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In the present study the stress–strain curve of low cost near b titanium alloy (Ti–10V–4.5Fe–3Al) at
16% volume fraction of a was measured. Also, it was simulated to be based on the stress–strain curves
of individual phases both a and b by using Finite Element Method (FEM), then measured result compared
with the calculated curve. The average error between the predicted and measured one is 6.22% and coef-
ficient of correlation (R) is 0.98, these results showed that the simulated results closely fit the measured
one, which proves that this FEM model used in this work is appropriate. The distributions of stress and
strain are also discussed with the help of FEM model. Additionally, an attempt was made to study the
effect of a particle size on the stress–strain curve for the same alloy (16% volume fraction of a). As a result
the a particle size increases, then the stress–strain curve is shifted down. The distributions of stress and
strain are also discussed for different a particle sizes.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Titanium (Ti) alloys having a unique combination of mechanical
and physical properties and excellent corrosion resistance to sea
water and other chloride media, which make them popular for a
variety of applications [1]. Titanium alloys are excellent candidates
for aerospace applications owing to their high strength to weight
ratio and excellent corrosion resistance [2]. The expansion of tita-
nium applications to non-aerospace industries like automotive,
chemical, energy, marine, biomedical, sports, and architecture en-
tails improvements in the understanding of titanium metallurgy,
advances in processing methods, ability to manufacture compo-
nents without defects, and development of low cost alloys [3]. Beta
titanium alloys offer a wide range of mechanical and chemical
properties and can be thermo-mechanically processed to achieve
high strength, toughness and fatigue resistance even in large sec-
tions [4]. But the cost of b titanium alloys is very high. Hence low
cost b titanium alloys are coming into the present scenario. The
development of a low cost beta (LCB) alloy [5] like Timetal LCB
(Ti–4.5Fe–6.8Mo–1.5Al) makes use of ferromolybdenum addition
to reduce the cost so that it becomes competitive for automobile
and other aerospace applications. The alloy possesses excellent
workability and mechanical properties which are comparable to
that of high strength steel [6]. Now many of the researchers concen-
trated on the development and property evaluation of a low cost b
titanium alloys [7–10].
ll rights reserved.
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The microstructure is one of the important factors that control-
ling both the tensile and fatigue strength which are important crite-
ria of material service capabilities both in aerospace and industrial
applications. With different percentages of a and b phases, several
metastable microstructures can be formed. Thus, it is formed with
the integration of several physical properties, functional perfor-
mances, and strain in different phases and even in different grains
is inhomogeneous; it is hard to express the distribution of stress
and strain in the titanium alloy clearly [11]. Therefore, any innova-
tion in the design and predicting the properties with the help of the
microstructure will lead to reduce experimentation and large over-
all cost savings. The key to these innovations is a thorough under-
standing of the material’s constitutive response to the imposed
conditions and detailed process analysis. This is achieved by effec-
tive material modelling and integration of microstructural informa-
tion with process simulation and optimisation methodologies.

For modelling of material properties, different soft computing
techniques are available. In that Finite Element Method (FEM) is
one of the most widely used technique for modelling of material
properties like tensile properties [12] and fracture toughness prop-
erties [13,14]. FEM is used not only in room temperature but also
in high temperature conditions [15]. Many investigators [16,17]
calculated the stress–strain curve and then compared with the
measured one, by using the stress–strain curves of the individual
phases. But the literature available in this particular area is limited.
In this paper the stress–strain curve of 0.16a of Ti alloy calculated
based on the individual stress–strain curves of single a and b phase
alloys using Finite Element Method (FEM). The simulated result
was compared with the measured one and then, the distribution
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Table 1
Chemical composition of the Ti–10V–4.5Fe–3Al alloy.

Elements (wt%)

V Al Fe O N P C S Ti

Ti–10V–
4.5Fe–
3Al

9.6–
10

3–
3.2

4–
5

0.11 0.009 0.01 0.02 0.001 Rest

(a) Optical Microstructure for β ST

(b) Scanning Electron Micrograph for α + β ST

α

β

Fig. 1. Micrographs of Ti–10V–4.5Fe–3Al alloy.

α

β

Fig. 2. FEM model (16% volume fraction of a).

Fig. 3. Stress–strain curves of single phase b and single phase a.

Table 2
Input data used for simulation.

Sl. no. Single phase b Single phase a

Strain Stress (MPa) Strain Stress (MPa)

1 0.015 1187 0.008055 355.5
2 0.02 1231 0.018157 430
3 0.05 1195 0.027105 441
4 0.1 1181 0.087515 454
5 0.15 1170 0.121644 463
6 0.2 1156 0.2 471
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of stress and strain of the 0.16a of Ti–10V–4.5Fe–3Al alloy was
analysed in this work. Finally, with the FEM model the effect of sec-
ondary phase (a) particle size on the stress–strain curve is
calculated.
2. Materials and methods

2.1. Materials and experimental procedure

The LCB Ti alloy (Ti–10V–4.5Fe–3Al) was used in the present
work and it was developed in vacuum arc re-melting (VAR) fur-
nace. Table 1 shows the chemical composition of the alloy. The b
transus temperature of the alloy (Tb) was determined is 780 �C in
close agreement with the value of the b transus for the alloy as
per Yolton’s formula [18]. The alloy processed thermo-mechani-
cally (Forging and Rolling) in order to get the equi axed a particles
in b phase. Thermo-mechanical process includes forging and roll-
ing as previously mentioned. The ingot was forged at 900 �C (b
forging) in order to remove the defects in the ingot. Further it
was rolled into 10 mm thick slab at 750 �C (a–b rolling).

The tensile samples of suitable length cut from the rolled slab in
the longitudinal orientation were subjected solution treated in b
(800 �C), and a + b (750 �C) conditions. Fig. 1 shows the microstruc-
ture of the alloy at two solution treatment temperatures. The heat
treatment was carried out in an electrical heat treatment furnace
using Kanthal as the heating element. For microstructural exami-
nation, samples were cut from the 10 mm thick slab, and heat trea-
ted with the tensile specimens at required conditions, polished



Fig. 4. Microstructural FE Models with different grain sizes of a; (a) medium (b) coarser.

Fig. 5. Comparison between the measured and calculated stress–strain curve.

Fig. 6. Comparison of calculated and measured stress–strain curves with constant
stress curve and constant strain curve for 16% of volume fractions of a.
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metallographically using standard metallographic technique and
finally etched with Kroll’s reagent (2 ml of HF, 6 ml of HNO3,
92 ml of Distilled Water). Etched samples were examined under
scanning electron microscopy and optical microscope. The tensile
tests were carried out according ASTM E8M-97 in screw-driven
digital control INSTRON� 5500R test system in order to obtain
the stress–strain curves.
2.2. Finite element modelling

A Finite Element (FE) 2-Dimensional (2D) model was developed
in Ansys 10 software. The FE model is the replica of the microstruc-
ture in Fig. 1a. The 2D FE model consists of 800 triangular elements
which are connected with 1681 nodes. The 2D model developed
according to the microstructure of a + b solution treated condition.
Initially the model used for the prediction of stress–strain curve
consist of 162 triangular elements, but predicted results shows
high average error. In order to achieve the convergence solution,
the number of elements elements is increased from 162 to 968
by keeping the volume fraction of a is constant. At 800 elements
the model started giving the convergence solution. Once the num-
ber of elements is optimised, then the model is used for prediction
of stress–strain curve. Fig. 2 shows the 2D FEM model, here the
green triangles represents b phase and violet triangles represents
a phase. In order to simulate the stress–strain curve, the model re-
quires input material properties of individual phases both a and b.
Fig. 3 shows the stress–strain curves of the both individual phases
a and b (Table 2). The Young’s modulus of a and b phases are
45,125 MPa and 79,524 MPa respectively. The b stress–strain curve
is determined experimentally, and the a curve is obtained from the
literature [20]. Bottom of the model is constrained in X and Y direc-
tions and the loads are applied in terms of displacements (0.005,
0.05, 0.1, 0.15 and 0.2 mm) at the top portion.

Additionally, in present the work attempts have been made to
determine the effect of a particle size on the stress strain curve.
Fig. 4 shows the FEM models with two different a particles sizes
(which refers to the medium and coarser size) bigger than the a
particles size in Fig. 2 (refers to smaller size). The input stress–
strain curves of both individual phases both a and b for the corre-
sponding FEM models of medium and coarser a particle size are
calculated based on Hall Petch relations. The Hall Petch relations
for both the phases are mentioned below.

Hall Petch relation for a is

ry ¼ 0:2275ðD�0:5Þ þ 228:92 ð1Þ

Hall Petch relation for b is

ry ¼ 1:383ðD�0:5Þ þ 731:04 ð2Þ

where ry is the yield stress in MPa and D is the grain size in m (a or b).

3. Results and discussions

3.1. Microstructure

Fig. 1 shows the representative microstructure of the alloy solu-
tion treated at b (800 �C/1 h), and a + b (750 �C/4 h) conditions



Fig. 8. Comparison of calculated stress–strain curves at different grain sizes of a.
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followed by water quenching. Fig. 1a shows the b grains and the
average grain size is 97.34 ± 13.37 lm. It is observed from Fig. 1b
that equi axed a particles are distributed in the continuous b ma-
trix. The volume fraction of a phase (black) is around 16% and
the remaining is b.

3.2. Comparison between the measured and simulated stress–strain
curves

By using Ansys 10, the stress–strain curve of the present alloy at
16% volume fraction of a calculated based on the individual stress–
strain curves of both a and b phases. The measured curve and sim-
ulated curve calculated by a 2D FEM model are shown in Fig. 5. The
average error between the predicted and measured stress–strain
curve is 6.22% and the coefficient of correlation (R) is 0.98 and it
was calculated with the help of Eq. (3), but the fit is acceptable.
Therefore, the FEM used in this work is correct, which can be used
for further simulations to know the effect of a particle size on the
stress–strain curve.

Similar observations are reported in titanium alloys [11] and
other alloy systems [16,20]. Four principal reasons have been
attributed to this behaviour [16]:

(i) The modelling has been carried out in two dimensional
while the material deformation is a three dimensional
phenomenon.
Fig. 7. Distributions of Ti alloy (16% volume fraction of a) at 0.05 mm load (a) deform
(ii) The behaviour of the interface between a and b has not been
incorporated in the model. It is expected that the interface
region which as a finite thickness/volume will be harder
than both a and b.

(iii) The a stress–strain curve has been taken from the work of
Ankem et al. [19] which is based on Ti–Mn system. For the
present work, the composition of a contains Al and V will
be different and therefore the stress–strain curve is expected
to be different.

(iv) Size of a particles is considerably fine (14–19 lm) leading to a
different stress–strain behaviour from that of Ankem et al. [19].
ation, (b) VonMises stress (c) VonMises elastic strain, (d) VonMises plastic strain.



Fig. 9. Deformations at 0.83% strain for (a) finer, (b) medium and (c) coarser a grain
sizes.

Fig. 10. VonMises stress distributions at 0.83% strain for (a) finer, (b) medium and
(c) coarser a grain sizes.
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where x is the experimental stress value; y the predicted stress
value and n is the number of data points.

Fig. 6 shows the experimental and fitted curves along with the
constant stress and constant strain curves. For 16% volume
fractions of a (Fig. 6), both predicted and experimental curves
overlap with constant stress curves. This is in contrast to the re-
sults of Ti–8Mn [19] where the predicted curve is closer to that of
the constant strain curve. Thus, in the present work, it appears
that the deformation of two phase alloy is better represented as
constant stress behaviour. This correlated from the stress–strain
map shown in Fig. 7d.



Fig. 11. VonMises elastic strain distributions at 0.83% strain for (a) finer, (b)
medium and (c) coarser a grain sizes.

1 Please note that Figs. 10 and 11 will appear in B/W in print and color in the web
version. Based on this, please approve the footnote 1 which explains this.
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3.3. The analysis of the distribution of the stress and strain of the
titanium alloy

Element deformation map for 0.83% strain (0.05 mm displace-
ment) is shown in Fig. 7a for 16% volume fractions of a. The origi-
nal model (without deformation) is also plotted. Displacement of
the elements at the top with respect to the original model is varies
as a function of location while those at the bottom are not dis-
placed. This is expected, since the bottom surface in the model
(axi symmetry) used has been kept stationary (rigid). The stress
map is shown in Fig. 7b for 16% volume fractions of a. Firstly, the
stress values are higher in b phase as compared to a phase. Locally
around a–b interface, the stresses are considerably higher as com-
pared to those in a and b. Higher stress values encountered in b
phase are due to the higher yield stress of b phase as compared that
off a. There are also isolated regions of very high stress concentra-
tion (shown by red colour) especially where the a particles meet.
Particularly, these regions of high stress concentration are obtained
near the locations where two a particles meet in certain orienta-
tions (Fig. 7b, shown by single arrow) and interestingly there are
far off (Fig. 7b, shown by double arrow), there is a region of high
stress concentrations. This is important from the tensile behaviour
point of view as these will act as crack or void nucleation sites.

An elastic strain map is shown in Fig. 7c. The elastic strain plot
is also shows the same results as of stress map. The plastic defor-
mation maps are shown in Fig. 7d in this case a phase deforms
more than b. Also there are a particles especially in the middle
which appears to deform more than those in the periphery. Higher
plastic strain in a phase is expected since a phase is considerably
softer (Fig. 3). Then one can notice the strain incompatibility across
a–b interface and there these regions are prone to void formation
or cracking. This is consistent with the stress mapping except that
the stress concentration occurs for certain orientations of a. Never-
theless, the fact that a–b interface are crack or void nucleation sites
is further confirmed by observations of Mahajan and Margolin [21]
also showed that slip starts at softer a phase (consistent with strain
map in the investigation) and incompatibility between a and b re-
sults in cracking at the interface at strain values as low as 0.2%.

The stress values in a and b ranges from 300 MPa to 475 MPa
and 475 MPa to 880 MPa (Fig. 7b). Whereas, strain in these phases
ranging from 0.0013 to 0.012 and 0 to 0.0013 (Fig. 7d). It is clearly
seen that the strain inhomogeneity can be an order of magnitude
as a opposed to the significantly less variation in the stress values
(at the most by a factor of 2). Hence, a constant stress behaviour.

3.4. Effect of a particle size on the stress–strain curve

Figs. 2, 4a and 4b represent respectively the finest, the medium
and the coarser of a particle 2D FEM models. In all these three
models the volume fraction of a (16%), numbers of triangular ele-
ments, number of nodes is constant. Same boundary conditions
and loads are applied in order to get the stress–strain curve. After
the simulation, the stress–strain curves are developed for all the
three a grain sizes (Fig. 8). As the a particle size increases, the
stress–strain curve is shifted down.

3.5. The analysis of the distribution of the stress and strain of the
titanium alloy for different a particle sizes

Displacement plots are depicted in Fig. 9 at 0.83% strain
(0.05 mm displacement). The stress and elastic strain maps for dif-
ferent particle size are shown in Figs. 10 and 11 respectively. The
stress concentration points increase with increase in particle size.
For the largest particle size, there are regions with very high stress
concentration (shown in red1). Plastic strain maps (Fig. 12) show
that with increase in plastic strain the deformation level in a in-
creases. Additionally, for high plastic strain some a particles appear
to heavily deform especially near the periphery.

The increase in stress value at a constant plastic strain with
decreasing a particle size (volume fraction is constant) can be



Fig. 12. VonMises plastic strain distributions at 0.83% strain for (a) finer, (b)
medium and (c) coarser a grain sizes.
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explained by examining closely the strain map (Fig. 12). For the
finest a particle, the strain in a is larger than that in b, the deforma-
tion is more homogeneous (Fig. 12). Also, the strain difference in
between a and b is less (the average strain in a is 0.001–0.003
and that in b is 0–0.001). On the other hand, the strain difference
is fairly large (the average strain in a is 0.003–0.006 and that in
b is 0–0.001) for coarser particle (Fig. 12). Thus, it is clearly ob-
served that the finer particles may be able induce more deforma-
tion in b because of their uniform distribution and lower strain
differential. This in turn will result in higher strength. An explana-
tion on similar lines has been offered by Ankem et al. [19].

As regards stress concentration, it is seen that stress concentra-
tion points are more in coarser particle size distributions (Fig. 10).
This confirms the conventional knowledge, the fine size particle
distribution is always preferable because stress and strain homo-
geneity. Another interesting point is the stress concentration re-
gions are located at an angle of 45� especially for coarse particle
size distributions.
4. Conclusions

From this study, it can be concluded that:

(1) The measured stress–strain curve of Ti–10V–4.5Fe–3Al
(16% volume fraction of a) closely fits the simulated one
based on the stress–strain curves of individual phases both
a and b (average error 6.22% and R = 0.98).

(2) The finite element model used in this attempt is acceptable
and can be used for further simulation to analyse the effect
of factors and discuss the distributions of micro-stress and
micro-strain of the alloy.

(3) The stresses in b are more as compared that of the stresses in
a, on the other hand the strain in a is more when compared
to the strain b phase for a particular load.

(4) As the a particle size increases, the stress–strain curve is
shifted down.

(5) The stress concentration points increase with increase in
particle size. For the largest particle size, there are regions
with very high stress concentration.

(6) Finer particles may able induce more deformation in b
because of their uniform distribution and lower strain
differential
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