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In this work, we propose a unified description of the softening behavior of a p metastable alloy and
Ti6Al4V alloy. In the first part we provide sound evidence that the hot deformation of Ti6Al4V of the beta
phase above and below the beta transus temperature takes place solely by dynamic recovery at moderate
strains, similarly to the behavior of the Ti5AI5Mo5V3Cr1Zr near-beta alloy. This study was possible due to
the combination of the fast cooling rates achieved after controlled hot deformation and the re-
construction of the parent beta phase from electron backscattered diffraction measurements of the

frozen alpha phase by using an innovative developed algorithm. The dynamic recovery as a common
dynamic restoration behavior for Ti6Al4V and Ti5AI5Mo5V3Cri1Zr is described mathematically with a
Derby type relationship of the subgrain size and the stress of the beta phase. A rule of mixture allows the
determination of the load partition between the two allotropic phases.

1. Introduction

The deformation of metals at high temperatures involves different
softening mechanisms such as dynamic recovery and dynamic re-
crystallization. These mechanisms produce softening during de-
formation that counteracts the hardening due to the formation of
new dislocations needed for plastic deformation to proceed. The
result is a decrement in the value of the global stress. In general, high
stacking fault materials at high temperature experiences dynamic
recovery (DRV) [1], followed by continuous dynamic recrystallization
(cDRX) with increasing strain [2]. In the case of titanium alloys, the
different allotropic phases can restore dynamically by different me-
chanisms. In - and near B-titanium alloys it is generally accepted
that the predominating softening mechanism of the 3 phase is DRV
[3,4]. However, for the most used titanium alloy, i.e. Ti6Al4V (Ti64)
alloy, the softening mechanism is not clearly established. It was re-
ported to be discontinuous dynamic recrystallization (DDRX) by
some authors [5,6] and DRV by others [7,8]. In any case, the modeling
under each assumption is able to predict successfully the rheological
behavior (DDRX in [9,10] and DRV in [11]) without taking into ac-
count the physical behaviour.

* Corresponding author.
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The identification of the softening mechanism is achieved usually
by ex-situ analysis of the microstructure of deformed samples. Un-
fortunately, for materials undergoing allotropic transformations such
as many o+ [3 titanium alloys, the high temperature phase is not
stable at room temperature and cannot be retained after cooling.
Therefore, interpretation of the deformation behavior of high tem-
perature stable phases is done without direct observation of the 3
substructure. Another difficulty arises from the experimental point of
view. Indeed, it was demonstrated that static recrystallization of the
[ phase in Ti64 occurs within some seconds after deformation above
the B-transus temperature (Tg) [12]. This may interfere with the in-
terpretation of microstructures when quenching is not performed
quickly after deformation. It is also possible to identify softening
mechanisms using in-situ measurements. This has been done for
titanium alloys and aluminides by different methods [13,14], al-
though the microstructure features developed in the bulk cannot be
quantified. Another aspect during hot deformation of titanium alloys
is the role that the o phase plays in the load partition. Since both
phases are different from the crystallographic as well as the chemical
composition point of view, their different stacking fault energies in-
fluence their dynamic restoration mechanisms.

For materials that dynamically recrystallized, Derby [15] found
that the relationship between the steady state grain size D and
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flow stresses o, can be correlated as follows:
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With G being the shear modulus and b the Burgers vector. While
the K, value varies between 1 and 10 for metallic materials, the p
exponent takes the value of 3/2 for most metals [15]. Some others
authors found larger values of p [16], probably due to the non-
steady state condition. Similarly, the relationship between the
steady state subgrain sizes (dss) and flow stresses can be corre-
lated by Eq. (1) with p=1 [17] , as found for a large amount of
materials [18]
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Eq. (2) has shown some deviation of the experimental behavior
as summarized for many materials in [19], and the K, was de-
termined to be a function of the exponent p [18]. Furthermore, the
situation of multiphase materials is more complex, and the cor-
relation of the flow stress with the developed microstructure be-
comes difficult. When dealing with allotropic materials, the flow
stress of each phase can be expressed in general by using a rule of
mixtures, as done for composites [20]. In the case of a+ 3 titanium
alloys with globular o phase, this will be expressed as

c=of, + (rpfﬁ 3)

f being the phase fraction, and o and 3 referring to the phases.
It was found, that at high temperatures this correlation is not
necessarily applied, and then a modified rule of mixtures is pro-
posed in [21], using adjustable n; and n, strengthening coefficients
that are greater than 1

o = Moyf, + Mopf; )

In any case, the experimental validation of any correlation be-
tween the microstructure and the flow stress requires the char-
acterization of micro and substructure developed at the de-
formation conditions.

The objectives of this work are to describe the restoration
mechanism of the B-phase occurring in Ti64 below and above the
T and to describe the flow behaviour by a load partition model.
Therefore, the static recrystallization of the 3 phase is suppressed
by in-situ water quenching after hot deformation. Afterwards, the
crystal information of the martensite o’ formed during cooling is
used to reconstruct the parents of the - phase by a novel algo-
rithm. Finally, a common description of the restoration of Ti64 and
a near-f3 Ti-5Al-5Mo-5V-3Cr-1Zr (Ti55531) alloys is developed in
a Derby's type equation.

2. Methodology
2.1. Materials

The materials selected for the present work are a Ti64 and a
Ti55531 alloy. Contrary to Ti64, Ti55531 retains the  phase at
room temperature after cooling, allowing its crystallographic
analysis by electron backscatter diffraction (EBSD) and thus, a
comparison of similar microstructural behavior. The Ty of the Ti64
and Ti55531 are 1000 °C and 803 °C, respectively.

The as received materials were double melted, pre-forged, solution
treated and aged below the Tp. The Ti55531 alloy was heat treated at
the deformation temperature and kept to reach equilibrium and a fully
recrystallized state [22]. The obtained microstructure consists in pri-
mary globular o phase embedded in 3 grains.

The commercial Ti6Al4V alloy presented a bimodal micro-
structure with primary o grains partially interconnected. Since the
a grains were not 100% recrystallized during the cogging process,
some grains elongated in the direction of the cogging were ob-
served [23].

2.2. Hot compression tests.

Hot compression tests of Ti64 cylindrical samples of 10 mm
diameter and 15 mm length were carried out at 930, 950 and
1030 °C at 0.01 and 1s~' of strain rate and up to 0.7 of global
strain using a Gleeble" 1500 device. Samples were taken from the
cogged ingot, and were compressed in the perpendicular direction
with respect to cogging. The specimens were heated and held at
930 and 950 °C for 30 min and at 1030 °C for 10 min before de-
formation. The samples were immediately in situ water quenched
after hot deformation with a cooling rate of 7000 K s~ ! measured
at the surface of the sample. Finite element simulations (DEFORM
™ 7D) showed a cooling rate in the middle of the sample up to
500 °C of 200 K s~ . The high cooling rate was achieved because
the ohmic heating system heats only the sample while the
chamber remains cold and because a water jet unit was used.
Thus, static restoration of the [ phase and diffusion controlled
phase transformation were both suppressed to obtain a “pure”
martensitic transformation during cooling.

The hot compression tests for the Ti55531 were carried out
with the same device at temperatures between 743 °C and 843 °C,
and strain rates from 0.001 to 10 s~ !, as described in [24,22]. For
this alloy, the P phase was retained after the same water
quenching procedure as used for Ti64 due to the large amount of
[-stabilizers alloying elements.

The flow curves at high strain rates were corrected by the self-
heating effect using general thermodynamic assumptions of the
first law, and a constant Taylor-Quinney parameter of 0.8.

2.3. Metallographic analysis

Ti64 and Ti55531 deformed and water quenched samples were
metallographically prepared. Specimens were cut parallel to the
load axis and mechanically ground and polished. The final pol-
ishing step was done using 0.05 pm colloidal silica suspension
(OPS). The EBSD-measurements were performed on a Zeiss-Ultra
55 equipped with a CCD Digiview camera from EDAX-TSL. An ac-
celeration voltage of 20 kV and a beam current of 6.6 nA were used
to obtain high quality pattern. The EBSD data were analyzed with
the OIM analysis software v7.1 from EDAX. With an appropriate
specimen preparation the fine o’ phase was resolved with an
average CI of 0.4 over all measured points. After data cleaning,
grains were obtained by clustering pixels with a misorientation
angle lower than 11°. High Angle Grain Boundaries (HAGB) were
defined to have a misorientation angle larger or smaller than 11°
and called grain boundaries, while Low Angle Grain Boundaries
(LAGB) were defined below 11° and called subgrain boundaries.

Grain orientation dispersion (GROD) and Kernel average mis-
orientation (KAM) maps [25] were used to distinguish subgrains
and highly local misoriented zones, respectively. In a GROD map,
each point is colored according to its disorientation angle with
respect to the average orientation of the grain, and the color scale
goes from blue for an angular deviation of 0° to red for 50°. The
pixels of the orientation maps are colored with the classical in-
verse pole figures code wrt. The compression axis corresponds to
the vertical direction in all pictures.

Finally, the B-subgrain size was obtained by the ASTM inter-
ception method [26] of the orientation and GROD maps. A mean
value of a diameter was obtained for each combination of strain
rate and temperature.



2.4. Parent reconstruction

The B-phase was reconstructed from the o orientations of EBSD
maps with Merengue 2 software that uses a procedure based on
[27] but with some recent improvements to account for the de-
formed P microstructure. This procedure assumes that the o
crystallographic domains (i.e. the o’ needles) have a strict Burgers
orientation relationship with their parent f grain. The procedure
involves three steps. In the first step, the initial domains were
identified. They correspond to adjacent pixels disoriented by an
angle lower than 3°. Sometimes domains inherited from different
parent may have a disorientation angle lower than 3°. To ensure a
correct identification of domains, the Anti-Leak Grain Identifica-
tion (ALGrld) [28] was applied using a disorientation angle
threshold of 0.2°. In the second step, each domain and its first
neighbors are considered. If most domains can be related to a
unique P parent orientation with a tolerance angle around the
Burgers relationship of 3°, a fragment of known  orientation is
formed. In the last step, the domains not corresponding to these
fragments were added recursively to adjacent fragments if they
were related to the Burgers relation with a tolerance of 4°. The
reconstructed § orientations were obtained with an angular re-
solution of ~2°. The Burgers relation used was (110)3//(0001)c ,
[1-11] B//(11-20)a, which can be expressed as Euler angles: (45 90
5.265 or 45 90 35.265) depending of the convention used for hcp
crystal reference frame. For microstructures deformed below Ty,
the primary o were identified manually prior to the reconstruction
of the P phase. The reconstruction was performed with a high
reliability: 85% of the o’ had more than four different neighboring
variants.

3. Experimental results

The flow curves of both materials for different temperature and
strain rates are depicted in Fig. 1. Ti55531 showed steady state
after an initial peak for samples deformed up to 0.1 s~' and con-
tinuous softening at higher strain rate. In the case of Ti64, steady
state flow was the predominant behavior in all the curves.

Fig. 2 shows the measured and reconstructed crystallographic
orientation maps of Ti64 of deformed and water quenched spe-
cimens. The martensite o' phase presents a typical needle shape
structure (Fig. 2(a) and (c)). Although the high cooling rate
achieved, a primary o- grain boundary was formed by diffusion in
the sample deformed at 1s~! (indicated by an arrow). The pre-
ferred crystal orientations of a’ already allowed some distinction
of prior B grains.

a

Ti55531

10s

True Stress (MPa)

0.1s”

True Strain (-)

0.001s™

Fig. 2(b) and (d) shows the  phase reconstructed from (a) and
(c), respectively. The reconstructed orientation maps revealed
misorientations within f} grains, serrated HAGB and subgrains. A
homogeneous substructure was formed during deformation at the
low strain rate, while heterogeneous misorientation distribution
within the -grain was observed at the highest strain rate. The
increment in the misorientation towards the grain observed in
Fig. 2(d) generated new HAGB. Similar microstructural features
were already observed in hot deformed Ti55531 alloy [24,22] and
are shown in Fig. 3 after deformation at 823 °C.

Grain orientation deviation maps (GROD) in Fig. 4 allowed a
clear evaluation of the subgrain structure in the [ phase. Both
GROD maps of Ti55531 and of Ti64 samples deformed at high
strain rates (Fig. 4(b) and (d)) show highly misoriented zones close
to HAGB and at deformation bands. New grains were identified by
low values of GROD.

Fig. 5 shows the original and reconstructed orientation maps of
the Ti64 alloy after hot deformation for two different conditions
below Tg. The microstructure is composed by deformed primary o,
and martensite transformed from the f-phase during rapid cooling
(Fig. 5(a) and (d)). There is neither distinction of the f prior grains,
nor of its substructure. The primary o grains show a clear sub-
structure after deformation at 930 °C and 0.1 s~! and 950 °C and
1s~'in Fig. 5(b) and (e), respectively. Additionally, it is observed
that the amounts of primary o phase at the deformation tem-
perature are different, 0.40 and 0.28 respectively, and that the
primary o phase elongates more markedly at higher strain rates
[23]. The parent  phase reconstruction done in Fig. 5(c) and
(f) reveal P grains and subgrains with low internal misorientation.

The GROD maps in Fig. 6(a) and (b) allows a better distinction
of the subgrains for quantification. The [ subgrain size was de-
termined for the first time in a Ti64 as a function of the de-
formation parameters and the results are plotted together with the
subgrain size of Ti55531 in Fig. 7. Two different symbols are used
to identify the subgrains in the material after deformation in the
single phase field, i.e. above the T, and in the o+ field. In gen-
eral, the tendency shows that the [-subgrain size increases with
increasing the temperature and decreasing the strain rate. The
data for subgrain size for near-f titanium alloys appearing in table
[29] is in good agreement with the values obtained in Fig. 7.

4. Modeling
4.1. Single phase model

The microstructural features can be correlated with the stress

Ti64
150 ——930°C
——950°C
125 | - - -1030°C
100 - 16
= //{
g 75 T 15"
& v |
0.1s
S 50 1
E  |----—— -, e e - 1s
25
___________________________ 0.01s™
0 T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6

True Strain [-]

Fig. 1. Flow curves for different strain rates and temperature: (a) Ti55531 and (b) Ti64.



Fig. 2. Orientation maps of Ti64 (a), (c) deformed at 1030 °C, 0.01 and 1 s~ ', respectively, showing the martensitic «’ structure after deformation and water quenching. (b),
(d) p-phase reconstructed from (a) and (c), respectively showing substructure within grains, HAGB in black, and LAGB in white.

values, using a form of Derby's type relationship (Eq. (2)). The
shear moduli for the used materials are assumed to have a linear
relationship with respect to the temperature (in °C) as follows:
Grisgg4=50—-20.6T and Gris5531=51.6—-319T [30] The Burgers
vector value used is b=0.00026 pm [31]. The flow stresses nor-
malized by G are plotted against the [} subgrain sizes 5, normalized
by b in Fig. 8 for both materials deformed above Tg. The final ob-
tained equation in the f field is

o_ﬁ B 342(5_[5)—0.641
G T\b 5)

Although the values of K, and p are within the expected values,
the equation as written means that the total stress is produced by
the formation of substructure. Instead, the total stress is a combi-
nation of many factors such as the strength of the pure metal, the
solid solution strengthening, among others [32] plus the stress
variation produced during the deformation. During dynamic re-
covery, the formation of the substructure occurs in the transient
state as illustrated in Fig. 9. Therefore, if the starting microstructure
is fully recrystallized, only the increment of the stress values re-
presents the formation of dislocations and their annihilation and

arrangement in subgrain boundaries. The following expression of
the flow stress in the single-phase field adapted from [33] expresses
this increment in the stress due to dynamic recovery, as illustrated
with a dashed line in Fig. 9, where oy=0pry

os _ oo+ Ac _ oo +1<3(5_ﬁ)"’

G G G b ©)

The stress ¢y represents not only the yield stress of the pure
metal, but also considers the contribution of precipitates and so-
lution elements. Assuming that these two contributions remain
constant during the deformation, ¢y can be obtained from the
experimental values of the stress at zero plastic strain. The incre-
ment in the stress Ac is related to the increment of the dislocation
density. It can be considered that these dislocations form sharp
subgrain boundaries at high temperatures. The correlation of the
subgrain size with the increment in the stress is shown in Fig. 10,
from which the following expression is found:

—0.68
Ao _ 0.83(‘31)
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Fig. 3. Orientation maps of the retained § phase in Ti55531 after deformation at 823 °C and (a) 0.001 s~ ! and (b) 1 s~ ! showing homogeneous and heterogeneous sub-
structure formation, respectively. Sample shown in (b) was not used for the subgrain size estimation.

4.2. Load partition model

For multiphase materials, Eq. (4) is used combined with the
concepts shown above to determine the contribution of the o
phase to the steady state flow stress and to the peak stress when
deformation occurs in the two phase field

Oss = O-uSSf(x + op ssfb 8
and
Opeak = O« peakfa + op peakfb (9)

The volume fraction of the phases was determined experi-
mentally [23,24]. Assuming that Eq. (5) can be applied for the two
phase field then, the global stress in general is expressed as

6=fa(0'0+AO'a) +fﬁ(ao+A0'|3) (10)

Again, o represents the contribution of phases, precipitates
and alloying elements to the yield stress, it is determined from the
stress at cero plastic deformation in the two phase deformation
range, and it is assumed to be a contribution of both phases in a
rule of mixtures way. Following the experimental observations, it
is considered that the P phase form subgrains, thus applying Eq.
(5) for the B behavior

o P
op = 00 + Aoy = 6o + GIG b an

0y = 60 + Aoy 12)

Ao, is used to represent a contribution related to the micro-
structural changes in o phase

The contribution of the phases to the total stress is obtained
using the relationships (10) and (11)

c 00 + Acy 00 S )_p

—=f——=+f| =+ K| —-

2 =0t fﬁ[G (4 ”
Ao, is calculated from Eq. (11), once o is calculated from Eq.

(10), assuming that K3 and p values remain the same as in the

single phase deformation (as shown in Eq. (6)). The stress

increment value Ag, is related to the changes in the microstructure
of the a phase, meaning it increases if the dislocation density
within this phase increases.

The calculated steady state stresses in o and in the  phases are
plotted in Fig. 11(a) using Eqs. (10) and (11).

Considering that 3 phase recovers, the value of ¢, at the peak
stress and at steady state must be the same. Therefore, the same
procedure described above was carried out to calculate ¢, at the
peak stress opeq and the results are shown in Fig. 11(b).

5. Discussion

In the present work, evidence of DRV in the p-phase of Ti64
was proved thanks to the combination of the fast quenched mi-
crostructure after deformation and the crystallographic re-
construction of the f-phase parents using the EBSD data of the
martensitic phase. The evidence of the DRV was given by the
formation of subgrains and subgrain boundaries, similarly to that
observed in diluted B-phase of near B-titanium alloys such as in
Ti55531. No evidence of discontinuous recrystallization was ob-
served in the P-phase. Instead, new grain formation by continuous
lattice rotation was observed close to the prior 3-grain boundaries
in the samples deformed at high strain rate above the Ty and for
both materials.

The use of a simple model to determine the dependency of the
subgrain size with the stress was used. It was shown, that the
exponent and the constant values used in the Derby type equation
were closer to the literature values when using the increment in
the stress produced by the formation of the substructure in 3 than
when using the total stress value. On the other hand, the exponent
p was found to be equal to 0.688, a value lower than the one ex-
pected by the formation of subgrains. One reason of discrepancy
may be that subgrains are not completely polygonised, and that
subgrains are more alike cells instead of sharp boundaries. This
microstructure can be physically interpreted as not fully recovered.
The cell size §. can be expressed as a function of the geometric
necessary dislocations pGND, and the misorientation € as follows
[34]:



Fig. 4. Comparison of GROD maps obtained from: (a) and (b) reconstructed p parents in Ti64 for same deformation parameters as in Fig. 2, (c) and (d) from retained p phase
in Ti55531 at deformation parameters of Fig. 3. Blue (0°) to red (50°). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

_30
PGND = 5.b (14)

The steady state stress can be expressed as a function of the
dislocations density, and therefore, as a function of the cell size

o

00 ) 36
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G~ g ThPVrPann =g R B (15)

where K, usually takes a value between 0.5 and 1. Considering that
the misorientation remains more or less constant at moderate
strains, then the interdependency of the cell size and the stress
can be expressed as

—-0.5
£=@+mﬁqﬁ)

G G b (16)

with p=0.5. Comparing the p value obtained in our work, which is
between 0.5 and 1, we conclude that this should be as a result of a
non-fully recovered microstructure.

The second reason of discrepancy of the p value in the Derby
equation and the one found here could be the experimental

method to determine the subgrain size, as pointed out by Orlova
[19]. There is a general overestimation of the subgrain size by
EBSD measurements due to the formation of low misoriented
LAGB that cannot be detected by this experimental method, as
detected by TEM [35,36], meaning that only LAGB with a dis-
orientation angle well above the angular resolution of EBSD are
detected. It should be mention, additionally, that the angular re-
solution of the reconstructed maps is even worse than that of
measured orientations.

Subgrains formed in the - phase in the presence of a-phase
showed no large internal misorientations, as observed after de-
formation in the single phase field. This seems to be related to the
role of the a-phase in the deformation of the selected materials
and is corroborated by Kernel maps. Fig. 12 shows local Kernel
maps of the cubic phase (a) and the hexagonal phase (b) of a
Ti55531 sample deformed at 763 °C and 10 s~ '. While large mis-
orientations developed within the o phase, homogenously dis-
tributed subgrains free of misorientations were observed. When
plotting the Kernel map for the hexagonal phase of a Ti64 sample
deformed at 930°C and 1s '(c), deformation bands and



Fig. 5. Orientation maps of Ti64 after deformation below T; and water quenching showing (a) and (d) the EBSD measurement of both primary and martensitic a-phases.
(b) and (e) Separation of primary « grains and (c) and (f) reconstructed p after martensitic a-phase data treatment.

ST
| |

Fig. 6. GROD maps obtained from reconstructed p parents in Ti64 (a) and (b) corresponding to same deformation parameters as in Fig. 5, (a) and (d), respectively. Blue (0°) to
red (50°) scale. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

inhomogeneous local misorientation were determined. Since the
Kernel data can be correlated directly with the density of geo-
metrically necessary dislocations [37], it can be deduced that the
dislocation density in o is heterogeneously distributed, provoking
fragmentation of the grains, as reported in [38,23]. This frag-
mentation and rotation of the a-phase in a more convenient or-
ientation with respect to the load is responsible of the softening
observed in the flow curves [39].

Since the calculation of the stress in B-phase was extrapolated

from the single phase field into the two phase field, the interaction
of the phases was not taken into account. Although Fig. 11
(b) reveals, that the hexagonal o phase strengthens the material,
since in most of the cases o, is larger than ¢, an underestimation
of the stress values in o must occur. Fig. 13 was obtained plotting
the o, values in as a function of the strain rate and the amount of
primary «. It can be deduced, that by decreasing the amount of
primary «, this phase deforms less and behaves as a hard phase in
a soft matrix. Therefore, it pins low angle as well as high angle
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grain boundaries, strengthening the whole material. The pinning
effect is evident at very low amount of hexagonal phase. This is
illustrated by the Taylor factor map (Fig. 14) calculated considering
active the slip systems {110}, {112} and {123} in the 3-phase [30] in
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Fig. 10. Relationship between incremental stress normalized by the shear modulus
and p-subgrain size normalized by the burgers vector of samples deformed above Tj.

Ti55531 after deformation at 783 °C and 0.001 s~ ! of strain rate.
The CRSS value used was 1, according to what was reported for
similar crystal structures [40,41]. The dark colors with lower Taylor
values are related to easily formable regions due to the combina-
tion of crystal orientation and load direction. The arrows indicate
the boundaries mobility direction.

The increment of dislocation density in the o phase during
deformation can be correlated to the increment of the stress in the
a phase. This value is given by Ag, that is a function of the strain
rate and the temperature. Fig. 15 shows this correlation at the peak
stress and at the steady state stresses that can be mathematically
expressed as

3.9.108

Acyss = — 3195 + + 524 1In¢

a7

4.9.10°

Aoy peak = — 3985 + + 76 Iné

(18)

In general, it can be concluded that the stress increment in the
a phase will be larger at higher strain rates and lower tempera-
tures due to less dynamic restoration.

6. Conclusions

This work was carried out to elucidate the behaviour of the f3-
phase in two titanium alloys with an initial bimodal micro-
structure, as well as to find a common correlation of the developed
microstructure with the strain rate and temperature. While the
analysis of the P phase could be done from the EBSD measure-
ments in the near-f Ti55531 titanium alloy, almost no trace of the
[-phase could be identified after deformation and cooling in the
Ti64 titanium alloy due to the martensitic transformation. There-
fore, and for the first time, the substructure of its § phase could be
reconstructed and analyzed to get clear information of the re-
storation mechanism.

From the exposed above, we conclude that:

1. The fast cooling rate and the reconstruction of the -phase are
essential to understand the deformation mechanisms taking
place during hot deformation of o+ titanium alloys.

2. The use of GROD maps facilitates the understanding of the
crystallographic evolution within grains.
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Fig. 12. Kernel map samples deformed below T, showing the local misorientation of (a) and (b) Ti55531, (a) in p and (b) in « phases and of (c) Ti64 in the « phase

Misorientation calculated between 0° (blue) and 5° (red). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 13. Stresses in « as a function of the amount of « (in vol%) and the strain rate.

. The reconstructed p-phase shows not only the shape of p grains,
but also the formation of substructures and the local misorientation

within them, are a clear sign of dynamic recovery. There is no
evidence of discontinuous DRX at the studied conditions.

Fig. 14. Taylor factor map in the p-phase of Ti55531, showing pinning effect of the «
phase in the high angle (white) and low angle grain boundaries.
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Fig. 15. Increment of the stress value in « as a function of the temperature and the
strain rate.

4. Similar deformation mechanisms take place in the p-phase of
both studied alloys: DRV followed by ¢cDRX at high strain rate
and DRV solely at low and moderate strain rates.

5. Stress and substructure size can be correlated by a Derby ex-
pression form. A more physical description is done, when the
increment and re-arrangement in the dislocation density is
considered as the only mechanism to form subgrains. Since the
changes in the dislocation density is not given by the total
stress, but by the increment in the stress, the subgrain size
should be correlated only with this increment of the stress.

6. A p exponent value of 0.7 in the modified Derby equation was
found as a result of cell formation and limitation of the EBSD
technique.

7. The stress in the two phase field was analysed using a rule of
mixtures that did not take into account interactions between
the phases. The model can be used to describe the dependency
of the stress in the hexagonal phase as a function of the strain
rate and phases amount. Low amounts of o phase support large
stresses and pin f-boundary migration.
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