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Abstract

The effect of deformation temperature and strain rate (collectively described by the Zener-
Hollomon parameter Z) on the deformation mechanism and texture formation of the
metastable f-titanium alloy Ti5321 across the p-transus temperature during hot-compression
was investigated by electron backscatter diffraction. In the p-phase field, it is found that the
deformation behavior and texture formation varies depending on Z. With decreasing Z
dynamic recovery and dynamic recrystallization become more and more important. The
activation energy for steady state deformation is 240 kJ/mol and 370 kJ/mol in the - and
(a+p)-phase field, respectively. The texture developed is a <100> <111> double-fiber with
<100> dominating at all deformation conditions. The <111> fiber gets more prominent with
increasing Z suggesting that it is mainly related to deformation. Flow softening behavior of
Ti5321 is associated with dynamic globularization of the a-phase and promotion of £-grain

formation by continuous dynamic recrystallization.
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1. Introduction

Metastable g-titanium alloys are attractive materials for aerospace application due to their
high strength and good workability [1-4]. Their mechanical properties are very sensitive to

thermo-mechanical processing (TMP) which in a targeted manner allows adjusting

microstructure and texture [5-7]. In order to not only relying on empirical optimization of

TMP, it is important to have a fundamental understanding of the relationship

between processing variables, microstructure, texture and corresponding deformation

behavior. Generally, TMP through deformation temperature and strain rate affects the
deformation behavior with respect to work-hardening and dynamic recovery (DRV) as well as
dynamic recrystallization (DRX) leading to flow softening [1, 8]. While work-hardening of
metastable g-Ti alloys has not been reported frequently, flow softening has been found in
titanium alloys, such as Ti-5Al-5V-5Mo0-3Cr (Ti5553) and Ti-7Mo-3Nb-3Cr-3Al (Ti7333),
when deformed in the subtransus region [9-11]. The flow softening was correlated with
adiabatic heating and dynamic precipitation of the a-phase [12]. In a variety of alloys, DRX is
one of the most promising mechanisms for grain refinement [13]. DRX can be classified into
discontinuous dynamic recrystallization (DDRX) and continuous dynamic recrystallization
(CDRX) [8, 14, 15, 16]. During DDRX, which is taking place at elevated temperatures, new
grains evolve by nucleation and growth [14]. On the other hand, CDRX with increasing strain
is characterized by a gradual transformation of low angle boundaries (LAGBS) into high angle

grain boundaries (HAGBSs) [13, 14]. CDRX was found during compression of Ti-5Al-5Mo-



5V-3Cr-1Zr (Ti55531) at comparatively high strain rates and strains above 50% [17, 18].
Zhao et al. [19] verified CDRX in Ti-10V-2Fe-3Al (Ti1023) by progressive lattice rotation
from the center to the edge of deformed grains.

In addition, deformation temperature and strain rate, conveniently described by the
Zener-Hollomon parameter Z, affect mechanisms of deformation and DRX, i.e.
microstructure and texture formation [16, 20, 21]. DRX has been found for In Z < 21 in Ti-
15V-3Cr-3Sn-3Al (Ti153) with the volume fraction of DRX increasing with decreasing Z [22].
CDRX has also been observed in Ti1023 at high strain rates and low temperatures (high Z
value) [19]. Regarding texture formation, it was reported that during rolling of aluminum
alloys the stability of the texture components {011}<211> (*Brass”) and {100}<100>
(“Cube”) increases as Z decreases [20]. In y-TiAl a sharp fiber texture develops during
compression at low Z conditions, while in nickel and copper after DRX the opposite has been
observed [16]. However, in titanium alloys studies on the Z dependency of texture during hot
compression are still very limited.

Therefore, it is the aim of the present investigation to systematically study the deformation
behavior and texture formation in Ti5321 during hot-compression in the g- and (a+f)-phase
field under the influence of deformation temperature and strain rate. This metastable g-Ti
alloy with nominal composition of Ti-5Al-3V-3Mo-2Cr-2Zr-1Nb-1Fe (wt.%) has been
recently developed [23, 24]. It exhibits an excellent combination of strength and fracture
toughness. These properties are suitable for large-scale structural applications in aerospace
[23]. The study of microstructure and texture evolution and related deformation behavior can

be used to optimize TMP of Ti5321.

2. Experimental

The metastable Ti5321 alloy used was produced by the Northwest Institute for Nonferrous

Metal Research in China by bar-rolling in the (a+f)-phase field. According to the chemical



analysis performed in [23] with inductively coupled plasma - atomic emission spectrometry
(ICP-AES) the composition of the ingot alloy is given as: Ti-5.02Al-3.03Mo0-2.99V-2.06Cr-
2.01Zr-1.37Nb-0.99Fe-0.004N-0.0011H-0.0640, in wt.%. The p-transus temperature (Tp) of
the alloy measured by the metallographic method is (1128 + 5) K [23, 24]. Prior to
compression the specimens were solution-treated (ST) at 1173 K for 1 h followed by water
quenching.

Hot-compression tests were conducted on a Gleeble-3800 thermomechanical simulator
using cylindrical samples with 12 mm height and 8 mm diameter. In order to minimize
friction, all the sides of the samples were mechanically grinded. A thermocouple welded at
mid span of the specimens was used to control and measure the processing temperature. In
order to further reduce friction and keep the deformation uniform, thin tantalum sheets were
placed between compression specimen and dies. The compressive tests were performed at
initial strain rates of 1 s, 0.1 s* and 0.01 s to an engineering strain of 60% (in the following
just called strain) at temperatures between 1023 K and 1223 K with an interval of 50 K.
Below Tp at 1023 K, 1073 K and 1103 K, before compression the samples were held at the
corresponding temperature for 2 min in order to form more a-platelets. As soon as the
deformation was finished, the samples were water-quenched to retain the high temperature
deformation microstructure. All compression tests were performed in vacuum.

The investigation of the microstructure was carried out through electron backscatter
diffraction (EBSD) in a Zeiss ULTRA 55 scanning electron microscope (SEM). In order to
achieve the surface quality required for EBSD examinations, specimens were prepared by
conventional grinding (final step: wet SiC-paper 4000 grid), and electropolishing in a solution
of one part perchloric acid (70 vol.%) and nine parts of ethanol using a voltage of 40 V for 40
s while keeping the electrolyte at —14°C.

The EBSD mappings were performed at an operating voltage between 10 kV and 20 kV.

A step size of 3 um was applied to collect data over large areas; a smaller step size of 80 nm



was used for detailed analyses. The EBSD maps were always taken with the compression axis
(CA) parallel to the SEM image vertical (SEM Y) and the radial direction (RD) parallel to the
SEM image horizontal (SEM X). For the calculation of inverse pole figure (IPF) maps the
EBSD data were rotated by 90° about the radial direction (RD). Thus, coloring of IPF maps is
with respect to CA. Pole figures (PFs) were also calculated from the EBSD data, viewed from
the denoted plane CA-RD. To ensure the accuracy of each PF with regard to grain statistics, at
least two EBSD mappings were carried out so that in total more than 1000 grains were
included. The data acquisition and analysis was carried out using HKL Channel 5 EBSD
software. The texture of the p-phase below Tp was separated by removing the a-phase
orientation data from the EBSD mapping. The volume fractions of texture fibers (15°
orientation spread) were calculated using HKL Channel 5 EBSD software. The grain size was
determined by the line intercept method of HKL Channel 5 EBSD software. Recrystallized
grains were identified through the grain orientation spread (GOS) method. GOS is defined as
the average deviation in orientation between each point inside a grain and the average
orientation of the grain [25]. Internal misorientation within grains is one of factors showing
strain distribution and stored energy [25-27]. A high GOS value indicates a relatively high
density of dislocations, i.e. high amount of stored energy, whereas recrystallized areas are
characterized by relatively low dislocation density and a low GOS value. A grain is
considered as recrystallized for GOS less than 2°.

The micro-hardness at room temperature (RT) was tested by a Vickers hardness tester
applying a load of 300 gf for 15 s. Ten tests were conducted for each condition, the average

values are presented.

3. Results
3.1. Initial microstructure

The ST Ti5321 is fully recrystallized and consists of equiaxed grains with an average size of



165 pm (Fig. 1 a). As shown by the {100} and {111} PFs in Fig. 1b extracted from three
EBSD maps including about 500 fS-grains, the ST Ti5321 bars do not exhibit a particular
texture. Due to the limited statistics of EBSD with respect to texture, the peaks visible in the
PFs can be attributed to few large grains. Therefore, the authors assume that at this stage the

bars had an almost random texture.
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Fig. 1: (a) EBSD mapping in the CA-RD plane plotted as CA-IPF after 1 h solution-treatment
at 1173 K and water-quenching to room temperature (ST state); (b) corresponding {100} and

{111} PFs of the p-phase.

3.2.  Flow behavior

Figure 2 presents the compression flow curves of Ti5321 at different temperatures and strain

rates. Generally, the flow stress decreases with increasing temperature and decreasing strain

rate. The true stress - true strain curves can be subdivided into three different trends indicating

different deformation mechanisms depending on deformation temperature and strain rate:

Q) Above Tg, the flow curves show work-hardening behavior at the highest strain rate of
1 s, which is rarely observed in other g-Ti alloys, including Ti55531 [17, 18], Ti1023
[19] and Ti5553 [10].

(ii)  The flow curves for 0.01 s*above 1073 K show a discontinuous yielding followed by
steady state flow.

(i) Below T, the flow curves exhibit flow softening behavior. The extent of flow

softening increases with decreasing temperature.
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Fig. 2: True stress — true strain curves of Ti5321 compressed at different temperatures and

strain rates.

3.3.  Constitutive relationships

During stationary hot-deformation flow stress o, strain rate & and deformation temperature T
are interrelated according to the constitutive equation [28]:

. (3

&= Alsinh(co)]'e"™’, 1)

with Q activation energy, R gas constant, n stress exponent, A and ¢ material constants. At

low stresses, eq. (1) reduces to the commonly used power-law relationship [28]:
&)
&=Ac"e'\R/, (2)

For constant temperature, this can be checked by a double-logarithmic plot (eq. (3))

Ing':A—g+nlna. €))
RT

In the case of a linear dependency n is given by the slope (Fig. 3). Above Tg n O 3.7, below it

is increasing to 5.6.

For ¢ = const, Q is obtained from the slope of the Arrhenius plot of strain rate against



reciprocal deformation temperature (Fig. 4). Below and above Tg the activation energies are
370 kJ/mol and 240 kJ/mol, respectively. The Q value obtained in the (a+p)-phase field is
higher than those reported for alloys Ti1023 (294 kJ/mol) [29], Ti55531 (275 kJ/mol) [18]
and Ti5553 (183 kJ/mol) [2]. The Q value obtained in the g-phase field is higher than that of

self-diffusion in pure Ti g-phase (153 kJ/mol) [30].
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Fig. 3: Strain rate as a function of stress at 60% strain according to eq. (3) for different

temperatures.
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Fig. 4: Arrhenius plot for determination of the activation energy in the 5- and (a+/)-phase

field. Strain rates are taken from Fig. 3 at a stress of 118 MPa.

3.4. Microstructure and texture evolution

During hot-deformation the microstructure and texture evolution with strain depends on
deformation temperature and strain rate. These deformation parameters are often combined to

a single parameter, the Zener-Hollomon parameter Z, which is defined as

Z = éeRT, (4)

Figure 5 shows the EBSD results of the samples compressed at different temperatures and
strain rates to a strain of 60%. For all conditions In Z is also given. Figure 6 provides details
of the hot-deformation microstructure. In comparison to the initial microstructure (Fig. 1), a
change of morphology and orientation of grains after hot-compression at 1023 K to 1223 K is
evident.

After deformation at 1103 K, 1173 K and 1223 K, at the highest strain rate of 1 s?, the
grain boundaries are almost straight (Figs. 5 and 6), and a subgrain structure forms within
prior existing grains. At lower strain rates, the grain boundaries become more and more
serrated. Above Tg at high strain rate (1 s), subgrains form at the rim of prior existing grains,
whereas when the strain rate decreases to 0.01 s the deformation leads to a more uniform
distribution of LAGBs (Fig. 6). With increasing deformation temperature the grain boundaries
also become more and more serrated. After deformation below Tg the grain boundaries are no

longer serrated for any strain rate.
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Fig. 5: EBSD CA-IPF maps of Ti5321 hot-compressed at different strain rates and
temperatures, respectively In Z. The grains are colored according to a standard color code
presented as an IPF with respect to CA. LAGBs with misorientations from 3° to 15° are
colored in white, HAGBs with misorientations larger than 15° in black. (sample reference

system as in Fig. 1)
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Fig. 6: EBSD grain boundary maps (HAGBs in black and LAGBs in green) in samples
deformed at different strain rates and temperatures, respectively In Z. (sample reference

system as in Fig. 1)

Below Tg, the DRX volume fraction is insignificant (< 1.5%) for most of the samples and
therefore is not shown in Fig. 7. Above T, it distinctly rises with increasing deformation
temperature and decreasing strain rate. At 1223 K, the extent of increase with decreasing
strain rate (from 1 s to 0.01 s?) is 24%, while it is 14% for deformation at 1173 K. The
evolution of recrystallized grain size of samples deformed above Tg is shown in Fig. 8a. A
good correlation of the size dr and In Z is found above Tg (Fig. 8b). The experimental
relationship can be expressed as:
dr=-73InZ+178.6 (5)

The size of the recrystallized grains rises with increasing deformation temperature and
decreasing deformation rate.

After deformation at 1223 K and a strain rate of 0.1 s, only a small amount of

recrystallized grains is formed. In addition, CDRX takes place (Fig. 9). As shown in Fig. 9,



some small grains are formed along prior p-grain boundaries. The orientation of the
recrystallized grains (1 to 5) is demonstrated by three-dimensional graphics (Fig. 9a) and PFs
(Fig. 9b). The misorientation across a prior grain is given in Fig. 9c. In Fig. 9b the upper and
lower {100} and {111} PFs show the orientations of two prior g-grains and the small
recrystallized grains (1 - 5), respectively. From Figs. 9a and b it is found that the
recrystallized grains are rotated from prior f-grains by different amounts. Apparently, there is
a cumulative misorientation from center to edge of the deformed grains (Fig. 9c).

Figure 10 shows DRX grains (in blue color) as defined by GOS in samples deformed with a
strain rate of 0.01 s at 1223 K ((a) - (c)) and 1173 K ((d) - (f)). The majority of DRX grains

exist in the vicinity of HAGBs of prior S-grains.

30

1223 K

1173 K

10

Recrystallized volume fraction [%]

T T T
0.01 0.1 1 10

Strain rate [s”]
Fig. 7: Recrystallized volume fraction as a function of strain rate for samples hot-compressed

above Tp.
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Fig. 9: (a) EBSD CA-IPF map of Ti5321 alloy hot-compressed to a strain of 60% at 1223 K
and a strain rate of 0.1 s (white framed area in Fig. 5 b). In (b) PFs present the orientation
data of some selected colored grains. The upper and lower PFs present the orientations of two
prior p-grains and the recrystallized grains 1 to 5, respectively. (c) shows the point-to-origin
misorientation along the black arrow towards the lower HAGB. (sample reference system as

in Fig. 1)



Fig. 10: DRX grains separated by the GOS method (in blue color) in samples deformed at a
strain rate of 0.01 s™ (a, d) with corresponding CA-IPF mappings (b, €) and {100} and {111}
PFs (c, f). The deformation temperature is 1223 K (a to ¢) and 1173 K (d to f). (sample

reference system as in Fig. 1)

The dominant red and blue color after all hot-deformation conditions in Fig. 5 reveals a
<100> <111> double-fiber texture (<100> and <111> preferentially oriented parallel to CA).
Fig. 11 shows the corresponding {100} PFs. A quantitative analysis of both fibers is shown in
Fig. 12.

Above Tg, the volume fraction of the <100> fiber decreases with decreasing temperature,
while for <111> it is increasing (Fig. 12a). In parallel the same behavior should be observed
for increasing strain rate, but it is only seen for <111>. Plotting the volume fraction vs. In Z
yields a decreasing trend for <100> and an increasing one for <111> (Fig. 12b). In the (a +
p)-phase field, the volume fraction of the <100> fiber follows the same trend with In Z as in
the S-phase field (Fig. 12b). In contrast, <111> does not increase further, but instead shows a
larger spread. It should be noted that texture measurements with EBSD are hard to fulfill the

necessary grain statistics and therefore the trends described should be treated with care.
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Fig. 11: {100} PFs of the p-phase in Ti5321 following hot-compression at different strain
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(@)

@
o

40 \\-
1| —=—1073 K
304 —*— 1103 K
1173 K

Volume fraction of texture fibers [%]

o

/'
1 <100~ fiber * ><
50 \.

Jp || —T—1223K —
] 24
104 <111> fiber )‘<

T
0.01 0.1 1

Strain rate [s ]

Fig.

(b)

Volume fraction of texture fibers [%]

60+

50+

404

30+

20+

[ m <100> fiber
® <111>fiber

T T T T T
20 25 30 35 40
InZ

12: Volume fraction of <100> and <111> texture fibers as a function of strain rate at

different temperatures (a) and Z parameter (b) for hot-compressed samples. The shaded area

in (b) is bordered by the maximum and minimum In Z value for Tg in the £ and (a+ f)-

phase field, respectively.

3.5.

Characteristics of a-phase and micro-hardness

Below Tg, the DRX volume fraction is insignificant (< 1.5%) for most of the samples and

therefore is not shown in Fig. 7.

Figure 13 shows CA-IPF maps of the a-phase in samples deformed at 1023 K and 1073 K at

different strain rates. The volume fraction of the a-phase is smaller at 1073 K than at 1023 K,

and microstructural evolution of the a-phase at different strain rates below Tg shows a similar

trend. Therefore, in Fig. 13 at 1073 K, the CA-IPF map of the a-phase is shown only for a



strain rate of 0.01 s™. Fig. 14 shows mean values of the microstructural features of a-grains in
samples hot-compressed at 1023 K. The a-grains do not indicate significant differences in
their size and shape at any strain rate.

The micro-hardness after different deformation conditions is shown in Fig. 15. It is
obvious that the micro-hardness of samples hot-compressed at 1023 K and 1073 K is higher
than that of samples compressed at higher temperatures. At the lowest temperature of 1023 K,
the micro-hardness increases with increasing strain rate, while for the rest it is almost

independent. It is interesting that above 1103 K the micro-hardness is almost constant.
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Fig. 14: Mean values of the microstructural features (aspect ratio and size (area)) of a-grains
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Fig. 15: Micro-hardness of samples deformed under different deformation conditions.

4. Discussion

The differences in flow behavior above T indicate two distinct deformation mechanisms. The
flow curves for £= 0.01 st at 1223 K and 1173 K exhibit a quick rise of the stress to a
plateau and subsequent steady state flow. This behavior is characteristic for DRV balancing
work-hardening during deformation [20]. Work-hardening is due to dislocation multiplication
and interaction, while DRV takes place by climb and/or cross-slip of edge and/or screw

dislocations, respectively [14, 20]. DRV was reported as the dominant restoration mechanism



in many S-Ti alloys, such as Ti1023, Ti5553 and Ti55531 [2, 18, 19].

Different deformation mechanisms were found depending on deformation temperature
and strain rate, most suitably characterized by Z. At the lowest possible temperature above Tg
and highest strain rate (T = 1173 K and £= 1 s?, In Z = 24.6), work-hardening dominates,
whereas at the highest temperature above Tg and lowest strain rate (T = 1223 K and &= 0.01
s, In Z = 19.0) DRV prevails. Similar observations were reported for other metals (e.g. Ni
and Cu). In general, the shape of the flow curves changes with Z indicating a change in
deformation behavior [16].

Small stress oscillations are observed in Figs. 2a and b for £= 1 s. Such a serrated flow
behavior, but with decreasing amplitude with increasing strain, is generally associated with
DRX at low strain rates and high temperatures (low Z value) [15, 20]. A transition from single
peak to multiple peaks happens with decreasing strain rate [16]. However, in this study
multiple peaks are observed at high strain rate, and the volume fraction of DRX is very low
(<5%) as shown in Figs. 5 and 7. Thus, the stress oscillations in the flow curves may not be
related to DRX, but, very likely are the result of a control problem of the thermomechanical
simulator at high strain rate.

Additional information on the deformation mechanism is provided by the activation
energy Q estimated. In the present case, Q in the g-phase field is higher than that reported for
Ti self-diffusion in the pure S-phase (153 kJ/mol) [30]. The difference has been attributed to
the influence of alloying elements [31]. The break-up of a-platelets during isothermal
deformation leads to an increase of the activation energy. This was confirmed in Ti5553. The
activation energy of 183 kJ/mol reported for Ti5553 with the (at+p)-phase being the initial
microstructure deformed in the (a+p)-phase field is lower than that of the same alloy with a
pure S-phase as initial microstructure [2, 10]. The Q value obtained in the (a+p)-phase field is
higher than that found for Ti1023 (294 kJ/mol) [29], Ti55531 (275 kJ/mol) [18] and Ti5553

(183 kJ/mol) [2]. This may be due to the comprehensive effect of amount, morphology and



dynamic globularization of the a-phase [10, 18, 31].

4.1.  Dynamic recrystallization

After hot-deformation the microstructure of metals has been found to depend on Z [16, 20]. In
this work, this dependence is discussed on samples compressed above Tg. Z influences the cell
and subgrain structure and, thus, affects DRX. A good correlation of the size of recrystallized
grains and In Z has been found (Fig. 8b).

The evolution of microstructure can be explained as follows. It has been reported that
DRV plays an important role during DRX, especially in the early stage of recrystallization [19,
32]. At temperatures just above Tg and high strain rates (T = 1173 K, £¢=1s?, In Z = 24.6,
Fig. 6f), a three-dimensional subgrain structure is found. Such a dislocation arrangement
usually starts close to HAGBs, where the dislocation density is typically higher than in the
grain interior. It has been discussed above that at this deformation condition work-hardening
still dominates, however, the mobility of HAGBs is low. As a result, almost no recrystallized
grains are found. With decreasing Z, enabled by the lower strain rate and higher temperature,
HAGB:s of the original grains bulge into the neighboring subgrain structure (Fig. 6b) [20],
while at the lowest Z (T = 1223 K, £=0.01 s, In Z = 19) the deformation is dominated by
DRV (Fig. 6a). As demonstrated in Fig. 10, HAGBs are bulging, while LAGBs are observed
in the grain interior. The subgrains remain equiaxed and coarsen. This is a typical DRV
microstructure caused by dislocation climb and cross-slip. The bulging mechanism of HAGBs
leads to a volume fraction of recrystallized grains larger than that in samples with higher Z.

CDRX was observed at an intermediate strain rate of 0.1 s* (T = 1223 K, In Z = 21.3, Fig.
9). In Ti55531, CDRX was observed at a strain rate of 1 s after a strain of 50% [17]. CDRX
is not dominant at low strain rates, but with increasing strain rate CDRX becomes more
important along with DDRX [18].

There is no nucleation and growth stage for CDRX. Instead, it can be described as a



progressive rotation of subgrains adjacent to preexisting grain boundaries leading to the
transformation of LAGBs into HAGBs [33, 34]. Conventionally, CDRX is characterized by
cumulative misorientation from center to edge of prior grains [8, 14]. It is obvious that during
CDRX recrystallized grains are rotated by different degrees with regard to prior grains, while
the old grains develop a gradient of misorientation from center to edge (Fig. 9). This gradient
is accommodated by geometrically necessary dislocations arranged in subgrain boundaries
[17]. New grains with HAGBs form at higher strains near prior g-grain boundaries by
progressive rotation of subgrains with little accompanying boundary migration. This is a

strain-induced phenomenon [20].

4.2. Texture

As shown in Fig. 11, the axisymmetric texture developed during hot-compression is a
<100> <111> double-fiber texture. Similar observations were reported for Ti-5Al-5Mo-5V-
1Cr-1Fe (Ti55511) [35] and other bcc materials [36, 37]. The <100> <111> double-fiber
texture was forecasted as stable texture after compressive deformation by Barrett et al. based
on the theories that three most stressed slip systems ({110}<111>, {112}<111>, or
{123}<111>) are activated in bcc structures with stable orientation remaining during forging
[38].

In the S-phase field, the volume fraction of the <100> fiber within the spread of data
slightly decreases with In Z. This can be explained with DRX. As shown in Fig. 7, the DRX
volume fraction increases with decreasing strain rate and increasing temperature. The PFs in
Fig. 10 indicate that the DRX grains predominantly exhibit orientations of the <100> fiber.
The majority of subgrains and DRX grains form in the vicinity of grain boundaries of prior -
grains. As a consequence, with decreasing strain rate the grain boundaries become more and
more serrated. As discussed in section 4.1, HAGB bulging is driven by the reduction of the

dislocation density, i.e. reduction of stored energy during hot-compression. The formation of



DRX grains with <100> fiber orientation begins with HAGB bulging. During growth they
replace other orientations (including grains belonging to the <111> fiber). It was reported that
slip systems {112}<111> and {123}<111>, both lead to <100> and <111> fiber textures,
whereas the {110}<111> slip system leads to a strong <111> fiber. This replacement may be
attributed to the low activity of {110}<111> slip which weakens the <111> and strengthens
the <100> fiber [39]. A similar recrystallization behavior was reported for Ti55511 [35]. In
contrast, the volume fraction of the <111> fiber linearly increases with In Z. As analyzed
above, work-hardening prevails at high Z whereas dynamic recovery dominates at low Z. It is
understandable that dislocation slip along the <111> direction on the {110} slip plane during
work-hardening contributes to lattice rotation towards the stable compression texture
components, thus generally increasing the intensity of the <111> fiber. As a result, the
formation of the <111> fiber texture is dominated by deformation and not by DRX.

In the (a + p)-phase field texture formation by dislocation slip and DRX is influenced by
the a-precipitation. While the general trend of the <100> fiber is not changed, the <111> fiber
is affected strongly. It has been reported that g slip system activity leading to texture
development can be affected by dislocation slip transmission across the o/ interface which is
related to the orientation relationship between o and f-phase [39]. However, because of the
spread of data in this study, speculation about the change of mechanisms of texture formation
will not be given. To shed more light on this problem, statistically more reliable texture

measurements with synchrotron and neutron radiation are under way.

4.3. a-phase

Figure 13 shows CA-IPF maps for the a-phase in samples deformed at 1023 K at different
strain rates. The a-grains do not show a significant change in size and shape with changing
strain rate. This agrees with results reported for Ti5333 and Ti55531 [2, 18]. Therefore, it can

be concluded that dynamic globularization of the a-phase is not much affected by the strain



rate, but rather by strain [32]. Fig. 14 indicates that at the same temperature of 1023 K the
aspect ratio of a-grains slightly decreases with decreasing strain rate. Black arrows in Fig. 13c
point out the existence of some elongated o-grains. It was reported that the dynamic
globularization process of the elongated a-phase occurs by fragmentation via DRV followed
by break-up through penetration of the S-phase along the a-HAGBs [32]. Consequently, since
the deformation at higher strain rates affects the formation of LAGBs and HAGBs it may as
well affect the dynamic globularization process of the a-phase. Another reason may be that at
higher stain rates dynamic globularization is not completed due to less deformation time.
During dynamic globularization the penetration of the S-phase into the a-phase is a diffusion-
controlled process [40], i.e. higher deformation temperature and more time will promote
globularization. This may also explain why the aspect ratio of a-grains at a strain rate of 0.01
st slightly decreases with increasing deformation temperature (Fig. 14).

The micro-hardness is related to the volume fraction, size and shape of a-precipitates [1].
In this work, the size and shape does not seem to play a role because of negligible change in
area and aspect ratio (Fig. 14). The micro-hardness is inversely related to the volume fraction
of equiaxed a-phase [1], which for the samples deformed at lower strain rate is higher than for
those deformed at higher strain rate at the same deformation temperature (Figs. 13 a-c). As a
result, the micro-hardness increases with increasing strain rate. Another reason may be the
degree of dislocation multiplication and interaction being more intense at high than at low
strain rate, while the degree of flow softening is similar (Fig. 2). As a result, the density of
dislocations is higher in the sample deformed at higher strain rate.

The pinning of dislocations at a-phase boundaries locally increases the dislocation density,
which promotes DRX of p-grains [41]. As the volume fraction of the primary a-phase is
higher in samples compressed at 1023 K than at 1073 K, apparently, there are more fine DRX
S-grains in samples deformed at lower temperature. This may explain their higher extent of

flow softening.



5.

Conclusions

Hot-compression of the metastable Ti5321 across Tg was studied in detail. The resulting

deformation behavior and microstructure and texture development were correlated with

deformation temperature and strain rate via the Zener-Hollomon parameter Z. The main

conclusions from this work are as follows:

1.

2.

Besides work-hardening DRV and DRX is found. At high Z, work-hardening is more
important, whereas DRV and CDRX become dominant at low Z. The activation energy for
hot-compression of Ti5321 amounts to 240 kJ/mol and 370 kJ/mol in the - and (o+p)-
phase field, respectively.

A <100> <111> double-fiber texture is found for most deformation conditions. In the -
phase field, the volume fraction of the <100> fiber slightly decreases, while that of <111>
clearly increases with increasing In Z. The <100> fiber texture is mainly associated with
DRX. In the (atp)-phase field, texture formation is influenced by a-precipitation. No
clear trend is observed for the <111> fiber.

Deformation temperature and strain rate do not significantly affect the dynamic
globularization process of the a-phase. DRX f-grains forming in the (a+f)-phase field are
associated with the dynamic globularization process of the a-phase and affect the flow

softening behavior.
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