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Abstract

Grain size and topological class distributions in the heat-affected zone (HAZ) of gas tungsten arc welded Ti—6A1-4V alloy were
measured for various heat inputs in the range of 0.55-4.33 MJIm~'. The evolution of grain structure and topological class distri-
butions 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. Both the experimental data and the calculated results showed that the average prior-3
grain size near the fusion plane was about four to twelve times larger than the average grain size in the base plate, depending on the
heat input. At locations equidistant from the fusion plane, the grains were larger in the mid-section vertical symmetry plane as
compared to those at the top surface due to local variations of the thermal cycles. The normalized grain size distributions were
unaffected by the local differences in the thermal cycles. It is demonstrated that the presence of a spatial gradient of temperature in
the HAZ significantly impeded grain growth due to thermal pinning effect. Furthermore, the steep temperature gradients near the
fusion plane did not introduce any significant texture in the grains. Both the experimental data and the calculated results indicated
that the grains in the HAZ of the Ti—6A1-4V alloy were significantly smaller than the grains in the commercially pure titanium for

identical welding conditions.

© 2003 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Titanium alloy, Ti-6Al-4V is used extensively in
aerospace applications, pressure vessels, aircraft gas
turbine disks, and surgical implants because of its ex-
cellent strength, toughness and corrosion resistance [1].
Welding can adversely affect the strength and toughness
of this alloy because of the thermal cycles to which it is
exposed [1]. High-energy input during welding causes
appreciable beta (B) grain growth in the heat-affected
zone (HAZ) directly adjacent to the weld fusion plane
where peak temperatures range between the alloy soli-
dus and the B-transus [1]. The resulting coarse prior-f3
grain size, shown in Fig. 1, significantly lowers the
strength of the weld [1]. Although the grain growth be-
havior of commercially pure titanium during welding
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has been studied in details, the literature on the Ti—6Al-
4V is rather scarce. A major difficulty in the character-
ization of the size and topological features of grains in
this system arises from the impingement of a basket-
weave acicular oo+ B on the grain boundaries during
cooling [1] which makes precise identification of the
grain boundaries difficult as can be seen from Fig. 1.
Special time-consuming techniques are needed to clearly
characterize grain structure in this alloy.

Fusion welding differs from its materials processing
counterparts in many ways [2-4]. In the context of grain
growth in the HAZ, two major differences merit special
attention. First, the HAZ undergoes strong thermal cycles
involving rapid heating and cooling. Because the kinetics
of grain growth depends strongly on temperature, the
evolution of grain structure in the HAZ is very different
from that during isothermal processing of metals and al-
loys. Second, and perhaps more important, strong spatial
gradients of temperature exist in the HAZ which can
cause the atomic mobility to vary across large grains.
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Fig. 1. Coarse prior-f grain size in the HAZ of Ti-6Al1-4V alloy weld.
Arrows indicate the prior f grain boundary whereas the double arrows
show the impingement of the basket-weave structured acicular o + 8
on the grain boundaries.

Thus, in close proximity to the fusion plane where the
temperature gradients are steep, different regions of a
single grain may have different propensity to grow. This
effect, sometimes referred to as ““thermal pinning”’, cannot
be conveniently translated to grain growth in isothermal
systems in any straightforward manner.

The special features of fusion welding lead to several
important questions at the crossroads of basic and ap-
plied sciences. How do the thermal cycles affect the grain
growth behavior and the topological features of grains?
What role does the spatial gradient of temperature play
in the grain growth behavior? Does the temperature
gradient affect the normal distribution of size which is
characteristic of isothermal grain growth? Can steep
temperature gradients induce texture owing to the local
variations of growth in the same grain? Very little in-
formation is available in the literature to answer these
basic questions. The answers to these questions, apart
from being important contributions to the scientific
knowledge base in fusion welding, are of great practical
value since welded materials constitute more than 50%
of the manufactured products in the United States [2].
Because of the complex nature of the physical processes
during welding of Ti-6Al-4V alloy, a comprehensive
experimental and theoretical study is needed to under-
stand grain growth in the HAZ.

Accurate calculation of thermal cycles in the HAZ is
a prerequisite to modeling grain growth. During weld-
ing, the liquid metal circulates rapidly in the weld pool
and convection is often the primary mechanism of heat
transfer [4]. The width of the HAZ varies with location
in the weldment [4,6] and this effect can only be simu-
lated by three-dimensional (3D) calculations of heat and
fluid flow in the weldment.

The Monte Carlo (MC) technique [4-9] has been used
recently for the modeling of grain growth in the HAZ.
An important feature of the MC technique is that it can

take into account the effect of steep temperature gradi-
ents present in the HAZ and thus incorporate “thermal
pinning” effect. This is possible as the grains are sub-
divided into many discrete small units and each unit has
its own mobility depending on the local temperature [6].
Furthermore, the MC technique has the inherent prop-
erty of considering the evolution of grain morphology in
a topologically connected network [6]. The final grain
structure map obtained from MC simulations, can be
used to accurately calculate the size and topological
properties of the grains [10-12].

In the present study, the weld pool geometry, grain
size and topological properties of grains in the HAZ
have been experimentally determined for the Ti-6Al-4V
alloy weldment fabricated by gas tungsten arc (GTA)
welding at four heat inputs. A well-tested, 3D, heat
transfer and fluid flow model [13-15] is used to calculate
the temperature field, fusion zone (FZ) geometry and
thermal cycles. The calculated thermal cycles are used in
a MC model to simulate 3D map of grain structure in
the HAZ. The FZ geometry and the MC model pre-
dictions of grain size and topological properties are then
compared with the corresponding experimental results.
The role of steep spatial gradient of temperature on the
grain growth kinetics, topological features of grains and
texture development are studied. The grain growth in
the alloy is compared with that in the HAZ of com-
mercially pure titanium welds for comparable heat in-
puts. The possible reasons for the differences in the grain
growth behavior in HAZ of the alloy and pure metal are
explored.

2. Experimental procedure

Gas tungsten arc welds were made on cylindrical
samples of Ti—-6Al-4V alloy. The specimens of 11.4 cm
diameter were rotated at a constant speed below the
fixed electrode. No preheat was used. Extra high purity
helium (99.999%) was used as both the welding and
shielding gas. The welding parameters used are given in
Table 1. The composition of the extra low interstitial
(ELI) grade alloy was (in wt%): 0.014% C, 0.11% O,
0.17% Fe, 6.0% Al, 4.2% V, less than 0.003% B, less than
0.03% Si, 0.0028% H, and less than 0.005% Y.

Optical metallography was performed on post-
weld samples using conventional polishing and etching

Table 1
Welding conditions
Weld Speed Current Voltage Power Energy/length
no. (mms~') (A) V) (W) MJm™)
1 0.5 111 19.5 2165 4.33
2 1.0 111 19.2 2131 2.13
3 2.0 111 19.8 2198 1.10
4 4.0 111 19.8 2198 0.55
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techniques. Different etchants were used to reveal the
weld pool boundary and the grain boundaries. The weld
pool boundary was revealed by using a 50% glycol and
50% hydrofluoric acid solution, and the sample was
immersed in the solution for about 15 s. The etchant for
revealing the grain boundaries contained 10 parts hy-
drofluoric acid, 10 parts nitric acid and 30 parts lactic
acid. Best results were obtained by applying the etchant
to the surface and swabbing continuously for 25-35 s.
The mean prior-f grain size at various distances from
the fusion line were measured using the lineal intercept
method by placing test lines parallel to the fusion line [4]
to quantitatively describe the grain size gradient in the
HAZ. The number of sides and size of individual grains
were also measured at different distances from the fusion
line to study the evolution of topological features and
the nature of the grain size distribution. Owing to a
significant grain size gradient in the HAZ, different
magnifications in the range 10-50x were used depend-
ing on the locations from the fusion line to ensure
accurate grain size measurements. The grain size mea-
surements were conducted using ASTM procedure on
planar sections. It should be noted that these values are
smaller than the “diameters” of 3D grains.

3. Mathematical modeling
3.1. Calculation of temperature field and thermal cycles

The temperature fields and thermal cycles under
various welding conditions were calculated by the 3D
heat transfer and fluid flow model. Detailed description
of the model is given elsewhere [6,13,15,16]. Heat
transfer and fluid flow calculations were performed in a
139 mm (length) x 70 mm (width) x 30 mm (thickness)
domain. A 65 x 35 x40 grid system was used in the
calculations. Spatially non-uniform grids were used for
maximum resolution of variables. Finer grids were used
near the heat source. No significant error was intro-
duced due to heat transfer calculations in flat geometry,
since the weld pool dimensions were much smaller than
the dimensions of the cylindrical specimen used in the
experiments. The thermophysical properties of Ti—6Al-
4V alloy for calculation of the heat transfer and fluid
flow are given in Table 2. From the calculated temper-
ature field, the FZ geometry was determined by the
solidus temperature (1878 K) of the alloy. The HAZ
geometry cannot be predicted exactly since the starting
temperatures for the annealing and recrystallization of
o-phase are not known precisely. However, the B-phase
containing region (o partially or fully transformed to B),
which is the main area of concern for coarse grain size in
the HAZ, can be predicted from the computed temper-
ature field. This region exists between the o/ transition
isotherm (1248 K) and the isotherm for the solidus

Table 2
Data used for the calculation of velocity and temperature fields
Physical property Value Reference
Liquidus temperature (K) 1928 [17]
Solidus temperature (K) 1878 [17]
Density of liquid metal (kgm™?) 4000* -
Viscosity of liquid (kgm™' s7!) 4.9 x 1073 -
Thermal conductivity of solid 20 [17]
(ImsTK™)
Thermal conductivity of liquid 20° -
(ImtsTK™
Specific heat of solid (Jkg™' K™') 610 [18]
Specific heat of liquid Jkg™' K') 700* -
Temperature coefficient of surface -0.28 x 1073
tension (Nm~' K1)
Thermal expansion coefficient (K™') 1.1 x 1073 [17]

#Values for commercially pure titanium were used [4].
® Estimated value was used since data are not generally available in
the literature.

temperature (1878 K). This B-phase containing region
was denoted as the HAZ [4] and its width was predicted
from the calculated result. Furthermore, the calculated
thermal cycles at different locations in the HAZ, at
varying temperatures ranging from the o/ transition
temperature to the peak temperature during heating
followed by cooling from the peak temperature to the
B/o transition temperature, were used for modeling
the growth of B-grains. It should be noted that the
model considers temperature gradients in all the three
directions.

3.2. Grain growth kinetics

The application of the MC technique to model grain
growth in the HAZ of welds has been reported in the
literature [4-9]. Only the modifications and salient fea-
tures pertinent to the specific problem are described
here. The relation between the average grain size, L, and
the initial average grain size, L', valid for the simulation
of grain growth in the entire HAZ, can be written as

L=L+K; xAx (tcs)", (1)

where 4 is the discrete grid point spacing in the MC
technique, #ycs is the MC simulation time, and K; and
n; are model constants. Eq. (1) represents the intrinsic
grain growth kinetics of the MC model where L and #ycs
are dimensionless quantities. However, in the dimen-
sionless growth kinetics of MC simulation, the initial
average grain size, L', has no relation to the actual initial
average grain size, L,, of the real material under con-
sideration. The variable L' is set equal to the grid spac-
ing, A, for MC simulation. Thus, Eq. (1) becomes

L=1 + K; X A X (lMcs)nl. (2)
The grain growth kinetics obtained from the MC

technique need to consider material properties and
temperature—time history. To simulate grain growth of a
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specific material under specified thermal conditions, a
relation needs to be established between #ycs and the
given conditions. The experimental data based (EDB)
model, proposed by Gao et al. [7], has been adopted in
this study. They represented the data obtained from
isothermal grain growth experiments by the following
relation [7]:

L”—Lg:Ktexp(—%> (3)

where L is the average grain size at a given time, L is the
initial average grain size, T is the temperature, ¢ is the
time, R is the universal gas constant, n is the grain
growth exponent, K is the pre-exponential factor, and O
is the grain growth activation energy. Combining Egs.
(2) and (3) and integrating over an entire thermal cycle,
the modified relation for the EDB model becomes

.
1 0 "
= | = kS (A - 773 —
Mcs KI/I{ Z( Lexp( RT,—)>+ o} K|
(4)

where T; is the mean temperature in a small time interval
of duration A¢;. Thus, at any monitoring location where
the temperature is known as a function of time, fycs can
be related to real time (1 = > At;) using Eq. (4). Higher
the temperature and longer the time for grain growth at
a site, the higher is the value of #ycs obtained from Eq.
(4). Thus, sites closer to the fusion plane having stronger
thermal cycles, get higher values of #ycs assigned to
them. The isothermal experimental data required by this
model are taken from Gil et al. [19]. They measured
various grain size parameters for grain growth at dif-
ferent temperatures in the B-phase region of the alloy.
The grain growth exponent, n, the pre-exponential fac-
tor, K, and the grain growth activation energy, O, were
obtained as constants. The values of these parameters
are given in Table 3.

3.3. The MC simulation step and site selection probability

In the MC technique, the choice of grid point for
updating the grain orientation number is random and,
as a consequence, the probability to select each grid
point is the same. However, grains must grow at faster
rates in regions of higher temperatures in the HAZ and
this fact must be included in the calculation scheme. In
the current scheme, the thermal cycle in the weld HAZ
which is a function of distance from the fusion plane, is

Table 3
The isothermal experimental data required by the EDB model [19]

Grain growth activation energy, O (Jmol™!) 1.7 % 10°
Experimental grain growth exponent, n 1.84
Pre-exponential factor, K 3.01 x 1072

represented by gradient of #ycs which, in turn, is in-
corporated in the simulation by visiting each site with a
probability, p [8]:

P = tics/tcsmax (5)

where, fycs is the computed MC simulation time at
any site and fycsmax 18 the maximum MC simulation
time in the entire simulation domain. Thus, locations
with higher tycs are updated more frequently.

3.4. Numerical scheme

In the present study, 3D simulations were carried out
in a cubic lattice system. The simulation domain in-
cluded only one of the two work pieces being joined
since the other piece is a mirror image of the domain
considered. More details about the computational do-
main are given in [4]. The grid spacing, /, was set equal
to the experimentally measured initial average grain size,
i.e. 30 um. The grid system used to represent the cal-
culation varied with heat input because of the different
sizes of the weld obtained. For instance, for a heat input
of 2.13 MJ/m, the grid system used was 100 x 350 x 200,
which corresponds to a domain size of (100 x 30
pm) x (350 x 30 pm) x (200 x 30 um)=3.0 x 10.5 x 6.0
mm?, taken at the center of the weld.

3.5. Distribution of tycs and the probability

The temperature—time history at each site was in-
corporated into the model as follows. The values of K
and n; were calculated using Eq. (1). A plot of
In((L —L")/A) versus In(tmcs) was constructed for a
temperature of 1563 K, which is the median temperature
of the solidus (1878 K) and the B-transus (1248 K) [17]
temperatures for the alloy. The values of K} and n; were
determined to be 0.64+0.02 and 0.50+0.01, respec-
tively, from the intercept and the slope of the linear fit to
the calculated data. The other material dependent con-
stants i.e. n, K and Q, were obtained from isothermal
experimental data and are given in Table 3. The varia-
tion in the activation energy, Q, due to possible com-
positional inhomogeneity of the B-grains in the HAZ
was ignored. Consequently, the fyics values at each site
were calculated from Eq. (4) by incorporating the ap-
propriate thermal history into the equation. Using the
spatial distribution of #ycs in the domain the corre-
sponding distribution of site-selection probability, p,
was obtained from Eq. (5). To obtain a realistic grain
structure, more than 200 iterations were conducted in all
the cases.

3.6. Calculation of grain size and topological features

Finally, after getting the calculated grain structure
map in the HAZ from the MC simulations, different
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modules were created in the code to calculate the size
and topological features of the grains in the map.

4. Results and discussion
4.1. Weld geometry

The calculated FZ geometry, determined by the sol-
idus temperature (1878 K) of the alloy, is compared with
the corresponding experimental result for a heat input of
2.13 MIm™! in Fig. 2. The calculated FZ geometry
matches fairly well with the experimental result con-
firming the reliability of the calculated temperature field.
Since the starting temperatures for the annealing and
recrystallization of a-phase are not known precisely, the
geometry of the HAZ cannot be exactly predicted.
However, the B-phase containing region (o partially or
fully transformed to B) in the HAZ, or the near-HAZ
region, which is the main area of concern for the coarse
grain size [20], can be predicted from the computed
temperature field. This region exists between the o/f
transition isotherm (1248 K) and the isotherm for the
solidus temperature (1878 K). This B-phase containing
region is denoted as the HAZ [4] and its width is pre-
dicted from the calculated temperature profile shown in
Fig. 2.

Fig. 2 shows that the weld pool is wide and shallow.
This geometry results from convective transport of heat
from the middle to the periphery of the weld pool sur-
face consistent with negative temperature coefficient of
surface tension (dy/dT) of the alloy. The relative im-
portance of convection and conduction in the overall

transport of heat in the weld pool can be assessed from
the value of the Peclet number, Pe, which is given by

upC,L
= = 6
k ()

where u is the velocity, p is the density, C, is the specific
heat at constant pressure, L is the characteristic length,
and k is the thermal conductivity of the melt. When Pe is
large, which in physical terms means large melt velocity,
large weld-pool, and poor thermal conductivity, the
convective effects, i.e. the weld pool velocities, markedly
affect the heat transfer. In the Ti-6Al-4V alloy welds,
typical velocity in the pool is 0.15 ms~!, the density is
4000 kg m~3, the specific heat is 700 JTkg~! K~!, the weld
depth is 0.002 m, and the thermal conductivity is 20
Wm~!K~!. The corresponding value of Pe is found to
be 42 which is much larger than unity. This value of Pe
indicates that heat is transported mainly by convection
in the weld pool. Therefore, accurate calculations of
temperature fields can only be done by considering
convective heat transport.

Fig. 2 shows that the width of the HAZ at various
locations is different. At the top surface, the width is
smaller than that below the weld pool. This behavior is
due to the local variation of thermal cycles during
welding which causes comparatively lower temperatures
and consequently smaller spread of thermal gradient on
the top surface than that below the heat source in the
interior of the specimen.

The experimental and calculated depth and half-
width of the weld pool (FZ) for the four heat inputs
considered in the present study are listed in Table 4. The
calculated results match fairly well with the experiments

Pe

[ BT T - R RN

100_m_mis

Fig. 2. Comparison of the calculated and experimental geometries for a GTA weld in Ti-6A1-4V alloy. Heat input is 2.13 MIm~!. The arrows show

the location of the fusion zone boundary in the micrograph.

Table 4

Comparison of the calculated weld pool dimensions with the experimental results

Weld no. Energy/length Depth (mm) Half-width (mm)
MJm™!
(MIm™y Experimental Calculated Experimental Calculated
1 4.33 2.7 2.9 10.1 9.9
2 2.13 2.0 2.0 6.3 7.2
3 1.10 1.5 1.6 6.0 5.9
4 0.55 1.1 1.1 4.8 4.7




1188 S. Mishra, T. DebRoy | Acta Materialia 52 (2004) 1183-1192

indicating the reliability of the numerical model used.
Both the experimental and theoretical results show that
the depth and the width decrease significantly with de-
crease in heat input.

4.2. Grain size distribution in the HAZ

The variations of the mean grain size with distance
from the weld center line, on the mid-section vertical
symmetry plane, are plotted in Fig. 3 for the four heat
inputs. In all the cases the maximum average grain size
is observed near the fusion plane. For a heat input of
4.33 MIm~! the average grain size is 12 times the initial
average grain size of 30 um. The extent of grain growth
i.e. the distance over which large grain size is found,
is significantly large for a heat input of 4.33 MJIm™'.
However, when using lower heat input, say 0.55
MJIm~!, the average grain size near the fusion plane is
only four times the initial average grain size and the
extent of growth is almost one-third of that for 4.33
MJm~!, as seen in Fig. 3. These results show that the
heat input strongly affects grain growth and that the
large grain size can be avoided in the HAZ by using
smaller energy input when possible. Furthermore, Fig. 3
shows that the calculated average grain size agrees well
with the experimentally measured values. This agree-
ment indicates that the MC grain growth model, utiliz-
ing the thermal cycles obtained from the numerical heat
transfer and fluid flow model, can effectively simulate
the effect of heat input on grain growth in the HAZ.

To study the effect of the local variation of thermal
cycles on grain growth in the HAZ, the variation of the
mean grain size with distance from the fusion plane is
plotted in Fig. 4 for the mid-section vertical symmetry
plane (line CD) and the top surface (line AB) for a heat
input of 2.13 MJm™!. The grain growth is more pro-
nounced along the mid-section vertical symmetry plane

500

F Experimental results
sop - A 4,33 MJ/m
400 F : e 2,13 MJ/m

350 |
% 300 F
£ 250 F
200
150 |
100 F
50 |

ize (um)

Mean gra

0 2 4 6 8 10 12
Distance along XX' (mm)

Fig. 3. Comparison of the calculated and experimental mean grain size
at various locations on the mid-section vertical symmetry plane of
welds (along XX).

480 F Calculated results
alonglineCD .. Experimental data along line CD
»E 430 | - Experimental data along line AB
— MC simulation
3. 380
N
Calculated

g 330 glong line AB Top Surtace A_2
2 280 F o/ F Fusion plan
- X Y N\e- ¢
S 230 F az 7 e
(=] D
c 180 F N lc—— Symmetry Plane
©
[F] b
2 130 2N

sof 7

Y1 J) AP WP WA W T i

0 05 1 15 2 25 3 35 4 45 5

Distance from fusion plane (mm)

Fig. 4. Comparison of the mean grain size at different distances from
the fusion plane on the mid-section vertical symmetry plane (line CD)
and the top surface (line AB) for a heat input of 2.13 MJm~'.

because at any given distance from the fusion plane, the
thermal cycle in this plane is stronger than that on the
top surface. The difference in the thermal cycles can be
observed in Fig. 5 where the thermal cycles at 1 mm
from the fusion plane are presented for the two surfaces.
The peak temperature and the area under the thermal
cycle at the top surface are lower than the corresponding
values of these parameters at the mid-section vertical
symmetry plane.

An important feature associated with the variation of
thermal cycles in the HAZ is the presence of steep
temperature gradients near the fusion plane. The pres-
ence of a steep temperature gradient can cause the
atomic mobility to vary across a large grain. This vari-
ation causes ‘‘thermal pinning” of grain growth in the
HAZ of welds [5,8,21,22]. Fig. 6 illustrates this effect.
The solid curve shows the grain growth kinetics at a
distance of 1 mm from the fusion plane on the mid-

''''''''''' Top surface
1698 Symmetry plane

Top Surface 1mm
Y +, B

Fusion plan

60 65 70 75 80 85 920
Time (s)

Fig. 5. Temperature fields at a distance of 1 mm from the fusion plane
on the top surface and the mid-section vertical symmetry plane for a
heat input of 2.13 MIm~!. The time scale is calculated by dividing the
x-distance by welding speed and time =0 is arbitrarily set when the
heat source is located at x = 0.
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500

450 F — Bulk heating
- Gradient heating

400

Mean grain size (um)

150 200 250

o:wwww\wwww\w
0 50 100

tucs

Fig. 6. The kinetics of grain growth at a distance of 1 mm from the
fusion plane on the mid-section vertical symmetry plane. The dotted
curve represents the kinetics under steep temperature gradients nor-
mally observed in the HAZ (gradient heating). The solid line curve is
the kinetics obtained when the bulk material is subjected to a uniform
thermal cycle observed at 1 mm from the fusion plane on the mid-
section vertical symmetry plane (bulk heating). The rate of growth is
much faster in the latter case.

section vertical symmetry plane when the entire calcu-
lation domain was subjected to a single thermal cycle
observed at that location in real welds (bulk heating).
The dotted curve shows the grain growth kinetics at the
same location under normal welding conditions with
steep temperature gradients. It is observed that the
growth rate is much higher during bulk heating.

Back scattered electron diffraction (orientation im-
aging microscopy) and X-ray diffraction techniques were
used to examine whether the presence of steep temper-
ature gradients across large grains can induce texture
in the HAZ. Analysis was done at locations close to
the FZ where very steep temperature gradients exist,
and further away from the HAZ in the base metal
where randomly oriented equiaxed grains were expected.
There was no significant texture seen in the grains at
both the locations showing that the steep temperature
gradients did not cause the grains to have any preferred
orientation.

To study the influence of thermal cycles on the grain
size distributions, the frequency versus normalized grain
size plots are drawn in Figs. 7(a) and (b) and 8. Fig. 7(a)
shows the distributions at a distance of 1 mm from the
fusion plane on the top surface and the mid-section
vertical symmetry plane for a heat input of 2.13 MJm~".
Fig. 7(b) shows the grain size distributions at the same
distance from the fusion plane and on the same surface
for two different heat inputs, and Fig. 8§ compares the
grain size distribution at 1 mm from the fusion plane on
the mid-section vertical symmetry plane for a heat input
of 2.13 MIm~! with that obtained under bulk heating
conditions when the entire sample was subjected to the
thermal cycle observed at this location. An important

<& Experimental symmetry plane
r A Experimental top surface
0.25 - —— Calculated top surface
r e Calculated symmetry plane

Frequency
o
Y
a
T

0.1
0.05 |
ol
0 3
(a)
¢ Experimental 2.13 MJ/m
02 [ A Experimental 1.10 MJ/m
25 —— Calculated 2.13 MJ/m
--------------- Calculated 1.10 MJ/m
0.2
>
1)
o
$0.15
o
o
w 01
0.05 |-
O:H"\HH\HH\HH\']"MH\HH
0 0.5 1 1.5 2 25 3
(b) R/R,yq

Fig. 7. (a) Experimental and calculated grain size distributions 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 MIm~!. (b) Experimental and
calculated grain size distributions at lmm from the fusion plane on the
mid-section vertical symmetry plane for heat inputs of 1.10 and 2.13
MIm™L.

¢ Experimental under thermal gradients
[ — Calculated under thermal gradients
0.25 — Calculated under bulk heating
02|
> L
2 :
g 0.15
o [
[ [
w 0.1 r
0.05 |
0:\\\\\\\\\\\\\\\\\\\\\\‘TH\\\\\
0 0.5 1 1.5 2 25 3

R/Rayg

Fig. 8. Grain size distribution at 1 mm from the fusion plane on the
mid-section vertical symmetry plane for a heat input of 2.13 MJm™!
compared with that under bulk heating conditions when the entire
sample was subjected to a single thermal cycle observed at the above
location.

feature of these plots is that all the distributions are
fairly identical i.e. unaffected by the difference in thermal
cycles. These results indicate the time invariance of grain
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size distributions during normal grain growth in differ-
ent materials [10,12,23]. This behavior can be explained
from the fact that any thermal cycle in the HAZ can be
visualized as a collection of a large number of discreet
isothermal steps applied for different times. The grain
size distribution under different thermal cycles thus be-
haves in a similar manner as that under different iso-
thermal conditions for different times, i.e. remains
invariant. All the calculated and experimental results
show asymmetric peaks in the range of R/R,.s between
0.5 and 1.5, and the maximum grain size is about
2.5 times the average grain size at all the locations,
which indicates microstructural homogeneity of grain
growth in the HAZ of the alloy even under steep thermal
gradients.

4.3. Topological properties of grains in the HAZ

To understand the relationship between the size and
topology of grains under intense thermal cycles in the
weld HAZ, the average grain size for each edge class is
plotted against the edge class number (number of edges)
in Fig. 9. The plot shows the experimental and calcu-
lated data at 2 mm from the fusion plane on the mid-
section vertical symmetry plane for two heat inputs. A
linear relationship is observed in both the cases showing
that grains with larger number of sides (lower grain
boundary length per unit area) grow more. Good
agreement is observed between the calculated and the
experimental results indicating that the MC model can
accurately predict both size and topological features of
grains in the HAZ of the alloy.

The average perimeter per grain at different locations
on the mid-section vertical symmetry plane is plotted in
Fig. 10. The bars represent experimental data, the solid
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Fig. 9. Mean grain size versus number of edges at 2 mm from the
fusion plane on the mid-section vertical symmetry plane for the two
heat inputs. The symbols represent the experimental data while the
solid lines are the linear fit to the calculated results for the two heat
inputs.
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Fig. 10. Comparison of the experimental (bars) and calculated (solid
dots) average perimeter per grain at different distances from the fusion
plane on the mid-section vertical symmetry plane for a heat input of
2.13MIm™.

dots represent calculated data and the dashed line rep-
resents exponential fit to the calculated data. The aver-
age perimeter per grain decreases for successive
locations away from the fusion plane owing to the
smaller average grain size due to weaker thermal cycles.
The fit to the calculated data shows that the variation of
average perimeter per grain follows the same trend as
the variation of mean grain size. The calculated results
match fairly well with the experimental data indicating
the effectiveness of the present MC model.

4.4. Comparison of grain growth in titanium and its alloy

The mean grain size at different distances from the
fusion plane in commercially pure titanium [4] and Ti-
6Al-4V alloy welds are compared for roughly similar
heat inputs in Fig. 11. The results are for the top surface
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Fig. 11. Comparison of the experimental and calculated mean grain
size at different distances from the fusion plane on the top surface of
the welds in commercially pure titanium (heat input: 2.0 MIm™') [4]
and ELI grade Ti-6A1-4V alloy (heat input: 2.1 MIm™!).
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of the welds. It is observed, that the average grain size at
all locations of the alloy weld is approximately half of
that in the commercially pure titanium weld. The width
of the HAZ of the alloy weld is also almost half of that
of the commercially pure titanium weld.

The HAZ size in the two materials differs consider-
ably. Commercially pure titanium has a solidus tem-
perature of 1941 K [4] and B-transus of 1158 K [4], as
against the solidus temperature of 1878 K and B-transus
of 1248 K for the alloy. The width of the HAZ in the
present study is assumed to be enclosed by two iso-
therms, i.e., the PB-transus and solidus temperature.
Thus, in commercially pure titanium, the thermal cycles
in the HAZ are spread over a temperature range be-
tween 1158 and 1941 K, i.e. a temperature range of 783
K. In contrast, in the HAZ of the alloy, B is stable be-
tween 1248 and 1878 K which represents a 630 K span.
Therefore, the alloy will have significantly lower HAZ
width as is seen in the present study.

The solidus temperature of the commercially pure
titanium (1941 K) is about 63 K more than that of the
alloy (1878 K). Therefore, at any given distance from the
fusion plane (solidus temperature) the peak temperature
is higher in the commercially pure titanium than that in
the alloy. Higher temperatures favor grain growth. So,
at any given distance from the fusion plane, the grains
are larger in the commercially pure titanium than in the
alloy. Furthermore, the B-transus for the alloy is about
90 K higher than that of the commercially pure tita-
nium. It is known that when the titanium or its alloy is
annealed below the B-transus, a-phase forms and pre-
vents further B-grain growth [20]. Since the B-transus of
the alloy is significantly higher than that of the com-
mercially pure titanium,  will transform to o at a higher
temperature and prevent further grain growth resulting
in smaller grain size. In addition, in the alloy the newly
formed o phase forms a basket-weave structure with the
retained-B, which impinges on the grain boundaries
impeding grain boundary motion, as illustrated in Fig. 1
by the double arrows. In addition, the activation energy
of grain growth in pure titanium [4], 102 kJ/mol, is
smaller than that in the alloy [19], 170 kJ/mol. Thus, the
kinetics of grain growth is faster in pure titanium.

The curves in Fig. 11 represent the calculated data. It
can be seen that the calculated results match fairly well
with the experimental results for both the commercially
pure titanium [4] and the alloy. This excellent correla-
tion gives confidence in predicting grain growth in the
HAZ of titanium and its alloys using the MC technique.

5. Conclusions
The FZ geometry and grain structure in the HAZ of

Ti-6Al1-4V alloy GTA welds were studied experimen-
tally and theoretically. The grain growth in the HAZ of

Ti—6A1-4V alloy was compared with that in the com-
mercially pure titanium. The following are the main
conclusions:

1. The experimentally determined FZ geometry agreed
well with the corresponding values calculated from
a 3D heat transfer and fluid flow model for various
values of heat input. The high values of computed Pe-
clet number for heat transfer indicated the need for
considering convective heat transfer in calculating
both the weld pool geometry and the thermal cycles
in the Ti-6A1-4V weldments.

2. The experimental data as well as the calculated results
showed that the average grain size near the fusion
plane was about four to twelve times larger than that
in the base plate depending on the heat input used.
The extent of grain growth in the HAZ was strongly
dependent on the heat input.

3. The computed grain size for various heat inputs
agreed well with the corresponding experimental
data. The results showed that at locations equidistant
from the fusion plane the mean grain size was larger
in the mid-section vertical symmetry plane than at the
top surface. This behavior is consistent with the local
variations of thermal cycles at locations equidistant
from the fusion plane. Furthermore, the width of
the HAZ in the mid-section vertical symmetry plane
was higher than that near the top surface.

4. The average grain size in the weld HAZ was signifi-
cantly smaller than that would be obtained in a bulk
material experiencing the same thermal cycle but
without any spatial temperature gradient. The ther-
mal pinning effect resulting from the steep tempera-
ture gradient in the HAZ significantly impedes
grain growth kinetics. Steep temperature gradients
near the fusion plane did not introduce any signifi-
cant texture in the grains.

5. The grain size distributions showed asymmetric peaks
between R/R,y equal to 0.5 and 1.5, and had a max-
imum value of about 2.5. The grain size distributions
were found to be identical for different locations in
the HAZ. The average grain size for each edge class
was proportional to the edge class number in the
HAZ.

6. Both the calculated results and the experimental data
showed that for identical welding conditions, the
grain size in the HAZ of the alloy was significantly
smaller than that in the commercially pure titanium.
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