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Titanium alloys have been used in demanding applications such as the chemical industry and aerospace,
thanks to their excellent corrosion resistance, low density, and high-mechanical strength. There have been
many research activities recently on titanium alloys, mainly focusing on experiments. The kinetics of phase
transformations and the relationship between the microstructure and the final mechanical properties has
not been widely studied by computer modeling. In this work, a comprehensive finite-element model coupled
with thermodynamic calculations has been developed to simulate the microstructure evolution and predict
the final mechanical properties resulting from solidification and 3 to o solid phase transformation. This
model can be applied to casting and heat treatment processes. The predictions are validated by comparison
with experimental measurements. The results show that this model can accurately predict the micro-
structure, volume fraction of different phases, and the final yield strength of titanium alloys.

Keywords casting, heat treatment, mechanical properties, micro-
structure, modeling, titanium

1. Introduction

The improvement of alloy properties relies on an accurate
prediction of the microstructure during solidification, defect
formation, and the microstructure evolution during solid phase
transformations, as might occur from heat treatment (Ref 1).
The mechanical properties are very much dependent on the
microstructure, which are determined by the alloy chemistry
and the applied processes. Hence it is very important to
understand the thermodynamics and kinetics of the alloy during
its phase changes. There are three types of microstructures for
titanium alloys: o, oo + B, and B. The types of phases present,
the volume fraction of the phases, grain size, and grain shape
determine the properties, which in turn govern the appropriate
applications of the alloy (Ref 2). The bce B-phase {110} can
transform to the basal planes {0001} of the hexagonal a-phase
under some conditions. The distance between the basal planes
in o is slightly larger than the corresponding distance between
the {110} planes in PB. The growth of the o-phase in a
supersaturated B matrix is diffusion controlled. This transfor-
mation process can be described by some partial differential
equations.

Although the strengthening mechanisms in Ni-based,
Al-based, and Fe-based alloys are well known and character-
ized by mathematical relationships, the exact relationships
between microstructural features and the mechanical properties
of Ti-based alloys are still not clear. There have been many
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experimental works to study the microstructure evolution for
o+ B Ti-based alloy castings (Ref 3-7), heat treatment (Ref
8-10), and thermomechanical processing (Ref 11-17). Some
modeling works on the B to o-phase transformation can
been found in the literature (Ref 2, 14). In this work, a
solidification model is presented first. Then a computer model
is developed to predict the nucleation and growth of o-phase
during solid cooling processes. The grain size and volume
fraction of different phases can be predicted. Finally, the
mechanical properties are calculated based upon the simulated
microstructure.

2. Solidification Modeling

Simulation technologies are applied extensively in casting
industries to understand the aspects of heat transfer and fluid
transport phenomena and their relationships to the microstruc-
ture and the formation of defects (Ref 1). Microstructure during
solidification of alloys is a very important factor for the control
of the properties and the quality of casting products (Ref 18).
Thermodynamic calculations are coupled with the macro-scale
thermal and fluid flow calculations.

The nucleation is based on the model proposed by Thevoz
and co-workers (Ref 18) which is illustrated in Fig. 1. At a
given undercooling, the grain density n is calculated by the
integral of the nucleation site distribution from zero underco-
oling to the current undercooling.

The density of grain nuclei can be written as:

Nmax AT() - n :
nAT(@) =2 /0 exp (%) dAT()),
(Eql)

where 7, maximum grain nuclei density; ATs: standard
deviation undercooling; and AT, average undercooling.
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Fig. 1 Nucleation model

Rappaz and Boettinger (Ref 19) studied the growth of an
equiaxed multicomponent dendrite. In their study, for each
element, the supersaturation is

c j — Coyj

Q= &, (1~ k) = Iv(Pe;), (Eq 2)
where J =1, n solute element; c,,,»*: tip liquid concentration;
¢, ;- nominal concentration; and ;: partition coefficient.

Pe is call Peclet number and defined as: Pe; = ZR—DV/ , where D;
is the diffusion coefficient.

The Ivanstsov function is defined as: Iv(Pe) = Pe-
exp(Pe) - E;(Pe), where E; (Pe) is the first exponential
integral.

Assuming growth at the marginal stability limit, the dendrite
radius is calculated by

2
R— _ 2nT 7 (E q 3)
3 miPe A
j=1

(T1—k)Ivo(Pe;)

where I' is the Gibbs-Thomson coefficient.
Hence the tip velocity can be derived:

2
v=DiPery (Eq 4)
and the tip liquid concentration will be:
* Co,j
= ) Eq 5
LT (1 = ky)Io(Pe;) (Eqa's)

Assume that the liquid concentration in the inter-dendritic
region is uniform. The solute profiles in the extradendritic
liquid region can be obtained from an approximate model (Ref
20)

€lj ~ Coj
J.=D;- <1—)’ (Eq 6)
J J 5}/2
where the solute layer thickness is:
2D;
8 ==+ (Eq 7)

So the solute balance will become:

n

" . dr
> mjk; = 1)e;, + (fe ) > miJ;=0, (Eq8)
=

J=1

dfs
dt
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Fig. 2 Eutectic fraction of Al-4.9% Cu alloy with different solidifi-
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Fig. 3 Secondary dendrite arm spacing

where f, is the envelope volume divided by the final grain
volume.

Please refer to (Ref 19) for details about the derivation of the
equations above.

The secondary dendrite arm spacing is calculated by:

Ay = 5.5(Miy)'?, (Eq 9)
where
> mj(l —kj)ce;/D;
M= l In =
Zl mi(1 —k;)(cej = o)/ D; Zl m;(1 —kj)co;/D;
J= J=

(Eq 10)

In order to test the model, a simple binary alloy solidifica-
tion was performed. Figure 2 shows the predicted eutectic
fraction results of solidification of an Al-4.9%Cu alloy
compared with experiment (Ref 21). The calculated secondary
dendrite arm spacing is shown in Fig. 3. These values are
consistent with the experimental measurements (Ref 21).
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3. p to a-Phase Transformation for Ti-Based
Alloys

For an o + P alloy, the final microstructure after solidifica-
tion and heat treatment depends strongly on the cooling history
from the B region. The B to a-phase transformation follows the
classic way to phase transformation. When the alloy is cooled
below the B transus temperature, the o-phase is nucleated and
grown in plate form starting from  grain boundaries. A final
microstructure of globular o is produced if the heat treatment is
done in the o-f field. To simplify this complex phenomenon,
the o-phase is modeled as globular shape. The classical
diffusion model is applied to describe the growth of o-phase.
The diffusion rate from the diffusion field around the o-phase
determines the growth rate. Fick’s second law is applied:

% _ pyre

Eq 11
oy (Eq 11)

Zener (Ref 22, 23) derived a solution to this diffusion
equation for spherical particle growth. The radius is:

r=oa(Dn)'"?, (Eq 12)

where o is a growth parameter which is a function of
supersaturation.
The diffusivity is calculated by:

D = Del—), (Eq 13)

where Q is the activation energy.

The grain size of a-phase can be calculated by solving the
equations above.

For an isothermal transformation, the well-known Johnson-
Mehl-Avrami (JMA) equation can be used to calculate the
volume fraction evolution during solid phase transformation
with time (Ref 24).

f =1 —exp[=k(T)1"],

where f is the transformed volume fraction. A&(7) is a
temperature-dependent coefficient, and » is the Avrami expo-
nent which is usually between 1 and 4. k&(7) can be calculated
by the formula:

k(T) =koeXp<—%),

where k, is a new constant, and E is the activation energy. The
fraction of a-phase can then be calculated.

Among the o+ B alloys, Ti-6Al1-4V is the most popular
titanium alloy (Ref 25). Semiatin and coworkers (Ref 26)
studied the microstructure evolution during heat treatment of a
Ti-6Al-4V alloy. The samples were prepared by furnace heat
treatment at 955 °C for 1 h followed by three cooling rates to
the room temperature. The volume fractions of o-phase were
measured. Figure 4 shows the calculated (lines) fraction of o-
phase from the current model. The measured values (symbols)
are included for comparison. The agreement between model
predictions and measurements is pretty good for all three
cooling rates. The grain sizes of a-phase at different temper-
atures for different cooling rates are shown in Fig. 5.

The fraction of a-phase increases as the temperature reduces
for all three cooling rates. The o grain grows very fast at the
beginning of the cooling. After that the grain size increases very

(Eq 14)

(Eq 15)
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Fig. 4 Comparison of measurements and calculated primary o-
phase volume fraction as a function of temperature for different
cooling rates
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Fig. 5 The average o-phase particle grain size as a function of
temperature for different cooling rates

slowly. This shows the two stages of o formation, growing and
coarsening. During the coarsening period, the grain size does
not increase much but the fraction of a-phase continues to
increase.

4. Mechanical Properties

The ultimate goal of process modeling is to predict the final
mechanical properties. The properties of titanium alloys are
primarily determined by the arrangement, volume fraction, and
individual properties of the two phases o and PB. The yield
strength of Ti alloys can be calculated by using the standard
Hall-Petch equation (Ref 27) if the alloys are solid solution
strengthened, which is the case for many titanium alloys (Ref
28).

o, =G, + kd™'?, (Eq 16)

where o, is the yield or proof stress, o, is the intrinsic flow
stress, k is the Hall-Petch coefficient, and d is the grain size
which is calculated from the solidification micromodeling
above.
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The classical linear law of mixtures can be applied to
calculate the total strength since the two phases are reasonably
similar.

5. A Study for a Test Casting Part

In order to show the capability of this model, a test casting
part is studied. In this study, an investment casting with the
composition of Ti-6Al-4V is investigated. A comprehensive
multicomponent alloy solidification micro-model, which is
coupled with thermal-fluid-stress macro-models, has been
developed and implemented in a commercial finite-element
analysis software code, ProCAST. The microstructure and the
final mechanical properties are predicted. Figure 6 shows the
average B-phase dendrite radius in centimeter after solidifica-
tion. Due to the lower cooling rate in the center of the casting
than that on the surface, solidification time in the center is
longer. There is less nuclei and more time for B-phase to grow
in the center. Hence, the radius of B-phase in the center is
larger, which is around 1.0 mm, compared to 0.7 mm on the
surface. As the casting cools down to room temperature, some
B-phase transforms to a-phase. The fraction of o-phase is
shown in Fig. 7. The average particle size in centimeter of the
a-phase is calculated and shown in Fig. 8. The transformation
depends on the cooling history. Again, the cooling rate is lower
in the center of the casting than on the surface for the whole
cooling history. This is the reason why there is more a-phase in
the center (around 67.5%) than on the surface (around 55%).
For the same reason, the grain size of a-phase is slightly larger
in the center (~21 micro) than on the surface (~19 micro).
There is a relatively longer time for o-phase to grow in the
center of the casting. Based on the information of the
microstructure and phase fraction, the final yield strength can
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Fig. 6 The average B-phase dendrite radius (cm)
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be predicted. Figure 9 shows the result of the yield strength for
this test casting. The yield strength is dependent on the phase
volume and the grain size. The stronger part is on the surface of
the casting which has maximum yield strength of 895 MPa.
The center of the casting is relatively weaker. The yield strength
could be as low as 880 MPa. The difference is not large due to
the small size of the casting and limited cooling rates across the

Fig. 7 Fraction of a-phase at room temperature
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Fig. 9 The yield strength at room temperature (MPa)

casting. Even though the current model can predict the
mechanical properties based on the predicted microstructure,
it has not yet validated by experimentation.

6. Conclusions

A comprehensive finite-element-based micro-model has
been developed to predict the microstructure evolution and
the final mechanical properties during titanium alloy  to o-
phase transformation. This model can be used for the simula-
tion of casting and heat treatment processes. This model can
accurately predict the microstructure and volume fraction of
different phases during cooling of a Ti-6Al-4V alloy, as
validated by experimental measurements. More experiments
are needed to validate the mechanical property predictions.
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