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Abstract

Understanding microstructural development in additive manufacturing un-
der highly non-equilibrium cooling conditions and the consequent effects on
mechanical properties of the final component is critical for accelerating indus-
trial adoption of these manufacturing techniques. In this study, simple but
effective theoretical solidification models are recalled to evaluate their ability
to predict of microstructural features in additive manufacturing applications.
As a case study, the resulting solidification microstructure selection maps are
created to predict the stable growth modality and the columnar to equiaxed
transition (CET) of an Al-10Si-0.5Mg alloy processed via selective laser melt-
ing. The potential of this method in microstructural predictions for additively
manufactured products, as well as outstanding challenges and limitations, are
discussed.
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1. Introduction

Metal-based additive manufacturing (AM) promises a great ability to pro-
duce complex geometries, and reduced lead times by eliminating expensive
downstream processing stages [1]. However, there are a number of significant
challenges that must be overcome for this set of techniques to reach wide in-
dustrial adoption. In metal AM, the process of part consolidation begins via
laser, electron beam, or arc melting. The resulting non-equilibrium solidifica-
tion conditions lead to a variety of microstructures - often preferentially selecting
non-equilibrium growth modes or displaying variations in columnar or equiaxed
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grain morphologies [2, 3, 4], which consequently result in a wide range of me-
chanical properties. The microstructure achieved during solidification is a result
of the melt thermal conditions, alloy chemistry, and thermodynamic properties.
Understanding these phenomena will aid in reducing unwanted variability in
material properties and even enable the design of site-specific microstructural
features to suit a given application.

About 30 years ago, Kurz, Trivedi, and colleagues proposed a set of analyt-
ical models that describe the growth of planar [5], dendritic (KGT model [6]),
eutectic (TKM model [7]), and banded [8] microstructures during rapid unidi-
rectional solidification. Concurrently, Hunt proposed an analytical model [9],
later extended by Gaumann et al. [10], to identify the thermal conditions re-
quired to transition from columnar to equiaxed grain morphologies. Collectively,
these analytical expressions can be used to create Solidification Microstructure
Selection (SMS) maps, i.e. to predict the solidification microstructure and grain
morphology that forms for a set of alloy composition and thermal conditions.
A tool that efficiently maps the structure - process relationship would be very
informative in guiding AM development.

The creation of SMS maps is computationally efficient when compared to
more complex approaches such as phase field and cellular automata and has been
used to predict microstructure during laser treatment processes [11, 12, 13, 14,
15], among others. Although solidification during AM is not unidirectional at
the scale of the melt pool, the assumption of local unidirectional solidification at
the scale of the dendrite tips is required in order to create SMS maps using the
provided analytical expressions. Recently, Kurz and Trivedi’s expressions have
been used to create SMS maps for an Al-12%Ce alloy to validate the suitability
of this alloy for AM applications [16, 17]. Although only limited thermody-
namic data was available for the Al-Ce system, the authors predicted reason-
ably well the developed microstructure when compared against experimental
data for different thermal conditions. Further, variations on Hunt’s expression
has been used by a number of authors to predict whether columnar or equiaxed
microstructures form during metal AM [18, 19, 20, 21, 22, 2].

In this study, we revisit the above analytical expressions required to cre-
ate SMS maps in the context of Selective Laser Melting (SLM), a powder-bed
metal AM process. The main advantages of analytical expressions is their high-
throughput and simple extension to multi-component systems. Although ac-
curacy is sacrificed, SMS maps provide the opportunity to efficiently assess a
wide parameter space and to act as a guide for more detailed numerical simula-
tions. This work provides a detailed yet concise presentation of the equations,
assumptions, and limitations of the different models so that future researchers
can fully utilize the SMS approach to improve the properties of SLM -produced
components. As a case study, these models are applied to the Al-Si-Mg ternary
system. This system is the current standard for AM of Al alloys and has readily
available thermodynamic data.
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2. Growth Models for Solidification Microstrutures

Interface response, i.e. the solid/liquid interface temperature of a specific
solidification mode as a function of interface growth velocity, V for a given
alloy composition, C0 and thermal gradient, G form the basis of Kurz and
Trivedi’s analytical models for predicting solidification microstructure under
the non-equilibrium solidification conditions. The set of solidification modes to
be considered depends on the alloy system. For a simple binary eutectic phase
diagram, four possible microstructures exist: planar, dendritic, eutectic, and
banded, irrespective of the actual alloy content. The microstructure having the
maximum interface temperature is the one that is most stable [12].

The underlying assumption of the theoretical equations used to predict the
interface responses is columnar (directional) and steady-state growth conditions
on the scale of the transport phenomena that control microstructure selection.
With respect to AM, on one hand the thermal behaviour in the melt pool is
highly transient and may vary by many orders of magnitude. One the other
hand, the analytical models are applied on the length scale of the transport
phenomena (e.g. solute diffusion at the length scale of the dendrite tip) which
are indeed quite short. Although additional research is required to properly
quantify the limits of this assumption, it is reasonable at present to assume
that this methodology can be used to rationalize microstructure trends during
AM.

2.1. Planar Growth

Assuming linear superposition of the effects of various solute elements, the
interface response for planar morphology can be written as

TPL = Tm −
i∑
C0,i

mv
i

kvi
− V

µk,i
, (1)

where TPL is the temperature at the planar interface, Tm is the melting point
of the pure metal, the summation symbol along with the subscript i allow for
generalization to multi-component systems, C0,i is the initial composition, mv

i ,
kvi , and µk,i are the liquidus slope, partition coefficient and interface kinetic
coefficient for each element, and V is the interface velocity. The superscript v
is added to both mi and ki to denote the velocity-dependency because of the
non-equilibrium state of the interface. This is needed to predict solidification
morphologies under the complex non-equilibrium conditions found in SLM. Note
that a convention of defining the liquidus slopes and all compositional gradients
as positive values is adopted.

The velocity-dependent liquidus slope and partition coefficient can be defined
as [23, 24]

mv
i = mi

(
1 +

ki − kvi [1− ln(kvi /ki)]

1− ki

)
, and (2)
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kvi =
(ki + Pei)

(1 + Pei)
, (3)

where mi and ki are the equilibrium liquidus slope and partition coefficient for
each element assuming a linearized phase diagram, and Pei is the interfacial
Péclet number for solute redistribution. Often, phase diagrams are not lin-
ear; this assumption is an important limitation of current growth models for
accurately predicting microstructure. Furthermore, µk,i is approximated as

µk,i ≈
V0(1− ki)

mi
, (4)

in which V0 is the speed of sound in the pure metal in the solid state, and Pei
is given by

Pei =
a0V

D
, (5)

where a0 is the thickness of the diffuse layer at the solid-liquid interface and D is
the solute diffusion coefficient in the liquid. D is assumed to be the same for all
alloying elements while diffusion in the solid state is assumed to be negligible.

2.2. Dendritic Growth

The KGT [6] model and later work by Trivedi and Kurz [25] have been used
for several years to calculate dendritic growth under rapid solidification condi-
tions. Following their research, the non-equilibrium dendrite tip undercooling,
∆Ttip, can be written as

∆Ttip =

i∑( kvi ∆T v0,iIv(Ped)

1− (1− kvi )Iv(Ped)
+ C0,i(mi −mv

i ) +
V

µk,i

)
+

2Γ

R
+
GD

V
, (6)

where ∆T v0 is the non-equilibrium solidification interval, Iv is the Ivantsov func-
tion, Γ is the Gibbs-Thomson coefficient, and Ped is the solutal Péclet number.
The first four terms on the right-hand side represent the effects of the growth
dynamics / non-equilibrium state, solute, kinetic attachment, and dendrite cur-
vature on the dendrite tip undercooling for each solute element. The last term
is related to cellular growth at low interface velocities. Although not strictly
required for studies of AM, it is included for completeness.

The non-equilibrium solidification interval, which is obtained from thermo-
dynamic considerations, is given by

∆T v0,i =
mv
iC0(kvi − 1)

kvi
. (7)

The Iv function, for different morphologies of the dendrite [25, 26], is given
by

Iv(Ped) = Ped exp(Ped)E1(Ped), needle{
Iv(Ped) = (πPed)

1/2 Ped � 1 plate

Iv(Ped) = 1− 1
2Ped

+ 3
4Ped2

Ped � 1

(8)
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where the exponential integral function, E1(Ped), is estimated based upon the
approximation of Barry, Parlange and Li [27].

The solutal Péclet number ahead of the dendrite tip is defined as

Ped =
RV

2D
, (9)

with the dendrite tip radius estimated from linear stability analysis [28] as

R =

(
Γ

σ∗(
i∑
miGc,iξd,i −G)

)1/2

. (10)

where σ∗ is the dendrite tip selection parameter, R is the dendrite tip radius,
Gc,i is the concentration gradient in the liquid ahead of the dendrite tip, and ξd,i
is the deviation from the equilibrium state also known as the dendritic function
of Péclet number. ξd,i and Gc,i are given by

ξd,i = 1− 2kvi[
1 + 1

σ∗Pe2i

]1/2
− 1 + 2kvi

, (11)

and

Gc,i =
(Ct,i − C0,i)V

D Iv(Ped)
, (12)

where Ct,i is the dendrite tip composition,

Ct,i =
C0

1− (1− kvi )Iv(Ped)
. (13)

Note that kvi is used in Eq. 13 instead of the equilibrium partition coefficient.
R and Ped are thus inter-related. Eqs. 8-13 are iteratively solved in order to

determine R and Ped. These values are then used to calculate ∆Ttip. Finally,
the interface temperature for dendritic morphology, TD, can be determined,

TD = Tliq −∆Ttip, (14)

where Tliq is the equilibrium liquidus temperature.
It should be noted that the term σ∗ comes from the dependence of the solute

diffusion in the liquid on the Péclet number, which only gives the product of
R and V and not the relationship between them. So, an additional constraint
is required, specifically it is assumed that σ∗ is constant for a given alloy sys-
tem [25]. This assumption is valid as long as linear stability in dendritic growth
remains valid [29]. It has been shown in more recent studies using phase field
simulations that σ∗ and thus dendritic growth directions can vary under certain
conditions with alloy composition as well as imposed undercooling [30, 31]. σ∗

could thus be calculated as a function of interfacial energy, alloy composition
and imposed undercooling. But this is beyond the scope of the present study.
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2.3. Eutectic Growth

The model of lamellar eutectic growth during rapid solidification is based on
the TMK approach [7], which links the eutectic undercooling, ∆Teut, to V and
lamellar spacing, λ. In this model,

∆Teut = K1λV +
K2

λ
, and (15)

λ2 V =
K2

K1
, (16)

where K1 and K2 are given by velocity-dependent parameters,

K1 =

i∑(mv
eut,iC

v
0,i

D

P

fα,ifβ,i

)
, and (17)

K2 = 2

i∑
mv
eut,i

(
Γα,i sin θα,i
mv
α,ifα,i

+
Γβ,i sin θβ,i
mv
β,ifβ,i

)
. (18)

For planar and dendritic growth, the calculations are performed on a single
phase; however calculations for eutectic growth must consider two phases: the
solute lean α phase and the solute rich β phase. Thus fj,i and θj,i are the the
volume fraction and contact angle of phase j for the binary system with solute i,
mv
j,i is calculated using Eq. 2, mv

eut,i is the average velocity-dependent liquidus
slope at the eutectic point, Cv0,i is the difference between the non-equilibrium
composition of the two phases at the eutectic temperature, and P is an infinite
series. Some of these terms require further definition. Specifically,

mv
eut,i = mi

(
1 +

ki − kvi [1− ln(kvi /ki)]

1− ki

)
, (19)

where mi is the average equilibrium liquidus slope given by mi =
mα,i·mβ,i
mα,i+mβ,i

,

Cv0,i = Cβ,i − kvβ,i
(Tm,i − TE

mv
β,i

)
− kvα,i

(Tm,p − TE
mv
α,i

)
, (20)

where kvj,i is calculated by Eq. 3, Tm,p is the melting temperature of the pure
metal, Tm,i is the melting temperature of the second element or the intermetallic
compound, and

P ≈ 0.335
(
fα,ifβ,i

)1.65
ξe,i. (21)

For eutectic growth, the solutal Péclet number, Pee and the eutectic function
of the Péclet number, ξe,i, are given by

Pee =
λV

2D
, and (22)

ξe,i = 1− 2.5π/Pee[
1 + ( 2.5π

Pee
)2
]1/2
− 1 + 2kvi

. (23)
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The use of kvi within Eq. 23 implies that the partition coefficient of the α
and β phases are equal. Either this assumption or the assumption that the α
and β liquidus slopes are equal is required for the problem to be analytically
tractable. A numerical model could be used to eliminate this assumption, but
this would obviously be more complex and computationally expensive. Finally,
the interface temperature for eutectic growth, TE , is calculated by

TE = Teut −∆Teut , (24)

where TE is the equilibrium eutectic temperature. Eqs. 15-24 are iteratively
solved in order to determine TE .

In some alloying system like Al-Si, due to the faceted interface of the Si
phase, the resulting eutectic is irregular. For an irregular eutectic, the Jackson-
Hunt growth model can be extended by defining a criterion to describe this
microstructure in which the lamellar spacing varies. Specifically, when λ =
λmin, lamellae will stop growing and when λ = λmax, branching will occur [28,
32]. Thus, the average spacing λ̄ can be defined as

λ̄ =
λmin + λmax

2
= ϕλext , (25)

where λext is the lamellar spacing corresponding the minimum undercooling
(∆Teut) at a given interface velocity and ϕ is a material property. The Jackson-
Hunt growth kinetic model is then

λ̄∆Teut = (ϕ2 + 1)K2, (26)

∆Teut = (ϕ−1 + ϕ)
√
K1K2

√
V , and (27)

λ̄2V = ϕ2K2

K1
. (28)

2.4. Banded Structure

The final probable microstructure that could form during rapid solidification
occurs when solute trapping causes a loss of equilibrium in the moving interface.
This interface instability results in oscillatory behaviour between the plane front
and dendritic microstructures, i.e. a banded structure [8, 15, 33] as a result of
solute trapping. Solute trapping occurs solely due to the high interface velocity
and is not dependent on the thermal gradient [28, 25]. Based on a stability
analysis of the interface, the banded structure will form between the range of
velocities corresponding to the minimum dendritic growth interface tempera-
ture, and the maximum planar front interface temperature. This condition can
be expressed as:

V minB :
dTD
dV

= 0 and
dT 2

D

dV 2
> 0, (29)
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V maxB :
dTPL
dV

= 0 and
dT 2

PL

dV 2
< 0. (30)

where VB is the velocity of formation of the banded structure.

2.5. Grain Morphology
In both dendritic and eutectic solidification [9], one must also differentiate

between columnar and equiaxed grains. Most metallic AM components show
anisotropy in mechanical properties due to the favourability in forming colum-
nar grains. For some applications this is desirable, but others require instead
equiaxed grains to improve both process and product performance. In recent
years there has been considerable experimental research carried out to enhance
the homogeneity of AM microstructures through manipulation of G and V .
Predicting the columnar-to-equiaxed transition (CET) is challenging owing to
the complexity of this phenomenon. Gaumann’s expression [10], building on
Hunt’s criterion [9], can be used to predict whether the rapidly solidified grain
morphology will be columnar or equiaxed. This expression relates the volume
fraction of equiaxed grains, φ, to G as

G =
1

1 + n
3

√
−4πN0

3 ln (1− φ)
∆Tc

(
1− ∆Tn+1

n

∆Tn+1

)
, (31)

where N0 is the nucleant volume density for equiaxed grains, ∆T is the un-
dercooling for columnar growth, ∆Tn is the nucleation undercooling for equiaxed
grains, and n is a material constant. Based on several studies, a fully equiaxed
microstructure is achieved with φ > 0.49, while a fully columnar microstructure
is achieved with φ < 0.0066 [34, 21].

There are two main limitations to this approach to determining the CET.
The first is the assumption of constant values for nucleant density and nucleation
undercooling as these are known to be linked to alloy and nuclei composition,
the presence of impurities, and the kinetics of atom attachment, and are better
represented as a distribution of nucleation site characteristics [35]. A precise
prediction of CET can only be obtained if the effect of these parameters on
N0 and ∆Tn are known; however, this is extremely challenging in cases where
grain refiner particles are not intentionally added. Consequently, they represent
a significant source of uncertainty in these CET models.

The second limitation lies within the derivation of Hunt’s criterion itself, as a
simplified relationship between dendrite growth velocity and undercooling that
neglects the effects of thermal gradient was utilized, i.e. ∆T =

√
V C0/A where

A is a fitting parameter, instead of a more complex relationship such as the KGT
model shown in Section 2.2. Furthermore, the same growth model was applied
for both the directional growth of columnar dendrites, and non-oriented growth
of equiaxed dendritic grains. The generality of the model could be improved by
adopting an approach following Haines et al. [21] whereby the KGT model is
used to predict undercooling for columnar dendritic, which is then substituted
directly into Eq. 31. However, the equiaxed growth velocity was still calculated
using a simplified relationship, and an appropriate equiaxed growth algorithm
to assist CET predictions has not been determined.
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3. Results and Discussion

The above set of models defines the interface temperatures of planar, den-
dritic, banded, and eutectic solidification microstructures, as well as the tran-
sition in grain morphology from columnar to equiaxed for a given V , G, and
C0,i. Their application requires considerable thermo-physical properties. Tm,
mi and ki, fj,i can be taken from thermodynamic databases while a0, V0, σ∗,
Γ, θj and D must typically be experimentally-determined, or estimated from
atomistic simulations [36] and are sometimes found in the literature. All used
thermophysical and thermodynamic properties are summarized in table. 1 The
terms kvi and mv

i can be calculated from Eqs. 2 and 3, and are assumed to be
the same for all types of growth. Furthermore, it is assumed that the maximum
value of the interface growth velocity, V , is maximally bounded by the scanning
speed[37]. Scanning speeds in SLM typically vary between ≈0.3-1.4 m/s. The
corresponding thermal gradient in the mushy zone duing SLM can be deter-
mined, as a first approximation, using the Rosenthal Equation [38]. Applying
this equation to the common AM alloy Al-10wt.%Si-0.5wt.%Mg (AlSi10Mg)
while assuming an energy input of P = 200W and a scanning speed V = 1.4
m/s [39], the SLM thermal gradients along the edge of the radius of the melt
pool range from 106K/m to 109K/m.

Although the Rosenthal solution is a very quick way for prediction of the
thermal history, due to the use of various simplifying assumptions, it gives only
a rough estimation of the temperature profile. One of the most important
limitations of the Rosenthal solution is the neglection of convection in the melt
pool. Marangoni flow, i.e. an inevitable phenomenon resulting from a high heat
input during laser heating and its influence on the local temperature dependent
surface tension, may cause significant variation in the melt pool shape and
resulting thermal profile. To address this limitation, future work will involve a
precise thermal-flow calculation using numerical methods.

3.1. Interface Response

As shown in Fig. 1, the pseudo-binary Al-Si phase diagram with 0.5 wt%
Mg - calculated via the Thermo-Calc software using the COST 507 database-,
shows that the microstructure of AlSi10Mg may possibly contain α-Al (FCC),
Si (Diamond cubic) and eutectic phases. The resulting possible solidification
microstructure are α-Al plane front, α-Al dendritic, Si-primary, and eutectic.
The Si-planar growth is neglected due to the extremely low solubility of Al in
Si. Further, it is assumed that the Si-primary growth morphology is plate-like.
Thus, the second Ivantsov function in Eq.8, for plates, has been used for this
interface response calculation.

Fig. 2 shows the resulting set of interface responses for the possible solidifica-
tion microstructures. As previously explained in Section 2, the stable solidifica-
tion microstructure is the one with the highest interface temperature. For this
alloy, the stable solidification microstructure changes with increasing growth ve-
locity as: eutectic → α-Al dendritic → banded → planar. Further, as shown in
the figure, the stable solidification microstructures during SLM is expected to
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Table 1: Physical and thermodynamic properties of Al-Si-Mg system [13, 35, 40, 41, 42].

Parameter Unit

Initial composition of Si, C0,Si 10 wt%
Initial composition of Mg, C0,Mg 0.5 wt%
Melting temperature of pure Al, Tm,Al 933.33 K
Melting temperature of pure Si, Tm,Si 1687 K
Eutectic composition, CEut 12.63 wt%Si
Eutectic temperature, TEut 848 K
Liquidus slope of phase α in Al-Si pseudo-binary system, mα,Si 6.74 Kwt%−1

Liquidus slope of phase α in Al-Mg pseudo-binary system, mα,Mg 3.1 Kwt%−1

Liquidus slope of phase Si Al-Si pseudo-binary system, mSi 9.59 Kwt%−1

Partition coefficient of phase α in Al-Si pseudo-binary system, kα,Si 0.131 -
Partition coefficient of phase α in Al-Mg pseudo-binary system, kα,Mg 0.47 -
Partition coefficient of phase Si in Al-Si pseudo-binary system, kSi 5 × 10−11 -
Gibbs-Thomson coefficient for the phase α, Γα 1.96 × 10−7 mK
Gibbs-Thomson coefficient for the phase Si, ΓSi 1.7 × 10−7 mK
Contact angle of phase α, θα 30 degrees
Contact angle of phase Si, θSi 65 degrees
Volume fraction of phase α, fα 0.8684
Volume fraction of phase Si, fSi 0.1316
Diffusion coefficient in the liquid, D 3 × 10−9 m2s−1

Speed of sound in pure Al, V0 5100 ms−1

Diffuse interface thickness, a0 10−9 m
Material property, ϕ 3.2
Nucleation undercooling, ∆Tn 2 K
Nucleation density, N0 5 × 1010 m−3

Material parameter, n 2.5 -
Dendrite Tip Selection Parameter, σ∗ (2π)−2 -

be eutectic, α-Al dendritic, and perhaps banded. These predictions and micro-
graphs of SLM-produced AlSi10Mg [39, 43, 44, 45] show reasonable agreement,
specifically primary dendritic Al and a novel eutectic structure containing very
small Si particles depending on the scanning speed. No banded structures have
been reported in the literature. Matching predicted microstructures and micro-
graphs is complicated by the fact that the prediction is limited to the melt pool
scale; however, in AM the processing of subsequent layers will affect the mi-
crostructures of previous layers. Although it was assumed that interface growth
velocity and scanning speed are equivalent, it will be the center of the melt pool
which has the maximum growth velocity and thus the most probable location for
forming a banded microstructure. Regardless of the scan pattern used in AM,
the top-most region of the melt pool experiences the maximum rate of growth
velocity and consequently banded microstructure. In the case that layers are
subsequently printed on each other, the banded microstructure will be elimi-
nated due to the partial melting of upper regions of those previously-processed
layers. The center of the melt pool is most-likely to remelt upon processing
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subsequent layers. It should also be noted that although the figure was created
using G = 106K/m, simulations at higher values up to G = 109K/m showed no
appreciable differences in form.

Figure 1: The pseudo-binary phase diagram of Al-Si at (0.5wt%) Mg content, calculated using
Thermo-Calc Software.

3.2. SMS Maps

SMS maps are graphical representations to show the stability of microstruc-
tures under specific conditions. They are useful to track phase transformation
and to design AM processes that will contain desirable mirostructures through
manipulation of process parameters. Two types of SMS maps can be defined.
Type 1 shows the stable solidification morphology for a set of growth velocities
and alloy compositions under constant thermal gradient. Type 2 shows whether
(or not) the morphology for a specific alloy composition will be expressed by
columnar or equiaxed grains. Both are needed to rationalize the different kinds
of microstructures achieved in AM.

A Type 1 SMS map for the Al-Si-Mg system, assuming G = 106 K/m and
CMg=0.5 wt.%, is shown in Fig. 3, identifies the predominant solidification
mode for a set of compositions and interface velocities. For this system at con-
stant Mg content, the eutectic and dendritic morphologies are seen to dominate
in the processing range of SLM as shown previously in Fig. 2 for the specific
AlSi10Mg alloy. Type 1 SMS maps can thus be thought of as interface response
diagrams extended over a range of nominal alloy compositions to show trends in
solidification microstructure evolution. Although there are some dissimilarities
with respect to the banded structure attributed to the layered nature of the
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Figure 2: The variation in interface temperature with solidification velocity for all possible
growth morphologies of the AlSi10Mg alloy experiencing a thermal gradient of 106K/m.

AM processing, such maps can be very effective in guiding SLM process and
chemistry design to control solidification microstructure.

A Type 2 SMS map for the same alloy is shown in Fig. 4. This map is
derived by combining the undercooling for the stable microstructure morphol-
ogy predicted by the interface response with Eq.31. The nucleation density
was estimated from [40, 41, 42]. Extending upon Haines’s proposed approach,
which utilized the undercooling from the KGT growth model to predict CET
in electron beam AM [21], the term ∆T is taken as the stable value determined
through the interface response analysis. Fig. 4 shows the stability range of
dendritic grain morphologies for the AlSi10Mg alloy over a range of thermal
gradients and interface velocities. As can be seen in the figure, the condi-
tions present during SLM are predicted to result in both columnar dendritic
and mixed equiaxed/columnar grain morphologies. Experimentally, the mixed
region has been rarely found in the micrographs of SLM-produced AlSi10Mg
[43, 44, 45]. It is hypothesized that this is for the same reasons as a lack of evi-
dence for the banded structure, namely that the centre of the melt pool is likely
remelted in subsequent layers. Another possible reason for a lack of experimen-
tal results showing the mixed region is that because the thermal gradients are
very high, one would expect the mixed microstructure to still result in grains
that compete towards columnar growth.
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Figure 3: Type 1 SMS map for the Al-Si-Mg ternary system assuming G = 106K/m and
CMg = 0.5%wt.

4. Conclusions

SMS maps provide significant opportunities for improving microstructure
selection during additive manufacturing. The use of analytical models that
predict the interface response of the possible solidification morphologies that
could exist at high thermal gradients and high solidification velocities, coupled
with an analytical expression for CET will allow for new AM alloy and process
development in an efficient manner, and should be used by the research commu-
nity. Due to the layered nature and thermal complexity of SLM, coupling the
SMS map approach with macro-scale numerical methods of heat transfer would
further assist in predicting microstructure resulting from this process.

To improve the utility of SMS maps, there is need for advancement both in
materials data and with respect to the method’s application to additive man-
ufacturing. Specifically, there is need to improve the availability of thermody-
namic data for new alloy systems (which is also a requirement for other modeling
techniques, such as phase field), develop new approaches that do not require as-
sumptions of a linearized phase diagram and a constant dendrite tip selection
parameter, and enhance the characterization method for more accurate estima-
tion of nucleant density and equiaxed nucleation undercooling. Furthermore,
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Figure 4: Type 2 SMS map for the a Al-10wt.%Si-0.5wt.%Mg alloy.

there is a need to derive strategies that can use the interface responses without
the assumption of uni-directional heat flow. Although this is often a valid as-
sumption at the scale of dendrite growth during additive manufacturing, thermal
gradients and velocities may vary by several orders of magnitude over distances
as small as tens of microns.
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