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Analytical Description of the Criterion
for the Columnar-To-Equiaxed Transition During
Laser Beam Welding of Aluminum Alloys

CONSTANTIN BÖHM , CHRISTIAN HAGENLOCHER, JONAS WAGNER,
THOMAS GRAF, and STEFAN WEIHE

An equiaxed grain structure in a laser welded seam is beneficial. In current literature the
material and process perspective are addressed separately. This paper combined the material
and process perspective in one analytical expression in order to access a deeper understanding of
the key parameters for an equiaxed solidification during laser beam welding. For this, the steady
state model of Hunt for growth of equiaxed dendritic grains was combined with heat conduction
calculations and nucleation theory. The derived analytical expression identified the minimum
values of the welding parameters required for the growth of equiaxed dendritic grains and
describe their interaction with the metallurgically given nucleation density. The theoretically
derived analytical description agrees well with experimental results obtained with two different
batches of EN AW-6016 over a wide-range of laser welding parameters. The analytical
description summarizes the effects of nucleation processes, local solidification conditions and
the influence of process parameters on the growth of equiaxed dendritic grains. Furthermore,
the equation identifies the key alloy properties, which influence the required process parameter
for an equiaxed solidification. For the first time, the full range of phenomena, including
metallurgical and thermal effects, was merged in one analytical expression.
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I. INTRODUCTION

THE grain structure in a laser welded seam affects its
mechanical strength[1] and its susceptibility to the
formation of hot cracks.[2] In particular an equiaxed
dendritic grain structure provides significant advantages
in terms of resistance against hot cracking and mechan-
ical properties compared to a grain structure, which
consists of elongated columnar dendritic grains.[1–3]

Figure 1(a) exemplarily depicts the horizontal section
of a weld with solely columnar dendritic grains and
Figure 1(b) the horizontal section of a weld with
equiaxed dendritic grains in the center area of the weld.
The samples were grinded and polished from the surface
and etched with Barker’s reagent[4] before they were
photographed under polarized light. A free of hot cracks
weld seam is pivotal for current industrial applications,
namely in manufacturing of car battery trays. Hot

cracks must be avoided in the battery trays to ensure the
required water and gas tightness.[5]

The formation of an equiaxed dendritic grain struc-
ture requires a sufficient formation of nuclei and melt
undercooling at the beginning of the solidification. Over
several decades, the material influence, namely growth
restricting solute and potent nuclei, on grain refinement
and equiaxed solidification was researched extensively in
casting.[6–9] Lately research focused on combining mod-
els,[8] experimentally elucidating nucleation mecha-
nisms[10,11] and studying new approaches to more
efficient grain refinement.[12]

In welding processes previous research addressed the
metallurgical influence on the growth of equiaxed
dendritic grains during gas tungsten arc welding of
aluminum[1] and laser deposition welding of nickel

alloys[1,13,14] at welding velocities v<6m min�1. In
particular the welding research focused on how equiaxed
solidification can be favored by adding Al-Ti-B master
alloys.[1,15] However, the theoretical analysis of welding
processes is sparse. Moreover, there is a growing interest
in the comparable research field of laser fusion-based
additive manufacturing on understanding the influences
on equiaxed solidification.[16,17]
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The laser welding parameters have to be adjusted in
order to achieve nucleation in the center of the
weld.[15,19] Different process parameters lead to a differ-
ent weld grain structure. Prior work found that the
incident laser power per unit depth and the welding
velocity influence the growth of equiaxed dendritic
grains in the center area of the weld seam.[20] This
model is based on a simple analytically calculated
threshold value for the power per unit depth, which is
derived from a special solution of the heat conduction
equation to calculate the ratio between the temperature
gradient G and the solidification rate R. The solidifying
grain structure was found to be equiaxed dendritic if the
incident power per unit depth of the welded seam
exceeded the predicted threshold value. The solidifying
grain structure at the centerline of the weld was found to
be columnar dendritic if the power per unit depth was
lower than the threshold value.

However, the analytically calculated threshold value
solely considers the influence of the welding parameters
on the temperature gradient G and the solidification rate
R during solidification and neglects the influence of the
welding parameters on essential metallurgical phenom-
ena such as melt undercooling and nucleation. The
accepted nucleation theory[21] suggests, that nucleation
is strongly influenced by metallurgical effects such as
solute diffusion and the undercooling processes.
Schempp et al. investigated the influence of the metal-
lurgical phenomena[22] without considering the influence
of the process parameters on the temperature field.

The present paper follows an analytical approach,
which takes into account the key influence factors on
both the material and process perspective. This enables
the optimization of material and process in order to
control these metallurgical phenomena by the laser
welding process without any addition of Al-Ti-B based
filler materials. A wide range of laser welding parame-
ters is used to investigate their influence on the criterion
for columnar-to-equiaxed transition.

II. METHODS

A. Experimental Set-Up

The aluminum alloy AlSi1.2-Mg0.4 specified as EN
AW-6016 by the European standard DIN EN
573-3[23]—also known as AA6016—was welded in order
to investigate the influence of the process parameters
and the alloy properties on the resulting grain structure.
In total, two batches of EN AW-6016 were welded. The
alloys are hereinafter referred to as 6016-A and 6016-B.
The experimental results of 6016-B were previously
published.[20]

The 6016-A alloy was welded with two disk lasers, the
TruDisk 8001 and the TruDisk 16002 from TRUMPF.
Both operate at a wavelength of k ¼ 1:03 lm. The beam
of the TruDisk 8001 laser was delivered through a fiber
with a core diameter of 100 lm and a nominal numerical
aperture of 0:1. A fiber with a core diameter of 200 lm
(nominal numerical aperture of 0:1) was used with the
TruDisk 16002. The resulting M2 were 15:3 (TruDisk

8001) and 30:5 (TruDisk 16002). The magnification of
the focusing optics was 2:8 : 1 for both cases resulting in
focal diameters of df ¼ 280 lm and df ¼ 560 lm and in
Rayleigh lengths of 3.92 and 7.84 mm, respectively. The
beam was focused on the surface of the work piece in
both set-ups. The samples were moved with a linear axis
at constant welding velocities while the focusing optics
were stationary. The 6016-A samples were 45 mm wide,
105 mm long and 2.0 mm thick. The length of the seams
was 80 mm in order to carry out the investigations in a
thermal steady-state condition. The processing optics
were inclined opposite to the welding direction by 15�.
The laser power P was adjusted for each welding

velocity v to achieve full penetration welding. In the case
of full penetration welding the weld pool depth is equal

to the sheet thickness tdepth¼̂tsheet. At v ¼ 1m min�1

this results in a power per unit depth Pdepth ¼ P � t�1
depth,

which is almost equal to the analytically calculated

threshold value Pdepth ¼ 677Wmin�1 derived by a

previous study[20] that separates the formation of
columnar and of equiaxed dendritic grain structures.
To analyze this transition of the solidification behavior
in more detail, trials with a variation of the laser power
in several steps close to the threshold value were

performed with v ¼ 1m min�1. Further experiments
were performed with different welding velocities between

v ¼ 3� 12m min�1 and adjusted powers in order to
achieve full penetration with constant focus diameter.
The welding velocity was varied to investigate its
influence on the solidified grain structure. The chosen
values of the welding velocity v, the focus diameter df
and the power P for the welding experiments of 6016-A
are listed in Table I.

B. Metallographic Analysis

The welded samples were grinded and polished
mechanically. All the depicted cross sections are surface
parallel. The polished surfaces were then anodically

Fig. 1—Optical micrographs viewed under polarised light show
different dendritic grain structure in the weld seam of EN AW-6016
for different process parameters. Etching with Barker’s reagent[4] of
surface-parallel cross section of weld seam under polarized light
revealing the grain structure. (a) Predominantly columnar dendritic
grain structure obtained with full penetration laser beam welding
with a focus diameter of 100lm, a welding velocity of 3 m min�1

and a laser power of 1500 W. (b) Equiaxed dendritic grain structure
in weld center area obtained with full penetration laser beam
welding with a focus diameter of 600lm, a welding velocity of 6 m
min�1 and a laser power of 4300 W (altered figure on page 24,
reprinted with permission from Reference [18]).
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etched with Barker’s reagent[4] for a duration of 120
seconds at a voltage of 16V. The etched samples were
analyzed by means of an optical microscope with
polarized illumination to reveal the grain structure.
The size of the equiaxed dendritic grains was determined
with the line intercept method according to DIN EN
ISO 643.[24] The grain size was measured in the
proximity to the weld centerline and only if an equiaxed
dendritic grain structure was present. Figure 2 shows a
surface-parallel cross section of the grain structure of a
weld seam. The measurement of the grain size was
repeated three times for each weld seam with a 2 mm
long reference line. The diameter of the equiaxed
dendritic grains were experimentally determined by

dividing the length of a reference line by the number
of grains which were intersected by the reference line.
The arithmetic mean dmean, minimum dmin and maxi-
mum dmax of the size of the equiaxed dendritic grains
were determined for all the samples.

C. Calculation of the Thermophysical Properties

The thermophysical properties of the used material,
such as the heat capacity cp, density q and liquidus
temperature Tliq, were required to solve the heat
conduction equation and calculate the temperature
gradient at the location of the solidification. The values
of these quantities were determined using the equilib-
rium calculator of Thermo-Calc 2020a[25] with the
aluminum data base TCAL v5.1. Table II lists the
composition range for the EN AW-6016 standard.[23]

The composition range leads to different possible
thermophysical properties. Table III summarizes all
possible thermophysical properties used in this study.
The minimum and maximum values calculated by
Thermo-Calc 2020a are highlighted with ‘‘TC’’ in the
source column.
The possible thermophysical properties (Table III)

influence the temperature field during the welding
process. Therefore, the possible thermophysical proper-
ties influence the solidification. In the following sections
all equations were solved for the minimum and maxi-
mum possible values of the thermophysical properties in
order to consider the possible variance within the
standard EN AW-6016.

III. THEORY

A. Criterion for the Columnar-To-Equiaxed Transition

The model used in this study for the colum-
nar-to-equiaxed transition is described by Hunt.[21] This
model considers the directional dendritic growth of the
grains into an undercooled melt. The model for the
columnar-to-equiaxed transition was already applied
successfully for laser deposition welding of nickel
alloys[14] and gas tungsten arc welding (GTAW) of
aluminum alloys.[1] The criterion for the colum-
nar-to-equiaxed transition

G3

R1:5
� 4p

81UE
A3

i Nactive ½1�

takes into account the local solidification conditions,
namely temperature gradient G and solidification rate R,
where UE is the extended volume fraction of the

Table I. Process Parameter Values for Full Penetration
Laser Welding Trials of 6016-A

Welding
Velocity vðm min�1Þ

Focus Diameter
df ðlmÞ

Power
P ðWÞ

1 280 1100
1200
1500
1600

3 560 2500
6 560 3100
9 560 4200
12 560 6000

Fig. 2—Optical micrograph etched with Barker’s reagent[4] of
surface-parallel cross section under polarized light revealing the
grain structure. The line intercept method was used to determine the
size of the equiaxed dendritic grains near the center of the welded
seam (6016-APdepth ¼ 1250 Wmm�1; v ¼ 3mmin�1; df ¼ 560lm.

Table II. Composition Range of the EN AW-6016 Standard Specified in DIN EN 573-3[23]

Si (wt. pct.) Fe (wt. pct.) Cu (wt. pct.) Mn (wt. pct.) Mg (wt. pct.) Al (wt. pct.)

Composition Range 1.0 to 1.5 0.5 0.2 0.2 0.25 to 0.60 balance
Composition Minimum 1.0 0 0 0 0.25 balance
Composition Maximum 1.5 0.5 0.2 0.2 0.6 balance

2722—VOLUME 52A, JULY 2021 METALLURGICAL AND MATERIALS TRANSACTIONS A



equiaxed dendritic grains to the columnar dendritic
grains, Ai the alloy parameter defined by Hunt, and
Nactive the active nucleation density.[21] The growth of
equiaxed dendritic grains is driven by latent heat.[28]

However, as shown by Hunt,[21] the limit of the criterion
for the columnar-to-equiaxed transition (CET) can be
analytically described only with the temperature gradi-
ent and the solidification rate neglecting the latent heat.

In laser beam welding of commercial aluminum alloys
nucleation for equiaxed dendritic growth is driven only
by heterogeneous substrate particles, namely TiB2, as
shown by Geng et al.[15] Based on the results of Geng
et al. the analytical description presented in this work
considers only heterogeneous nucleation. Hunt[21]

assumed the grain structure to be fully equiaxed for an
extended volume fraction of UE � 0:66. A statistical
consideration of the competitive growth between colum-
nar and equiaxed dendritic grains leads to this assump-
tion. Therefore, a full equiaxed dendritic grain structure
occurs when the ratio of the local solidification param-
eters G3

req=R
1:5
req is equal or smaller than the right hand

side of Eq. [1]. From now on, the subscript ‘‘req’’ is
added to the local solidification parameters correspond-
ing to the limit case for equiaxed dendritic grain growth
where the left hand side equals the right hand side of
Eq. [1]. In this case and assuming UE ¼ 0:66 for a fully
equiaxed dendritic grain structure one finds

G3
req

R1:5
req

� 0:235 �NactiveA
3
i ½2�

B. Calculating the Alloy Parameters

The criterion for the columnar-to-equiaxed transition
in Eq. [2] requires the knowledge about additional
material parameters: the active nucleation density Nactive

and the alloy specific parameter Ai. The active nucle-
ation density of one welded sample

Nactive ¼
1

d

� �3

½3�

results from the size d of the equiaxed dendritic grains
under the assumption that each equiaxed dendritic grain
originates from one nucleation particle. It is important
to note that the active nucleation density is influenced by
the amount of TiB2 particles available, as shown by the
addition of Al-Ti-B filler material during welding.[1]

Therefore, the active nucleation density can vary for
different batches of an alloy within a standard. This is
considered in the experimental part of this work by
using an empirical model for the active nucleation
density.

For binary alloys,[29] the alloy specific parameter

Ai ¼ 2
�2mliq 1� k0ð Þc0C

Dl

� �0:5
½4�

results from the slope of the equilibrium liquidus line
mliq, the equilibrium partition coefficient k0, the alloy

concentration c0, the Gibbs-Thomson coefficient C,
and the liquid diffusion rate Dl. As this study focusses
on the influence of process parameters on the nucle-
ation process and for the sake of simplification a
pseudo-binary approach[30] was used to approximate
the alloy specific parameter Ai for the multi-compo-
nent EN AW-6016 alloy. In general the growth restric-
tion factor is used to describe the effect of the alloy
composition on the melt undercooling. For a more
detailed model also other approaches can be
applied.[12, 31] The multi-component alloy is reduced to
a binary alloy Al-X with a summed alloy
concentration

c0;X ¼
X

ci ½5�

The pseudo-binary alloy concentration c0;X was cal-
culated with the minimum and maximum composition
in Table II. All elements listed in Table II were consid-
ered for the following calculations. It is assumed that the
reduced pseudo-binary alloy Al-X has an equilibrium
liquidus and solidus temperature equal to the one of the
multi-component alloy. This approach is limited to
alloys that form predominantly a-Al as their primary
phase during solidification, such as EN AW-6016.
Kozlov and Schmid-Fetzer[31] illustrated this for the
calculation of the growth restriction factor for different
compositions of a Al-Si-Mg-Cu alloy. The liquidus slope
mliq:X, the solidus slope msol;X and the partition coeffi-
cient k0;X are calculated similar to a linearized binary
phase diagram. The equilibrium liquidus temperature
Tliq and equilibrium solidus temperature Tsol were
calculated with Thermo-Calc 2020a for the minimum
and maximum composition as shown in Table II. The
results of the equilibrium liquidus temperature Tliq and
equilibrium solidus temperature Tsol are listed in
Table III. The slope of the liquidus line of the
pseudo-binary alloy

mliq;X ¼ Tliq � Tmelt

c0;X
½6�

is the temperature difference between the equilibrium
liquidus temperature Tliq and the melting point of pure
aluminum Tmelt divided by the alloy concentration of
the pseudo-binary c0;X, resulting from Eq. [5]. The
slope of the solidus line of the pseudo-binary alloy

msol;X ¼ Tsol � Tmelt

c0;X
½7�

is calculated in a similar fashion. The equilibrium par-
tition coefficient

k0;X ¼ mliq;X

msol;X
½8�

of the pseudo-binary alloy is calculated from the ratio
of the previous two slopes calculated by Eqs. [6] and
[7]. The liquid diffusion coefficient

Dl;X ¼ 1

c0;X

X
ciDl;i Tliq

� �
½9�
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of the pseudo-binary alloy is calculated as a weighted
mean over all alloying elements listed in Table II. The
liquid diffusion coefficient in aluminum is gathered from
Du et al.[32] and the values which were evaluated at
liquidus temperature are listed in Table IV.

The Gibbs-Thomson coefficient

C ¼ csl
DSfql

½10�

of the pseudo-binary alloy describes the magnitude of
the curvature effect during solidification of dendrites or
small nucleation particles.[26] The Gibbs-Thomson coef-
ficient is defined as the interfacial energy csl divided by
the product of the entropy of fusion DSf ¼ Hf=Tmelt and
the liquid density of the alloy ql at the liquidus
temperature.

Equation [10] is solved for the solid liquid interfacial
energy csl of pure aluminum, the melting point Tmelt of
pure aluminum and the entropy of fusion DSf and liquid

density at liquidus temperature ql Tliq

� �
of the minimum

and maximum composition from Table II of the EN
AW-6016 alloy. The values used for Eq. [10] were
calculated by Thermo-Calc 2020a TCAL v5.1 listed in
Table III.

The resulting alloy parameter for alloys within the EN
AW-6016 standard are calculated by Eq. [4] with the
results of Eqs. [5], [6], [8], [9] and [10]. As listed in
Table V, the resulting alloy parameter ranges between

Ai ¼ 3:29� 4:46Ks0:5=mm0:5 . The results are in a

similar range like the estimated value of 2Ks0:5=mm0:5

for a binary AlCu2 alloy[28] and the empirically deter-

mined values between 1:2� 1:7Ks0:5=mm0:5 for weld
results of EN AW-1050 and EN AW-6082 in
literature.[1]

C. Model for Active Nucleation Density

The active nucleation density Nactive is a key alloy
parameter according to Eq. [2] which is required to
describe the growth of equiaxed dendritic grains. The
heterogeneous nucleation particles have a specific size
distribution as it is known from casting.[9] The size or
diameter of a particle determines at which melt under-
cooling it becomes active and promotes the growth of
equiaxed dendritic grains. The free growth model
describes this behavior.[26,28] A particle becomes active
if the critical diameter

dcrit �
4csl

DSfDTc
½11�

is greater than the solid-liquid surface tension csl divided
by the product of the degree of undercooling DTc and
the entropy of fusion DSf:

[28]

For an aluminum melt Fraś et al.[33] showed that the
size distribution of heterogeneous nucleation particles
can be described by a normal distribution. They
calculated the active nucleation density

Nactive ¼
Z1

dcrit

Ntotal

da
exp � d

da

� �
d~d ½12�

as the integral with the interval dcrit;1½ � including all
particles greater than the critical diameter dcrit and
with a mean nucleation particle diameter of da. Inte-
grating Eq. [12] by the diameter d for the interval
dcrit;1½ � leads to

Nactive ¼ Ntotal exp � dcrit
da

� �
½13�

Table III. List of All Used Thermophysical Properties in This Work Within Minimum and Maximum Composition of EN

AW-6016 Standard

Abbr. (Unit) Min. Composition Max. Composition Source

Liquidus Temperature Tliq Kð Þ 926 919 TC
Ambient Temperature Tamb Kð Þ 300 –
Melting Point Tmelt Kð Þ 933 TC
Solidus Temperature Tsol Kð Þ 870 836 TC
Liquid Density T ¼ Tliq

� �
ql kgm

�3
� �

2377.7 2391.2 TC

Solid Density T ¼ 300Kð Þ qs kgm�3
� �

2691.5 2706.9 TC

Heat Capacity T ¼ 300Kð Þ cp Jkg�1K�1
� �

900 896 TC

Interfacial Energy of Pure Aluminum csl Nm�1
� �

0.9093 26

Enthalpy of Fusion Hf kJkg�1
� �

389 390 TC

Heat Conductivity kth Wm�1K�1
� �

204.25 185.25 27

Table IV. Diffusion Coefficient in Liquid Aluminum Evaluated at Tliq Original Data From Table IV
[32]

Abbr. (Unit) Al-Si Al-Fe Al-Cu Al-Mn Al-Mg

Diffusion Coefficient Dl;i 10
�9m2s�1

� �
2.802 2.568 4.804 9.703 3.548
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Inserting Eq. [11] into Eq. [13] leads to the active
nucleation density

Nactive ¼ Ntotal exp � 4csl
DSfDTcda

� �
½14�

as an exponential function dependent on the total
nucleation density Ntotal and an exponent
�4csl= DSfdaDTcð Þ. The active nucleation density is a
key parameter for the criterion for colum-
nar-to-equiaxed transition according to Eq. [2] and it
increases with a higher amount of melt undercooling
DTc until it reaches its limit of Ntotal. Equation [14]
describes the model based on nucleation theory.

D. Influence of Process Parameter on Melt Undercooling

The alloy specific parameter Ai is required to calculate
the melt undercooling DTc at a maximum growth
rate.[29] The melt undercooling

DTc ¼
GDl

R
þ AiR

0:5; ½15�

is the sum of a diffusion based factor proportional to
G=R and an alloy specific parameter based factor
proportional to R0:5.

For laser welding, the solidification rate

R ¼ v cos a; ½16�

is proportional to the welding velocity vand the angle
a between the welding direction and the normal of the
weld pool boundary neglecting the influence of the
dendritic growth direction.[34] This study is focused on
the grain structure in the center area of the weld
because there the equiaxed dendritic grains grow
first.[34] The solidification rate in the centerline equals
to

RCL ¼ v ½17�

because the angle between the weld direction and the
normal of the weld pool boundary in the centerline is
aCL ¼ 0�.[34] Furthermore, the temperature gradient in
the centerline GCL is low according to Kou.[34] There-
fore, the first summand GDl=R of Eq. [15] is negligibly
small compared to the second term AiR

0:5 for laser
beam welding. With this, the melt undercooling DTc in
the centerline of laser beam welding yields

DTc ¼ AiR
0:5
CL ¼ Aiv

0:5 ½18�

Eq. [18] shows that the melt undercooling DTc is
influenced by the solidification rate R and according to
Eqs. [16] and [17] from the welding velocity. The dashed
black curve in Figure 3 represents the melt undercooling
as a function of the welding velocity and the respective
solidification rate at the centerline calculated according
to Eq. [18] with the average alloy parameter of EN
AW-6016 from Table V. The enveloping green curves of
the green area in Figure 3 represent the minimum and

maximum melt undercooling DTc calculated by Eq. [18]
with the minimum and maximum alloy parameter values
for EN AW-6016 from Table V. According to Eq. [18],
the metallurgical parameter of melt undercooling DTc

can be directly controlled by the process parameter,
namely the welding velocity v.

E. Influence of Process Parameter on Solidification
Parameter

The process parameters affect the type of solidifica-
tion as indicated by Eq. [2]. When laser welding
aluminum the grain types are typically either columnar
or equiaxed dendritic.[34] The driving solidification
parameters, which are affected by the process parame-
ters, are the solidification rate R and the temperature
gradient G. Eq. [2] shows that the required ratio of the
local solidification parameters is G3=R1:5

� �
req
. This ratio

G3=R1:5
� �

req
must exceed the value defined by the crite-

rion to achieve equiaxed dendritic growth. The special
solution of the two dimensional heat flux equation for a
fast moving line source by Rosenthal[35] is used to
approximate the temperature gradient G at the location
of the centerline. The solidification rate at the centerline
is RCL ¼ v according to Eq. [17]. Following the previ-
ously published approach,[20] the ratio of G=R is
expressed using the special solution of the heat conduc-
tion as

G

R
¼ 2p

Tliq � Tamb

� �3
kthqscp

g2absP
2
depth

½19�

where Tamb is the ambient temperature of the workpiece,
kth is the heat conductivity, q is the solid density at room
temperature and cp is the heat capacity at room

temperature, Pdepth ¼ P � t�1
depth is the power per unit

depth and gabs is the absorptance. The power per unit
depth is derived from the special solution of the two
dimensional heat equation by Rosenthal.[35] It describes
the amount of power evenly distributed over the depth
of the line source. This study focusses on the case of full
penetration laser welding. In this case the depth of the
weld pool is equal to the thickness tsheet of the welded

aluminum sheet. The absorptance gabs � 70þ10
�10pct was

calculated according to Gouffé[36] for a cylindrically
shaped vapor capillary with an aspect ratio of s=df ¼ 3:6
(according to the experimental set-up in Table I) in
liquid aluminum with an absorptivity[37] of 12 pct. The
variation in the absorptance of 	10 pct is an estimation
addressing possible uncertainties.

IV. CRITERION FOR LASER BEAM WELDING

A. Influence of Process Parameter on Active Nucleation
Density

Inserting Eq. [18] into Eq. [14] leads to the active
nucleation density
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Nactive ¼ Ntotal exp � 4csl
DSfdaAiv0:5

� �
½20�

at the centerline of the weld as a function of the welding
velocity v. The active nucleation density is a key alloy
parameter to describe the criterion for colum-
nar-to-equiaxed transition according to Eq. [2]. Increas-
ing the welding velocity v increases the active nucleation
density Nactive according to Eq. [20] and promotes the
growth of equiaxed dendritic grains according to Eq. [2].
Equation [20] combines the microscopic metallurgical
phenomena of nucleation with the process parameter v.
Since the active nucleation density for a specific welding
velocity v in an aluminum alloy is currently not known,
a best fit of Eq. [20] is performed.

The data in Figure 4 present the influence of the
welding velocity and the corresponding solidification
rate at the centerline on the active nucleation density
Nactive calculated by the empirically determined mean
equiaxed dendritic grain size in the experiments accord-
ing to Eq. [3]. The weld experiments using 6016-A are
compared to the already published results obtained with
6016-B.[20] The mean equiaxed dendritic grain size was
determined by the line intercept method. No active
nucleation density Nactive was determined for the welding

velocities lower than v<1m min�1 for 6016-B because
no equiaxed dendritic grains were observed. The rect-
angular data points (purple) represent the results
obtained with 6016-A and the error bars correspond
to the minimum and maximum values of the experi-
mentally determined active nucleation density Nactive. At
least three weld experiments were evaluated for each

velocity and each aluminum batch. The circular data
points (orange) represent the previously published
results obtained for 6016-B.[20]

A best fit of Eq. [20] with the fit parameter b ¼
4csl=DSfdaAi is performed individually for 6016-A and
6016-B. The results of the best fits of Eq. [20] are listed
in Table VI.
The solid purple curve in Figure 4 represents the best

fit of Eq. [20] for the experimental results of welding
6016-A. Additionally, the enveloping curves of the
purple area represent the fit of Eq. [20] to the minimum
and maximum values of the experimental results. The
solid orange curve is the best fit of Eq. [20] to the results
obtained for 6016-B with the filled orange area high-
lighting the minimum and maximum fit values. The
purple dashed line in Figure 4 represents the fFfitted
value of the nucleation density limit Ntotal;6016�A for
6016-A according to Eq. [20]. The orange dashed line in
Figure 4 represents the fitted value of the nucleation
density limit Ntotal;6016�B for 6016-B according to
Eq. [20].

Table V. Results of the Alloy Specific Parameter of EN AW-6016 Calculated by the Pseudo-Binary Approach

Abbr. (Unit) Composition Minimum Composition Maximum

Alloy Specific Parameter Ai Ks0:5=mm0:5
� �

3.29 4.46

Fig. 3—Melt undercooling at the centerline as a function of the
welding velocity calculated by Eq. [18].

Fig. 4—Influence of the welding velocity v and the respective
solidification rate on the experimentally determined active nucleation
density Nactive for 6016-A (rectangular purple) and 6016-B (circular
orange). Solid curves represent a best fit of Eq. [20] for 6016-A
(purple) and 6016-B (orange). Dashed lines represent limit of the
nucleation density Ntotal for 6016-A (purple) and 6016-B (orange).
(For interpretation of the references to color in this figure, the
reader is referred to the online version of this article) (Color
figure online).

Table VI. Results of the Best Fit of Eq. [20] for Both Alloys

Ntotal m
�3

� �
b ms�1
� �

6016-A 1:6þ0:4
�0:2 � 1012 0:11þ0:01

�0:02

6016-B 10:0þ3:2
�2:5 � 1012 0:26þ0:01

�0:01
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The experimentally determined active nucleation den-
sity Nactive for 6016-A and 6016-B is scattered because
the data points of the active nucleation density Nactive

are sensitive to the measured grain size according to
Eq. [3]. The experimentally determined active nucleation
density Nactive in 6016-A increases by an order of
magnitude between the welding velocities of

v ¼ 1m min�1and v ¼ 3m min�1. The active nucleation
density Nactive in 6016-A and 6016-B quickly approaches
the limit of Ntotal due to the high melt undercooling

caused by the high welding velocities v>1m min�1 of
laser welding. This suggests that in particular for small

welding velocities v<1m min�1 the influence of the
welding velocity v on the active nucleation density Nactive

should be considered. As listed in Table IV the total
nucleation density Ntotal of 6016-A and 6016-B differs by
an order of magnitude. This suggests an influence of the
alloy batch on the distribution of heterogeneous nucle-
ation particles. Furthermore, the approximated total
nucleation densities for both alloy batches range from
1012 m�3 to 1013 m�3. In comparison to the range of the
values of the nucleation density of 109 m�3 to 1012 m�3

from literature given for an unspecified alloy[26] the
experimental results are near the upper limit or even
larger. In conclusion, the active nucleation density
Nactive modelled by Eq. [20] explains the quick saturation
of the nucleation density Nactive due to the high melt
undercooling according to Eq. [18]. Moreover, in

particular for low welding velocities v � 1 m min�1 the
influence of the welding velocity on the active nucleation
density Nactive should be taken into account, whereas for
high welding velocities the active nucleation density can
be considered as constant. The comparison of the two
curves and the experimental results show the deviation
of the nucleation density between the two investigated
batches of EN AW-6016.

B. Influence of Process Parameters on the Criterion

The previously published heat conduction
approach[20] should be combined with Hunt’s crite-
rion[21] in order to combine the metallurgical and the
process perspective for the growth of equiaxed dendritic
grains. For this the criterion for columnar-to-equiaxed
transition Eq. [2] is extended with 1=R1:5, which leads to

G

R

� �3

req

¼ 0:24 � A3
i Nreq

1

R1:5
req

: ½21�

Inserting Eq. [19] in Eq. [21] and replacing R by the
welding velocity v, using Pabs;depth ¼ gabsPdepth and solv-
ing the equation for the nucleation density yields

Nreq;active ¼ 9:48 � 104
Tliq � Tamb

� �3
kthqscp

Ai

 !3

½22�

as a function of the process parameters welding velocity v
and absorbed laser power per unit depth Pabs;depth. The
welding velocity directly influences the required active

nucleation density Nreq;active 
 v1:5 according to Eq. [22].
An increase of the welding velocity at constant power per
unit depth lowers the required active nucleation density.
This effect is also found for gas tungsten arc welding of
aluminum alloys[1]. Moreover, Eq. [22] analytically
proves the main influence of the absorbed power per unit
depth on the criterion for columnar-to-equiaxed transi-
tion Nreq;active 
 P�6

abs;depth, which agrees with the experi-

mental findings of the prior study.[20]

Figure 5(a) exemplarily depicts the horizontal section
of a weld with solely columnar dendritic grains and
Figure 5(b) the horizontal section of aweldwith equiaxed
dendritic grains in the center area of theweld. The samples
were grinded and polished from the surface and etched
with Barker’s reagent[4] before they were photographed
under polarized light. According to Eq. [22] if the
absorbed power per depth is low then the active nucle-
ation density required for the formation of equiaxed
dendritic grains is high. Figure 5 experimentally shows

that for a low Pabs;depth � 180 W min�1 combined with a

slow welding velocity v ¼ 0:25 m min�1 (Figure 5(a))
there is no equiaxed dendritic grain structure and for a

higher Pabs;depth � 2100 W min�1 combined with a faster

welding velocity v ¼ 12 m min�1 (Figure 5(b)) there is an
equiaxed dendritic grain structure. According to Table I

the absorptance is estimated to gabs � 70þ10
�10pct given by

the equations of Gouffé[36] for liquid aluminum and an
aspect ratio of tsheet=df ¼ 3:6.
In Figure 6 the predicted type of grain structure by

Eq. [22] is compared to the experimentally observed type
of grain structure of the two alloy batches with different
nucleation densities. The criterion for colum-
nar-to-equiaxed transition in Eq. [22] is evaluated for
the resulting minimum and maximum thermophysical
properties, listed in Table III. Thus, all possible alloy
compositions of the EN AW-6016 standard are consid-
ered. The resulting minimum and maximum values of
the criterion are represented by the enveloping curves of
the green areas in Figure 6. The green areas divide the
plot into two parameter ranges. The weld experiments
which are welded within the parameter range left of the
green area contain only columnar dendritic grains; the
weld experiments which are welded within the parameter

Fig. 5—Optical micrographs viewed under polarized light and etched
with Barker’s reagant reveal different dendritic grain structure. (a)
Columnar dendritic grain structure obtained with a laser power of
620W, a welding velocity of 0:25m min�1, a beam diameter of 50
lm and with a full penetration depth of 2:4mm. (b) Equiaxed
dendritic grain structure in center area obtained with a laser power
of 6000W, a welding velocity of 12m min�1, a beam diameter of
560 lm and with a full penetration depth of 2:0mm.
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range right of the green area contain equiaxed dendritic
grains. If the chosen weld parameters are located close
to the green areas then an increase in uncertainty is
expected.

Figure 6 depicts the experimentally determined active
nucleation density for the conducted experiments that
lead to an equiaxed dendritic grain structure and its
influence of the absorbed power per unit depth Pabs;depth.
Each subplot summarizes the results for a specific
welding velocity. The data points for 6016-A (rectangu-
lar filled with purple) and 6016-B (circular filled with
orange) represent the experimentally data of the active
nucleation density Nactive and are labeled as ‘‘equiaxed’’
dendritic grains in Figure 6. The vertical error bars of
the experimentally determined data points result from
the minimum and maximum measured active nucleation
density Nactive. The horizontal error bars of the exper-
imentally determined data points in Figure 6 result from

the uncertainty of the estimated absorptance gabs �
70þ10

�10 pct: According to Table I the absorptance is

estimated to gabs � 70þ10
�10 pct given by the equations of

Gouffé[36] for liquid aluminum and an aspect ratio of
tsheet=df ¼ 3:6:

The active nucleation density Nactive can be deter-
mined experimentally with Eq. [3] only when equiaxed

dendritic grains are observed in the metallographic cross
sections. For the weld experiments that did not lead to
an equiaxed dendritic grain structure, the theoretical
value of the active nucleation density (Figure 5(a)) were
therefore approximated by Eq. [20]. The data points
with white filling were approximated by Eq. [20] for
6016-A (rectangular filled with white) and 6016-B
(circular filled with white) and are labeled as ‘‘colum-
nar’’ dendritic grains in Figure 6. The vertical error bars
of the data points with a calculated active nucleation
density results from the minimum and maximum devi-
ations of the best fit for each alloy batch listed in
Table V. The horizontal error bars of the calculated
data points in Figure 6 result from the uncertainty of the

estimated absorptance gabs � 70þ10
�10 pct:

All the data points with an approximated nucleation
density depictedwith white filling in Figures 6(b) through
(e) are located left or in close proximity of the enveloping
curves of the green areas. The combination of material
and process perspective given by Eqs. [20] and [22]
explains why the growth of columnar dendritic grains
occurs in the centerline for theweld that did not lead to the
growth of equiaxed dendritic grains. The occurrence of
the growth of columnar dendritic grains is well described
although the active nucleation density is overestimated by
the best fit of Eq. [20] for welding velocities

Fig. 6—Comparison of the predicted type of grain structure by the analytically derived criterion for the columnar-to-equiaxed transition Eq. [22]
and the experimental results for 6016-A and 6016-B. The enveloping curves of the green areas are calculated by the criterion for
columnar-to-equiaxed transition using Eq. [22]. If data points are located right from the green areas then equiaxed dendritic grains are expected;
if data points are located left from the green areas then columnar dendritic grains are expected. The data points for 6016-A (rectangular filled
with purple) and 6016-B (circular filled with orange) are experimentally determined and labeled as ‘‘equiaxed’’. The active nucleation density of
the data points for 6016-A (rectangular filled with white) and 6016-B (circular filled with white) were approximated by Eq. [20]. (For
interpretation of the references to color in this figure, the reader is referred to the online version of this article.) Each of the investigated welding
velocities are summarized in an extra figure. (a) welding velocity v ¼ 1m min�1; (b) v ¼ 0:25m min�1; (c) v ¼ 0:5m min�1; (d) v ¼ 3m min�1; (e)
v ¼ 6m min�1; (f) v ¼ 9m min�1; (g) v ¼ 12m min�1 (Color figure online).
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v � 1 m min�1. All of the data points with an observed
equiaxed dendritic grain structure (depicted with orange
or purple filling in Figure 6) are located right
(Figures 6(d) through (g)) or within (Figure 6(a)) the
enveloping curves of the green areas. Hence, the combi-
nation of the material and process perspective described
by Eq. [22] reliably explains the observed occurrence of
the growth of equiaxed dendritic grains. In conclusion,
although two batches of EN AW-6016 with different
nucleation densities were welded the proposed analytical
expression of Eq. [22] agrees well with the experimental
findings within the range of the possible thermophysical
properties, as listed in Table III. The strong decrease of
the active nucleation density with increasing Pdepth � gabs
shows clearly the major influence of the process param-
eters on the formation of an equiaxed dendritic zone
compared to the small range of the green area, which
represents deviation of the thermophysical properties
within the EN AW-6016 standard. For the first time, the
process parameter perspective was described analytically
for equiaxed solidification in full penetration laser beam
welding.

The experimental results at welding velocities v �
9m min�1 (Figures 6(f) through (g) highlight two ben-
eficial effects for the growth of equiaxed dendritic grains.
First, high welding velocities lead to a higher value of
the melt undercooling according to Eq. [18] and
subsequently to a higher active nucleation density
according to Eq. [20]. Second, the powers per unit
depth Pdepth must generally be higher to achieve full
penetration welding and thus the experimentally deter-
mined values of the power per unit depth are found at
the right of the enveloping curves of the green areas
calculated by Eq. [22].

The analytical description of the criterion by Eq. [22]
highlights that the required active nucleation density
Nactive directly depends on the absorbed power per unit
depth Pabs;depth and the welding velocity v. Geng et al.[38]

experimentally analyzed the nucleation mechanisms for
laser welding of aluminum and found that only hetero-
geneous substrate particles, such as Ti-B, induce the
formation of equiaxed dendritic grains. Schempp and
Rethmeier[1] investigated the influence of Al-Ti-B filler
wire additions on gas tungsten arc welding of aluminum
and found that increasing the nucleation density by
adding Al-Ti-B filler wire at constant welding parame-
ters leads to a decrease of the grain size as an effect of
the growth of equiaxed dendritic grains. Eq. [22] gives
the required absorbed power per unit depth Preq;abs;depth

for a given nucleation density. Subsequently, Eq. [22]
could help to achieve the growth of equiaxed dendritic
grains for a given nucleation density and thus increasing
the mechanical performance of the alloy without any
addition of Al-Ti-B based filler materials.

C. Metallographic Analysis at the Threshold
of the Criterion

At a critical number of growing equiaxed dendritic
grains the growth of columnar grains is blocked and the
solidifying grain structure is considered to be fully

equiaxed. The columnar dendritic grains overgrow the
equiaxed dendritic in case that the critical number is not
reached.[21] Therefore, a transition behavior located
within the enveloping curves of the green areas is
expected.
The additional variation of the welding experiments

with 6016-A at v ¼ 1 m min�1 (purple data points filled
with white in Figure 6(a) result in a power per unit
depths Pdepth close to the critical value given by Eq. [22].
Figure 7(a) shows the grain structure of seam in 6016-A

which was welded with v ¼ 1 m min�1 and

Pdepth ¼ 650 W min�1. The grain structure seen in
Figure 7(a) is columnar dendritic. Yellow arrows indi-
cate the positions with a low number of equiaxed
dendritic grains. Figure 7(b) shows the grain structure

of a seam in 6016-A welded with v ¼ 1 m min�1 and a

higher power per unit depth Pdepth ¼ 800 W min�1. The
grain structure seen in Figure 7(b) is fully equiaxed
dendritic. The transition behavior from the growth of
columnar to equiaxed dendritic grains is consistent with
the here presented analytical description in Eq. [22] and
the findings of Hunt.[21] According to Eq. [22] the
absorbed depth specific energy Pabs;depth must be
increased in order to achieve an equiaxed dendritic
grain structure for a given active nucleation density. The
experiments presented in Figure 7 were conducted with

a velocity of 1 m min�1. According to Eq. [20] the active
nucleation density Nactive for both weld experiments in
Figures 7(a) and (b) are equal. The experiments confirm
this prediction. Hence, the discussed experimentally
observed transition behavior validates the analytical
description derived in this study.

V. IMPLICATIONS FOR PROCESS AND ALLOY
DESIGN

Inserting the description of the active nucleation
density function Eq. [20] into Eq. [22] and solving for the
absorbed power per unit depth leads to the absorbed
power per unit depth

Fig. 7—Optical micrographs viewed under polarized light and etched
with Barker’s reagant show solidification behaviour of 6016-A close
to the critical value as calculated by Eq. [22]. (a) Mainly columnar
dendritic grain structure is observed. Yellow arrows highlight single
equiaxed dendritic grains. P ¼ 650 Wmm�1; v ¼ 1mmin�1; df ¼
280lm. (b) Equiaxed dendritic grain structure is observed in the
centerline. Pdepth ¼ 800Wmm�1; v ¼ 1mmin�1; df ¼ 280lm.
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Preq;abs;depth ¼ 6:75
1

Ntotal
exp

4csl
DSfdaAiv0:5
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�
Tliq � Tamb
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kthqscp

Ai

 !1
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v
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4

½23�

that is required to obtain an equiaxed dendritic growth
as a function of the active nucleation density Nactive,
the welding velocity v and the extended alloy
parameter

n ¼
Tliq � Tamb

� �3
kthqscp

Ai
: ½24�

Equation [23] proves that increasing the active nucle-
ation density Nactive lowers the required absorbed power
per unit depth Preq;abs;depth. Moreover, Eq. [23] allows to
design the process and calculate the required absorbed
power per unit depth Preq;abs;depth for a specific welding
velocity v and a given nucleation density. Applying
Eq. [23] for 6016-A and 6016-B results in the values of
the process parameters that are required for the nucle-
ation and the subsequent growth of equiaxed dendritic
grains. Figure 8 shows the absorbed power per unit
depth Preq;abs;depth required for the growth of equiaxed
dendritic grains as a function of v in the range of 1 to

12m min�1 for 6016-A and 6016-B. Only the range of
welding velocities is considered in Figure 8 in which the
growth of equiaxed dendritic grains was observed in the
experiments. The enveloping curves of the purple area
(6016-A) represent the minimum and maximum
required power per unit depth as calculated using the
minimum and maximum values of the alloy properties
listed in Table III and with the mean values of the best
fit of Eq. [20] given in Table V. The enveloping curves of
the orange area (6016-B) represent the minimum and
maximum required power per unit depth value calcu-
lated using the minimum and maximum alloy properties

listed in Table III and with the mean values of the best
fit of Eq. [20] given in Table IV.
The growth of equiaxed dendritic grains is expectedwhen

the absorbed power per unit depth exceeds the maximum
theoretically calculated power per unit depth which is
required for equiaxed grain growth Preq;abs;depth. The upper
purple boundary in Figure 8 represents the maximum
values of Preq;abs;depth as a function of the welding velocity.
These maximum values are proposed as an initial value to
obtain equiaxed dendritic grain growth for other alloys
specified within the EN AW-6016 standard.
Equation [2] highlights the active nucleation density

Nactive and the alloy parameter Ai as the main material
parameters of the criterion for growth of equiaxed
dendritic grains by Hunt.[21] Equation [23] includes the
special solution of the heat conduction equation as well
as the nucleation theory. It is the specific relation for the
growth of equiaxed dendritic grains for laser beam
welding. This is why Eq. [23] reveals more material
parameters than the active nucleation density Nactive and
the alloy parameter Ai as originally described by
Hunt.[21] Eqquation [23] presents a much more detailed
view on the influence of the material on the equiaxed
dendritic grain growth and Eq. [24] summarizes them as
the here defined extended alloy parameter n which can
be used as an alloy design metric.
For the following statements it is assumed that the

aim is to reduce the required absorbed power per unit
depth Preq;abs;depth. Then Eq. [24] implies that either Ai

could be increased which also increases the melt
undercooling according to Eq. [18] and increases the
saturation of Nactive ! Ntotal according to Eq. [20].
Furthermore, Eq. [24] implies that the product of

Tliq � Tamb

� �3
qscpkth must be lowered to reduce the

absorbed power per unit depthPreq,in,depth required

for the growth of equiaxed dendritic grains. This may be
achieved by adjusting the alloy composition or by
choosing a different alloy specified by the DIN EN
573-3[23] standard. In conclusion, Eqs. [23] and [24]
combine the material and process perspective that
ensures the growth of equiaxed dendritic grains.

VI. CONCLUSION

For the first time the influence of process parameters on
the criterion for columnar-to-equiaxed transition in laser
beam welding is incorporated in one analytical descrip-
tion. This allows amore nuanced and precise approach to
model the columnar-to-equiaxed transition during full
penetration laser beam welding of aluminum alloys. The
analytical description derived here is somewhat limited in
terms of the used nucleation density model, but it can be
expanded with a sophisticated model for the distribution
of nucleation particles for commercially available alu-
minum alloys. Future work will focus on the influence of
the alloy chemical composition by using more sophisti-
cated nucleation density models.
The analytical description Eq. [23] derived in this study

highlights the full range of process and material phenom-
ena in detail. Using that equation the minimum values of

Fig. 8—Absorbed power per unit depth as a function of the welding
velocity that is required for the growth of equiaxed dendritic grains
for two batches of EN AW-6016. Calculated by Eq. [23] using the
mean nucleation density values listed in Table VI and the minimum
and maximum alloy properties listed in Table III.
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the welding and material parameters required for the
growth of equiaxed dendritic grains can be calculated.
Hence, the process andmaterial design can be achieved in
advance. The design step can be completed with the help
of thermodynamic databases, the fundamentals of laser
material processing and the equations provided in this
study. The advantage of this method is to control the
mechanical properties of the weld seam.

The experiments conducted in this study confirm the
analytical description for the special case of full penetra-
tion laser beam welding and the validity of the known
model by Hunt. Using a high power per unit depth and a
high welding velocity is recommended as a practical
guideline to achieve the desired equiaxed solidification in
full penetration laser beamwelding in order topromote its
benefits on weld seam strength and hot cracking resis-
tance. This is beneficial for industrial applications because
it eliminates the usage of additional grain-refining filler
wire for achieving equiaxed solidification in theweld seam
and exploits the existing nucleation particles in the alloy.
Moreover, the criterion can be adapted for comparable
processes like laser-based additive manufacturing, which
has to be proven in future work.
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