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A microstructure sensitive model for deformation of Ti-6Al-4V describing Cast-andWrought and Additive Manufacturing morphologies

M.A. Galindo-Fernándeza, K. Mumtaza, P.E.J. Rivera-Díaz-del-Castillob, E.I. GalindoNavac, H. Ghadbeigia.

Abstract.
Microstructural variations affect deformation response of materials and it is not presented in
most of plastic flow prediction models. This work presents a unified description for the
deformation response of Ti-6Al-4V (Ti-64) that successfully captures the differences in
strength between microstructures produced by conventional cast & wrought routes (C&W) and
those obtained by Additive Manufacturing (AM), under various deformation conditions. In the
developed model the grain morphology, grain size, phase volume fractions and phase chemical
compositions have been linked to the mechanical properties of the studied Ti-64 alloys to
predict the effect of processing routes on deformation behaviour of the materials. The model
performance has been tested on seven different microstructures from C&W to AM processing
routs. It has been found that altering the microstructure greatly affects the yield strength of the
tested materials. Additionally, the strength of Ti-64 was found to be mostly affected by the
relative volume fraction of , and ’, and their respective morphology. The results showed
that the model not only successfully predicts the strength of martensitic structures generated
through AM but also those obtained by quenching in conventional C&W processing. The
findings from this study also suggest that the model could be extended to other titanium alloys
within the + family.

Key words: Modelling, Ti-6Al-4V, Additive Manufacturing, microstructure, martensite.

Nomenclature.

V

D

Alpha globular phase
Secondary alpha phase
Yield strength
Martensite
Hall-Petch coefficient
Mean grain size of phase
phase width’s lath
Friction stress
Volume fraction of secondary
phase
Secondary grain size

V

V

Friction stress in
Volume fraction of phase
Friction stress in in
Volume fraction of phase
Stress required activating prismatic
slip
Activation Energy
Temperature
Strain rate
Material’s constant
Material’s constant
1

Shear modulus
Boltzmann constant
Flow stress
Taylor’s factor
Burgers vector
Average dislocation density
Dislocation generation coefficient
Recovery coefficient
Initial dislocation density

W

Transformation strain
Initial dislocation density in a
single martensite lath
Mean lamellar spacing
Martensitic lamellar thickness
Young’s Modulus
Martensitic initial dislocation
density

1. Introduction.

Titanium alloys have outstanding properties such as corrosion resistance, high strength-toweight ratio even at high temperatures, that makes them a suitable candidate for high
demanding applications such as the ones in aerospace industry [1, 2]. Among the Ti-alloy
families, Ti-6Al-4V (Ti-64) has been widely used in developing technologies such as Additive
Manufacturing (AM) [3-5] as well as traditional processing routes including cast and wrought
(C&W) operations [6, 7]. AM is an emerging technology that can be used to fabricate titanium
alloys with complex geometrical features and reduce material waste, production time and costs.
Moreover, current AM research focuses on developing the manufacturing processes using wellestablished wrought alloys through pre-alloyed powders, nonetheless large differences in the
microstructure and mechanical properties have been pointed between wrought and AM
materials [6, 8].
Due to the importance of Ti-64 alloy, modelling its mechanical properties has been a relevant
topic for materials scientists and engineers [9]. In this context, constitutive equations are highly
used to describe flow stress of materials during plastic deformation and are commonly
implemented into Finite Element (FE) techniques to simulate manufacturing processes such as
forming and metal cutting [10-12]. There are different models available to predict the flow
stress of Ti-64 alloys where macro scale uniaxial testes are used to determine/verify material’s
constants [2]. Empirical models [13-16] are a mathematical representation of experimental data
and usually describe flow stress as a function of strain, strain rate and temperature, while the
physically based models link physical phenomena with macroscopic mechanical behaviour[9,
17-20]. The most recent approach is the Artificial Intelligence Techniques (AIT) such as
Artificial Neural Network (ANN) [11, 21, 22] and Fuzzy Neural Network (FNN) [23].
Empirical models such as the Johnson-Cook (JC) model [13] and its variations [14] and KhanHuang-Liang (KHL) and modified KHL models [15, 16] have been widely used due to small
number of parameters required to calibrate the models for a given material. Their major
drawback is the lack of clarity on the different mechanisms occurring during plastic
deformation, instead the material constants are fitted for specific experimental data.
Consequently, the set of parameters is unique for a given material with a specific processing
history, therefore large variations in the resulted microstructures are expected changing their
mechanical properties, this is evident due to the extensive list of JC material’s constants
reported for Ti-64 [14, 24-27].
Early physically based models were proposed based on evolution of the dislocation density
such as Kocks-Mecking [17, 28]. Bergström and Roberts [18] proposed a variation of Kocks2

Mecking formulation to incorporate more complex mechanisms such as partitioning
dislocation density into mobile and immobile dislocations. More recent studies have proposed
flow stress models for Ti-64 based on the activation energy required to generate plastic
deformation[9, 19]. However, the high number of material constants to be validated is the
biggest challenge in using this approach limiting their implementation into FE techniques[12].
In addition, hybrid modelling combining numerical modelling (FE) and mathematical
modelling have been proposed to quantify the effect of microstructural features within the
strength and flow stress of materials [29, 30].
Artificial Intelligence Techniques (AIT) use machine learning algorithms to predict mechanical
properties during different processing histories. However, these techniques are used to predict
tensile strength, yield strength and elongation to failure rather than the flow stress of materials
[22, 23]. The AIT based models can accurately predict the mechanical properties of any
material when the processing parameters (e.g. deformation temperature, strain and strain rate)
are well defined. However, these are computationally and experimentally expensive requiring
many experimental results to train the models and cannot quantify different phenomena
occurring during plastic deformation[31].
All the developed models have been focused on conventional manufacturing processes and
agree that the mechanical properties of Ti-64 are highly affected by its microstructure, which
is dependent on the processing history. Moreover, due to recent development of AM
techniques, prediction of mechanical properties of additively manufactured Ti-64 is becoming
critically important [31]. To the best knowledge of the authors, no constitutive model is
available for Ti-64 manufactured under a wide range of processing routes (Cast &Wrought and
AM).
The aim of this study is to present a new physically based model capable of describing the
deformation response of additively manufactured Ti-64 and contribute to the current
knowledge in cast wrought (C&W) technology. The new proposed model will be used to
predict deformation behaviour, irrespective of the processing route, via linking relevant
microstructural features with the strengthening mechanisms; the former covers grain
morphology, grain size, volume fraction and chemical composition for a wide range of
deformation conditions (temperature and strain rate effects). Therefore, this study makes a
major contribution to the understanding of processing routes in Ti-64 and could be used for
designing future Ti-AM alloys.

2. Titanium and the effect of processing routes.

Ti-64 is part of the + family, depending on the hot working route, three commercial
microstructures are available namely, lamellar, bimodal and equiaxed. Therefore Ti-64 present
diverse mechanical properties. Fig. 1 shows schematics of Ti-64 microstructures and the effect
of microstructures on the corresponding mechanical response. Despite large variations
observed in the microstructural features, these are formed by and constitutive phases. Fully
lamellar structures are formed by lamellas of and phases distributed as a repeating pattern
(Fig 1.a), bimodal structures (Fig 1.b) are formed by the combination of two morphologies;
globular structures ( p), secondary alpha ( s) and phase. Equiaxed structures are formed by
primary equiaxed p grains (Fig 1.c).
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a)

b)

c)

d)

Fig. 1 Typical wrought Ti-64 microstructures: (a) lamellar (b) bimodal (c) equiaxed and (d) their representative
mechanical response, at room temperature and a strain rate of 10-3 s-1 as reported in [32].

The presented microstructures in Fig. 1 have been studied extensively in a wide range of
deformation conditions [7, 9, 16, 32-34], however with the introduction and rapid development
of AM technologies, specifically powder bed assisted techniques such as Selective Laser
Melting (SLM), Powder Laser-Deposition (PLD) and Electron Beam Melting (EBM), new
microstructures are currently achieved [4, 35, 36].
The microstructures shown in Fig. 1 are formed through phase transformation of the phase
to phase occurring by diffusion-controlled nucleation and growth during hot deformation
[37], whereas in SLM and PLD technologies the martensitic transformation occurs by the
inherent fast heating and cooling cycles of the printing process [35, 38]. A typical SLM build
microstructure is shown in Fig. 2 where in the produced martensite has a hexagonal-closed
packed structure and it is designated as ’[39].
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Fig. 2 Typical Ti-64 martensitic structure achieved by Selective Laser Melting.

Fig. 3 shows the comparison of mechanical response of Ti-64 hot worked and AM martensitic
structures during tensile tests reported in the literature. According to obtained stress-strain
curves, the yield and tensile strength of the SLM build parts (green area) are higher compared
to wrought material (red area). This, however, is achieved at the expense of reduced ductility
in the former. Moreover, the ductility of the SLM build microstructure show no apparent
improvement even after heat treatments, where the strength of the material reduces
considerably (the blue section in Fig. 3).
This can be explained by the lack of either or phases in SLM components, as a result ’
provides higher strength to the material [3, 40]. Additionally, residual stresses can be present
[4], therefore, a higher dislocation density is expected in AM built components [31, 41]. Grain
boundary hardening can also significantly affect the mechanical properties of these
microstructures as small laths of less than a micrometre are observed in SLM and PLD
components [39, 42], while C&W present typical grain sizes in the range of 3-15 micrometres
[36, 38, 43, 44].

5

Fig. 3 Tensile tests comparison of Hot worked, SLM, heat treated SLM produced components of Ti-6Al-4V. As
reported in [4, 35, 36, 39, 43-47]

3. Model development.

A physically based model has been developed to quantify the strength of Ti-64 followed by the
prediction of flow stress in relation to the average dislocation density evolution due to plastic
deformation. It is assumed that there are three main strengthening mechanisms to take place,
including grain boundary strengthening, solid solution relative to volume fraction of + , and
forest hardening.

3.1 Yield Strength prediction

The Hall-Petch relationship [48] was used to describe the yield strength ( ) in order to capture
the effect of microstructural morphologies. Given the fact that C&W Ti-64 commercial
morphologies contain well defined phase, for this work, only this phase was considered in
the grain boundary strengthening mechanism:

(1)
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Where D is the mean grain size of phase (in microns),
is the Hall-Petch coefficient of a
given material and is the friction stress that is the critical resolved shear stress to initiate slip
in a grain. Eq. (1) is used for equiaxed structures whereas lamellar structures possess a typical
lath shape; therefore, the width of each lath ( ) is taken into account (i.e. the thinner side of
the lath). For a bimodal microstructure, the second term in Eq. (1) will be substituted by a rule
of mixture that takes into account primary phase ( ), secondary alpha grain size ( ) and
the relative volume fraction of secondary alpha phase ( );

(2)

The friction stress ( ) includes the contributions of and phases into the strengthening
mechanisms and for this study, it is assumed to be affected mainly by solid solution effects
[49]. The friction stress has been considered for both relative phase fractions as it is shown in
Eq. (3) where solid solution strengthening effect of individual phases ( in and
in
phases) and the volume fraction of ( ) has been considered:

(3)

The friction stress in

includes a stress term,

, required to activate prismatic slip that is

the main slip mode in -Ti, as well a solid solution strengthening term in ,
. The critical
prismatic slip stress
of 90 MPa was reported for prismatic slip in -Ti single crystals
[50] by measuring the critical resolved shear stress. The solid solution strengthening term in
is calculated using the equation, Eq. (4), derived by Labusch [51]:

(4)

where xi is the atomic concentration of element i in and Bi is a strengthening constant related
to the local size and modulus distortions of element i in -Ti [52] given by:

(5)
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where

is a constant that depends on the base alloy and;

(6)
(7)
(8)

Eq. (6) and (7) are the modulus differences and Eq. (8) lattice strain of element i in Ti, and i
and r i are the shear modulus and atomic radius of element i, respectively. The values ofi and
r i for Ti, Al and V were obtained from [53] and was determined for Ti using experimental
data of binary Ti-Al and Ti-Zr alloys through fitting Eq. (4) to the resolved stress increasing
with composition [49, 54]. Table 1 shows the parameters obtained for phase in Ti-64.

Table 1. Parameters used for solid solution strengthening contributors

Parameter

Dimension

Value

Dimensionless 0.0082

Reference
fitted

MPa/at

2/3

1813

calculated

MPa/at

2/3

127

calculated

Al concentration in

dimensionless

0.125

[33]

V concentration in

dimensionless

0.018

[33]

Combining the values presented in Table 1 and Eq. (4), the solid solution strengthening
contribution in can be calculated as
MPa. This gives the friction stress to be equal
to
MPa. As for the friction stress of  there are very few studies reporting solid
solution strengthening effects in near- titanium alloys. In addition, it is difficult to estimate
size strengthening effects due to the complex variations in  morphology and distribution in
Ti-64. Experimental studies of near-alloys containing V and Al (Ti-10V-2Fe-3Al, Ti-5Al5V-5Mo-3Cr and Ti-4.5Fe-7.2Cr-3Al) report yield stress values in the range 1000-1500 MPa
[55-57]. Therefore, a friction stress of
MPa is assumed and fitted to Eq. (3).
Combining Eq. (1) and (3) describes the athermal contributions to the

G

(9)
8

The thermally-activated processes are incorporated in Eq. (9) using a normalised activation
energy G for dislocation cross-slip and it depends on the temperature (T) and strain rate . It
can be described as follows [58, 59]:

(10)

with
is the Boltzmann constant and n and are constants adjusted to the experimental data
reported in [4, 32, 34, 38, 60, 61], giving values of 0.4 and 0.23, respectively. The shear
modulus (µ) was determined as =(54-0.03T) GPa according to [58]. Finally,
can be
predicted as a function of volume fraction, mean grain size, temperature and strain rate by
substituting the Eq. (10) into Eq. (9).

3.2 Flow stress and strain hardening behaviour

The flow stress can be related to
[62], as follows:

and the dislocation evolution using the Taylor´s equation

(11)

where M is the Taylor factor ranging from 0.05 to 3 for different materials, b is the Burgers
vector and is the average dislocation density of the material. The dislocation evolution is
related to the competition between dislocation generation and annihilation with respect to the
applied strain according to the Kocks-Mecking formulation[63], and can be described as
follows:

(12)

where
is the dislocation generation coefficient and
is the recovery coefficient. By
integrating and solving Eq. (12) the total dislocation density can be calculated as:
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(13)

where
is the initial dislocation density. Combining equations (9), (10), (11) and (13), gives
the expression of flow stress as follows:

(14)

It is worth to mention that for Ti-64 wrought,  is usually considered to be very low, in the
range 1x1011 m-2 [64], whereas, for martensitic structures its value has not been reported.
Therefore, this parameter was estimated using the approach developed in [41].
The formation of martensite during rapid cooling is controlled by the transformation strain (
) of the transition from the  to
phases [41]. The transformation strain is
accommodated by dislocations and fine lamellar distributions forming in the as-quenched state.
As a result, grain refinement and increased dislocation density,
, will promote an increase
in the yield and flow stress (Eq. 14). The dislocation density has been obtained for in steels
by estimating the net strain energy accommodated by dislocations in a single martensite unit;
was found to be proportional to
and the mean lamellar spacing
[65] as:

(15)

where
, is the lamellae thickness and
GPa is the Young’s modulus of Ti-64.
The transformation strain for Ti is reported to be
[41] and
nm is
approximated from the work reported by Tarzimoghadam et al. [66]. Combining these results
and considering an average lamellar spacing of 0.75 m (Table 3) the initial dislocation density
for the martensite phase can be given as
m-2.
4. Results.
This section presents the predicted values by the new model and its comparison with reported
experimental data. Table 2 and Table 3 present the physical constants used in this study and
the microstructural features reported within the literature, respectively.
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Table 2. Constants parameters used for the model

No.
1
2
3
4
5
6
7
8
9
10

12
13

Constant

Value

Units

Reference

300
550
1350
3
2.9x10-10
1.38x10-23
0.4
0.23
8
0.07
1x1011
1.7x1013

MPa
MPa
MPa

[67]
Calculated
Calculated
Fitted
[68]
[68]
Fitted
Fitted
Fitted
Fitted
[64]
calculated

m
J/K
-

m-2
m-2
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Table 3. Microstructural features and deformation conditions tested in this work.
Alpha
Alpha
Total
Volume
Volume
Author
average
lamella
volume
fraction
fraction of
grain
fraction
lamellar
equiaxed
width
alpha
size
alpha
alpha
W ( m)
(Bimodal)
D ( m)
V
V
V
Park et al.[32]
Park et al.[32]
Park et al.[32]
Zheng et al.[34]
Zheng et al.[34]
Zheng et al.[34]
Khan et al.[16]
Lee & Li[60]
Li et al.[61]
Kasperovich et al.[4]
Kasperovich et al.[4]
Kasperovich et al.[4]
Kasperovich et al.[4]
Kasperovich et al.[4]

9
13
6
8
9
8
8
5
1.5
2
3

0.6
2.6
0.8
2
-

0.72
0.85
0.8
0.85
0.83
0.9
0.83
.98
.97
.95

0.28
0.9
0.2
0.9
-

0.85
.0.9
-

Martensite
average
lath width
W ’ ( m)

Volume
Microstructure Temperature
fraction of Type
(K)
martensite
V’

Strain
rate
(s-1)

0.75
0.75
-

1
1
-

10-3- 10
10-3- 10
10-3- 10
2600
2600
2600
10-6 - 3378
2000
0.1 - 5000
10-3
10-3
10-3
10-3
10-3

Bimodal
Equiaxed
Lamellar
Bimodal
Equiaxed
Lamellar
Equiaxed
Equiaxed
PLD ( ’)
Equiaxed
SLM ( ’)
SLM ( + )
SLM ( + )
SLM ( + )

298
298
298
298
298
298
298-755
298-1373
298-1273
298
298
298
298
298
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4.1 Yield strength of Ti-64

The predicted yield strength was validated for the materials and microstructural morphologies
reported in Table 3. Figure 4 shows the results compared with the experimentally measured
values for AM processing routes (Fig. 4a) and three microstructures (Fig. 4b) including
bimodal, lamellar and equiaxed structures. The dashed lines in Fig. 4 present the 5% error
margin showing that the majority of the predicted results are within the ±5% error compared
with the experimentally observed values reported in the literature.

Fig. 4 Prediction of
for (a) SLM as-built, SLM heat treated [4] (b) hot worked structures at different strain
rates [32]. All figures show
prediction (vertical axis) against the experimental results (horizontal axis)
together with error margin of 5 % (black dotted line).

The model was validated against experimentally measured yield strengths under different
deformation/microstructure conditions. Fig. 5.a shows the predicted yield strength for a
martensitic structure produced by Powder Layer Deposition (PLD) technique at low and high
strain rates (0.1 s-1 and 5000 s-1) and temperatures ranging from 298 -1273 K compared with
the experimental results obtained from literature. Fig. 5.b presents the results of model
validation for an equiaxed structure tested under different deformation conditions (5 strain rates
and four temperatures). The dashed lines in Fig.5 represent that the majority of the predicted
results are within the ±5% error compared with the experimentally observed values reported in
the literature.
These results suggest that the model can successfully predict the strength of martensitic
structures such the ones generated through SLM and PLD technologies and can be easily used
for C&W routes maintaining a maximum error of 5 % in a wide range of deformation
conditions.
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Fig. 5 Prediction of
for (a) PLD structures tested at various temperatures and under high and low speed
testing condition[61], (b) equiaxed structure tested at various temperature and strain rates [16]. All figures show
prediction (vertical axis) against the experimental results (horizontal axis) together with error margin of 5 %
(black dotted line).

4.2 Flow stress prediction
In order to validate the flow stress ( ) predictions, the effect of microstructural morphology on
the flow stress of C&W structures (equiaxed, lamellar and bimodal) at low and high strain rates
(1x10-2 up to 2600 s-1) during room temperature was assessed. The model was then
implemented for equiaxed and PLD ( ) structures at an extensive range of deformation
conditions. This is followed by final validation tests to compare the predicted flow stress for
as-built SLM, SLM heat-treated and an equiaxed structures with the experimentally measured
values reported in the literature.

4.2.1 Cast and Wrought microstructures
Fig. 6 shows the predicted plastic behaviour (solid lines) of hot worked structures (equiaxed,
lamellar and bimodal) using low and high strain rates (1x10-2 up to 2600 s-1) at the room
temperature compared with the experimentally measured compression test results. The error
bands show an error margin of 5% in the predicted results. The predicted results show the
least error (Fig. 6.a) for the lowest strain rate (1x10-2 s-1) and the highest error (Fig. 6.c) for
10 s-1 strain rate. Whereas, strain rates within 1 s-1 and 2600 s-1 show intermediate results
(Fig. 6.b and 6.d).
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a)

b)

c)

d)

Fig. 6 Flow stress of hot worked Ti-64 structures [32, 34], (a) 1x10-2 s-1, (b) 1 s-1 (c) 10 s-1, (d) 2600 s-1, all at
room temperature together with error margin of 5 % (coloured error bands).

4.2.2 Equiaxed microstructures
The predicted flow stresses for an equiaxed microstructure under low (1x10-4 s-1) and a high
(2000 s-1) deformation conditions are shown in Fig. 7a and 7b, respectively. The deformation
temperature varied from 233K up to 1373 K in both cases. According to the graphs of Fig 7,
the model predictions are closer to the experimental data at low strain rates. However, the
model behaviour shows a deviation with the experimental data at the highest temperature tested
(755 K) that can be related to the fact that the thermal softening prevails the strain rate
hardening effect. In the deformation regime where the strain rate is much larger, this effect is
less obvious therefore; the predicted results are closer to experiments even until a deformation
temperature of 1173 K.
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a)

b)

Fig. 7 Flow stress of equiaxed structures [16, 24], (a) different temperatures and at 1x10-4 s-1 strain rate, (b)
different temperatures and 2000 s-1 together with error margin of 5 % (coloured error bands).

4.2.3 AM microstructures
Martensitic structures were verified from room temperature up to 1273 K and strain rates of
0.1 s-1 (Fig 8.a) and 5000 s-1 (Fig 8.b). Experimental data suggests that martensitic structures
experience high strain hardening effect at low strain rates even at very high temperatures (1073
- 1273 K), whereas during a high strain rate deformation a thermal softening effect starts around
873 K.

a)

b)

Fig. 8 Flow stress of martensitic structures [61] (a) 0.1 s-1 and (b) 5000 s-1 from room temperature up to 1273 K
together with error margin of 5 % in the coloured error bands.
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Figures 6 to 8 showed predicted results of two distinct processing routes (C&W and AM).
However, it is common practice to post heat treat [4, 36, 46, 47] and hot isostatic press (HIP)
the AM components [4, 46] in order to reduce the porosities and internal stresses within the
produced parts[38]. Therefore, the model was validated during progression of AM
microstructures (heat treated).
Fig. 9 shows stress-strain curves of SLM as-built (orange curve), SLM heat treated at 700 ºC
(red curve), 900 ºC (grey curve) and HIP-ing at 900 ºC (purple curve) and their corresponding
microstructures [4]. The studied microstructural features are shown in Table 3. An equiaxed
structure (green curve) with its mechanical response was added to compare C&W with SLM
conditions. The schematics of the microstructures are presented to show their progress during
post heat treatments and their mechanical response during tensile deformation.
The as-built SLM structure displays the highest strength compared to the post heat-treated (red,
grey and purple curves) and equiaxed structures. The drop in strength is due to the coarsening
of laths (transition between orange to purple microstructures) as well as the decomposition of
to + phases [4, 69].
Together, the results show that the developed model was capable of predicting yield strength
and hardening effect within the ±5% error compared with the experimental data of seven
different Ti-64 microstructures (three C&W and four AM) in a wide range of deformation
conditions.

Fig. 9 Flow stress of Ti-64 structures; SLM as-built (orange) SLM heat treated at 700 C (red), 900 C (grey) and
HIP-ing at 900 C (purple) equiaxed structure (green)all of them at a strain rate of 1x10-3 s-1. Micrographs
adapted from[4] together with error margin of 5 % indicated by the error bands.
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5. Discussion.

5.1 Yield Strength predictions
According to Eq. (1), a remarkable increase in
is expected due to Ti-64 morphologies. For
instance, bimodal microstructures possess the highest yield strength (Fig 1.d) due to the
increase of constitutive phases ( p, s and
phases) by which the crystallographic
misorientation increases, therefore greater impediment to dislocation movement. The lamellar
structures exhibit a much finer colony size than bimodal and equiaxed microstructures, hence,
their yield strength increases due to greater total boundary area. Equiaxed structures present
the lowest yield strength of the three microstructures due to the coarser phase, whilst
improving the ductility. Fig. 10 shows the variation of the with respect to D of the V phase.
The martensitic, lamellar and equiaxed microstructures are indicated by red, yellow and green
regions, respectively. The size of laths ranging from 0.5 m up to 1 m leads to an increase
in strength of about 400 MPa compared to equiaxed (8 m) and lamellar (3 m) structures,
with a contribution of 100 ~MPa to ~170 MPa, respectively.

Fig. 10 Grain boundary strengthening in Ti-64’s

.

SLM as-built martensitic structures displayed higher strength compared to SLM heat-treated
components that can be explained due to the martensite decomposition (change in constitutive
18

phases) through s+ and subsequent grain growth as reported in [4, 36, 46]. This phenomenon
has been verified through EBSD and XRD techniques exhibiting decomposition with an
increase of beta phase (2-3%) and grain coarsening between 0.75 micron and 3 micron [40].
The post heat treatments in SLM components replicate the complex phase transformation that
occurs during EBM process where the decomposition sequence of ’ during EBM process is
as follows; prior
’+ p+ retained
[69].
s+
Table 4, shows the contribution of V and V in
for all the microstructures reported in Table
3. For predictions of SLM post heat-treated components, it is assumed that the materials are
+ with less than 5% of the phase. Increasing V will promote friction stress of (1350
MPa), whereas V contribution is just roughly one-third (544 MPa). Whereas for C&W, most
of the as-received Ti-64 wrought alloys reported in the literature display V of about 80% up
to 90% [4, 9, 16, 32-34].
Moreover, results in Table 4 show that there is a competition between grain boundary and solid
solution effects (relative volume fraction within the microstructure) as the model predicts
of 1034, 803 and 918 MPa for bimodal, equiaxed and lamellar, respectively. This is followed
by quantifying the contribution of Hall-Petch (HP) =355 MPa and =679 MPa for bimodal,
HP =94.5 MPa and
=708.5 MPa for equiaxed and of HP =209 MPa and =708 MPa for
lamellar. Therefore, any changes in the microstructural morphology affects HP in a range
between 94 MPa and 355 MPa while the variation of solid solution is within a smaller range
(679-708.5 MPa).
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Table 4. Solid solution contribution to

for diferent microstructures

Author

Microstructure
Type

Volume
fraction
alpha
V

Volume fraction
lamellar alpha
V

Volume fraction
of
equiaxed
alpha (Bimodal)
V

Volume fraction
of martensite
V’

Solid
solution in
(MPa)

Solid solution
in (MPa)

Total
solid
solution
contribution
(MPa)

Park et al.[32]
Park et al.[32]
Park et al.[32]
Zheng et al.[34]
Zheng et al.[34]
Zheng et al.[34]
Khan et al.[16]
Lee & Li[60]
Li et al.[61]
Kasperovich et al.[4]
Kasperovich et al.[4]
Kasperovich et al.[4]
Kasperovich et al.[4]
Kasperovich et al.[4]

Bimodal
Equiaxed
Lamellar
Bimodal
Equiaxed
Lamellar
Equiaxed
Equiaxed
PLD ( ’)
Equiaxed
SLM ( ’)
SLM ( + )
SLM ( + )
SLM ( + )

0.72
0.9
0.8
0.85
0.83
0.9
0.83
.98
.97
.95

0.28
0.9
0.2
0.9
-

0.85
.0.9
-

1
1
-

392
490
490
435
462
490
452
490
544
452
544
533
528
517

378
135
135
270
203
135
230
135
0
230
0
27
41
68

679
708.5
708
705
665
625
681
625
544
681
544
560
568
584
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5.2 Flow stress predictions
The flow stress predictions are sensitive to the dislocation generation coefficient, k1, and
dynamic recovery coefficient, f [63]. From Eq. (13) it can be seen that the evolution of
dislocations is related to the dislocation generation and annihilation with respect to the applied
strain . A benchmark equiaxed microstructure has been used to study the effect of these
parameters on the flow stress wherein a yield strength of 882 MPa can be calculated for the
material using the information given in Table 3. The graphs of Figure 11 show the flow stress
sensitivity in relation to the variations of k1 and f. The experimental data and the predicted
optimised flow curve are presented by the red and blue solid lines with square markers,
respectively. The two parameters show to have an opposite effect on the predicted flow stress
wherein at a fixed value of k1=0.07, the larger f value results in smaller strain hardening and
the flow stress saturates at a constant value of about 1100 MPa (Fig. 11.a). However, the
variations of k1 at a constant dynamic recovery coefficient results in a parabolic strain
hardening behaviour together with a larger saturated flow stress (fig. 11.b). Therefore, in order
to calibrate the model, k1 and f parameters were adjusted to the experimental data reported in
[4, 32, 34, 38, 60, 61], giving values of .07 and 8, respectively.

a)

b)

Fig. 11 (a) Effect of f and (b) k1 parameters into flow stress of an equiaxed structure with a 13 m mean grain
size and V = 0.85 during room temperature and strain rate of 1x10-2 s-1.

Results from figure 6 show that at low strain rates (1x10-2 s-1), a flow hardening effect is
observed, while by increasing the strain rate (1 - 10 s-1) the material displays the flow softening
behaviour. This phenomenon could be caused by adiabatic shear bands generation, possibly,
due to the presence of microstructural defects and inhomogeneities, rather than morphological
effect during plastic deformation [32, 70, 71]. As the current model does not take such defects
into account, the predicted flow curve deviates from the experimental data more than the
proposed maximum error of 5 %.
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Another discrepancy in the modelling results was in the prediction of flow stress in equiaxed
structures (Fig. 7) where experimental data shows that Ti-64 is more sensitive to temperature
than the strain rate of deformation. The anisotropy of phase could be responsible for results
observed at temperature 755K (Fig 7.a). Ti-64, as part of the + family, has a high volume of
phase with a well-known HCP structure that is highly anisotropic [6, 72]. Moreover, it is
reported that in the C&W materials, the yield strength and the strain hardening are higher in
compression than in tension[73, 74]. In AM build Ti-64, it is well recognised that the build
direction highly affects the mechanical properties (yield strength and ductility) [47, 75]. The
proposed model is not taking into account the anisotropic behaviour of the materials, and
assumes that all the studied materials are homogeneous and isotropic. However the anisotropy
effect can be implemented through Taylor’s orientation factor M in Eq. (11) [62]. The effects
of individual grains orientation, within the cross-section of a specimen, on the flow stress can
also be calculated as reported in [76].
Although the model is capable to closely follow the experimental data up to 1173 K (Fig. 7.b),
the predictions are not accurate beyond this temperature. There are several studies investigating
the behaviour of Ti-64 during hot deformation [33, 77] reporting dynamic globularization
phenomenon that creates a peak stress followed by softening during certain strain and range of
temperature[7, 33, 77]. However, this mechanism lies beyond the scope of the present work.
The model predictions of hot deformation in martensitic structures (Fig. 8) are reasonably
accurate up to 873 K for both strain rates. However from 1073 K, the experimental results
display a drastic drop in strength (from 0.1 s-1 = ~150 MPa and 5000 s-1=~200 MPa). This
softening effect could be due to ’ decomposition which is at about 873 K, as reported in [4,
47, 78], displaying a change in the grain size also in the constitutive phases.
The discrepancies can be explained due to the fact that C&W Ti-64 experiences a phase
transformation at 1173 K, whereas for the AM structure, the martensite start temperature (Ms)
depends on the aluminium and oxygen levels, but for pure titanium lies around 1123 K [37].
Thus a progression in the microstructure is expected in both alloys despite the manufacturing
method. As a result, the initial microstructural features reported in Table 3 defer during high
temperatures. In addition, the role that phase plays during hot deformation is not clearly
understood[7]. Therefore, further research is being prepared by the authors to study these
mechanisms in more detail.
Last validation (Fig. 9) consisted in transition between martensitic structures (as-built SLM)
through evolved structures (SLM post heat-treated). The results showed good agreement with
the predicted flow curves. As mentioned previously in section 5.1, SLM post heat-treated
achieve similar structures as the ones achieved by EBM techniques (no martensite present).
This can be explained because of the differences between SLM and EBM processes. During
EBM, the substrate (building bed) is heated at high temperatures (roughly 873 K) [36] due to
the action of the heat source (electron beam); hence the cooling rate remains low enough to
decompose ’. In contrast, during SLM process the substrate is heated at ~373 K, therefore
much higher cooling rates are inherit in the process, hence ’ is formed. The results in Fig. 9
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also indicate that the model could be extended to predict the microstructures obtained by EBM
technologies and aid to optimise the heat treatments [7, 78].
AM technologies currently are taking advantage of the well stablished wrought alloy
compositions through pre-alloyed powder, but not much effort has been paid on designing
alloys for specific AM technologies. Hence, next section presents hypothetical examples
varying chemical composition and fixing microstructural features.

5.3 Case study: design of Ti-based alloys using the developed model
Since the model is sensitive to variations in chemical composition, via changing the relative
volume fraction of and and the solid solution strengthening terms, it is interesting to explore
the role of Al and V in the overall strengthening of Ti-64. The Thermodynamic software
Thermocalc, with the TTTi3 database, was used to predict the volume fraction of and in
equilibrium; the calculations were performed at 1073 K, as it is a common temperature
employed annealing this alloy [37]. Table 5 presents the results of the hypothetical study
varying Al and V separately (2-8 wt%) wherein the results show that the strength of Ti-alloys
is highly affected by . Additionally, it presents the contribution of solid solution within alpha
and beta phases respectively and the total contribution to yield strength.

Table 5. Solid solution contribution using Thermocalc results of
Al (wt%) V (wt%)
(MPa)
(MPa)
2
4
0.57
310.08
580.5
4
4
0.74
402.56
351
6
4
0.85
462.4
202.5
8
4
0.93
505.92
94.5
6
2
1
544
0
6
6
0.65
353.6
472.5
6
8
288.32
634.5
0.53

at 1073 K annealing temperature.
(MPa)
890.58
753.56
664.9
600.42
544
826.1
922.82

It is worth to mention that the morphology and the relative volume fraction of alpha is entirely
dependent of the thermo-mechanical processing route before and after annealing step[6].
However, in order to predict yield strength, for this study, an equiaxed structure of 15 m mean
grain size was considered. Fig. 12 shows the combined effect of varying Al or V against the
yield strength.The 6Al-8V alloy (V =0.53) showed the highest strength, whereas 6Al-2V alloy
(V =1) obtained the lowest strength within all the tested alloys. It is well known that nearalloys present the lowest strength and the near- alloys the highest strength within the Tifamily. The alloys Ti-2Al-4V and Ti-6Al-8V display comparable yield strength (1134 MPa
and 1171 MPa, respectively). Similar results are achieved with Ti-8Al-4V and Ti-6Al-2V
predicting 793 MPa and 730 MPa, respectively. This can be explained due to the presence of
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analogous
between the four alloys predicted by Thermo-calc through 1073 K annealing
temperature.

Fig. 12 Chemical composition effect into
of Ti-alloys with a 15 m mean grain size, during room
temperature and strain rate of 1x10-2 s-1.

The new proposed model could be used for rationalising variations in mechanical properties
targeted at alloy development, either under conventional C&W or AM processing conditions.
The wrought + alloys popularity lies in two factors; their response to heat treatments and
good formability[6], as result, + alloys possess wider processing window compared to nearand near- alloys. Therefore, process optimisation has been a challenging topic in the C&W
field, whereas for AM technology is currently focused in two main areas of development of
new alloys [45, 79] and to aid to manufacture difficult-to process Ti-alloys such as the wellknown Ti-5553 alloy [80-82].
These results provide important insights into current optimisation of microstructures produced
by C&W and also those obtained by AM and their post heat treatments. Additionally, it is
capable to quantify the strengthening mechanisms affecting Ti-alloys strength via linking
relevant microstructural features, therefore the model could be used as a tool for new AM
generation alloys.

6. Conclusions.
The following conclusions can be drawn from this work:
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A new physically-based model that describes strength and flow stress of additively
manufactured and Cast-and-wrought Ti-64 has been introduced. The research has also
shown that the new model can be extended to other Ti-alloys.
A transition from microstructures obtained by AM (martensitic) and C&W (equiaxed
and lamellar + ) was achieved through quantification of constitutive phases and
morphology. Seven microstructures were tested, three for C&W and four under AM,
in a wide range of deformation conditions: strain rates as low as 0.001 s-1 and as high
as 5000 s-1 and temperatures ranging from room temperature up to 1373 K.
It was shown that the strength of Ti-64 is mostly affected by the relative fraction of ,
and ’, and their respective morphology (which is reflected by grain boundary
strengthening). Analogous to ’ in steels, it was shown that martensite provides the
strength in titanium alloys by grain refinement and an increase of dislocation density
during rapid cooling.
For the case of hot deformation (1173 K and higher temperatures) the model had
difficulties to predict the values, this discrepancy was attributed to microstructure
progression, hence the initial microstructure parameters defer during high
temperatures. Further research is being prepared by the authors to study in more detail
these conditions.
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