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1.1. Solidification microstructures from additive manufacturing processes   

The principles defining the formation of solidification structures in wide growth rate 

and temperature gradient ranges, typical of additive manufacturing processes, are 

discussed here. The generated microstructures only rarely represent the thermodynamic 

equilibrium. They are the result of competitions between nucleation and growth of phases 

in unsteady mass and energy transfer regimes. However, at the solid-liquid interface, 

thermodynamic equilibrium can be preserved. In cases of extreme velocities where it is 

not, solute trapping comes into play, complicating the explanation of microstructural 

morphologies and their phase and solute compositions. 

1.1.1. Introduction 

Solidification is present in additive manufacturing processes involving a melting step. 

This is the case for powder bed fusion (PBF) processes using a heat source (L-PBF: laser 

beam, E-PBF: electron beam), fusion processes with a projected powder (DED: Direct 

Energy Deposition), for example using a laser source (LMD: Laser Metal Deposition), or 

processes for depositing material by electric arc wire fusion (WAAM: Wire Arc Additive 

manufacturing). These technologies are described in Chapter 1 of Volume 1.  

The formation of a solid can occur below a characteristic temperature of 

thermodynamic equilibrium. For an alloy of composition w0, this temperature is called the 

liquidus, .l

LT   It coincides with the eutectic temperature, ,l

ET   when the composition 

approaches that of the eutectic, .lEw   The size of the microstructure is strongly dependent 

on the temperature gradient, G, and the solidification rate, Vs, prevailing at the solid-liquid 

interface during growth. Thus, the primary, 1, et secondary, 2, dendritic spacings, and 

the eutectic interlamellar spacing, e, follow the following trends (Dantzig and Rappaz 

2016):  

1 ∝ G-1/2 Vs
-1/4    [1.1] 

2 ∝ G-1/3 Vs
-1/3    [1.2] 

e ∝ Vs
-1/2    [1.3] 

A first estimate of G and Vs can be based on isotherms l

LT   and .l

ET   Moreover, in 

the case of directional growth, called columnar growth, the orientation of the micro-

structure can also be approximated by that of the temperature gradient. These first 

elements indicate the importance of the analysis of heat transfers to understand and 

control the solidification microstructures.  

                                 

Section 1.1 written by Charles-André Gandin.   
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COMMENTS ON FIGURE 1.3.– The melting of the material generates a melt-pool in the 

region of temperature above al

LT and a mushy zone, i.e. mixture of solid and liquid 

phases, between al

LT  and the solidus isotherm of the alloy, (a), green surface and contour). 

Material: Inconel 718 with al

LT  = 1337 °C and al

ST  = 1075 °C, according to (Antonsson 

et Fredriksson 2005) ; thermal diffusivity, ath = 10-5 m2 s-1, thermal conductivity, 

K = 30 W m-1 K-1, initial temperature, T0 = 20 °C. Heat source according to the model of 

(Cline and Anthony 1977): power, P0 = 100 W, standard deviation of the Gaussian 

representing the spatial distribution of energy around the center of the heat source, 10-4 m, 

velocity, V0 = 1 m s-1. The central position of the heat source is represented by the white dot 

on the surface of the weld-pool. 

Figure 1.3 gives an illustration of a temperature field generating a liquid pool by 

melting a metallic material according to the model of Cline and Anthony. The material is 

characterized by its thermal diffusivity, ath, its thermal conductivity, K, and its initial 

temperature, T0. The heat source moves linearly at the speed V0. It is also described by its 

power, P0, and its spatial Gaussian distribution of energy with the standard deviation 

representing here the diameter of the source. The temperature field at instant t is then 

given by an analytical formula. Other analytical forms exist, such as the solution of 

(Rosenthal 1946), a simplified version of the solution of Cline and Anthony for a point 

heat source (i.e., zero standard deviation). The limitations of these solutions are 

numerous: purely stationary regimes, absence of the effect of convective transport and 

movements of the liquid-gas interface, constant properties with temperature, etc. 

Numerical modeling is therefore relevant in this context, as evidenced by chapter 4 of 

volume 1. However, the orders of magnitude given in figure 1.3 are sufficient to realize 

the variations in G and Vs and, as a result of using the equations [1.1] to [1.3], variations 

in microstructure size and orientation. In front of the heat source, the isotherm velocities 
l

LT   shown in Figure 1.3 come out of the weld-pool, which represents the propagation 

of heat in the cold material, i.e., fusion. Conversely, behind the heat source, the isotherm 

of the liquidus propagates towards the weld-pool already formed, indicating its cooling 

and therefore its solidification. Obviously, it is the region downstream from the heat 

source that interests us for the study of the formation of solidification microstructures. 

In this region, going up from the bottom of the weld-pool towards its upper surface 

behind the heat source, we also observe that G decreases as Vs increases. The ratio G/Vs 

is therefore high at the bottom of the bath and low at its upper surface. This evolution is 

indicative of a columnar directional growth, from the bottom of the weld-pool, whereas 

an equiaxed growth is possible at the surface of the weld-pool (Hunt 1984). These 

analyzes can be summarized in maps representing domains of G and Vs in which 

columnar and equiaxed microstructures are found (Kurz and Fisher 1998; Dantzig and 

Rappaz 2009) (example in figure 1.2). 



Given the speed and temperature gradient domains involved, the rest of this section 

describes a series of phenomena explaining the formation of solidified microstructures in 

additive manufacturing processes, including high speed solidification. The following 

concepts will be introduced: growth kinetics and morphologies of microstructures, 

thermodynamic equilibrium of the interface, competition of growth between 

microstructures and selection of grain structures. We will limit ourselves to dendritic and 

eutectic structures, omnipresent in the transformations of metallic alloys from a liquid.  

 

Figure 1.4. Schematic representations (center) of a phase diagram for a binary mixture 

and of the dendritic (left) and eutectic (right) microstructures growing in a temperature 

gradient, G, with indication of the temperatures, lengths, curvature undercooling, 

chemical undercooling and characteristic chemical compositions. 

COMMENTS ON FIGURE 1.4.– The dashed lines schematize the equilibria in the presence 

of a curvature (in grey) and the T0 lines (in red) (see text). The effects of solidification 

rate on the modification of thermodynamic equilibria are not included here. 

1.1.2. Growth kinetics with local interface equilibrium  

The literature is rich in works explaining the kinetics and morphologies of solidification 

microstructures. We limit ourselves below to the case of binary alloys. In addition, we 

consider dilute alloys and a linearized representation of the phase diagram, as schematized 

in figure 1.4: the slopes of the boundaries between single-phase liquid, l, crystalline solid 

domains,  and , and bi-phasic,  + l,  + l and  +  are constant. For the alloy with 

composition w0 at temperature T such that the solid  and liquid phases coexist, of 



respective solute chemical compositions wl and wl, the thermodynamic equilibrium of 

the mixture is characterized by the partition coefficient kl = wl / wl. In the example in 

figure 1.4, wl < wl in the biphasic domain  + l, so that kl < 1 at the interface between 

the solid  and the liquid, reflecting the chemical segregation of the solute in the liquid 

from the interface l. When the solid  is growing at the rate Vs, the solute will then 

accumulate in the liquid at the solid-liquid interface. Similarly, although the temperature 

can be deemed constant at the interface, the energy of the solid is lower than that of the 

liquid which, during solidification, releases heat. These segregated quantities, solute and 

energy, will have to be evacuated by diffusion in the liquid. Moreover, when the interface 

l is not planar, its curvature adds an undercooling proportional to the interfacial energy. 

Diffusive and curvature phenomena generate a deviation from the thermodynamic 

equilibrium which is represented in Figure 1.4 by undercooling l l l

d L dT T T   = −  and 

,l l l

e E eT T T   = −  where l

dT   and l

eT   are respectively the growth temperatures of 

the  dendritic and  +  eutectic microstructures. We observe in figure 1.4 that the 

eutectic structure is interdendritic, that is to say that it grows in the residual liquid with 

a composition close to the eutectic, ,l

Ew   due to the accumulation of the solute rejected 

at the interface l during dendritic growth. In directional growth, i.e., in a temperature 

gradient G, the growth fronts are thus below the equilibrium temperatures l

LT   and l

ET 

. This situation is encountered in additive manufacturing where G/Vs is high, Vs can then 

be estimated using the velocity of isotherms l

LT   and l

ET   deduced from the overall 

energy balance carried out at the process level (figure 1.3). In general, and without going 

into the details that can be found in several reference works (Kurz and Fisher 1989), 

growth undercooling is written as the sum of several contributions (energy diffusion is 

neglected here because very often in additive manufacturing a columnar constrained 

growth is observed): 

∆𝑇𝑑
𝛼𝑙 =  −𝑚𝑙𝛼𝑤0  (

(1 − 𝑘𝛼𝑙)Iv(Pe𝑤)

1 − (1 − 𝑘𝛼𝑙)Iv(Pe𝑤)
) +  

2𝛼𝑙

𝑅𝑑

 
[1.4] 

∆𝑇𝑒
𝛼𝛽𝑙

=  𝐴𝑤 𝑃𝑒𝑒
+  𝐴𝑅  /𝑒    [1.5] 

The first contribution of equation [1.4] is the undercooling of chemical origin, 

∆𝑇𝑑,𝑤
𝛼,𝑙 =  −𝑚𝑙𝛼(𝑤𝑑

𝑙𝛼 − 𝑤0), related to the diffusion of the solute in the liquid. It is 

estimated by the product of the slope of the liquidus of the phase diagram, ,lm   and the 

gap between the composition far from the interface, w0, and the composition of the liquid 

at the interface, 𝑤𝑑
𝛼𝑙 = 𝑤0 (1 − (1 − 𝑘𝛼𝑙)Iv(Pe𝑤))

−1
. The latter is given by the Ivantsov 

solution Iv(Pew) of the steady diffusion profile of the solute in the liquid for a value of 

the Peclet number, Pew = (Rd Vs) / (2 Dl), where Rd is the radius of the parabolic tip 

representative of the dendritic growth shape and Dl is the chemical diffusion coefficient 



of the solute in the liquid. The second contribution of equation [1.4] is that of the curvature 

at the tip of the dendrite, ∆𝑇𝑑𝑅
𝛼𝑙 =  2𝛼𝑙/𝑅𝑑, being the Gibbs Thomson coefficient. As 

for equation [1.5], it is also the sum of a chemical undercooling, ∆𝑇𝑒𝑤
𝛼𝛽𝑙

=  𝐴𝑤  𝑃𝑒𝑒
, and 

a curvature undercooling, ∆𝑇𝑒𝑅
𝛼𝛽𝑙

=  𝐴𝑅  /𝑒, with 𝑃𝑒𝑒
= (𝑒𝑉𝑠)/𝐷𝑙  the Péclet number 

associated with the eutectic interlamellar spacing 𝑒 = (𝐴𝑅/𝐴𝑤)1/2(𝐷𝑙/𝑉𝑠)1/2 this 

expression justifying the equation [1.3]. The coefficients AR and Aw are defined by the 

properties of the phase diagram and physicochemical properties such as the Gibbs-

Thomson coefficients between the solid and liquid phases, l and l (Kurz and Fisher 

1989; Dantzig and Rappaz 2016).  

However, if the growth rate is not too high, the solid-liquid interface can be considered 

to be at equilibrium, i.e., its compositions can always be read on the equilibrium phase 

diagram in the presence of a curvature of the interface. The equilibrium diagram then 

remains the basic tool to work from. The diagram with curvature is preferential to that 

without curvature because it always represents a thermodynamic equilibrium where the 

free energy of the solid phase accounts for its curvature. Note also that the curvature of the 

interface certainly modifies the thermodynamic equilibrium, but independently of the 

speed of the interface.  

1.1.3. Loss of local interface equilibrium at high solidification rates 

The contributions above express the solute diffusion effects as well as that of the 

curvature of the interface. In doing so, they always assume that the interface is in 

thermodynamic equilibrium. When the solid is growing in the liquid at the rate Vs, we 

have seen that the interface is the site of solute exchanges between the solid and liquid 

phases. To maintain a constant value of the partition coefficient, equal to that read on 

the phase diagram, the atoms will need time to be evacuated from the interface zone by 

diffusion in the liquid. It is this assumption that is made to develop the models given by 

equations [1.4] and [1.5]. The interface is then always at local thermodynamic 

equilibrium, despite the equilibrium deviations linked to the solute diffusion fluxes as 

well as to the curvature. To do this, the diffusion length of the atoms in the liquid, Dl/Vs, 

must be much larger than the thickness of the interface, , where Dl represents the 

diffusion coefficient of the solute in the liquid. This condition can be written:  

Pe << 1 with Pe  =  Vs / Dl     [1.6] 

where Pe represents the dimensionless Peclet number, ratio of variables  and Dl/Vs. In 

practice, for a rough (also called diffuse) interface representative of most metal alloys, 

 is around a few atomic layers (10-9 m). The diffusion coefficient in the liquid is 

approximately 10-9 m2 s-1, the deviation from this interface thermodynamic equilibrium 

condition takes place for velocities close to 1 m s-1. To translate the deviation from the 



thermodynamic equilibrium of the interface as a function of the solidification rate, (Aziz 

1982) introduce an effective partition coefficient, 𝑘𝑣
𝛼𝑙, function of the Peclet number, Pe :  

𝑘𝑣
𝛼𝑙 =

𝑘𝛼𝑙+𝑃𝑒𝛿

1+𝑃𝑒𝛿
   

[1.7] 

Doing so, when Pe is low enough, the effective partition coefficient tends towards that 

of equilibrium 𝑘𝛼𝑙. On the other hand, for sufficiently high values of Pe, 𝑘𝑣
𝛼𝑙 tends 

towards 1, which reflects “solute trapping” or the absence of chemical redistribution at the 

interface. The solid-liquid interface is then no longer in thermodynamic equilibrium. By 

extension, it is also proposed to modify the slope of the liquidus of the equilibrium phase 

diagram, 
lm 

, to account for the speed of the interface (Boettinger and Coriell 1986): 

𝑚𝑣
𝑙𝛼 = 𝑚𝑙𝛼 (1 +

𝑘𝛼𝑙−𝑘𝑣
𝛼𝑙(1+ln (𝑘𝛼𝑙/𝑘𝑣

𝛼𝑙))

1−𝑘𝛼𝑙 )  
    [1.8] 

The chemical undercooling is then given by −𝑚𝑣
𝑙𝛼(𝑤𝑑

𝑙𝛼 − 𝑤0). Again, at low speed, 

𝑚𝑣
𝑙𝛼  tends towards 𝑚𝑙𝛼 , the value at equilibrium. If the equations [1.7] and [1.8] propose 

a model of evolution of the thermodynamic properties to describe the partition of the solute 

at the interface according to the rate of solidification, they do not give the unique value 

towards which the chemical composition must tend for a sufficiently high speed. It is the 

analysis of (Baker and Cahn 1971) that provides the necessary construction. The 

thermodynamic equilibrium condition given by the equality of chemical potentials, 

l = , is replaced by a condition on the free enthalpy of the phases, Gl = G. The first 

case corresponds to the common tangent of curves Gl and G at temperature T and pressure 

p of the mixture. It provides access to the equilibrium compositions of the phases, wl and 

wl, and therefore at value kl, thus constructing the phase diagram in figure 1.4. The 

second case more simply look forthe composition at which the free enthalpies of the 

phases are equal at temperature T of the mixture, thus corresponding to the solute 

trapping condition. Conversely, one can investigate at what temperature an alloy of 

known composition can give rise to solidification without segregation between the solid 

and liquid phases. In a phase diagram, this temperature is sometimes referred to as the 

line T0 (Kurz and Fisher 1989; Dantzig and Rappaz 2016). It is shown in the two-phase 

domain  + l in figure 1.4. 

Another phenomenon giving rise to a deviation from thermodynamic equilibrium is 

the attachment kinetics of atoms. It designates the capacity of the atoms of the liquid to 

reorganize to join a growing  solid phase. To quantify it, we introduce a kinetic 

undercooling, ∆𝑇𝑑𝑐
𝛼𝑙, inversely proportional to the speed of the solid-liquid interface:  

   ∆𝑇𝑑𝑐
𝛼𝑙 = 𝑉𝑠 µ𝑘⁄  [1.9] 



where k = (Sf Vson) / (R Tf) is the kinetic attachment coefficient with R the ideal gas 

constant, Tf is the melting point of the pure body, Sf is the entropy of fusion and Vson is 

the speed of sound (around 1000 m s-1) (Turnbull 1962). For a metal with a rough 

interface, k is around 103 m s-1 K-1. Solid growth rates of the order of 1 m s-1 are required 

for attachment kinetic undercooling to play a role. In fact, at extreme speeds (100 to 

1000 m s-1), some systems also show that the atoms no longer have time to reorganize at 

the interface to form a crystal. The atoms of the liquid freeze and a glassy phase can be 

observed.  

Figure 1.5 gives an illustration of the temperature of a dendritic structure,  𝑇𝑑
𝛼𝑙, 

calculated using equations [1.4], [1.7], [1.8] and [1.9]. Note that the model covers both 

dendritic and cellular morphologies, i.e., dendritic without secondary branches. We also 

see that additional morphologies are mentioned, flat front and banded, which we will 

now introduce.  

 

Figure 1.5. Growth temperature of a solid-liquid interface as a function of its velocity 

Vs for flat interface morphology, T𝑝
αl  (in red), and cellular or dendritic, Td

αl (in green) 

COMMENTS ON FIGURE 1.5.– The schematic representation is given here for an alloy of 

known composition, the solid at the interface consisting of a single phase and the growth 

being directional in a fixed temperature gradient (recomposed from (Gremaud 1990)). 

The identified morphologies are planar (P), cellular (C), dendritic (D) and banded (B). 



1.1.4. Growth morphologies 

Speed limits exist, which define the morphologies of the microstructures. Mullins and 

Sekerka (Mullins and Sekerka 1964) establish a stability analysis of a flat front l. The 

expression for this limit is Vinf = G Dl / T0, where T0 = l l

L ST T −  is the solidification 

interval of the alloy defined by the thermodynamic equilibrium temperature values at the 

start and end of solidification, considering only the two-phase equilibrium  + l. This speed 

corresponds to the constitutional undercooling limit (Tiller et al. 1953) for which the flat 

front can only grow stationary at the solidus of the alloy, ,l

ST   the temperature gradient at 

the interface, G, being higher than its chemical counterpart, ,l l

wm G   where l

wG   represents 

the composition gradient of the solute in the liquid at the interface l.  

 

Considering the orders of magnitude typical for metal alloys and additive manufacturing 

processes, T0 = 100 K, G = 105 K m-1, and Dl = 10-9 m2 s-1, we obtain Vinf = 10-6 m s-1. 

Considering the velocity field represented in figure 1.3, we do not expect to meet this 

condition of existence of the flat front in additive manufacturing. Indeed, even if the 

speed at the bottom of the pool starts from zero, it increases very rapidly to reach several 

millimeters per second only a few micrometers behind the heat source. This speed limit, 

Vinf, below which growth morphology is flat, P, is represented in figure 1.5.  

For a higher solidification rate, the morphology becomes cellular, C, then dendritic, 

D, the latter corresponding to the diagrams of figures 1.1 and 1.4. For even higher speeds, 

the interface l gradually re-stabilizes, resuming a cellular morphology, C, then flat front, 

P. This is the limit of absolute stability at high speed. Again, an analytic expression can 

be derived, Vsup = (Dl T0) / (kl l). It is interesting to note the absence of the temperature 

gradient in this expression, as well as the presence of the Gibbs-Thomson coefficient 

reflecting the effect of the interfacial energy. It is indeed this energy which stabilizes the 

interface perturbations at high solidification rates. By taking typical values of the 

properties previously introduced, and adding l = 2·10-7 K m and kl = 0.5, we obtain 

Vsup = 1 m s-1. Thus, in areas of beads where the liquidus isotherm is the fastest, it could be 

that this limit is reached. Moreover, this was the order of magnitude used in 

microstructures studies produced by laser remelting in the 1990s, giving rise to the 

observation of the transition C – P at high solidification rates (Kurz and Trivedi 1996). 

In figure 1.5, it can also be noted that a growth regime in the form of banded 

microstructure, B, is encountered close to the stability of the flat front Vsup (Kurz and 

Trivedi 1996). Its explanation requires the effects of non-equilibrium growth of the 

interface to be accounted for. Generally speaking, it is close to this speed Vsup that the 

effects of deviation from thermodynamic equilibrium are present in metallic alloys. 

Beyond a certain speed, the crystalline phase  can no longer form and the liquid is frozen 



in the form of a metallic glass. This is observed for powder atomization or roller 

quenching processes and the speeds here are estimated to be around 100 m s-1 (Dantzig 

and Rappaz 2016).  

The temperature of a flat front, ,l

pT   can also be calculated as a function of the 

solidification rate. Since the growth of the flat front in steady state can only be achieved at 

the solidus of the alloy, ,l l

p ST T =  its undercooling l

pT   is the sum of the chemical 

contribution, ∆𝑇𝑝𝑤
𝛼𝑙 = 𝑚𝑣

𝑙𝛼(𝑤𝑝
𝑙𝛼 − 𝑤0) where 𝑤𝑝

𝑙𝛼 = 𝑤0/𝑘𝑣
𝛼𝑙  is the composition of the 

liquid at the solidus temperature, plus the kinetic contribution given by equation [1.9].  

 

For a rate less than Vinf, that is to say a low rate, 𝑘𝑣
𝛼𝑙 = 𝑘𝛼𝑙, 𝑚𝑣

𝛼𝑙 = 𝑚𝛼𝑙 and Vs/k is 

negligible, so that 0

l

pT T =   corresponding to growth at the solidus temperature. By 

increasing the speed, the solidus is affected, ( ) ,l

S sT V
 as shown in figure 1.5. We note 

that the liquidus temperature is also affected and that it is only at very high rates that 

( )l

L sT V
 and ( )l

S sT V
 are close to T0, with l

vk   tending towards 1. But, as illustrated in 

figure 1.5, the kinetic undercooling contribution is already present before 
0

l l

L ST T T = =  

and the temperature of the flat front continues to decrease. Complete solute trapping only 

takes place for a rate that has exceeded the absolute stability velocity, Vsup. The curves 

describing the cellular/dendritic and flat front structures in Figure 1.5 naturally meet at the 

stability limits of the flat front. The selected structure is the one with the highest growth 

temperature and therefore requires the lowest equilibrium deviation. The stability regimes 

of the structures expected as a function of the speed are then listed, in ascending order: P, 

C, D, C, B and P.  



 

Figure 1.6. Solidification structures of an alloy of eutectic composition 

Al – 33 %pds Cu observed in a longitudinal cross section XZ 

COMMENTS ON FIGURE 1.6.– See reference figure 1.3. Structures in the center of a laser 

trace showing a) a schematic representation of the microstructural evolutions from the 

unmelted base material to the upper metal surface, of the regular (d) and wavy (b) 

eutectic and the transition to a band structure (c), according to (Zimmermann 1990). 

Figure 1.6 gives a summary of the evolution of the structures observed for an alloy of 

eutectic composition Al – 33 wt% Cu (Zimmermann 1990). Although the growth theories 

are different from those of dendritic microstructures, we find the schematic description of 

the role velocity on the microstructures as the solidification of the pool occurs. We note in 

particular the decrease in the size of the interlamellar spacing observed in equation [1.3] 

and the transition to a banded structure at high rates. In fact, chemical contributions, 

curvature and kinetics are also at the origin of these evolutions. It should be noted, 

however, that the structure described for the single-phase microstructure growing in the 

liquid close to the absolute stability limit is replaced by a coarser wavy eutectic structure.  

a) 

b) 

c) 

d) 



1.1.5. Growth competition between microstructures 

Figures 1.5 and 1.6 introduced and illustrated the principles of growth competition 

during the solidification of an alloy. They must be supplemented by the possible 

competition between different types of microstructures.  

Thus, we see in Figure 1.4 that the diagram shows, for the same alloy of composition 

w0, both a dendritic structure and a eutectic structure. The figure suggests that 𝑇𝑑
𝛼𝑙 > 𝑇𝑒

𝛼𝛽𝑙
 

This situation is a special case because it is also possible to find, for the same alloy 

composition, situations for which 𝑇𝑑
𝛼𝑙 < 𝑇𝑒

𝛼𝛽𝑙
. This can happen by changing the rate of 

solidification. In this case, the eutectic structure  +  developing at a temperature higher 

than that of the single-phase dendritic structure  , the latter will be prevented from 

growing. In Figure 1.4, this principle can be extended to competition with a l structure, 

so that a total of three types of structures can compete. Depending on the growth 

conditions, the microstructure selected will not be the one with the highest equilibrium 

phase onset temperature, but rather the one with the highest growth temperature. It should 

be noted here that the same principle is applied in Figure 1.5 to establish which of the 

growth morphologies of an l interface is selected.  

Figure 1.7 schematizes the construction using the same phase diagram as in Figure 

1.4 in a simplified way and for the composition alloy w0. The growth temperatures of the 

microstructures resulting from the equilibria l, l and l are calculated as a function of 

the rate and transferred to the right. The upper part of the figure indicates which of the 

microstructures are the most stable on the basis of the criterion of the maximum growth 

temperature. It is thus found that at very low growth rates, it is a eutectic structure which 

is favored. This result is not intuitive, but corresponds to the fact that the  structure of the 

flat front grows at a much lower temperature defined by the solidus of the mixture l at 

composition w0, below the eutectic growth temperature. This lower limit is of little interest 

for additive manufacturing as mentioned above.  

On the other hand, while the microstructure resulting from the single-phase interface 

l is present in a wide range of rates in figure 1.7, the eutectic microstructure then a 

microstructure from the l interface become stable again at higher rates. For the alloy 

considered, it is then possible to plot on the phase diagram the domains of microstructure 

formation according to the rate of solidification. The procedure carried out over the 

entire composition range defines the coupled zone, i.e., the region of the phase diagram 

where only the eutectic structure appears, but also the regions where the single-phase 

primary phases  and  are formed. It should be noted that the method described only 

applies to determining the structure growing at the highest temperature, called the 

primary solidification structure, without predicting the secondary phases formed from 

the liquid state, such as the inter-dendritic eutectic structure illustrated in figure 1.4. 



Figure 1.7 therefore identifies the regions of composition and rate allowing the 

formation of one type of primary microstructure. By extension is constructed the 

microstructure selection map, such as in the Al-Fe system (Gilgien et al. 1995) and 

Al-Cu (Gill and Kurz 1995) for wide rate and chemical composition ranges. Maps and 

studies of competition between microstructures also exist in more limited domains for 

Ni-Al (Hunziker and Kurz 1999; Tourret et al. 2011) or Fe-Ni (Hunziker et al. 1998; 

Vandyoussefi et al. 2000; Dobler et al. 2004), including in particular peritectic 

microstructures, as well as for some multi-component systems.  

In the presentation given, the phase diagram used is that at equilibrium, with domain 

limits that can be modified by the kinetic contribution via equations [1.8] and [1.9]. 

However, many systems present equilibria with metastable phases that must also be 

considered to determine any possible competing microstructures. There are many 

examples in the literature. The best known is probably that of the Fe-C diagram. While 

the stable eutectic of the phase diagram is defined by grey cast iron, composed of 

lamellae of a solid solution of iron, austenite, and graphite (composed of pure C), it is 

common to observe the formation of white cast iron, a metastable eutectic material with 

the same austenitic phase but also with the Fe3C intermetallic phase. The microstructure 

selection map must then focus on calculating the growth temperature of the metastable 

eutectic (austenite + Fe3C), even though the intermetallic is not initially present in the 

equilibrium phase diagram. The stable and metastable phase diagrams must therefore be 

used to plot the growth temperature curves in Figure 1.7. The nucleation phase kinetics 

have not been considered here either. We confined ourselves to comparing growth 

temperatures assuming that the phases are already present or can germinate as soon as 

their thermodynamic equilibrium temperature is reached. Otherwise, nucleation must be 

added to the mechanisms governing the competition between microstructures. Finally, 

it should also be mentioned that the theories concerning growth competition between 

microstructures are mainly developed for binary model alloys. Extensions are necessary 

for application to industrial alloys.  



 

Figure 1.7. Principle of the coupled zone 

in the case of a binary eutectic system 

COMMENTS ON FIGURE 1.7.– For the alloy with composition w0, the single-phase 

solidification microstructures  and  can form as well as the eutectic two-phase structure 

 + . On the right, the growth temperatures of these three structures are plotted against 

velocity using growth kinetics models (e.g., equations [1.4] and [1.5]). The structure 

adopting the highest growth temperature is assumed to be the most stable, defining 

domains of existence according to the growth rate (according to (Kurz and Fisher 1989; 

Dantzig and Rappaz 2016)). 

1.1.6. Selection of grain structures 

So far, we have considered the microstructure. The primary grain structure, or 

primary solidification macrostructure, is defined on a larger scale. It results from the 

growth of the primary microstructure which can be dendritic or eutectic according to the 

principle of selection seen in section 1.1.5. The grain is generally defined as the domain 

grouping together the microstructure resulting from the same germ. When the 

microstructure growth is by successive branches of the crystal, a relative uniformity of 

the crystallographic orientation of the microstructure within the same grain can exist. 

Similarly, in additive manufacturing where remelting and solidification alternate to 

build the part layer after layer, the crystallographic orientation can be propagated in the 

direction of the temperature gradient. The grain structures can then reach very large 

dimensions, close to those of the manufactured part in the direction of manufacture (i.e., 

the temperature gradient). Figure 1.1 shows the growth of dendritic grains developing 

in a liquid subjected to a temperature gradient G, cooling evenly at the rate G ∙ VL with 

VL the velocity of the liquidus isotherm. Three grains, numbered 1 to 3, are each composed 

of two dendrites of the same color. For these grains, the color corresponds to a 



crystallographic orientation, here defined by a simple rotation  with respect to the 

direction of the temperature gradient. The directions of the trunks and arms of dendrites 

of the same grain are therefore identical, generally oriented in the <100> 

crystallographic direction in the case of materials with a cubic dendritic microstructure. 

Also shown in Figure 1.1 are the distances between the liquidus isotherm of the alloy 

and the tip of the columnar dendrites. In steady state growth, the velocity Vs,0 of dendrites 

in grain 1, with orientation  = 0°, is equal to the isotherm velocity, VL. The dendrites 

are located on isotherm T = 0°, at a distance z = 0° = T = 0° / G of the liquidus 

isotherm of the alloy. In the case of a grain with orientation  ≠ 0°, such as grain 2 at 

the center of figure, so that a stationary growth is established, allowing the solidification 

front to follow the displacement of the isotherms at the rate VL, the distance to travel in 

direction <100> is greater than for  = 0°. The speed in direction <100> is therefore 

greater, i.e., Vs, ≠ 0° = VL / cos . As seen previously for a dendritic microstructure, a 

greater undercooling corresponds to a higher rate, T ≠ 0° > T = 0°, and therefore a 

greater distance z ≠ 0° = T ≠ 0° / G > z = 0°. As a result, the tips of the grain 2 

dendrites are geometrically blocked in their progression by the dendrite arms of grain 1. 

Blocking phenomena occur at the interfaces between the grains, in particular between 

grains 2 and 3. However, the consequence of these competitions leads to the progressive 

elimination of the grains disoriented with respect to the temperature gradient (high  

values), thus creating a crystallographic texture <100> aligned with the temperature 

gradient (low  values). 

 

Figure 1.8. Section of a sample produced by E-PBF from a CMSX-4 nickel base 

superalloy powder revealing a) the columnar grain structure (metallography) and b) the 

a) 

b) 



associated strong texture (simulation), the direction of projection of the crystallographic 

orientations being vertical, corresponding with the direction of construction.  

COMMENTS ON FIGURE 1.8.– Power and speed of the electron beam, P0 = 300 W and 

V0 = 0.5 m s-1, preheat temperature, Ti = 900 °C, thickness of successive deposits, 

50 m, according to (Koepf et al. 2019). 

Figure 1.8 provides an example of a columnar grain structure obtained by E-PBF for 

a nickel-based superalloy (Koepf et al. 2019) and its modeling using the cellular automata 

method (Gandin and Rappaz 1997; Carozzani et al. 2013). Particular attention to the 

metallographic cross section makes it possible to distinguish about ten layers built from 

bottom to top. It is the manufacture method implemented and the parameters of the process 

which allowed the growth of columnar grains by epitaxy. The simulation combines a 

three-dimensional description of the thermal process (for example figure 1.3) with a spatial 

description in the form of cells whose state (liquid or belonging to the microstructure) and 

crystallographic orientation evolve over time. To do this, the kinetics of the primary 

solidification microstructure (i.e., dendritic here) is integrated over time, proportionally to 

the undercooling defined by the temperature field and the equation [1.4]. It should be 

noted that, despite the velocity of the heat source used, no effects due to modification of 

the thermodynamic equilibrium is accounted for (equations [1.7] and [1.8]). Similarly, 

the dendritic growth kinetics is not coupled with the calculation of the multicomponent 

phase diagram and its properties. Finally, the coupling between the temperature fields 

and the development of the microstructure is weak, i.e., temperature is only used to 

calculate the grain structure without the structure itself influencing the temperature 

fields. The comparison is nevertheless remarkable and the method can also give rise to 

comparisons with pole figures or maps characterizing the crystallographic orientations 

and relationships between grains (Chen et al. 2016; Pineau et al. 2020).  

The columnar growth competition explained above assumes that no new grain appears 

in the liquid. The origin of such columnar grains can be from nucleation in the undercooled 

liquid, at the undercooling TN, as shown in figure 1.1, at a distance zN = TN / G. The 

equiaxed structure can then grow and end up blocking the growth of columnar grains, 

causing the columnar to equiaxed transition (CET). It should be noted that the origin of 

the equiaxed grains can also be the fragmentation or partial refusion of the existing 

dendritic microstructure and transport by convection of the fragments in front of the 

columnar growth front. The directions of the arms of the equiaxed grains are random. 

The simplest CET criterion is based on the integration of the growth kinetics of the 

envelopes of the equiaxed grains, with velocity Vs(T), assuming a constant cooling 

rate, G ∙ VL. The grains, although growing, are immobile, so that their undercooling T 

only increases during cooling. By doing so, their size may be sufficient to mechanically 

halt the growth of columnar grains (Hunt 1984). Integration between nucleation positions 



zN and the columnar front easily shows that the CET is a function of the ratio G/Vs and 

nucleation undercooling, TN, but also the growth kinetics of the dendrites and the 

density of the equiaxed grains. Other columnar to equiaxed transition criteria exist to 

account for fragmentation (Gandin 2000), solutal interaction between columnar and 

equiaxed dendrites (Martorano et al. 2003) and transport of equiaxed grains in the liquid 

(Leriche et al. 2015).  

1.1.7. Solidification in additive manufacturing 

The previous sections provide an overview of the phenomena occurring during the 

formation of solidification microstructures in additive manufacturing processes. We can 

resume several points.  

– Firstly, the dendritic and eutectic microstructures can be described by the 

temperature field by considering the speed of the liquidus isotherm of the alloy and the 

temperature gradient in the liquid on this same isotherm. 

– Theories for the kinetics of microstructures date back to the 1980s and 1990s. They 

concern the morphologies of the solid-liquid interfaces resulting from the growth of a 

single-phase or two-phase solid, mainly for binary metal alloys and single remelting passes 

of the material. 

– The effects at high solidification rates are pertinent for metallic alloys only when 

the growth speed typically approaches 1 m s-1. This speed is encountered in the upper 

part of the melt pool. Given the multilayer nature of the deposits made in additive 

manufacturing, leading to a systematic remelting of the previously deposited layers, it 

is not easy to know if these conditions can be encountered on the microstructures finally 

formed, unless only being interested by the last solidified layers. Further microstructural 

analysis of the beads is required. It would require conditions allowing the formation of 

microstructures typical of rapid solidification, after one and several layers, and 

associated simulations. 

– The coupling of theories with a complete description of thermodynamic equilibria 

remains to be systematized, which has begun (Gilgien 1996; Senninger et al. 2018). This 

is necessary to allow a more direct application to multi-component alloys. 

– Simulating the grain structures results from the calculation of the microstructure 

kinetics. Therefore, work on grain structures directly depends on work done on 

microstructures. The advantage of grain structure modeling is to provide the 

crystallographic orientation field and the grain size, information not available from a 

simple theoretical analysis of the kinetics of micro-structures. 
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