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Evolution of microstructure during keyhole mode welding involves several special features such as
multiple inflections of weld pool boundary curvatures, strong spatially variable thermal cycles and
negligible undercooling. These systems are difficult to characterize rigorously, because depending on the
sections selected, significantly different grain structures and topological features are observed. Here we
uncover the special features of crystal growth during keyhole mode laser welding considering the
motion of the melt pool and the interdependence of the grain growth in both the fusion zone and the
heat affected zone. The temperature distribution and the transient thermal history of welds were
combined with the grain growth simulation using a Monte Carlo approach in a computationally efficient
manner. The computed results were tested against independent experimental data for keyhole mode
laser welding of copper where the grain structure can be easily resolved. The results showed that the
curved columnar grains growing from the fusion zone boundary coexisted with axial columnar grains
near the centerline of welds. The effects of welding speed on the dimension, distribution, orientation and
morphology of the columnar and equiaxed grains were studied.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Keyhole mode laser welding is widely used to join large com-
ponents of many important engineering alloys. Due to very high
energy density of the laser beam, a vapor cavity known as the
keyhole forms inside the components surrounded by a pool of
liquid metal which solidifies to form the weld as the laser beam
moves along [1,2]. Evolution of microstructure during keyhole
mode welding is characterized by several special features that are
very different from most fusion welding processes including con-
ductionmode laser welding where the power density is insufficient
to form a keyhole [3,4]. They include very high peak temperature
close to the boiling temperature of the alloy, a moving solidification
front with multiple inflection points, strong spatial variations of
thermal cycles, and negligible constitutional and kinetic under-
cooling, all of which affect microstructure evolution in a manner
unlike any other fusion welding process [5e7].

The grain structure evolution during keyhole mode welding is
significantly different from that in conduction mode laser welding
or gas tungsten arc welding and most previous studies were
lsevier Ltd. All rights reserved.
focused onwelds that did not form any keyhole. For example, grain
structure evolution within the heat affected zone (HAZ) was
simulated based on a Monte Carlo (MC) technique [8e11].
Computationally intensive cellular automaton model was used to
simulate the 3D grain growth in the fusion zone (FZ) while ignoring
grain growth in the HAZ [12e14]. Grain structure prediction in an
aluminum alloy weld was reported based on a MC technique
considering the temporal and spatial distributions of temperature
field during gas tungsten arc welding [15]. However, studies of
grain growth during keyhole mode laser welding are scarce.

Grain growth in keyhole mode welds is difficult to characterize
rigorously, because depending on the sections selected, signifi-
cantly different grain structures and topological features are
observed because of the multiple inflections of weld pool boundary
curvatures and other complexities [3,16]. By incorporating a well
known fact that directions of grain growth are normal to the weld
pool boundary [17], and these directions may be different from the
directions of growths of cells and dendrites, crystal growth and
topological features can be rigorously probed for keyhole mode
welding. Simulation of the grain structure evolution requires reli-
able three dimensional (3D) transient temperature fields [1,18,19].
In addition, both the moving liquid pool and the interdependent
grain growth in the FZ and the HAZ need to be considered to reveal
the grain growth process.
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Table 2
Data used for the calculation of temperature and velocity fields [34].

Variables Value

Laser beam radius (mm) 0.1
Laser absorptivity 0.13
Solidus temperature (K) 1338
Liquidus temperature (K) 1356
Boiling temperature (K) 2835
Density of liquid metal (kg m�3) 8.02
Thermal conductivity of solid (W m�1 K�1) 330
Thermal conductivity of liquid (W m�1 K�1) 163
Viscosity of liquid (kg m�1 s�1) 0.004
Temperature coefficient of surface tension (N m�1 K�1) �0.23
Specific heat of solid (J g�1 K�1) 0.47
Specific heat of liquid (J g�1 K�1) 0.49
Coefficient of thermal expansion (K�1) 1.66 � 10�5

Table 3
Laser welding process parameters [3].

Weld No. Welding speed (m/min) Laser power (kW) Plate thickness (mm)

1 1.0 4.0 1.5
2 7.0 4.0 1.5
3 8.0 4.0 1.5

Table 4
Data used for grain growth calculation by MC simulation [3,32].

Variables Value

Initial grid spacing (mm), L0 15
Grain boundary energy (J m�2), g 0.625
Accommodation probability, A 1.0
Average number per unit area at grain boundary 2.0 � 1019
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A highly localized solidification structure in the FZ is generated
behind the moving melt pool during welding. The solidified grain
structure is affected by both the temperature field near the solidi-
fication front and the grain morphology and orientation in the HAZ
[20]. Grains at the solidification front in the FZ initially grow
epitaxially with the partially melted grains in the HAZ. The sub-
sequent growth depends on the preferred crystallographic orien-
tation of the solidification structure as well as the local temperature
gradient at the solidification front [21]. During keyhole mode laser
welding, straight axial columnar grains growing along the welding
direction are observed near the centerline of the FZ, coexisting with
curved columnar grains growing from the fusion line [3]. In order to
better understand the grain growth process during keyhole mode
welding, it is essential to model the evolution of columnar and
equiaxed grains in both the FZ and the HAZ.

Here we report the evolution of columnar grains in the FZ and
the equiaxed grains in the HAZ in three dimensions considering
their interdependence during keyhole mode laser welding of cop-
per. Both the temporal evolution and the spatial distribution of the
grain structure were simulated by a 3D grain growth model. The
effects of the welding speed on the orientation, morphology,
dimension and distribution of the columnar and equiaxed grains
were studied. The simulated results from the model are tested
against independent experimental data.

2. Models and methodology

2.1. heat transfer and fluid flow model

The temperature and velocity fields during keyhole mode laser
welding of copper are computed using a 3D heat transfer and fluid
model. The details of the governing equations, boundary conditions
and the algorithm can be found in our previous papers [18,22,23].
The composition of the copper, the data used for the calculation and
the welding process parameters are presented in Tables 1e3,
respectively.

2.2. Grain growth model

2.2.1. Assumptions

(1) The shape and the size of the weld pool are constant during
the welding process. The validity of this assumption can be
recognized in the reported results [3].

(2) The grain growth direction is parallel to the maximum heat
flow direction which is normal to the boundary of the weld
pool [17].

(3) The formation of the subgrain structure is not considered
because it does not have significant effect on themacroscopic
grain structure for polycrystalline materials [17].

(4) Solute redistribution and microsegregation during solidifi-
cation are not considered because nearly pure copper (99.9%
Cu) was used in this work.

(5) Undercooling during solidification is not considered because
it is small under the conditions examined in this paper.
Constitutional undercooling which is significant during
welding of alloys can be neglected here because the material
used in this studywas nearly pure copper. As a result, it is fair
Table 1
Chemical compositions of the copper used in this work (wt. %) [3].

Cu Fe S Pb As Sb Bi O

�99.9 �0.005 �0.005 �0.005 �0.002 �0.002 �0.001 �0.06
to assume that the solidification front is located on the sol-
idus isotherm of the weld pool.

(6) Recrystallization in the copper plate is not considered. The
work focuses on the grain growth in the FZ and the HAZ
under the influence of various thermal cycles.
2.2.2. Grain growth in the HAZ
The grain growth in the HAZ is simulated using MC technique

which is based on the Potts' model [24]. The details of themodel are
available in the literature [8,10,15,25,26] and the salient features are
presented in Appendix A1.1. A relation between the MC simulation
time and real time was established through a grain boundary
migration model, considering the material properties and tem-
perature time history in the grain growth kinetics [15,27]. The site
selection probability is calculated according to the intensities of the
thermal cycles experienced by each site. Locations with higher MC
simulation time have higher site probability and are updated more
frequently. Therefore, grains grow faster in regions that experience
stronger thermal cycles which is determined by the area under the
temperature versus time plot. The data used for grain growth
calculation are presented in Table 4.
2.2.3. Grain growth in the FZ
Columnar grains in the FZ grow epitaxially from the partially
(atoms m�2), Z
Activation enthalpy for grain growth (J mol�1), Q 9.34 � 104

Atomic molar volume (m3 mol�1), Vm 7.11 � 10�6

Avagadro's number (mol�1), Na 6.02 � 1023

Planck's constant (J s), h 6.624 � 10�34

Activation entropy (J mol�1 K�1), DSa 9.48
Gas constant (J K�1 mol�1), R 8.314
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melted grains in the HAZ at the solidification front. Subsequently
the columnar grains grow along location dependent directions and
rates. The details of the calculation of the local growth direction and
rate on the solidifying surface of the weld pool can be found in our
previous papers [15,20,28] and the salient features are presented in
Appendix A1.2. The freshly solidified grains in the FZ thicken in size
which is simulated using the MC model.

At steady state, the motion of the weld pool determines the
solidification growth rate which depends only on the welding
speed. In other words, the movement of the solidus line with time
determines the position on the growth interface. The direction of
grain growth is influenced by themaximumheat flowdirection and
this direction aligns closely with 〈100〉 for face-centered cubic
materials such as copper in most cases. In other words, growth
occurs perpendicular to the boundary of the melt pool. At high
solidification growth rates, the growth direction may deviate from
the heat flow direction. Experimental data on the extent of
misalignment between the maximum heat flow direction and the
crystal growth direction are not available for the laser processing of
copper and has been neglected in the current investigation. The
local growth direction is modified after each incremental move-
ment of the weld pool depending on the 3D temperature gradients
which affects the local curvature of the solidus surface.
2.2.4. Numerical scheme
The 3D simulations were conducted in a cubic lattice system.

The computational domain included only one half of the specimen
due to the symmetry of the weld. In the 3D grain growth model the
grid spacing is 15 mm in x-, y- and z-directions, which is equal to the
initial base metal grain size. The variation of grid spacing does not
affect the final grain structure significantly because the effect of
grid spacing on the grain size has already been considered in the
MC simulation algorithm. Non-uniform coarser grids were used in
the heat transfer and fluid flow model to calculate the temperature
field, which was subsequently interploted in the grain growth
model.
Fig. 1. Calculated temperature and velocity fields for various
2.3. Calculation procedure

(1) The temperature field is calculated from the keyhole model
laser welding heat transfer and fluid flow model, which is
then read as the input data for the grain growth model.

(2) The computational domain for grain growth is initialized.
(3) The melt pool progresses one step and the temperature field

is updated.
(4) The computational domain is scanned to detect the bound-

ary of the melt pool.
(5) The grains in the FZ epitaxially grow from the grains in the

HAZ and the FZ.
(6) The MC technique is applied to the grains in both the HAZ as

well as the FZ.
(7) Steps 3 to 6 are repeated until the calculation has been

completed.
3. Results and discussion

3.1. Temperature field, liquid metal flow and weld geometry

The calculated 3D temperature and velocity fields during
keyhole mode laser welding of copper are shown in Fig. 1 (a), (b)
and (c) for welding speeds of 1.0, 7.0 and 8.0 m/min, respectively.
The molten metal flows from the keyhole to the periphery of the
weld pool on the top surface. The main driving force is the Mar-
angoni stress that results from the spatial variation of surface
tension. The flow velocities are of the order of 100 mm/s, which
indicates that convective heat transfer is significant in the melt
pool.

The heat transfer and fluid flow model is validated against
experimental results [3] as shown in Fig. 2. The agreement in the
shapes and dimensions of the welds indicates the accuracy of the
computed temperature distributions, which are used to determine
the maximum temperature gradients at the molten pool boundary.
Note that the coordinate system used in Figs. 1 and 2 applies
through the subsequent discussion of the results. The x-y planes are
defined as horizontal planes, the x-z planes are longitudinal planes,
and the y-z planes are transverse planes.
welding speeds. (a) 1 m/min, (b) 7 m/min, (c) 8 m/min.



Fig. 2. Comparison of the experimentally observed transverse section [3] with that
calculated by the 3D numerical model. Welding speed: 7 m/min.

Fig. 4. Temporal evolution of the grain structure in the horizontal top and longitudinal
central planes. Welding speed: 7 m/min.
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3.2. Heat flow directions

The size of the molten pool decreases with increasing welding
speed, as shown in Figs. 1 and 3. In addition, the shape of the pool
varies with welding speed as well. The top surface of the pool is
elliptical at a welding speed of 1.0 m/min. It is significantly elon-
gated at welding speeds of 7.0 m/min and 8.0 m/min. The upper
parts of the trailing edges of the pools are further inclined with
greater welding speeds. Fig. 3 shows that such shape changes lead
to significant variations of the maximum heat flow directions at the
molten pool boundary, which will further result in different grain
growth patterns during solidification.
3.3. Grain structure in the FZ and the HAZ

3.3.1. Temporal evolution of grain structure
The simulated grain growth results at welding speed of 7 m/min

are taken as an example to illustrate the 3D evolution of the grain
structures in both the FZ and the HAZ. Fig. 4 shows one set of
horizontal and longitudinal cross sections of the weld at time in-
crements of 0.01, 0.04, and 0.08 s after the start of welding. In this
figure, the trailing edge of the molten pool on the x-axis is located
at x ¼ 12.2 mm at the starting position. As the welding direction is
along the e x direction, the corresponding point moves to
x ¼ 11.0 mm after 0.01 s, x ¼ 7.5 mm after 0.04 s, and x ¼ 2.8 mm
after 0.08 s of welding timewith thewelding speed of 7 m/min. The
calculations reproduce the molten pool shape, and clearly show the
FZ and HAZ grains.
Fig. 3. Calculated 3D heat flow directions at the boundary of the weld poo
During themovement of the molten pool, equiaxed grains in the
HAZ continue to experience grain growth as they pass through the
moving temperature gradient. Grains closest to the fusion line have
the largest average size, and the size decreases with distance from
the fusion line. In the meantime, solidification occurs in the FZ with
the formation of columnar grains growing epitaxially from the
partially melted grains in the HAZ at the fusion line. The simulated
results in Fig. 4 show that the grain growth model is capable of
predicting the temporal evolution of the grain structure in both the
FZ and the HAZ with the time accuracy on the order of 0.01 s.
3.3.2. Grain structure in the transverse section
Fig. 5 shows the comparison of the simulated and the experi-

mentally observed grain structure in both the FZ and the HAZ in the
transverse cross section. It is shown in both Fig. 5 (a) and (b) that
the FZ is occupied with columnar grains and the HAZ is composed
of equiaxed grains. The orientations of the columnar grains are
approximately horizontal in the lower half part of the FZ. However,
the columnar grains grow with inclined angles in the upper half
part of the FZ. The reason is that the fusion boundary is in a curved
rather than straight shape, as shown in Fig. 2 (b). The lower part of
the fusion boundary is almost vertical and the upper part is inclined
gradually. The local maximum heat flow directions are perpendic-
ular to the fusion boundary, which determines the growth
l with various welding speed. (a) 1 m/min, (b) 7 m/min, (c) 8 m/min.



Fig. 5. Comparison of the grain structure in both the FZ and the HAZ in transverse y-z
plane. (a) Simulated result from the 3D grain growth model, (b) experimentally
observed result by EBSD [3]. Welding speed: 7 m/min.

Fig. 6. Comparison of the grain structure in horizontal x-y planes of the FZ near the top and
and (c) are simulated results, (b) and (d) are experimentally observed results [3]. Welding
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directions of the columnar grains. The simulated grain growth re-
sults from the 3D grain growth model agree well with the grain
structure revealed by EBSD characterization [3].
3.3.3. Grain structure in horizontal planes
Fig. 6 shows the comparison of the grain structure in the hori-

zontal x-y planes of the FZ near the top and bottom surfaces. Both
the simulated and experimentally characterized results demon-
strate that the cross sections of the columnar grains have signifi-
cantly different appearances. The columnar grains in the horizontal
plane near the bottom surface of theweld show relatively complete
shapes than those in the plane near the top surface. Note that
elongated axial columnar grains can be observed in the middle of
the FZ in Fig. 6 (c) and (d). However, such axial grains are absent in
Fig. 6 (a) and (b). Instead, several discontinuous columnar grains
with orientations parallel to the welding direction exist in the
middle of the FZ. Apparently, the average length and aspect ratio of
the columnar grains in the two horizontal x-y planes near the top
and bottom surfaces are significantly different.

In order to understand the transition of the morphologies of the
columnar grains in the horizontal x-y sectional planes along the z-
direction, the average length and aspect ratio of the columnar
grains in various horizontal planes are examined. Fig. 7 (a) shows
the comparison of average length of the columnar grains in hori-
zontal x-y planes from the top to the bottom surfaces of the weld
with a distance step of 75 mm. The error bars indicate the effect of
the random size and orientation of the HAZ equiaxed grains on
epitaxial growth of columnar grains in the FZ. The maximum
average length 460 mm appears on the bottom surface and the
minimum average length 200 mm locates in the horizontal plane
about 0.45 mm from the top surface. The average length is about
320 mm on the top surface, which is approximate to the average of
the maximum and minimum values. Such variation of the average
length of the columnar grains indicates the change of the average
angles between the growth directions of the columnar grains and
the horizontal planes in the 3D domain. The average angle initially
increases between the bottom surface and the horizontal plane
with distance 0.45 mm from the top surface. Then the angle de-
creases between this interior plane and the top surface.
bottom surfaces. (a) 60 mm from the top surface; (c) 60 mm from the bottom surface. (a)
speed: 7 m/min.



Fig. 7. Comparison of the average size and aspect ratio of the columnar grains in the horizontal x-y planes. Welding speed: 7 m/min.

Fig. 8. Comparison of the grain structure in longitudinal x-z planes of the FZ. (a)
Longitudinal central plane; (c) 150 mm from longitudinal central plane. (a) and (c) are
simulated results, (b) is experimentally observed results [3]. Welding speed: 7 m/min.
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The average aspect ratio of the columnar grains is shown in
Fig. 7 (b), which has similar trend with the average length. The
aspect ratio of a columnar grain is defined as the length divided by
the thickness. Note that the individual axial columnar grains in the
middle of the weld may have extremely large aspect ratio due to
their comparable lengths with that of the entire weld. One main
advantage of modeling over experimental characterization of grain
structure is that the grain size and shape for the entire weld region
along any arbitrary virtual cross section can be visualize and
analyzed. For instance, it will be rather difficult to experimentally
examine the variation of the average length and aspect ratio of the
columnar grains in 21 consecutive horizontal planes within the
thickness of 1.5 mm, which has been readily revealed by the 3D
grain growth model.
3.3.4. Grain structure in longitudinal planes
Fig. 8 shows the comparison of the grain structure near two

longitudinal planes of the FZ. The simulated grain structure is
exactly from longitudinal x-z planes. But the experimentally
observed grain structure was obtained from a vertical sectioning
plane which was not parallel to the x-z plane. More details about
the configuration of the experimental characterization can be
found from the literature [3]. It can be observed from Fig. 8 (a) and
the left hand part of Fig. 8 (b) that the longitudinal central x-z plane
is composed of columnar grains. The orientations of these
columnar grains are approximated horizontal in the lower part of
the FZ. On the contrary, the columnar grains are inclined in the
upper part of the FZ. The appearances of the grains are strikingly
different in the longitudinal x-z plane with a distance of 150 mm
from the central longitudinal plane, which are shown in Fig. 8 (c)
and the right hand part of Fig. 8 (b). Note that only columnar grains
form in the FZ during solidification [3]. Such dramatic change of the
grain appearances in two adjacent longitudinal x-z planes origi-
nates from the coexistence of elongated axial columnar grains in
the middle of the FZ growing along the welding direction and the
curved columnar grains growing from the edge to the middle of the
FZ. The grain structure revealed in the transverse and horizontal
planes shown in Figs. 5 and 6 can help understanding the unique
variation of grain appearances in the longitudinal planes.

The average length and aspect ratio of the columnar grains in
various longitudinal planes are examined to understand the tran-
sition of the morphologies of the columnar grains along the y-di-
rection. Fig. 9 (a) shows the comparison of average length of the
columnar grains in longitudinal x-z planes from the middle to the
edge of the FZ with a distance step of 30 mm. Themaximum average
length 1.2 mm appears in the central longitudinal plane and the
minimum average length 130 mm locates in the longitudinal plane
at the edge of the FZ. The average length drops drastically from the



Fig. 9. Comparison of the average size and aspect ratio of the columnar grains in the longitudinal x-z planes. Welding speed: 7 m/min.
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central to the interior longitudinal planes. The average aspect ratio
of the columnar grains has similar trend of variation with distance
from the central longitudinal plane, which is shown in Fig. 9 (b).

It was reported that failure often occurred in regions with
straight axial columnar grains during the transverse tensile tests
[29]. Welds containing axial columnar grains are also susceptible to
centerline solidification cracking [17]. One reason is that near the
weld centerline columnar grains transform from elongated straight
to short curved shapes with nearly perpendicular growth di-
rections. The steep angle favors the impingement of the columnar
grains. In addition, residual tensile stresses exist in the weld metal
and the adjacent base metal, while residual compressive stresses
exist in the areas farther away from the weld metal [17]. Thus,
fracture occurs more easily near the weld centerline under the
influence of transverse tensile stresses.

3.3.5. Effect of scanning speed on grain structure evolution
The effect of welding speed on the grain structure in the hori-

zontal x-y planes near the bottom of the welds is shown in Fig. 10.
Both the simulated and experimentally observed results show that
the grains are coarser at welding speed of 1 m/min over 8 m/min.
Fig. 10. Comparison of the grain structure in the horizontal x-y planes near the bottom of the
and (c) are simulated results, (b) and (d) are experimentally observed results [3].
More interestingly and importantly, the width of the region
composed of axial columnar grains is significantly larger at welding
speed of 1m/min. The heat flow directions in the region close to the
middle of the FZ are approximately parallel to the welding direc-
tion, as shown in Fig. 3. The width of such region decreases with
greater welding speed due to the change of weld pool shapes. Note
that the growth directions of the columnar grains are dependent on
the local maximum temperature gradients at the molten pool
boundary. As a result, the width of the region with axial columnar
grains is reduced from approximately 300 mm to 20 mm when the
welding speed increases from 1 m/min to 8 m/min. Note that the
grain growth modeling was done for half of the weld because of
symmetry. The simulated grain structure shown in Figs. 5, 6 and 10
were obtained by both halves of the same weld.

Fig. 11 further shows the simulated 3D grain structure by con-
structing collectively the horizontal top plane, longitudinal central
plane, and the corresponding transverse plane. The effect of heat
input and the shape of the weld pool on the grain structure can be
visualized directly. As shown in Fig. 11 (a), the growth directions of
the columnar grains near the fusion boundary are mostly perpen-
dicular to the fusion line in the horizontal x-y and transverse y-z
welds. (a) and (b) welding speed of 1 m/min. (c) and (d) welding speed of 8 m/min. (a)



Fig. 11. Comparison of the simulated 3D grain structure for different welding speed in x-y, y-z, and x-z planes, respectively. (a) 1 m/min, (b) 8 m/min.
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planes. The growth directions tend to be parallel to the welding
direction in the region close to the centerline of the FZ. On the
contrary, it can be observed from Fig. 11 (b) that the width of region
with nearly parallel grain growth and welding directions decreases
significantly. Furthermore, in the longitudinal central plane the
height of the area composed of axial columnar grains decreases
significantly when the welding speed increases from 1 m/min to
8 m/min. Note that in the transverse y-z plane the columnar grains
near the centerline of the FZ have similar appearances to equiaxed
grains, which might be misleading when observing the grain
structure in transverse cross sections. Remarkably, such visualiza-
tion of the 3D grain structure as shown in Fig. 11 can provide
extensive details on the morphologies, orientations, dimensions,
and distributions of grains in both the FZ and the HAZ.

Fig. 12 (a) shows the variation of average grain area in various
horizontal x-y planes at welding speed of 1 m/min and 8 m/min.
Similar to the change of average grain length in the horizontal
planes at welding speed of 7 m/min, the average grain area initially
decreases and then increases with greater distance from the top
surface of the FZ. However, the location from the top surface where
the minimum average grain area appears increases from about
0.2 mm to 0.75 mm when the welding speed increases from 1 m/
min to 8 m/min. In addition, the average grain area decreases in the
region with distance 1.0 mm to 1.5 mm from the top surface at
welding speed of 1 m/min. This is because the shape of the weld
Fig. 12. Comparison of the average grain area in the FZ with various we
pool boundary curves in away that both thewidths of the FZ on the
top and bottom surfaces are larger than that in the interior part of
the FZ. Thus, the maximum average grain area appears in the
interior horizontal x-y planewhere the average angles between the
growth directions of the columnar grains and the horizontal planes
in the 3D domain are minimum.

Fig. 12 (b) shows the variation of average grain area in various
longitudinal x-z planes at welding speed of 1 m/min and 8 m/min.
The average area drops dramatically from the longitudinal central
nearby planes to the interior planes. The difference is that the
distance from the longitudinal central plane is significantly larger
for welding speed of 1 m/min, which is about 150 mm. Furthermore,
the average grain area in the interior longitudinal x-z planes also
decreases significantly when the welding speed increases from
1 m/min to 8 m/min.
3.3.6. Quantitative analysis of grain structure in the HAZ
The effect of welding speed on the average size of the equiaxed

grains in the HAZ is shown in Fig. 13 (a). The maximum average
grain sizes are observed close to the fusion line in all cases. The
mean grain sizes decrease with greater distance from the fusion
line, which is due to the variation of local thermal cycles. The mean
grain sizes decrease with higher welding speed which corresponds
to lower heat input. The grain size distributions in the HAZ on the
top surface for various welding speeds are shown in Fig. 13 (b). It
lding speeds. (a) Horizontal x-y planes, (b) longitudinal x-z planes.



Fig. 13. Comparison of the average size and size distribution of the equiaxed grains in the HAZ with various welding speeds.

Fig. 14. Comparison of the topological class distribution of the equiaxed grains in the
HAZ with various welding speeds.
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can be observed that the grain size distributions are all similar
despite of different heat inputs and local positions where the
measurements are made. The peak frequencies are about 0.22 and
the distribution of R/Ravg fall in the range between 0.2 and 2.24,
which demonstrates that the normalized grain size distributions
are independent of the spatial distribution and temporal evolution
of the temperature in the HAZ. The reason for this is that any
thermal cycles in the HAZ can be visualized as a collection of
numerous discreet isothermal steps so that the grain growth under
different thermal cycles behaves in a similar manner as that under
different isothermal conditions for different times [8].

Fig. 14 shows the topological class distributions in the HAZ for
various welding speeds on the top surface. Grains with six edges
have highest frequencies and the distributions are characteristics of
topological class distributions for isothermal systems. The average
edges per grain are approximately equal to six, which is consistent
with the general topological rule [9]. The average number of sides
of grains in a domain is equal to six and grains with less than six
sides tend to shrink and those with more than six sides tend to
grow. This is because grain boundary migration occurs if all the
grains in a structure are not six sided. The overall result of grain
growth is reducing the number of grains, thereby increasing the
mean grain size and reducing the total grain boundary energy. The
results in Fig. 14 show similar topological features of grains in
isothermal systems, which indicates that the topological class dis-
tributions in the HAZ are unaffected by the pronounced spatial and
temporal variations of the temperature.
4. Conclusions

The evolution of grain structure in both the FZ and the HAZ of
the weld has been examined considering the motion, shape and
size of the weld pool by a 3D grain growth model using MC
calculation. The necessary transient temperature fields during
keyhole mode laser welding of copper have been calculated using a
well-tested 3D heat transfer and fluid flow model. After validating
the model with independent experimental results, the following
conclusions are made:

(1) The calculated results showed that the shape of the weld
pool varied with welding speed, which further affected the
temperate gradients and the maximum heat flow directions
at the weld pool boundary. At lowwelding speed of 1 m/min,
the shape of the weld pool surface was elliptical. At higher
welding speeds of 7 m/min and 8 m/min, the molten pool
surface was significantly elongated. The weld pool trailing
edge in the longitudinal central plane was elongated and
more inclined with greater welding speed.

(2) The simulated 3D grain structure showed that curved
columnar grains growing from the weld pool boundary
coexisted with the straight axial columnar grains near the
vertical symmetrical plane of the FZ. The columnar grains in
the FZ which can be distinctly observed in horizontal
sectional planes may appear as equiaxed grains in the
transverse and longitudinal vertical planes, which clearly
show the potential difficulties in experimental character-
ization of grain structures in this and similar systems.

(3) The width and the height of the region composed of axial
columnar grains were reduced when the welding speed
increased from 1m/min to 7 m/min and 8 m/min, which was
due to the change in maximum heat flow directions at the
weld pool boundary.

(4) The size of the columnar grains in the longitudinal sectional
planes of the FZ decreased significantly from the central to
the off-central planes where the transition from straight
axial to curved columnar grains occurs for all the cases. The
aspect ratio of the local columnar grains also decreased
considerably.

(5) The grain size in the horizontal sectional planes of the FZ
initially decreased and then increased with greater distance
from the top surface, because of the shape change of the FZ
trailing edge. The size of the columnar grains in the FZ
decreased with greater welding speed as expected.

(6) The simulated results showed that the grain size in the HAZ
decreases with the distance from the fusion line and also
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decreases with the increase in welding speed due to weaker
thermal cycles. The grain size distributions and topological
class distributions in the HAZ were unaffected by welding
speeds, which obeyed the normal distribution similar to
isothermal systems.
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Appendix A. Grain growth model for the HAZ and the FZ

A1.1. Grain growth in the HAZ

The grain growth in the HAZ is simulated using MC technique
which is based on Potts' model [24]. The details of the model are
available in the literature [8,10,25,26] and only the salient features
pertinent to the specific problems in this paper are described here.
The grid points are designated in the solid region with 15 mm
spacing for the initialization of the simulation process. These grid
points are assigned a random orientation number between 1 and q,
where q is the total number of possible grain orientations. The
initial orientations of each site are represented by random integral
numbers between 1 and 48. The adjacent sites have identical
orientation number in each individual grain. The grain boundaries
locate at the neighbor sites with unlike grain orientations.

The grain boundary energy is determined by defining an inter-
action between nearest neighbor lattice sites. The local interaction
energy E is calculated by the Hamiltonian [30]:

E ¼ �J
Xn
j¼1

�
dSiSj � 1

�
(A.1)

where J is a positive constant which sets the scale of the grain
boundary energy, d is Kronecker's delta function, Si is the orienta-
tion at a randomly selected site i, Sj are the orientations of its
nearest neighbors, and n is the total number of nearest neighbor
sites. Each pair of nearest neighbor contributes J to the total energy
when they have unlike orientations.

The kinetics of grain boundary migration are simulated by
randomly selecting a site and altering its orientation to one of its
nearest neighbor orientations, and judging the system energy
variation due to the attempted orientation change. The probability
of orientation change is defined as [31]:

P ¼ 1 for DE � 0 (A.2)

P ¼ e�
DE
kBT for DE � 0 (A.3)

where DE is the change of energy due to the change of orientation,
kB is the Boltzmann constant and T is the temperature. Boundary
migration, i.e. grain expansion or shrinkage, occurs upon any suc-
cessful reorientation of a grain to orientations of its nearest
neighbors.

The material properties and temperature-time history are
considered in the grain growth kinetics using MC technique, which
establishes a relation between the MC simulation time (tMCS) and
real time through a grain boundary migration model [27]. The
expression of the MC time, tMCS, can be described as [32]:
tMCS ¼
(

1
K1l

"
4gAZV2

m

N2
ah

eDSa=R
X
i

�
Dtiexp

�
� Q
RTi

��
þ L20

#1
2

� 1
K1

) 1
n1

(A.4)

where l is the grid spacing, K1 and n1 are model constants, g is the
grain boundary energy, A is the accommodation probability, Z is the
average number of atoms per unit area at the grain boundary, Vm is
the atomic molar volume, Na is Avagadro's number, h is Planck's
constant, DSa is the activation entropy, Q is that activation enthalpy
for grain growth, T is the absolute temperature, R is the gas con-
stant, L0 is the initial average grain size and t is time. Eq. (A.4) in-
dicates that higher values of tMCS are obtained at sites with higher
temperature and longer grain growth time.

The site selection probability for all grains is identical due to the
random selection of grid points during the update of grain orien-
tation numbers in traditional MC calculations. Actually grains grow
faster in regions that experience stronger thermal cycles. The
probability p to visit each site is calculated by considering the
gradient of tMCS [26]:

p ¼ tMCS

tMCSMAX
(A.5)

where tMCS is the computed MC simulation time at any site and
tMCSMAX is the maximum MC simulation time in the entire calcu-
lation domain. Eq. (A.5) indicates that locations with higher site
probability have higher tMCS and are updated more frequently.
A1.2. Grain growth in the FZ

Columnar grains in the FZ grow epitaxially from the partially
melted grains in the HAZwhere grain growth also occurs with time.
The columnar grains then grow along location dependent di-
rections and speeds. The incremental growth of grains for each time
step modifies the local directions and velocities. The solidification
direction is parallel to the local maximum temperature gradient,
which is normal to the S/L interface, on the trailing side of the
molten pool. The temperature gradient G at any location of the S/L
interface of the molten pool is calculated by Refs. [20,28,33]:

G ¼ kVTk ¼
����vTvx iþ vT

vy
jþ vT

vz
k
���� (A.6)

where T is temperature and i, j and k are unit vectors in the welding
direction, x, width direction, y and the vertical depth direction, z,
respectively. The angle a between the scanning direction and the
maximum heat flow direction that the grains follow is calculated
by:

cos a ¼ �vT=vx
G

(A.7)

The local solidification rate Rloc is the speed at the S/L interface
on the trailing side of the molten pool moving at steady state, as
indicated in Fig. 1. Its value is position dependent and changes from
Rloc ¼ 0 at the maximumweld width to Rloc ¼ Rmax at the centerline
on the top surface of the weld. The solidification rate is calculated
as:

Rloc ¼ Rmax$cos a (A.8)

where Rmax is the maximum solidification rate which is the same as
the scanning speed. The freshly solidified grains thicken in size in
the FZ which is simulated using the MC model.
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