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Dendrites solidified by computer 
Michel Rappaz and Wilfried Kurz 

EVERY metallurgist ( and almost every ally becomes unstable and breaks up into 
skier) is familiar with the appearance of a dendritic morphology. The typical 
dendritic crystals. Worldwide, as many as length scale of a dendrite is dictated by 
10 billion metallic dendrites are produced two antagonist phenomena. On one hand, 
in industry every second during solidifica- diffusion (of heat and/or of solute ele
tion. Simulating every detail of the ments) is most efficient when the interface 
process in the computer has proved diffi- becomes highly pointed, for the same rea
cult, but two researchers from the US son that the elongated hull of a racing 
National Institute of Standards and Tech- boat has a lower drag coefficient than a 
nology (NIST) have now developed a broad barge. On the other hand, curva
technique1 that makes it possible to do so. ture and the associated surface energy 

The omnipresent dendritic structure tend to make the crystal as blunt as possi
does not appear only in metals; it is also ble. The snowflake in Fig. 1 is a typical 
typical of snowflakes and of other materi- result of such a compromise, the beauty 
als such as ceramics, and is of course a key being that its morphology also reflects the 
element in the neural system of animals crystallographic nature of the molecular 
and man (the human brain has about arrangement (hexagonal in this case). 
a hundred billion neurons, each being For most metallic alloys, several phases 
connected to neighbouring cells by den- can precipitate in between the arms of the 
drites and an axon). The name comes dendrites depending on the alloy com
from the highly branched morphology: the position ( an example is silicon platelets in 
Greek for tree is '8ev8pov (dendron). an aluminium-silicon alloy for a car 

Transformations in inorganic materials engine block). This mixture of ductile 
being much simpler than in living matter, dendrites and hard interdendritic particles 
physical and mathematical modelling of occurs at the length scale of the dendritic 
crystal formation has made much progress pattern and, to a large extent, conditions 
in the past few decades. The key incentive the ultimate mechanical behaviour of the 
is the prediction of properties. It is well part. 

FIG. 1 The familiar hexagonal, dendritic form 
of a snowflake. 

known to alpine skiers that the mechani
cal behaviour of a layer of snow, and thus 
the avalanche tendency, depends on the 
structure and interaction of the tiny ice 
dendrites. Similarly, the structure and 
interaction of metal dendrites control the 
behaviour of metallic alloys. A good 
example is provided by single crystalline 
turbine blades which are used in the harsh 
environment of jet engines at tempera
tures of some 1,000 °C and at up to 9,000 
r.p.m. The high performance of these 
components is improved if the blades 
solidify with their dendrites all oriented 
along the same direction. 

The transformation of a liquid into 
solid has to start from a nucleus. Once a 
nucleus has formed, it starts to grow. But 
the interface between solid and liquid usu-
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...J For many years, scientists struggled to 
~ understand the mechanisms of dendrite 
g growth. Metallurgists of the eighteenth 
~ century were limited to drawing dendrites 
~ seen with the naked eye. Investigations 
! carried out on transparent materials2

•
3 in 

~ combination with theoretical considera
~ tions4

•
5 helped to clarify the situation. But 

~ it was not until the pioneering work of 
u Langer and Miiller-Krumbhaar that a 

quantitative description was obtained for 
the growth of the dendrite tip6

• 

Although the dendrite tip plays a key 
role in determining the final microstruc
ture formation, it is only a small part of a 
much larger structure. Other theories had 
to be used, each to describe the formation 
of other phenomena in the same dendrite: 
side branches, their evolution ( coarsen
ing), the segregation of solute elements 
and so forth. 

With the advent of powerful computers 
and workstations, new routes have 
become available for the simulation of 
dendrite formation. James Warren and 
Bill Boettinger, respectively a physicist 
and a material scientist working at NIST, 
have now derived an elegant, comprehen
sive numerical technique for solving this 
problem 1. Rather as Cahn did in 1960 for 
spinodal decomposition7

, they took into 
account the diffuse nature of the solid
liquid interface of metals. The transition 
from liquid to solid occurs over several 
atomic distances. Accordingly, they as
sumed the change between liquid and 
solid to be gradual over several mesh 

points of a grid. In addition to a solute 
concentration, each point of the grid is 
characterized by a volume fraction of the 
liquid phase. This field, which gives the 
technique its name ('phase field'), is equal 
to unity if the grid point is fully liquid and 
zero after it has solidified. The solute dif
fusion equation is coupled to a phase-field 

FIG. 2 Results of numerical modelling1 of 
dendritic growth of an undercooled metal with 
cubic crystal structure. Colour bar shows 
concentration gradient. (Reprinted with per
mission from ref. 1.) 

equation governing the evolution of the 
curvature of the system . 

The image shown in Fig. 2 is the result 
of such a computation for a nickel-copper 
alloy using a grid of 750 by 750 points. The 
cubic structure of the solid metal is clearly 
reflected by the orientations of the den
drite branches, which grow at 90 °. All the 
features observed experimentally for den
drites of alloys are present: dendrite tip 
growth, formation of secondary arms near
ly perpendicular to the primary trunks, 
coarsening or coalescence of dendritic fea
tures, and microsegregation. So it seems 
that, although the grid size used in these 
computations is still much larger than the 
atomic scale, it successfully reproduces the 
behaviour of the solid-liquid interface of 
metals. The simulation, which is as yet lim
ited to two-dimensional growth situations, 
definitely gives a new insight into the 
mechanisms of dendrite growth and is a 
substantial contribution to the problem of 
pattern formation. C 
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