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Abstract
The importance of topological features of grains in the evolution of grain
structure is well recognized in isothermal systems. However, during fusion
welding, strong spatial gradients of temperature exist in the heat-affected
zone (HAZ), and this region undergoes rapid heating and cooling. The
effects of spatial and temporal variations of temperature on the topological
class distribution, relationship between size and topology of grains and the
interdependence between grain topology and its neighbours are not known.
Topological features of grains in the HAZ of Ti–6Al–4V alloy welds were
measured for various heat inputs in the range 0.55–4.33 MJ m−1. The
topological class distributions were also calculated using a
three-dimensional Monte Carlo model utilizing thermal cycles computed
from a well tested numerical heat transfer and fluid flow model. The
computed results showed that the topological class distributions were
unaffected by the spatial and temporal variations of temperature.
Experimental investigations of a few sections confirmed the simulation
results. The average grain size for each edge class varied linearly with the
edge class number. The local topological environment, i.e. the average
number of sides of neighbours, nn, varied linearly with the inverse of the
number of sides of grains, 1/nr, at a given location in the HAZ. Locations
with the same topological environment showed the same grain size,
indicating the significant influence of grain topology on grain growth
in the HAZ.

1. Introduction

The importance of grain topology in the evolution of grain
structure during isothermal processing is well recognized in the
literature [1–15]. Considering thermodynamic equilibrium,
Smith [1] argued that a two-dimensional equilibrium grain
structure must consist of six-sided grains. Any deviation from
the equilibrium grain structure would lead to grain growth.
In a two-dimensional section, the requirement of equilibrium
eliminates the vertices at which more than three edges meet [1],
causing a four-rayed vertex to decompose into two three-rayed
vertices [16], as shown in figure 1.

During fusion welding, significant spatial gradients of
temperature exist in the heat-affected zone (HAZ), and this

region undergoes strong thermal cycles involving rapid heating
and cooling. Therefore, the results from isothermal studies
are not directly applicable for understanding the evolution
of grain structure in the HAZ. Mishra and DebRoy [17]
have recently explored the effects of spatial and temporal
variations of temperature on the average grain size and grain
size distributions in the HAZ of Ti–6Al–4V alloy during gas
tungsten arc (GTA) welding for various welding conditions.
This alloy is widely used in aerospace applications. In the
work of Mishra and DebRoy [17], the evolution of grain
topology, which is an important feature in understanding the
grain structure evolution in the HAZ of the alloy, was not
addressed and answers to many important questions related
to grain topology are not known. For example, how does the
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Figure 1. Typical two-dimensional section through a
three-dimensional grain structure. The four-rayed vertex tends to
decompose into two three-rayed vertices as grain growth occurs [16].

thermal cycle affect the topological class distribution? How
important is the spatial gradient of temperature? Are the
size and topology of grains related in the HAZ? How is the
topology of a grain related to that of its neighbours in the HAZ?
This paper explores the answers to the above questions, both
experimentally and theoretically.

2. Experimental procedure and mathematical
modelling

The details of the experimental procedures are given in [17].
In short, GTA welds were made on extra low interstitial
(ELI) grade Ti–6Al–4V alloy samples. Optical metallography
was performed on post-weld samples. Characterization of
topological features of prior-beta (β) grains in the HAZ of
post-weld Ti–6Al–4V alloy samples using computer assisted
techniques was difficult because of the impingement of a
basket-weave acicular α + β on the grain boundaries during
cooling [18]. Therefore, the topological features were
determined manually. The number of sides and size of
individual grains were measured on planar sections at different
locations in the HAZ.

The topological features of grains, i.e. the number of
sides of individual grains and the number of sides of their
neighbours, were calculated at different locations in the HAZ
from the grain structure map as described in [17]. In short, the
procedure involved modelling of heat transfer and fluid flow
[17, 19–30] in the weldment in three dimensions and, utilizing
the computed temperature profiles, simulation of the grain
structure evolution using the Monte Carlo (MC) technique.
The MC technique has been found to be reliable for the
simulation of grain growth in the HAZ as indicated in the recent
literature [17, 19, 30–33] and references cited therein.

3. Results and discussion

3.1. Topological class distribution under different thermal
cycles and same temperature gradient

The changes in the grain structure are affected by both the
temperature gradient and the thermal cycles [17]. In order to
separate the effects of these two factors and understand the
effect of thermal cycles on the topological class distribution,
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Figure 2. Calculated topological class distributions at two
monitoring locations in the HAZ that experience the same
temperature gradient but different thermal cycles. The distributions
are for locations 1 and 2 mm from the fusion plane on the
mid-section vertical symmetry plane for a heat input of
4.33 MJ m−1. Since an area is needed to determine the grain
structure and topological features, results from a strip ±250 µm on
either side of the monitoring location were used.

Figure 3. Variation of peak temperature with distance from the
fusion plane (along ZZ′) on the mid-section vertical symmetry
plane for a heat input of 4.33 MJ m−1.

two locations were selected where the thermal cycles were
significantly different but the dominant temperature gradients
were the same. The topological class distribution, i.e.
the proportion of grains having a specific number of sides
(frequency) versus the number of sides, is plotted in figure 2
for these monitoring locations. At both locations, the main
temperature gradient was in the downward (z) direction. As
shown in figure 3, the z-direction temperature gradients were
the same at both the locations. Temperature gradients along
the direction perpendicular to the welding direction on the
horizontal plane, i.e. along the y-direction, were zero because
both monitoring locations were on the mid-section vertical
symmetry plane. The temperature gradients along the welding
direction (x) were negligible directly under the heat source at
both these locations. Figure 4 shows that the thermal cycles
at the two monitoring locations were significantly different.
Since the topological class distributions were the same at both
the locations (figure 2), it can be concluded that the changes
in the thermal cycles did not affect the topological class
distributions. Furthermore, the topological class distributions
show the same attributes as those observed during normal grain
growth under isothermal conditions. The thermal cycles have
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Figure 4. Computed temperature fields at distances of 1 and 2 mm
from the fusion plane on the mid-section vertical symmetry plane
for a heat input of 4.33 MJ m−1. The timescale is calculated by
dividing the x-distance by the welding speed, and time = 0 is
arbitrarily set when the heat source is located at x = 0.

the same effect on the topological class distribution as the
collective effect of many small isothermal steps.

The distribution is characterized by the frequency
increasing rapidly for a small number of grain edges and
decreasing gradually when the number of edges exceeds six.
The average edges per grain are approximately equal to six.
This value is consistent with the general topological rule
[1, 6, 8, 34], i.e. the average number of sides of grains in a
domain, 〈n〉, is equal to six and grains with less than six sides
tend to shrink and those with more than six sides tend to grow.
Thus, it can be concluded that this rule is also followed in the
HAZ where the grain growth occurs under steep temperature
gradients.

3.2. Topological class distribution under different
temperature gradients but same thermal cycle

In order to understand the effect of a temperature gradient
on the topological class distribution, two systems were
considered, both undergoing the same thermal cycle but
one with a significant spatial gradient of temperature and
the other without it. Calculations of grain growth in the
HAZ of the Ti–6Al–4V weldment considered both spatial
and temporal variations of temperature. Another calculation
considered a three-dimensional specimen that was subjected
to the same thermal cycle at all locations. Thus, there was
no spatial variation of temperature due to the bulk heating
of this specimen, although the temperatures at all locations
did vary significantly with time. The thermal cycle used for
bulk heating was the same as that observed at the monitoring
location in the HAZ. The topological class distribution at a
monitoring location in the HAZ is compared with that under
bulk heating conditions in figure 5. The similarity of the two
topological class distributions indicates that the distribution is
unaffected by the temperature gradient.

3.3. Effect of alloy composition on the topological class
distribution

In order to examine the effect of the alloying elements
on the topological class distribution, the topological class

Figure 5. Calculated topological class distributions for two systems,
both undergoing the same thermal cycle but different temperature
gradients. One distribution is for a monitoring location 1 mm from
the fusion plane in the HAZ on the mid-section vertical symmetry
plane for a heat input of 2.13 MJ m−1. The temperature gradient at
this location is 164 K mm−1, and the peak temperature of the
thermal cycle is 1714 K. The other distribution corresponds to a
situation where the entire calculation domain was subjected to the
same thermal cycle as that experienced at the monitoring location in
the HAZ.

Figure 6. Experimental and calculated topological class
distributions at different locations in the HAZ of a Ti–6Al–4V alloy
weld for a heat input of 4.33 MJ m−1. The experimental topological
class distribution is at 3 mm from the fusion plane on the top
surface, where the temperature gradient is 192 K mm−1 and the peak
temperature of the thermal cycle is 1302 K. The calculated
distribution is at 1 mm from the fusion plane on the mid-section
vertical symmetry plane, for which the temperature gradient and
thermal cycle are given in figures 3 and 4, respectively. The solid
line shows the calculated topological class distribution in the HAZ
of a commercially pure titanium weld at 2.5 mm from the fusion
plane on the top surface for a heat input of 2.0 MJ m−1 [33].

distribution in the HAZ of commercially pure titanium [33]
is compared with that in the HAZ of Ti–6Al–4V alloy
in figure 6. The similarity of the distributions indicates
that the topological class distribution is unaffected by the
concentration of alloying elements in titanium. Furthermore,
good agreement between the experimental and the calculated
topological class distributions in figure 6 indicates the
reliability of the calculated results and supports the earlier
arguments that locations experiencing different temperature
gradients and thermal cycles show the same topological
class distribution. The topological class distribution in both
specimens is characteristic of isothermal grain growth [4, 5]
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in metals and alloys. The topological class distribution is
influenced by the space filling requirements and is independent
of the material composition.

3.4. Relation between average grain size and number of
edges

In order to understand the relation between the average grain
size and the number of edges, the average grain size for each
edge class is plotted against the edge class number (number of
sides) in figures 7 and 8. The monitoring locations experienced
different thermal cycles and different temperature gradients.
A linear relationship between the edge class and the average
grain size is observed in all the cases. The grains with
a larger number of sides, having a lower grain boundary
length per unit area, are larger in size. This observation is
consistent with the argument made by Smith [1] that grain
growth is accompanied by reduction in grain boundary length

Figure 7. Mean grain size versus number of edges at distances of 1
and 2 mm from the fusion plane on the mid-section vertical
symmetry plane for a heat input of 1.10 MJ m−1. The symbols
represent the experimental data, while the lines are the linear fit to
the calculated results. The temperature gradient at the two locations
is 197 K mm−1, and the peak temperature of the thermal cycle for the
1 mm location is 1681 K and that for the 2 mm location is 1484 K.

Figure 8. Mean grain size versus number of edges at 1 mm from the
fusion plane on the top surface and the mid-section vertical
symmetry plane for a heat input of 2.13 MJ m−1. The symbols
represent the experimental data, while the lines are the linear fit to
the calculated results. For the top surface location the temperature
gradient is 231 K mm−1 and the peak temperature of the thermal
cycle is 1647 K. For the mid-section vertical symmetry plane
location the temperature gradient is 164 K mm−1 and the peak
temperature of the thermal cycle is 1714 K.

per unit area. The calculated results slightly underestimate
the measurements in figure 8, for grains with a large number
of sides. A contributing factor in the difference between the
experimental results and the computed values is the difficulty
in accommodating many large grains in a small area of
monitoring section. On the whole, fair agreement is observed
between the calculated and the experimental results, indicating
that the MC model can adequately predict the relationship
between the size and topology of grains in the HAZ. The
horizontal lines in figures 7 and 8 represent the average grain
size at the respective locations. It is observed that the average
grain size corresponds to grains with approximately six sides,
which is the average number of sides of grains at any location.

3.5. Relationship with the topology of neighbouring grains

Figure 9 explores the effect of the local topological
environment on grain growth in the HAZ. The average number
of sides of neighbouring grains, nn, is plotted against the
inverse of the number of sides of grains, 1/nr, in figure 9.
A linear relationship is observed. This relation is consistent
with an important relation for the topology of neighbouring
grains discovered by Aboav [11, 12] for isothermal grain
growth in polycrystalline magnesium oxide. Isothermal
studies on iron [4, 5] also revealed a similar relation. It
is noteworthy that grain growth under a spatial gradient of
temperature, as in the HAZ, also follows this relationship.
This relationship defines the local topological environment
at a given location in the HAZ such that the grains with
fewer sides, for example three, have on an average more than
eight-sided neighbours. No cluster was found with all fewer
than six-sided or all larger than six-sided grains at a given
location. Thus, the topological environment in the HAZ allows
for grain growth with the shrinkage of grains with less than six
sides. Figure 9 contains plots for two locations, i.e. 1 mm
from the fusion plane on the top surface and 2 mm from the
fusion plane on the mid-section vertical symmetry plane. The
plots overlap each other, showing that the local topological

Figure 9. Computed average number of sides of neighbours (nn)
versus the inverse of the sides of grains (1/nr) at 1 mm from the
fusion plane on the top surface and 2 mm from the fusion plane on
the mid-section vertical symmetry plane. Both the results are for a
heat input of 2.13 MJ m−1. At the top surface location the
temperature gradient is 231 K mm−1 and the peak temperature of the
thermal cycle is 1647 K. At the mid-section vertical symmetry plane
location the temperature gradient is 164 K mm−1 and the peak
temperature of the thermal cycle is 1550 K.
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Figure 10. Experimentally measured mean grain size versus
number of edges at 1 mm from the fusion plane on the top surface
and 2 mm from the fusion plane on the mid-section vertical
symmetry plane. The lines represent the linear fit to the calculated
results. Both the results are for a heat input of 2.13 MJ m−1. At
the top surface location the temperature gradient is 231 K mm−1

and the peak temperature of the thermal cycle is 1647 K. AT the
mid-section vertical symmetry plane location the temperature
gradient is 164 K mm−1 and the peak temperature of the thermal
cycle is 1550 K.

environment at these locations is almost identical. Since the
grain topology plays a major role in grain growth, a similar
grain size versus grain topology relation should be expected at
both locations. This can be clearly observed in figure 10, which
shows the experimental plots of average grain size for each
edge class versus the edge class number at the two locations
considered. The two plots are almost identical, showing the
impact of topological properties on grain growth in the HAZ.
Furthermore, the results indicate the ability of the MC model
to predict accurately these relationships.

4. Conclusions

The topological features of grains in the HAZ of Ti–6Al–4V
alloy GTA welds were studied experimentally and theoretically
using a three-dimensional MC model. The following are the
main conclusions:

1. The computed topological class distributions at two
locations subjected to different thermal cycles but the same
temperature gradient were identical. The distributions
were unaffected by the intensity of thermal cycles.
Experimental investigation of a few cuts confirmed the
calculated results. The distributions resembled those
observed under normal isothermal grain growth in metals
and alloys.

2. The topological class distributions in two specimens
subjected to the same thermal cycles, one with a significant
temperature gradient and the other without it, showed the
same topological class distribution. The distribution was
unaffected by the temperature gradient.

3. The topological class distributions in the HAZ of the
Ti–6Al–4V alloy agreed well with those for commercially
pure titanium, indicating that the distributions are not
affected by the additions of alloying elements.

4. The average grain size for each edge class varied linearly
with the edge class number, i.e. number of sides, at

different locations in the HAZ. The grains with a greater
number of sides were larger. Grains of average size had
six sides.

5. The calculated results showed a linear relation between the
average number of sides of neighbours and the number
of sides of grains at various locations in the HAZ. This
result demonstrates the importance of the local topological
environment in the normal grain growth even under strong
thermal cycles and temperature gradients.
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