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Abstract

The present investigation proposes an experimental device able to assess the thermo-
mechanical behavior of Ti-6A1-4V Titanium alloy throughout the die-forging oper-
ation. Constitutive equations are developed to assess the influence of the process
(die-forging temperature, cooling rate) and the microstructure parameters on the
mechanical response of the alloy. For this purpose, a non-unified behavior model
formulation is implemented, which defines two main mechanisms related to a and
phases and allows the prediction of hardening, strain rate sensitivity and tempera-
ture, combined with the phase evolution that is dependent on the cooling conditions
and which can greatly affect the mechanical behavior. This identification strat-
egy is then applied for die-forging temperatures below the [-transus temperature,
which requires microstructural information provided by SEM (Scanning Electron
Microscopy) observations and image analysis. Finally, the approach is extended to
die-forging temperatures above the S-transus temperature.

Keywords: Behavior modeling, Microstructural evolution, Heat treatment, Forged
Titanium alloy

1. Introduction

Titanium alloys are widely used in the aerospace industry for their well-known
high mechanical strength/weight ratio [1|. They can be used as forged semi-finished
products in many industrial applications. These products are transformed into final
parts by subsequent thermo-mechanical heat treatments and machining operations.
Depending on the temperature of the thermo-mechanical processing (TMP) and the
heat treatments (HT), various complex microstructures can be achieved. Titanium
alloys can be heat-treated above or below the [-transus temperature depending
upon the specific micro-structural aspects required in terms of grain size and mor-
phology, as well as the existence of phases and mechanical strength requested by the
end-users. HT generally consists in an isothermal dwell for a certain period of time

*Corresponding author
Email address: vincent.velay@mines-albi.fr (V. Velay)

International Journal of Mechanical Sciences May 28, 2018



12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

a1

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

following quenching. To fulfil the microstructural characteristics and mechanical
performance requirements and according to the size of the semi-finished products,
an appropriate quenching environment (e.g., air, oil, water, etc.) is selected. The
dimensions of the product and the quenching conditions can drastically influence
the spatial quenching rates, specifically the time-temperature history, in any points
in the product. In fact, quenching operations generate transient time-temperature
histories in a part, moving inwards from the surface to the bulk. One of the major
concerns, particularly for products with large dimensions, is to guarantee a homo-
geneous microstructure through all regions of the product. Another major technical
concern is to avoid any excessive distortions during quenching and also hot tearing,
which result in internal defect initiation, such as micro- and/or mesoscopic crack-
ing. While the post-quenching surface cracking can be eliminated by subsequent
machining, the undetectable internal cracking becomes a major parameter that can
drastically disqualify a semi-finished product for reasons of nonconformity. More-
over, these operations induce important residual stresses in the part, which makes
the final milling stage difficult. Predicting the internal residual strains/stresses has
become mandatory in industrial practice. The relevant constitutive laws therefore
need to be developed. However, one important problem is that during HT and
quenching the microstructure and phases in titanium alloys evolve depending on the
kinetics of the phase evolutions, in that they are time-temperature rate dependent.
Furthermore, titanium alloys have a complex mechanical behavior, exhibiting strain
rate sensitivity effects [2, 3], which can be reproduced through viscosity laws [4-6].
These effects becomes significant for temperatures greater than 500°C' |7, 8|. De-
pending on the test temperature, this phenomenon can be combined with hardening
effects induced by dislocation motions and resulting from a competition between
storage and annihilation terms [9, 10]. At very high temperatures, other mecha-
nisms are induced, such as grain boundary sliding [11, 12]. Moreover, important
microstructural changes can occur, such as grain growth, or phase fraction evolu-
tions, which themselves greatly influence the mechanical behavior, and therefore
need to be introduced in the model formulation [13-15]. Indeed, these evolutions
can involve strain hardening [5, 16| or softening due to dynamic recrystallization [17]
under large deformation conditions. Moreover, when the g-phase is predominant,
particular phenomena, caused by the pinning-depinning effect of the dislocation,
can affect the mechanical behavior ( Yield point effect). This effect was investigated
at the scale of the single crystal [18, 19] then generalized at the scale of the poly-
crystal [11, 20-22]. Hence, non-unified approaches can be implemented in order to
define several inelastic mechanisms associated with each phase evolution [14, 23-25].
Such approaches can translate grain-boundary strengthening caused by a lamellar
microstructure [26-29|.

The present study proposes a behavior model that is able to faithfully predict the
strain-stress response of the material during the quenching operation. Considering
all the aspects described above, a laboratory experiment testing facility has been
developed to conduct in-situ heat-treatment at temperatures beyond or lower than
[-transus temperature on a cylindrical specimen [30]. Then, tensile tests were com-
bined in order to assess the behavior of the alloy under transient thermo-mechanical
loadings. The microstructural evolutions are greatly influenced by the cooling rate
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and can exhibit several phases (primary and secondary « phase and /3 phase), the
proportions of which were assessed by SEM observations and image analysis. In such
complex conditions, the mechanical behavior was characterized for several temper-
ature levels and cooling rates. From these experiments, non-unified constitutive
equations were implemented to define several mechanisms related to each phase.
They consider a rule of mixture between phases depending on the cooling condi-
tions. This rule plays an important role on the activated mechanisms influencing
the mechanical behavior. The model formulation can take account of the strain rate
sensitivity and the hardening over a wide temperature range (from the die-forging
temperature to the ambient temperature) and several cooling rates connected to
various microstructural states. This behavior model was identified for die-forging
temperatures below the S-transus temperature. Finally, the approach was success-
fully extended to die-forging temperatures above the [-transus temperature.

2. Experimental procedures

2.1. Material and device

Industrial thermo-mechanical heat treatment consists in 3 main operations, as
shown in Fig. 1:

e forging at 940°C'
e die-forging at 950°C'
e tempering at 730°C.

T b .
5 940°C 950°C, 2 h

Forging Die-Forging Tempering

t

Figure 1: Thermo-mechanical industrial process

The material studied in the present work was supplied by Aubert & Duval as
a billet of Ti-6Al-4V Titanium alloy after the forging operation. Cylindrical spec-
imens were machined from this billet. At this stage, an equi-axed microstructure
was observed, which included « primary nodules, decorated at grain boundaries
by the B phase, as shown in Fig. 2a. Depending on the microstructure needs
(equiaxed, duplex or lamellar morphology), the die-forging operation can be carried
out at different temperatures that are higher or lower than the S-transus tempera-
ture (T3 = 1000°C). In the present case, the die-forging temperature considered is
950°C' (i.e. below the p-transus temperature). During the cooling/quenching from
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this temperature, the § phase transforms into a lamellar microstructure consisting of
colonies of secondary « in the 8 phase (labelled ;). At this die-forging temperature,
the phase transformation is not entirely completed and a duplex microstructure is
obtained, regardless of the cooling conditions (Fig. 2b at 60°C'/min).

20°C 60°C /min| 20°C

] >
& HV mag @ | spot WD det
0% | 15.00kV | 2000x | 35 | 56 mm | ETD

det spot

e 2000x | 15.00kV | ETD | 5.5mm | 4.0

(b)

Figure 2: Starting microstructure of Ti-6Al-4V : (a) after Forging, (b) after time-temperature heat
treatment corresponding to the Die-Forging (cooling rate: 60°C/min) [Kroll Reagent | SEM | x
2000]

The cooling rate greatly influences the induced microstructure. Indeed, the thick-
ness of the secondary (lamellar) a-phase diminishes as the cooling rate increases. In
order to characterize the mechanical behavior during the quenching operation af-
ter die-forging, an experimental device was specially developed to reproduce the
industrial heat treatment. It is based on a Schenck hydropuls hydraulic tensile test
machine with a nominal force up to 250 kN. It allows an in-situ heat treatment
by using an induction coil, which ensures a homogeneous temperature at the center
of the sample. The specimens were heated by a 2 kW Celes generator. A cylin-
drical specimen was first instrumented by 9 spot-welded thermocouples to control
the longitudinal and circumferential temperature gradients. In the gauge length,
thermal gradients were about 1°C'/mm and 1°C/120° angle respectively in longitu-
dinal and circumferential directions. The strain was measured by high temperature
extensometer with ceramic rods and a 10 mm gauge length. The system allows fast
heating and cooling steps. During each test, the samples were heated up to 950°C
with a dwell time of 2 hours at this temperature (die-forging temperature). Then the
samples were cooled down to different temperatures (ranging from 950°C' to room
temperature) before starting the mechanical loading. Thus, after only a few seconds
of dwell time, the tensile tests were performed in air atmosphere by maintaining the
temperature constant. The tensile test consisted in a first mechanical loading with
a constant strain rate and a maximal strain of 1%, followed by a tensile dwell time
of 10 min and a second loading to reach a total strain of 2%. At the end of the
mechanical test, air spraying was applied at the surface of the sample to prevent



us  an evolution of the microstructure (mainly the growth of the phases). A schematic
s view of the tests performed is shown in Fig. 3.
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Figure 3: Test procedure (a) In-situ heat treatment; (b) Isothermal loading path

2.2. Tensile tests

The test conditions (see Fig. 3) were selected in order to accurately reproduce the
thermo-mechanical loadings induced in the billet during the die-forging step. This
analysis led to three cooling conditions being considered (§ = {5, 60, 200}°C/min)
and several strain rates (107%s71 < & < 107%s7!). Moreover, three temperature
domains were investigated:

e from 950°C to 800°C
e from 800°C to 500°C

e from 500°C to 20°C

In the following section, the effects of the cooling rate, strain rate and test
temperature on the stress-strain response are discussed. Interpretations are based
on microstructural evolution analysis (fraction and size of oy nodules, a;; lamellae
or [ phase).

2.2.1. Influence of the cooling rate

As shown by many research works |6, 31] on the topic of microstructure evolution
during cooling from temperatures above 950°C', while the phase transformation (5 «+»
a) mainly depends on the temperature, the cooling rate mainly affects the size of
the primary a nodules as well as the initiation and growth of the a;; phase, leading
to different sizes and morphologies. Five tensile tests at different temperature levels
(0 = {950,800, 700, 500, 300, 20}°C') were conducted with a constant strain rate
of 1072s7!. The present study shows that, during cooling, an important phase
transformation of 5 into a;; occurs, mainly between 950°C" and 900°C'". This result
is confirmed by other research works [32, 33] and is illustrated in more detail in the
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next section (section 2.2.2). Thus, for the tensile tests carried out at and above
800°C, it can be considered that the microstructure observed at room temperature
is the one generated at the test temperature, as shown by Fig. 4 for tests conducted
at 20°C' and 700°C' under various cooling conditions. For the rapid cooling rates
(6 = {60,200}°C'/min), many thin a;; lamellae can be observed in the transformed
3 grains. At a slower cooling rate (§ = 5°C'/min), the nucleation of a;; lamellae
takes a longer time to grow, leading to lamellar coarsening. Hence, the morphology
of these lamellae is quite similar to that of the a; nodules.

5°C/min|| 700°C 200°C/min|| 700°C
— : i .

200°C//min|| 20°C

Ay

N\
AN \

Figure 4: SEM observations for tensile tests performed at 700°C' and 20°C' for different cooling
rates: 5°C'/min (left) , 60°C/min (center) , 200°C/min (right) [Kroll Reagent | SEM | x 2000]

The corresponding tensile tests (see Fig. 5) show a significant hardening with
the increase in the cooling rate. This feature can be related to the decrease in
the ajr-lamellar thickness with the cooling rate. This induces a higher number
of a/f boundaries that can act as more obstacles to the dislocation movements.
This hardening is thus linked to the plasticity of the « phase (a; nodules and oy
lamellae) as the evolution of the lamellar thickness can be related to the yield stress
[31, 34, 35] or to the hardness or the ductility of the material [27, 35]. Image analysis
was conducted to determine the ay; lamellar thickness L (6 = {60, 200}°C'/min) and
the a; nodule size (9 = 5°C'/min). Fig. 6 illustrates the evolution of aj;-lamellae
thickness L for different cooling rates. As shown, this trend can be aligned to a power
law. By plotting the curve given by Eq. 1 in a bi-logarithmic diagram, parameter
B can be determined from the value of the slope. Regarding the a; nodules, the
observations do not exhibit a significant evolution, regardless of the test conditions.
The average size considered next is thus 15um.
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Figure 5: Stress-Strain response for different cooling rates at 20°C(a); and 700°C(b) and a constant

strain rate of 1072s~!
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Figure 6: Evolution of the ajr-lamellae thickness with the cooling rate

L=Bx#" (1)
2.2.2. Time effects: temperature and strain rate

As mentioned previously, the phase transformation, in terms of fraction of phase,
no longer evolves below 800°C', as the transformation of 8 into mainly a;; lamellae
occurs between 950°C" and 800°C), as shown in Fig. 7.

At 950°C, the g fraction can be deduced from the SEM images by analyzing the
fraction of f matrix Sy transformed through the fast cooling (air spraying) operated
at the end of the mechanical test. At 900°C, the measurements are complex, as the
cooling time (from 950°C' to 900°C") is not long enough to clearly distinguish the
transformed [ phase induced by the controlled cooling rate and the fast cooling from
900°C to 20°C'. Therefore, this temperature level will not be deeply investigated in
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Figure 7: SEM observations for tensile tests performed at 950°C/(a); and 800°C(b) for a cooling
rate of 60°C/min[Kroll Reagent | SEM | x 2000]

the sequel. From these measurements, the evolution of the g fraction can be assessed
(see Fig. 8).

950°C — 20°C
85 T T T

Zg (%)

40 1

25 - b

18 = L] = L] L] 0 N

10 L I I I I I I I I
20 200 300 400 500 600 700 800 900 1000

0 (°C)

Figure 8: Evolution of the S-phase fraction with the temperature

These results are very similar to those provided in the work of Elmer [32] showing,
in a Ti-6Al-4V alloy, the evolution with the temperature of the § phase amounts mea-
sured by in situ X-ray diffraction techniques. As in our present study, it seems that
most of the 5 <+ o phase transformation occurs at a temperature in the 800°C' — T}z
range. This therefore confirms that, during cooling, most of the 8 phase had com-
pleted its transformation into «a;; phase around 800°C'. Regarding the mechanical
behavior, as expected, the stress-strain curves show a decrease in the flow stress
with the temperature (see Fig. 9). Moreover, a significant stress relaxation occurs
during the tensile dwell time for the test temperature above 500°C', involving con-
siderable viscous stress, whereas it is considerably reduced below this temperature.
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Lastly, at 950°C', a yield point phenomenon is observed. It is probably due to a
pinning-depinning process of the dislocations in a Cottrell atmosphere [36, 37|, as
observed in BCC metals. Indeed, in BCC metals (as the [ phase), the dislocations
can be pinned by interstitials, in which case a higher force is required in order to
leave such dislocations away from their Cottrel atmosphere. Thus, during the first
loading at 950°C, this higher force is responsible for the upper yield point (stress
peak). After unpinning, the dislocations can move easily at a lower stress leading
to a slight stress softening. During the dwell time, the initial Cottrel atmosphere
is recovered (static recovery) involving a new stress peak after the second loading.
This phenomenon is predominant at 950°C' where the mechanisms related to the
phase play an important role, but vanishes at lower temperatures where the plastic
deformation is mainly governed by the o phase.
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Figure 9: Stress-Strain response for constant strain (1072s7!) and cooling (60°C/min) rates at
different temperatures 8 < 600°C(a); 8 > 700°C' (b)

3. Behavior modeling

The previous analysis leads to the definition of 3 mechanisms acting on the
mechanical behavior. The first one is related to the § phase, whereas the two others
are related to the o phase through the nodular part (o) and lamellar part (o;y).

3.1. Non-unified Constitutive Equations

A homogeneous deformation (Eq. (2)) is assumed in each phase [14] and a strain
partition of the total strain into elastic and plastic parts is considered (Eq. (3)).
(2)

t
€3

t_ t _ _t _
8—_801_80411_

(3)

Hooke’s law is given by Eq. 4 for each phase. And each strain component can
be related to a phase ratio Zg (Eq. 5).

5_25:§+§ Vo = ar, o, B

0.025
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oy = Coles —5) Vo (4)

e =) Zpeh =) Zeh witht ) Zy=1 V¢ (5)
¢ ¢ ¢

A von Mises yield surface is assumed for each phase, as shown by Eq. 6. Its
evolution is defined through an isotropic hardening variable R,.

fo=0y'—Ry—04 =0 VYo (6)

a;q and ag, are respectively the equivalent stress and the elasticity limit related
to the phase ¢.

This approach is in agreement with the thermodynamics of the irreversible pro-
cess defined by two potentials, the Helmotz free energy ¢ and the dissipation po-
tential €.

The free energy can be partitioned into elastic and inelastic parts ¢ = )¢ + ™"
and, in the present study, formulated for each phase (Eq. 7).

e ]' 2 e . €. n ]' 2 2
oy :§§Z@ e oY =§§Z¢6¢Q¢'r’¢ v (7)

The state laws giving the Cauchy stress and the macroscopic isotropic hardening
variable derive from this potential (Eq. 8).

a,ll)e a,ll)zn
T=o05 = > Zyoy;  R= 0= Y ZyRy = ZshoQurs  (8)
= % 5 5

with r4 the internal variable associated to the isotropic hardening. by and Q4
are temperature-dependent coefficients.

The dissipation potential 2 allows definition of the evolution of the internal
variables (Eq. 9). It includes, first, a static recovery part (Eq. 10) and a classical
viscoplastic potential formulated in the form of a power law. However, its expression
differs from one phase to another. Indeed, a similar form is used to describe the
primary and secondary alpha phase (Eq. 11), whereas a particular form is considered
for the 8 phase (Eq. 12) so as to reproduce the yield point phenomenon.

0=327 (%+9) ¥ (9)
¢
= Vo 10
P20y Qg (10)
Ko [ fa\™"
- e fry
Qa = na—l—l <Ka> Vo g, gy (11)
(@ e 12
A M ng+1 <D> (12)
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K, and n, are temperature-dependent parameters of the phase a = (ay, ayr). ay
defines the static recovery term in the hardening variables of each phase. Especially
for the B-phase, D is a material parameter, b, is the Burgers vector, p,, the density
of mobile dislocations and M the Taylor factor.

The viscoplastic flow derives from this potential (Eq. 13).

S,
2000 = 320 ==Y Za% W0 (13)
¢ ¢ ¢
where S, is the deviatoric part of 0.
The cumulative plastic strain for each phase is given by Eq. 14 for the a phase
and Eq. 15 for the 5 phase.

pa:Q,a (fa) = <%> aVa:al,an (14)
, bppm "
pa =94y ) = 2 () (15)

Lastly, the evolution equation related to the isotropic hardening for each phase
is determined from Eq. 16.

7= —09/8]% = Z Z¢>7;¢> with: 7'“¢ = p’¢ (1 — b¢7’¢) — QyTy V(b (16)
¢

The positivity of intrinsic dissipation D ensures good agreement of the model
formulation with thermodynamic principles. It can be expressed by Eq. 17.

D= o04:65 =) Ryiy (17)
¢ ¢

The positivity of D can be proved by Eq. 18.

D:Z(f¢+R¢+R—é)p¢+z%(&)2>O (18)
2 Qs s \Qy/)

3.2. Introduction of the microstructural parameters

The viscoplastic flows (Eq. 14 and 15) require the identification of material pa-
rameters for each phase, which were determined by using SEM observations and
image analysis. Thus, the influence of the microstructural evolutions related to the
cooling rate during the quenching stage can be introduced into the model formula-
tion.

3.2.1. ag phase
The proposed model acts on the coefficient K,, and establishes a relationship

between this parameter and the average size of the primary a nodules d,,, as shown
by Eq. 19 following the Hall-Petch law.

K, =K, d " (19)

oy

11
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with K a temperature-dependent material parameter and ng the Hall-Petch
coefficient, ng = 0.5.

3.2.2. ayr phase
Similarly, the proposed law introduces a relationship, given by Eq. 20, between
and the thickness of the a7 lamellae L.

K

arr

K

arr

= KoL (20)

Ky and njy are material parameters. L depends on the cooling rate 0 (see Eq.

1).

3.2.3. B phase

The mobile dislocations are at the root of the yield point phenomenon [24| and
the density of these dislocations p,, is a part f,, of the density of the total dislocations
p: (Equation 21). Moreover, this part evolves between a starting value f,,o and an
asymptotic value f,,, [38]. Finally, an empirical law is used to define the relation
between the densities of the total dislocations and the cumulative plastic strain.

Pm = fmpt: pr = po+ Copgs (21)

where C, and a, are material parameters.
The strain rate had a significant influence on the yield point phenomenon, there-
fore, the following time evolution of f,, is assumed (Equation 22).

fm = —)\Pg (fm - fma) (22)
with: f,, (t =0) = f,0 and A and k are material parameters.
This equation differs from the literature [14]. Indeed, in the present study, the
yield point phenomenon increases with the strain rate, which is an effect that has
not been observed on steels [24, 25| or on metastable S-titanium alloys [21, 22].

As shown previously, the tensile dwell time induces a stress relaxation which
can be reproduced by introducing a static recovery term into the isotropic hard-
ening component. This phenomenon involves a dislocations rearrangement with a
decrease in the dislocation density [39-41]. Moreover, during this dwell time at
high temperature, some interstitial atoms can diffuse back around the dislocations,
leading to the re-pinning of dislocations in the Cottrel atmosphere. Therefore, the
yield point phenomenon is again observed during the second loading. In order to
account for this effect in the model formulation, Eq. 22 is modified by Eq. 23 and
a static recovery term is added, describing the decrease in the density of the mobile
dislocations during dwell time.

fm:_)\pg (fm_fma>_/~bfg1 (23>

where p and 0 are material parameters.

All the constitutive equations are given in Appendix A (table A.1).

12



281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

300

301

302

303

304

305

306

4. Results

4.1. Identification Strategy

4.1.1. Young’s Modulus
The evolution of Young’s modulus with the temperature is obtained by using the
relationship given by Eq. 24.

E= (Zal + Zan)Ea + ZﬁEﬁ (24)

The same values are assumed for a; nodules and a;; lamellae. A tensile test
at 1030°C'  was performed to determine the modulus of the [-treated alloy. A
literature review [15, 42-45| allows Young’s modulus evolution to be determined at
lower temperatures. Then, knowing the phase fraction Z;, the Young’s modulus
values of the o phase are deduced from Eq. 24. The results obtained are in a good
agreement with the values found in the literature, as shown in Fig. 10.

120 T T T T 120
g O Fréour Ti-5Al-2Sn-2Zr-4Mo-4Crd) + + E
O Fréour Ti-5Al-2Sn-2Zr-4Mo-4Cr /) o E(,L
100t + Teixeira Ti-5Al-2Sn-2Zr-4Mo-4Crd) | - 100+ 8
* Teixeira Ti-5Al-2Sn-2Zr-4Mo-4Cr §)
X Stokes Ti ¢) u]
o O Stokes Ti ) . + + f
< 80r A Joshi Ti @) < 80r o O +
o~ Vv Brandes Tig) 8 &
S) % Balcaen Ti ¢) S_D/
KR ok % Present study on Ti-6Al-4V3) K 60r @
+
40 * 40 !
L i L o
* +
20 - . . - . 20 . . . .
0 200 400 600 800 1000 1200 0 200 400 600 800 1000
6(°C) 6(°C

(2) (b)

Figure 10: Temperature evolution of Young’s modulus for a and 8 phases: (a) literature (b) values
used in this study

4.1.2. Time-dependent parameters

The tensile tests performed with a cooling rate of 60°C'/min were used to iden-
tify the viscous parameters K4 and n,. The stress relaxation curves o —o; = f(time)
were plotted in a bi-logarithmic diagram to determine these parameters for temper-
ature level, where o; is the non-viscous stress corresponding to the stabilized stress
value at the end of the relaxation time. The static recovery term a4 of the isotropic
hardening variable allows a better description of the relaxation curve, as shown in
Fig. 11. This term a = a4 is assumed to be equal for each phase and is obtained by
an optimization procedure for each temperature level.

The curve gives the value of n = ng, which is assumed to be the same for
cach phase. The K, parameter depends on the phase, as shown in Eq. 19 and
20. Assuming K,, = K,,, given by the bi-logarithmic curve, L (provided by Eq.
1) and d,,, obtained by image analysis, one can determine, on the one hand, K
for the a; nodules, and on the other hand, K5 and n; for the aj; lamellae. It
can be observed that Eq. 19 corresponds to a Hall-Petch law and the coefficient

13
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Figure 11: Comparison between the relaxation range provided by the model and the experiment
for a cooling rate of 60°C'/min and a temperature of 700°C

ng is equal to 0.5. Moreover, the D parameter for the  phase is obtained by
taking Zg = 1. Then, a rule of mixtures between phases gives a weighting of the
parameters related to each phase. To consider the yield point phenomenon in the
model formulation induced at high temperature, some additional paramaters need
to be identified. The values of the Burgers vector b, and of the Taylor factor M
come from the work of Wang for a titanium alloy [21|. Moreover, the parameters
related to the dislocation densities py,C), and f,o are also found in the literature
[22]. Lastly, the parameter a, is identified from the tests performed at 950°C and
900°C, its value is usually between 0.7 and 1.5 [24, 37, 39]. The parameters \, 9,
k and p related to the volume fraction of mobile dislocation are also identified at
950°C" and 900°C where the yield point phenomenon is observed, they are selected
to fit the stress-strain curve and are determined by an optimization procedure. The
volume fraction of mobile dislocations f,, evolves between an initial value f,,o and
an asymptotic one f, (24, 25]. fo is constant with the temperature, whereas
fma decreases in order to take into account the decrease in the mobile dislocations
density at lower temperatures. This evolution will only be activated at 950°C' and
900°C' in order to consider the yield point phenomenon. For the other temperature
levels, this phenomenon vanishes by taking f,.. = fio-

4.1.3. Hardening parameters
The parameters () = Q)4 and b = by of the isotropic hardening variable and the
elasticity limit 0° = ag are assumed to be equal for each phase. An optimization

procedure is used for a cooling rate of 60°C'/min considering the whole database.

4.2. Results

4.2.1. Model prediction on (a+ ) Ti-6Al-4V
Fig. 12 illustrates a comparison between simulation and experiment at 950°C.
At this temperature, the mechanism related to the S phase is predominant and the

14



;33 modified version of the Yoshida model (Eq. 15, 21, 22) presented in the previous
s34 section allows a good description of the behavior at different strain rates.
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Figure 12: Yield point prediction at 950°C and several strain rates (line: simulation, marker:
experiment

For a cooling rate of 60°C'/min the model response is in a good agreement with
the experiment at lower temperatures and different strain rates, as shown in Fig.
13a at 800°C' and in Fig. 13b at 700°C.

0 = 60°/min; 6 =800°C; Za, = 22%; Za; = 60% 0 = 60°/min; 0 =700°C; Zo, = 22%; Za,, = 60%
o 350 : , ,
300} i
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. 250t
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0 : ‘ 0 s ‘ ‘
0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02
Strain Strain

(a) (b)

Figure 13: Computed Strain-Stress data (line) compared to Experimental results (marker) for
several strain rates and at @ = 800°C (a); = 700°C (b).

Lastly, the model predictions for several cooling rates are illustrated in Fig. 14
at = 500°C' (a) and at = 20°C" (b).
All the values of the model parameters are given in Appendix B (Tables B.2-B.6).

4.2.2. Model extension on [-treated Ti-6Al-4V

In this section, the model is extended to a [-treated alloy. For this purpose,
an experimental test campaign similar to the previous one was performed. It used
the same starting samples obtained after the Forging operation (see Fig. 1) but
the experimental procedure was changed by considering a solution annealing at

15
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Figure 14: Computed Strain-Stress data (line) compared to Experimental results (marker) for
several cooling rates and at § = 500°C' (a); 6 = 20°C' (b).

1030°C'  above the [-transus temperature (75 = 1000°C'). In this case, all the
model parameters related to the S-phase are identified at 1030° C' (see table C.7). At
this temperature, the parameters of the mechanical model are a-phase independent,
therefore Z,, = Z,,, = 0. For the other temperature levels, the model prediction was
made by maintaining the values of almost all the model parameters identified for the
(a+p) heat treatment (Tables B.2-B.6). Only the microstructural parameters (Table
C.8) related to the phase fractions Zg and the evolution of lamellae morphology L
with the cooling rate needed to be identified again from SEM image analysis in order
to investigate the [-heat-treated alloy. The mechanism related to the a; nodules
vanished in this case (Z,, = 0), as during the solid solution annealing at 1030°C
where all the a; nodules were transformed into . Then, during cooling below the
[O-transus temperature, the § phase was finally transformed into a fully lamellar
(ov + B) microstructure.

) — AN° L0 o . — 097 — 990
6%_ 60°/min; 0 = 950°C; Zoy = 0% Zayy = 22% E=10"2"1; 0 = 700°C; Zo, = 0%: Za, = 82%
400 T : .
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3501 sttty

0000°° 4
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& 250f
&

=3
200}

12}

o
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0N

100}
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+

501

°

- - 0 0.005 0.01 0.015 0.02
0 0.005 0.01 0.015 0.02 Strain
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(a) (b)

Figure 15: Computed Strain-Stress data (line) compared to Experimental results (marker) at
6 = 950°C and several strain rates (a); at § = 700°C' and several cooling rates (b).
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Figure 16: Computed Strain-Stress data (line) compared to Experimental results (marker) for
several cooling rates and at § = 500°C (a); 8 = 20°C" (b).

Fig. 15 and Fig. 16 illustrate the comparison between the computed Strain-
Stress data and experimental results in the case to the p-heat treated Ti-6Al-4V,
at 950°C' and for several strain rates (Fig. 15a), at intermediate temperatures
(T={20, 500, 700}°C') and for several cooling rates (Fig. 15b and 16a-b). Aside
from the temperature of 950°C" where the stress levels are very low, discrepancies
between the model response and the experiment were less than 15% for the other
test conditions. This is is quite acceptable since the only parameters that have to
be changed concern microstructural features of the -heat treated alloy.

4.8. Discussion

The quenching of industrial parts generates transient temperature variations
that induce plastic straining due to thermal self-constraining. The degree of self-
constraining depends on the dimensions of a part and on the heat transfer mecha-
nisms between the part and the quenching environment (for example oil or water
quenching ...) that control the mean global cooling rate [46]. In general the residual
stresses are investigated at room temperature, and can be measured through X-Ray
Diffraction or hole drilling methods. In-situ measurements of the residual stresses
are not possible and the only rational manner is to use advanced thermo-mechanical
modeling and numerical simulations analysis. Therefore relevant and reliable consti-
tutive laws have to be developed. However, alloys such as Ti-6Al-4V alloy are very
much prone to microstructural evolution at high temperature or during transient
temperature-time conditions. In many approaches, the reliability of the constitutive
laws is examined by laboratory testing of heat-treated alloys. The high temperature
assessments are thus run on specimens heated up again to a prescribed temperature
for mechanical testing. In the present investigation, the main objective was to assess
and to model the thermo-mechanical behavior of Ti-6Al-4V alloy, through stepwise-
temperature mechanical testing by first conducting an in-situ heat-treatment and
then by quenching with a controlled rate to a prescribed temperature and finally
by conducting the mechanical testing at this temperature. Such combining of time-
temperature-mechanical scenarios are not commonly reported in the literature and
often absent in the open literature. Although, many investigations deal with the
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mechanical behavior of Titanium alloys especially Ti-6A1-4V alloy, most of them
consider the thermodynamic equilibrium conditions. However, some comparisons
can be made with the present study considering the influence of the microstructure
on the mechanical response of the material.

First, the phase analysis (Fig. 8) illustrates a drastic decrease of the § phase
from 950 to 800°C' with a /3 phase around 78% at 950°C'. Similar results are found in
the literature at this temperature [32, 33]. This means that the role of the /5 phase
cannot be neglected and the plasticity induced has to be linked to this phase. The
yield point phenomenon illustrated in Fig. 12 is observed on many Body-Centered
Cubic (BCC) materials [39, 41] such as the § phase for titanium alloys. It can be
related to the dislocations locked by the solute atoms then broken away from the
pinning points at a high stress level. It is also associated with discontinuous yielding
with the increase of new mobile dislocations generated from the grain boundary
[20, 21, 47, 48|. The behavior model implemented in the present study is based on
a rule of mixture between two mechanisms, one related to the a phase (divided in
primary and secondary phases), the second to the 5 phase. At high temperatures,
the constitutive equations associated with the S phase are predominant, and the
formulation is based on the works performed by Yoshida et al on BCC materials
[21, 22, 24, 25]. As discussed previously, these equations are modified to take into
account some particular effects observed, such as the increase of the yield point with
the strain rate and the dislocations rearrangement with a decrease in the dislocation
density during dwell times (see Eq. 23).

Secondly, at lower temperatures, the effect of the o phase increases while that
of the § phase decreases. Moreover, Fig. 4 shows a decrease of the aj;-lamellar
thickness with the cooling rate involving an increase of the flow stress (Fig. 5).
This result is induced by an increase of the o/ boundaries acting as obstacles to
the dislocation movements. These results are also shown in several investigations
[28, 35, 49]. This effect is described in the constitutive equations through the viscous
flow where the K¢ (® = {ay, a;r}) parameter evolves with the thickness of the aj;
lamellae L (see Eq. 20), itself related to the cooling rate, or with the average size of
the primary a nodules d,, (Eq. 19).

Finally, the strain rate sensitivity is reduced for temperatures inferior to 500°C'
[8] involving a significant hardening effect which is assumed similar for each phase.
On the other hand, Fig. 12 and 13 show an important strain rate effect for the
temperatures exceeding 600°C' as mentioned in [3| compared to the hardening effect.

5. Conclusions

In the present work, an experimental device was developed to reproduce the
mechanical behavior of Ti-6Al-4V throughout the die-forging operation. A non-
unified behavior model was implemented and the following conclusions can be drawn.

e For a (o + ) dual-phase alloy, the phase transformation is greatly influenced
by the cooling rate conditions, which themselves play an important role in the
strain-stress response of the material.

e The non-unified behavior model is able to predict the mechanical behavior,
assuming an initial phase proportion (ay, oy or f3).
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e Depending on the test temperature, the model gives a good prediction of the
strain rate and hardening effects. Moreover, based on a modified Yoshida
model formulation, it can describe the yield point phenomenon observed at
high temperature and the static recovery effect exhibited during the dwell
times.

e Lastly, the model was successfully extended to the behavior prediction of a
B-treated Ti-6Al-4V alloy.
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s Appendix A. Model summary

446

The table A.1 summarizes the model formulation.

Table A.1: non-unified model formulation

Multi-axial formulation

Uni-axial formulation

Yield criterion

f¢:Ueq—R¢_Ug ng

fo=logl = Ry — 0} Vo

Hooke’s law

Oy = C’¢ <5¢ - 5¢) Vo

op = E, (625 - 51;) Vo

B ¢;’ 28 5y Vo =S, Zy by sign(oy) Vo

Flow rules with p, = <£ Vo= ar,anr with po = <IJ;a >na
K,
o )" | wanc ()
Microstructural Ko, = Ky d,"™
parameters Ko, =Ko L™ with L =B 61
Metallurgical m = fm pt;  pt=po+Cppp

parameters fm == P5 (fm — fina) — pfos fm (0) = fino

Isotropic hardening

—Z¢Z¢ ’I'“(b with 7:‘¢ :p¢(1—b¢ T‘¢) — Q¢ Ty

and R¢:b¢ Q¢ T¢ qu
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Appendix B. Model coefficients for o + 3 treated Ti-6A1-4V

Table B.2 illustrates the phase-independent model parameters, tables B.3 and B.4
the a-phase dependent model parameters and tables B.5 and B.6 S-phase dependent
model parameters

Table B.2: Phase independent and temperature dependent model parameters

0 1°C| 950 900 800 700 600 500 400 300 20
0¥ [M Pa] 1 1 3 10 34 145 327 386 650
Q [M Pa) 1 2 55 85 92 97 100 101 103

b 1 5 190 317 400 425 433 434 435
als7!] [ 5107t | 251071 | 8107221072 {81072 | 31073 | 2107* | 1.4107* | 4107°
n 3.3 3.4 3.6 4.9 7.8 9.8 11.2 11.7 12

Table B.3: a-phase and temperature dependent model parameters (1)
6 [°C) 950 | 900 | 800 | 700 | 600 | 500 | 400 | 300 20
E, [GPa] | 35 47 160.7 | 70 | 774 | 8 | 85.1 | 84.1 | 109.5
Zos, 0 |o0.22 0.44
K 23.7 | 24 | 628 | 773 | 735 | 515|208 | 20.2 | 323
K 95 96 251 | 309 | 294 | 208 | 83 81 131
Table B.4: a-phase dependent model parameters (2)
Zo; | day [mm] | ng ny, B
0.22 | 15.1073 | 0.5 | 0.105 | 66.7 1073
Table B.5: -phase and temperature dependent model parameters (1)
0 [°C| 950 900 800 700 600 | 500 | 400 | 300 | 20
Es [GPd] 39.3 48.2 60.7 69 74 | 81 | 79 | 78 | 90
D 181 182 370 472 493 | 372 | 160 | 148 | 290
Za 0.78 0.56 0.18
Jma 5.107% | 1.1073 | 5.5 10~* ‘ 4.510~* ‘ 4.10~*
Table B.6: -phase dependent model parameters (2)
b, [em] M | po [em™?] | C, [em?] fmo A K| p |0
251078 | 2.76 | 6.4 10 | 2.1 10" | 4107* | 18 103 1.25 | 2
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1 Appendix C. Model coefficients updated for 3 treated Ti-6A1-4V

a52 Table C.7 gives the values of the model parameters at 1030° C' and table C.8 the
s53 temperature evolution of the microstructural parameters identified for the [-heat
ssa treated titanium alloy.

Table C.7: Temperature model parameters at 1030°C'

o' [MPa] | Q [MPa] | b 11| n | Es [GPa] | D [MPad]
0 1 1 1.1 3 35 85

fma
1107t

a[s

Table C.8: Updated microstructural parameters for the -treated Ti-6A1-4V

0 °C) | 1030 | 950 | 900 | 800 | 700 | 600 | 500 | 400 | 300 [ 20
T, 0

Zo | 0 [022] 044 0.82

Zs | 1 |078] 056 0.18

B 80.6 103
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