and then overwhelmed
the random part of atomic motion. Atoms in a density gradient would be attracted
and move towards regions of higher density. This is backward diffusion, and satisfies
the condition for spinodal decomposition. With that paper, spinodal decomposition
has spanned the entire length scale from atomic to that of the universe and timescales
from those of the laboratory to those of the cosmologist. Few theories can make
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that claim!

With his students at Northwestern, John Hilliard began an intensive program
of testing and extending the Cahn-Hilliard equation both for spinodal decomposition
and for normal diffusion in artificially compositionally modulated starting materials.
As a result he became a pioneer in materials on the nanometer scale. But he also
pioneered all kinds of theoretical advances in materials science and trained a
generation of outstanding materials theorists. It is amazing that a man who had no
formal training in mathematics past high school became highly skilled and innovative
in creating and teaching mathematical theories for materials science.

Ten years ago Steven Davis, one of Hilliard colleagues in the Northwestern
Mathematics Department started working on “Convective Cahn-Hilliard Models,”
bringing back to hydrodynamics something created from what I learned from
hydrodynamics at Cambridge.

I was very happy at GE, but with most of my close colleagues lured away by
universities, in 1964 1 succumbed to an offer of a full professorship at MIT in the
Metallurgy and Ceramics Department, which later became Materials Science and
Engineering. Again I was teaching graduate subjects [ had never taken as a student.
I learned a lot about what was taught elsewhere from students who had come to
MIT from other institutions. There were disagreements about what was important
and what was correct. Teaching meant surveying an entire subject and identifying
the gaps in understanding that could be studied profitably. During term there was
too little time for research, and T welcomed the short summer for doing research.
I realized that my time for full-time research had shrunk from 12 months at
GE to two months at MIT. I would do my research through my students. John
Morall greatly expanded the applications of spinodal decomposition for
multicomponent alloys by exploring a system of Cahn-Hilliard equations. James
Baker studied rapid solidification and discovered solute trapping. He then
re-examined the thermodynamics of solidification. Because of his work, I was able
to create a program of rapid solidification processing at NBS. Francis Larché
formulated a thermodynamics of stressed solids. We continued to collaborate for
decades. Ron Heady examined liquid-phase sintering and also nucleation near a
liquid-liquid critical point. Sam Allen studied ordering in iron-aluminum alloys near
a more complex “tri-critical” point and formulated another important general
equation, the Allen-Cahn equation. This dealt with processes that occurred during
the creation and motion of surfaces that formed between regions that do not differ
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2011 Nobel Laureate Dan Shechtman in 1984 in the
electron microscope room at NIST with coauthors
Cahn and Denis Gratias.

in concentration, based on my work with Ryoichi Kikuchi which began in 1957
and continued for more than forty years. Systems of the Allen-Cahn and
Cahn-Hilliard equations are the backbone of modern phase field studies. The work

of my students was exciting for me, but I missed being directly involved in
research.

National Institute of Standards and Technology (NIST, formerly NBS)

In 1977 my wife took a job in the administration of President Carter. [ decided
to follow her and to come to NBS for a two-year leave of absence, continuing the
supervision of my students with monthly trips to MIT. T found T enjoyed doing
research full-time immensely. In the first year I showed theoretically that there
would always be perfect wetting near critical points. It explained a vexing problem
for critical point researchers. Since then fluids near a critical point have found
many applications. Allen and I tested predictions about the equation in the laboratory.
After two years, I resigned from MIT and stayed at NIST for another 27 years.

As a Senior Fellow, I had complete freedom and the years at NIST were very
productive. My colleagues and 1 were creating paradigms. In particular, 1 could
specialize in phenomena that seemed to contradict existing paradigms. In my
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seventh year 1971 at MIT 1 had taken a sabbatical year as a visiting professor at
the Israeli Institute of Technology, the Technion, in Haifa, Israel. There I was
fortunate to meet Dan Shechtman, who was in his last vear of study for his PhD.
During a three-month visiting professorship to Isracl in 1980 I became
reacquainted with Dan Shechtman, who was now a faculty member and ready for
a sabbatical. At NBS we were working on rapid solidification processing and exploring
what unusual materials this process could make. We needed an electron microscopist
and 1 invited Dan Shechtman to work with us. While working at NBS, Dan
Shechtman discovered a crystal that was forbidden by the accepted paradigm of
crystallography. The International Union of Crystallography has since changed the
definition of “crystal” rules to include the “quasi (periodic) crystals”. This year Dan
Shechtman won the Nobel Prize for this discovery.

The importance of mathematics in materials science was becoming increasingly
apparent, and [ was fortunate that my research has led to problems of interest to
both pure and applied mathematicians. Both the Allen-Cahn and Cahn-Hilliard
equations have been the subject of dozens of theses in mathematics. The
“phase-field” method, based on these two equations, has been a powerful tool for
moving-boundary problems. One of the first such studies, by Ryo Kobayashi,
showed that calculations with an AC-CH pair of equations resulted in branching
dendrites. Twenty years after I had given up on the dendrite problem in Cambridge,
my research provided the tools for studying it. Serendipity again.

I have done much collaboration with mathematicians, and I continue to be
amazed how valuable they are to materials science. Many theories done by materials
scientist simplify the physical problem and approximate the mathematics. When we
see a discrepancy between an experiment and such a theory, we do not know
whether the problem is in the simplified physics or in the mathematical
approximations. When working with a mathematician, we may not need to simplify
the physics. Nature often shows us simple results from complicated situations.
Thus we should not be surprised that there are subjects where simplifying the
physics actually makes the mathematics more difficult. Even negative results from
mathematicians are useful. If I am told that the equation I have formulated has no
solution, I have to look for the missing physics. We can give our formulation of
a problem to a mathematician and obtain results without further approximation. If
those results are different from what is observed, we know that our formulation
is not appropriate for this problem.
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Qur ability to simulate processes and phenomena with accuracy grew at an
amazing pace. My colleagues established the “Center for Theoretical and
Computational Materials Science” which for more than twenty years has developed
and used state of the art computational approaches and helped to make it available
to industrial, government, and academic research. Their website,
http://www.nist.gov/mml/ctems/, is an amazing and helpful collection of solvable
problems useful to industry.

I have found my research very gratifying. I am amazed how many advances
came from what seemed arcane research, and how wide the range of topics that
grew out of metallurgical problems has been. It has been wonderful working in a
paradigm building field. There are still many unexplored topics waiting for someone.
The field has become larger with excellent research all over the world, but it is
still very collegial. We are very supportive of each other. Scientists welcome
colleagues, and value breakthroughs.

Lastly T want to thank my more than 100 coauthors from more than a dozen
countries and in several disciplines, who have helped me over the years and
continue to contribute. I owe them much. Many have expressed their joy at the
recognition of their work implied by this amazing and generous Kyoto Prize.

Appendix: The equations for those who want to see them

If D is a constant, the equation is linear and easy to solve
(8/8tH) u=D V2q,

where u is the concentration at a spot and time, (2 /2t) u is how rapidly u at
that spot changes with time, Vu is the gradient of u, V2 u is the divergence of
the gradient of u. Both are measures of how different u is in the vicinity of the
spot. D is called the diffusion coefficient which quantifies how rapidly diffusion
occurs. D is what I tried to measure so laboriously in Chicago. If, as is usually the
case, D depends on u,

(8/et) u= VI[D Vu],

given any distribution of matter, solution to these equations will tell how it
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will be distributed in the future, usually becoming more uniformly distributed.

But infinitely many previous distributions can give the same current distribution.
Given how matter is distributed now, the equation cannot tell you how it got that
way, specifically from which earlier distribution. Because it cannot be solved for
the past, that is, for normal diffusion going backward in time, the backward diffusion
equation is called “ill posed.”

Adding a fourth-order term to the diffusion equation converts it into the
Cahn-Hilliard equation, which has solutions forward in time for positive and

negative I,
(3/2tu = V[D()Vul — £2V4y,

where ¢ is a small distance, whose magnitude for each case can be obtained

from experiment and/or theory.
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