Mechanical behavior of a Ti-6Al-4 V titanium alloy with
microstructural evolution modeling under hot and
superplastic conditions
Mechanisches Verhalten einer Ti-6Al-4 V-Titanlegierung mit
mikrostruktureller Evolutionsmodellierung unter warmen und
superplastischen Bedingungen.
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The present work aims at evaluating and understanding the mechanical behavior of a
Ti-6Al-4 V alloy under hot and superplastic forming conditions. Tensile tests were performed at temperature range from 650 8C to 950 8C, at strain rates between 10-2 s-1
and 10-4 s-1. Three equiaxed microstructures, each characterized by a different starting
grain size (4.9 mm, 3.0 mm and 0.5 mm), are compared to better understand the microstructural evolutions under hot and superplastic forming conditions and their influence
on the mechanical behavior. Hence, an accurate model with microstructural considerations is proposed. The model capabilities consider the grain size evolution that is
influenced by the temperature and deformation. The computed flow stresses strongly
depend on the strain rate and on the considered initial grain size. Temperature and
strain rate conditions may lead to a strain hardening phenomenon in some cases. The
comparison between the model response and experiment shows a good agreement
for all the tests carried out on Ti-6Al-4 V.
Keywords: Superplasticity / hot forming / microstructure evolution / titanium /
mechanical behavior

Die vorliegende Arbeit zielt darauf ab, das mechanische Verhalten einer Ti-6Al-4 VLegierung unter heißen und superplastischen Umformbedingungen zu bewerten
und zu verstehen. Zugversuche wurden bei Temperaturen im Bereich von 650 8C
bis 950 8C und Dehnungsgeschwindigkeiten zwischen 10-2 s-1 und 10-4 s-1 durchgeführt. Drei gleichachsige Mikrostrukturen, die jeweils durch eine unterschiedliche
Ausgangskorngröße (4,88 mm, 3,0 mm und 0,5 mm) gekennzeichnet sind, werden
verglichen, um ein Verständnis der Mikrostrukturentwicklung unter warmen und superplastischen Umformbedingungen zu erhalten. Ein genaues Materialmodell mit
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mikrostrukturellen Überlegungen wird vorgeschlagen. Die Modellfähigkeiten berücksichtigen die Korngrößenentwicklung, die durch die Temperatur und Verformung beeinflusst wird. Die berechneten Strömungsbelastungen hängen stark von
der Dehnungsrate und der betrachteten Anfangskorngröße ab. Temperatur- und
Dehnungsgeschwindigkeitsbedingungen können in einigen Fällen zu einem Dehnungsverfestigungsphänomen führen. Der Vergleich zwischen Modellreaktion und
Experiment zeigt eine gute Übereinstimmung für alle an Ti-6Al-4 V durchgeführten
Tests.
Schlüsselwörter: Superplastizität / Warmumformung / Mikrostrukturentwicklung /
Titan / mechanisches Verhalten

1 Introduction
During hot and superplastic forming processes, the
sheet forming capabilities depend on the selected alloy (microstructural properties and chemical composition) and on the process parameters (temperature
and strain rate). The Ti-6Al-4 V alloy is a typical
a + b titanium alloy, wherein the element aluminum
acts as an a phase (HC) stabilizer and the element
vanadium acts as a b phase (BCC) stabilizer [1].
The attractive properties such as high strength to
weight ratio, good fatigue properties and excellent
corrosion resistance, have made Ti-6Al-4 V a leading option for manufacturing aerospace and biomedical components.
The development of the superplastic forming
technology significantly contributes to manufacturing titanium alloy products of high performance
with low cost and short cycle. In the hot forming
process of titanium alloys, temperature control is essential due to the phase transformations that may
cause degradation of the mechanical properties or
even the embrittlement formed in the temperature
range 940–980 8C [2].
In the present work, several tensile tests performed
on flat specimens in Ti–6Al–4 V alloy at different
temperatures and strain rates, were conducted by using
a MTS hydraulic test machine. The thermo-mechanical behavior was analyzed under hot forming conditions with a temperature range from 700 8C to
950 8C and a strain rate (_e) from 10-2 s-1 to 10-4 s-1. In
addition, a behavior model is formulated and the constitutive parameters were identified from the previous
tests [3]. It allows the prediction of both microstructural evolutions and strain-stress curves under variant
temperature and strain rate conditions. The comparison with experiment are in a good agreement.
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Figure 1. True stress versus true strain curves. (a) The influence of the starting microstructure and (b) the influence of
the test temperature.
Bild 1. Wahre Spannung gegenüber wahrer Dehnung. (a)
Einfluss der Startmikrostruktur und (b) Einfluss der Testtemperatur.
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Table 2. Dynamic test conditions, for an initial grain size of d0 = (#0.5, 3 3.0, *4.9 mm).
Tabelle 2. Dynamische Versuchsbedingungen für eine anfängliche Korngröße von d0 = (#0,5 3 3,0, *4,9 mm).

Strain rate

T (8C)
650

700

750

770

800

840

870

920

e_ = 10-2 s-1
e_ = 5.10-3 s-1
e_ = 10-3 s-1
e_ = 5.10-4 s-1
e_ = 10-4 s-1

*#
*#
*#
*#
*#

*#
#
*#
#
*#

*#
*#
*#
*#
*#

3

3*

3 *#

3*

3

3

3*

3*

3

3

3

3*

3 *#

3*

3

2 Hot forming and microstructural
evolution model
The mechanical behavior was investigated through
the true stress versus true strain curves and considers three different equiaxed starting microstructure
with initial average a grain sizes of 0.5 mm; 3.0 mm
and 4.9 mm, Figure 1a, b. The grain growth of Ti–
6Al–4 V alloy was quantified by using scanning
electron microscopy (SEM) observations and image
analysis. Hence, the relationships between the microstructural evolution, strain rates and temperatures
were analyzed. The grain boundary sliding (GBS)
and grain growth play an important role in flow
stress and hardening [4]. From these observations,
an optimization procedure was implemented for
identifying the model parameters and studying the
influence of the starting microstructure and its evolution on the mechanical properties of the Ti-6Al4 V alloy. Regarding our test conditions, the grain
growth effect of the a-phase was assumed to be the
major mechanisms affecting the mechanical properties. This phenomenon was taken into account by
using evolution equations from literature [5-7].

3 Materials and experimental procedure
The typical chemical composition of the Ti-6Al-4 V
titanium alloy investigated in the present work is referred to typical a + b titanium alloy, Table 1.
The mechanical tensile tests were performed by
using a servo-hydraulic testing machine and a furnace suitable and accurate for the very large elongations. It includes three heating zones controlled by
five thermocouples and allows maintaining a constant temperature all along the sample deformation.
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Table 1. General chemical composition wt.%.
Tabelle 1. Chemische Zusammensetzung in Gew%.

Al

V

O

N

Ti

6.50

4.24

0.17

0.004

Bal.

As the use of a classical extensometer was not
possible due to the very large elongation, a nonlinear crosshead displacement was considered for all
the mechanical tests to obtain a constant target
strain rate e_ at the center of the specimen. Thus, the
time variation of applied displacement u(t) was provided by Equation 1. Afterwards, the true strain et
and the true stress st evolutions were computed
from the displacement value u(t) given by the previous equation (Equations 2, 3).
!
"
uðtÞ ¼ l0 ee_ t $ 1

ð1Þ

#
$
uðtÞ
et ¼ log 1 þ
I0

ð2Þ

where l0 is the initial gauge length; e_ is the target
strain; t is the time

#
$
F
u ðt Þ
1þ
st ¼
S0
I0

ð3Þ

where F is the strength registered by the load sensor
of the equipment and S0 the initial section of the
specimen. Depending on the microstructure, some
of the mechanical tests were performed at the Institute Clément Ader (France), while other ones were
conducted at the Kagawa University (Japan). The
capabilities of each equipment are similar; the main
difference concerns the sample shape and the gauge
length to be considered in the strain calculation.
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Figure 3. Static tests: Grain coarsening evolution for different times at 870 8C. (a) 120 s, (b) 2,100 s and (c) 23,400 s.
Bild 3. Statische Tests: Entwicklung der Kornvergröberung
für verschiedene Zeiten bei 870 8C. (a) 120 s, (b) 2.100 s
und (c) 23.400 s.

Figure 4. Dynamic test coarsening evolution grain at 870 8C
for different strain rates. (a) 10-2 s-1, (b) 10-3 s-1 and (c) 10-4 s-1.
Bild 4. Entwicklung der Kornvergröberung bei dynamischen
Tests für verschiedene Dehnraten bei 870 8C. (a) 10-2 s-1, (b)
10-3 s-1 und (c) 10-4 s-1.

Figure 5. Grain growth prediction under static conditions.
Bild 5. Prognose des Kornwachstums unter statischen Bedingungen.

4 Microstructural characterization
4.1 Procedure

Figure 2. Grain size starting microstructure: ultrafine grained (a); 3.0 mm and (b) and 4.9 mm (c).
Bild 2. Korngröße der Startmikrostruktur: ultrafeinkörnig (a)
3,0 mm, (b) und 4,9 mm (c).
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Three different equiaxed a grain starting microstructures were compared and the mechanical tests (dynamic tests) performed at different temperatures, strain
rates and starting microstructures, Table 2. In addition,
several annealing tests (static tests) were added under
the same time-temperature conditions to investigate
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the temperature and straining effects separately from
each other. The eight levels of temperatures ranging
from 700 8C to 920 8C and the five different strain rates ranging from 10-4 s-1 to 10-2 s-1 were considered.
For each test condition, a microstructural investigation was conducted using scanning electron microscopy observations. This allows comparing the
starting microstructure and its evolution over time,
temperature and deformation.
Three different microstructures were compared:
the first one, designed as ultrafine-grained microstructure (UFGM), was obtained by using a combined ”forging-rolling” process providing plates with
thicknesses from 1.4 mm to 1 mm and an average
grain size of 0.5 mm, Figure 2a [8]. A second and a
third starting microstructure (SM), belongs to the
most widely used starting microstructure (SM) for
superplastic forming (SPF), Figure 2b, c. It considers an equiaxed (a + b) Ti-6Al-4 V alloy with an
average a phase grain size equal to 3 mm and
4.9 mm, respectively [9, 10].
As mentioned before, grain growth was investigated by conducting static and dynamic tests. The
static tests were carried out at several temperatures
and for different exposure times like those considered during the dynamic tests. A grain growth evolution was noted during the static tests done at the
temperature 870 8C and the several exposure times
120 s, 2,100 s and 23,400 s, Figure 3.
A grain growth evolution was also observed for the
case of the dynamic tests carried out at the temperature 870 8C under different strain rates: e_ = 10 $ 2 s $ 1,
e_ = 10 $ 3 s $ 1 and e_ = 10 $ 4 s-1, Figure 4.

Figure 6. Comparisons between model predictions and experimental measurements. (a) 650 8C and 700 8C, (b) 730 8C
and 840 8C (c) 920 8C.
Bild 6. Vergleich der Modellprognose und Messungen. (a)
650 8C und 700 8C, (b) 730 8C und 840 8C und (c) 920 8C.
Figure 7. Grain growth prediction under dynamic conditions.
Bild 7. Prognose des Kornwachstums unter dynamischen
Bedingungen.
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Figure 9. Comparison between the computed true strain true stress curves for two starting grain sizes: (a) 4.9 mm and
(b) 3.0 mm testes at the temperatures 800, 840 and 870 8C.
Bild 9. Vergleich der berechneten wahren Spannungs- wahren Dehnungskurven für zwei verschiedene Start-Korngrößen: (a) 4,9 mm und (b) 3,0 mm getestet bei den Temperaturen 800, 840 und 870 8C.

4.2 Grain growth predictions under static
conditions

Figure 8. The dynamic grain growth (Eq. 7) allows reproducing grain growth kinetics over a range of temperatures and
strain rates.

The grain growth will be defined as an internal variable of the behavior model. In this section, the grain
growth evolution model is described in Equation 4
[4]. The identification procedure is based on both
present experiments and results given by the Semiatin’s empirical law given in Equation 5, where the
static coefficient (Ks) was determined at different
temperature levels, allowing its interpolation with a
more important temperature range [5, 6], Figure 5.

Bild 8. Das dynamische Kornwachstum (Gleichung 7) ermöglicht die Reproduktion der Kornwachstumskinetik über
einen Bereich von Temperaturen und Dehnungsraten.
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Figure 10. The effect of start grain size on stress-strain response: (a) 4.9 mm at 840 8C, (b) 0.5 mm at 840 8C, (c) 3.0 mm at
750 8C (d) and 0.5 mm at 750 8C for different strain rates.
Bild 10. Effekt der Start-Korngröße auf Spannungs-Dehnungs-Antwort: (a) 4,9 mm bei 840 8C, (b) 0,5 mm bei 840 8C, (c)
3,0 mm bei 750 8C und (d) 0,5 mm bei 750 8C für verschiedene Dehnraten.

Table 3. Unified constitutive equations.
Tabelle 3. Einheitliche konstitutive Gleichungen.

d_s Atomic diffusion grain boundary mobility
d_d grain growth kinetics
Ai, mi and ni are temperature parameters
p – effective inelastic strain

d_ ¼ d_ s þ d_ d

Yield criterion

f ¼ s eq $ R $ s 0
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3
= > seq ¼ 2 S : S
!
"
R ¼ Q 1 $ e$bp
Q ¼ Q0 egDd
Dd ¼ d $ d0
3
S
f n
Dp ¼ 2 p_ seq and p_ ¼ hKi
& 'mn
d
K ¼ Kr cðd0 Þ ;
& 'a
d
n ¼ nr cðd0 Þ ;cðd0 Þ ¼ c1 e$c0 d0 ;

Isotropic hardening variable:
Influence on the hardening
Associated strain rule
Influence on the viscous flow:

Corotational stress rate
Strain rate partition

MAWE

(8)

d_ s ¼ A1 d$m1
d_ d ¼ A2 d$m2 p_ n1

r

s ¼ 2GDe þ lTrðDe Þ
De ¼ Dt $ Dp

(9)
(10)
(11)
(12)
(13)

(14)
(15)
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ments performed in the present study from secondary electron microscopy image analysis [5, 6]. The
enhanced Semiatin’s law modelling allows for a
simulation into a wide temperature range, Figure 7.
Hence, the parameters of Equation 7 governing the
dynamic grain growth are identified.
d3 ðtÞ $ d30 ¼ Kd ðT Þ:t

ð6Þ

d_ d ¼ A2 d$m2 p_ n1

ð7Þ

The simulation allowed a comparison of the
computed grain growth-time and the computed
grain growth-strain curves, using the evolution law
identified with the coarsening rate constants by Semiatin and coworkers and the experimental measurements performed at the temperature of 920 8C and
an initial grain size d0 = 3 mm; as well as for the
temperature of 800 8C and an initial grain size
d0 = 4.9 mm, Figure 8 [6].

5 Mechanical characterization
Figure 11. Computed strain-stress data versus experimental
results at a temperature of 700 8C and initial grain size of (a)
0.5 mm and (b) 4.9 mm.
Bild 11. Berechnete Dehnungs-Spannungsdaten und experimentelle Ergebnisse bei einer Temperatur von 700 8C und
Start-Korngrößen von (a) 0,5 mm und (b) 4,9 mm.

d_ s ¼ A1 d$m1

ð4Þ

d3 ðtÞ $ d30 ¼ Ks ðT Þ:t

ð5Þ

where A1 and m1 depend on temperature (T)
Computed grain growth-time and computed
grain growth-strain curves were compared using the
evolution law identified with the coarsening rate
constants and the experimental measurements performed under temperatures ranging from 700 8C to
920 8C and an initial grain size: d0 = 3 mm, Figure 6
[6].

4.3 Grain growth predictions under dynamic
conditions

5.1 Experiment

The stress-strain response was investigated for
4.9 mm and 3.0 mm grain size microstructures and
temperatures ranging from 800 8C to 870 8C. It illustrates a behavior with a significant strain rate
sensitivity, Figure 9.
It was compared the strain-stress curves obtained at
the temperatures 750 8C and 870 8C for two starting
microstructures (d0 = 0.5 mm and d0 = 4.9 mm). In
each case, strain rates ranging from 10-4 s-1 to 10-2 s-1
are considered. The ultra-fine grain (UFG) microstructure eases a grain boundary sliding (GBS) mechanism. Therefore, it induces lower flow stresses and
more important elongations compared to the starting
microstructure of 4.9 mm. For some test conditions,
(lower strain rates) a strain hardening effect is observed mainly due to grain growth. A slight stress increase occurs for the starting microstructure of 4.9 mm
at 750 8C and 870 8C and for a strain rate of 10-4 s-1.
However, it becomes more significant for the ultrafine grain (UFG) microstructure corresponding to a
more important grain growth, Figure 10.

Similarly to the previous paragraph, dynamic grain
growth was investigated by using the Semiatin’s
empirical law given in Equation 6 and the measure-
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Figure 12. Computed strain-stress data versus experimental results at (a) temperature of 840 8C and initial grain size of
d0 = 0.5 mm, (b) temperature of 840 8C and initial grain size of d0 = 3.0 mm and (c) temperature of 840 8C and initial grain size
of d0 = 4.9 mm.
Bild 12. Berechnete Dehnungs-Spannungsdaten und experimentelle Ergebnisse bei (a) 840 8C und 0,5 mm, (b) 840 8C und
3,0 mm und (c) 840 8C und 4,9 mm.

5.2 Behavior modelling

This part deals with the constitutive equations able
to reproduce the thermomechanical strain-stress response of Ti-6Al-4 V titanium alloy under hot and
superplastic forming conditions. The behavior model is introduced in detail [10]. The constitutive
equations represent the proposed approach and can
consider, Table 3:
– the strain rate sensitivity
– the temperature effect
– variant starting microstructures and their evolutions over time, temperature and deformation
– when occurring, strain hardening effect eased for
the ultra-fine grain (UFG) microstructure and low
strain rates
The identification of the model parameters is
described in detail where the model gives prediction

MAWE

in a good agreement with experiment for two starting microstructures [10]. In the present study, the
model predictions are extended to the starting
microstructure of 4.9 mm.
At 700 8C, it was not identified a deformation
mechanism change for the initial grain size of
d0 = 4.9 mm, whereas, this effect is observed and
well assessed at lower strain rate (10 $ 4 s $ 1) for an
initial grain size of d0 = 0.5 mm, Figure 11.
In the case of the starting microstructure of
0.5 mm, the behavior model predicts a stress decrease under certain conditions at 10 $ 2 s $ 1, Figure
12. This is due to a non-constant strain rate applied
during the test, inducing a slight strain rate decrease
with the sample elongation.
Whatever the test conditions and the starting microstructure considered, the model responses pro-
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vide a good prediction of the whole experimental
database.

for the Improvement of Higher Education Personnel).

6 Conclusions

7 References

The superplastic behavior of a Ti–6Al–4 V Titanium alloy was investigated under hot forming conditions regarding three different starting microstructures with an average a grain size of 0.5, 3 and
4.9 mm. A temperature range from 700 8C to 920 8C
and different strain rates between 10-4 s-1 and 10-2 s-1
were considered.
The parameters of a grain growth model are
identified and the measurements performed successfully describe the predicted evolutions [6].
The internal variable related to grain growth was
introduced into the mechanical model through the
viscous flow and the hardening variable.
The following results can be drawn:
– the strain-stress response exhibits a viscous flow
dependent on the test temperature, the initial microstructure and the grain growth
– a strain hardening is observed for the initial-period of the test due to the grain growth evolution.
– the viscous flow was dependent on the initial microstructure and its evolution
– the strain hardening was observed during the beginning of the test due to the grain growth evolution.
At the higher temperatures (T > 900 8C) the
model formulation must be improved by adding a
new mechanism related to the b phase whose effect
becomes predominant.
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