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ATi-25Nb-25Ta b-type alloy was subjected to severe plastic deformation via accumulative roll bonding; the
method was applied on two different precursor samples, in order to establish the influence of the precursor
structural state on the final alloy properties processed by ARB. Bo andMd electronic parameters have been
calculated in order to establish, by plotting the alloy on Bo- Md diagram, the alloy b stabilizing grade, and
the dominant deformation mechanisms. Structural modifications during ARB process (changes in phase
structure, phase quantities, lattice parameters, and coherent crystalline domain size) were described and
analyzed using XRD investigations. Texture data expressed by pole figures, inverse pole figures, and
orientation distribution functions for the (110), (200), and (211) b-Ti peaks were obtained through XRD
investigations. The results showed that it is possible to obtain high intensity share texture modes
({001}Æ110æ) and well-developed a- and c-fibers, the most important fiber being the a-fiber.

Keywords b-Ti alloy, ARB processing, Bo- Md electronic
parameters, texture, XRD

1. Introduction

An intense research work for developing highly biocom-
patible Ti-based alloys for medical applications has been
performed in the last years (Ref 1-8).

Development of metastable b-Ti alloys is a goal motivated by
some exquisite qualities: superior biocompatibility and corrosion
resistance, high strength to density ratio, high mechanical
resistance and low elastic modulus value, closer to natural bone
(Ref 6, 7, 9-15). Ti alloys containing only b phase are easier to be
mechanical processed (compared to alloys containing HC-a
phase) and therefore, grain refining is possible until the structures
reach ultra-fine or nano-crystalline (NC) level. It is considered
(Ref 3-7) that nano-structured Ti alloys exhibit appealing
structural characteristics which can improve properties such as
bioactivity and mechanical performance (high strength, high
toughness, or super-elasticity at ambient temperatures); they
exhibit superior qualities compared with their coarse-grained
counterparts. Consequently, the present work is focused on ultra-
fine grained (UFG) or NC structures induced by severe plastic

deformation (SPD) on a recently new developed b-type alloy: Ti-
25Nb-25Ta. From several SPD methods, accumulative roll
bonding (ARB) has been selected (Ref 16-19). It involves SPDof
metallic sheets, without modification of overall material thick-
ness. In real terms, ARBconsists in plastic deformation by rolling
of two equally geometrical dimensioned stacked material sheets,
with a deformation degree of 50%. In these conditions, the final
consolidated stacked sheetwill have a final thickness equal to that
of each original sheet before rolling. The ARB process can be
applied on bulkmaterials and has amajor advantage consisting in
unlimited plastic deformation for an unlimited number of ARB
cycles (Ref 16-19). Through this method, the grain dimensions
decrease after each ARB cycle, until UFG or even NC structure
level is obtained.

The aim of the present study is to explore the Ti-25Nb-25Ta
alloy characteristics (targeted to texture evolution) in UFG/NC
structural state, obtained by applying an ARB process, starting
from two different alloy structural states as precursor.

It is to be mentioned that Ti-25Nb-25Ta alloy has suitable
properties for biomedical applications, proved by micro-
structural, chemical, and mechanical investigations, carried
out in several recent published studies (Ref 19-24) but
pertaining only to equiaxed homogeneous grain microstructure
and not to UFG/NC structural state.

2. Material and Methods

2.1 Alloy Synthesis, Thermo-Mechanical Processing, and
ARB Processing

The alloy composition Ti-25Nb-25Ta (wt.%) was obtained
from commercially pure elements, using a levitation induction
melting furnace FIVE CELES—MP25 with a nominal power of
25 kW and a melting capacity of 30 cm3, under argon
protective atmosphere. The obtained chemical composition
had no more than 0.1 wt.% compositional variations compared

Anna Nocivin, Faculty of Mechanical, Industrial and Maritime
Engineering, Ovidius University of Constanta, 900527 Constanta,
Romania; Doina Raducanu, Ion Cinca, and Mihai Butu, Faculty of
Materials Science and Engineering, POLITEHNICA University
of Bucharest, 313 Spl. Independentei, 060042 Bucharest,
Romania; Corneliu Trisca-Rusu, National Institute for Research and
Development in Microtechnologies, 126A Erou Iancu Nicolae Street,
077190 Bucharest, Romania; and Isabelle Thibon, INSA Rennes,
UMR CNRS 6226 SCR / Chimie-Métallurgie, 35708 Rennes Cedex,
France. Contact e-mails: anocivin@univ-ovidius.ro and doina.
raducanu@mdef.pub.ro.

JMEPEG (2015) 24:1587–1601 �ASM International
DOI: 10.1007/s11665-015-1414-4 1059-9495/$19.00

Journal of Materials Engineering and Performance Volume 24(4) April 2015—1587



with the initial proposed one, being considered negligible. It
must be emphasized that this technological alloy synthesis
method is efficient for melting metals with a big difference
between their melting temperatures; ingots with high chemical
homogeneity, without risk of contamination, are obtained. For
the present case, the large difference in melting temperatures
(Ti = 1660 �C; Ta = 2996 �C; Nb = 2468 �C) required the
re-melting of the obtained ingots twice, in order to obtain a
high degree of chemical homogeneity.

Ti-25Nb-25Ta alloy has been further thermo-mechanically
processed (TM) in order to obtain thin precursor strips needed
to apply further ARB (Fig. 1). Multi-layered stacked strips,
consisting of 8 layers stacks, were finally obtained.

The TM process started with cold rolling (CR I) with a
relative deformation degree of about 84.32% (equivalent strain
e = 1.85) realized by 20 rolling passes, followed by a
recrystallization treatment in argon protective atmosphere, at
850 �C/30 min/air cooling, using a GERO SR 1009 500 heat
treatment oven. The recrystallization treatment was performed
in order to remove the strain-hardening effects after first cold-
rolling stage. TM continued with a second cold-rolling (CR II)
stage with a relative deformation degree of about 71.05%
(equivalent strain e = 1.24) realized by 16 rolling passes; the
final strip thickness was 141 lm. The strips obtained by the
procedure described above represent the so called precursor-1.
The experiments continued with a part of precursor-1 samples.
They were subjected to a final recrystallization treatment
(in same conditions like previous recrystallization treatment) in
order to obtain the so called precursor-2.

Both precursors were distinctly ARB processed, in the same
conditions. Before ARB process, all samples were cleaned

using an ultrasonic bath at 60 �C, in ethylic alcohol. The ARB
process consisted in three passes in order to obtain 2 layers
(after first ARB pass), 4 layers (after second ARB pass), and 8
layers (after third ARB pass) stacks. Cold-rolling processes
(CR I and CR II) and ARB passes were performed using a
Mario di Maio LQR120AS rolling mill, at 3 m/min rolling
speed, without any lubrication.

2.2 Alloy Structural Characterization

2.2.1 X-ray Diffraction. The phase structure and phase
characteristics evolution, during the experimental program,
were studied on the as-cast alloy, precursor-1, precursor-2, and
on the final ARB-processed specimens (with 8 layers stacks) by
XRD methods, using a Panalytical X�Pert PRO MRD diffrac-
tometer, with Cu k-alpha (k = 0.15418 nm) in the range
2h = 30� to 80� and with a step size of 0.02, 40 kV, and
30 mA. The x-ray diffraction patterns were recorded on the RD
and TD plane surfaces of the ARB-processed sheets. The
recorded XRD spectra were fitted using PeakFit v4.11 software
package, in order to determine for each diffraction peak: the
position, the intensity, and peak broadening—full width at half
maximum (FWHM) parameters.

2.2.2 Rolling Texture Characterization. Texture fea-
tures in precursors and ARB-processed specimens (with 8 layers
stacks) were analyzed using (110), (200), and (211) b-Ti pole
figures obtained using a Philips PW3710 diffractometer, with Cu
k-alpha (k = 1.5418 A) wavelength. The pole figure raw data
were fitted and analyzed using MTEX v3.2.2 open source
software package (Ref 25, 26), in order to calculate inverse pole
figures (IPFs) and orientation distribution functions (ODFs).

Fig. 1 Experimental program applied to Ti-25Nb-25Ta alloy
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2.2.3 TEM-EDS Analysis. Structural investigations con-
cerning obtained nanostructure in the case of resulted ARB
strips with 8 layers were performed using a TECNAI G2 F30
S-Twin HRTEM.

3. Results and Discussions

3.1 Theoretical Analysis of the b-Phase Stability Using
Bo- Md Diagram

The grain refining of b-Ti-based alloys during SPD depends
on structural deformation mechanisms acting by dislocations
slip or twining of b phase, and/or stress-induced martensitic
transformation; the dominant mechanism basically depends on
b phase stability (Ref 3-7); in these conditions, it is important to
analyze alloy b stabilizing grade in order to anticipate the
deformation behavior during the SPD/ARB process. The
b-phase stability in Ti-based alloys increases with rising
content of the b-stabilizing elements such as Mo [the strongest
b stabilizing element (Ref 27)], Nb, Ta, or Zr. The [Mo]eq is
commonly used to evaluate the b phase stability (Ref 28):

% Mo½ �eq¼1:00 %Moð Þ þ 0:28 %Nbð Þ þ 0:22 %Tað Þ
þ 0:67 %Vð Þ þ 1:6 %Crð Þ þ 2:9 %Feð Þ
�1:00 %Alð Þ:

ðEq 1Þ

Typically, an [Mo]eq of greater than 10 wt.% is regarded as
sufficient to preserve the b phase on quenching from above the
b-transus (Ref 29).

For the studied alloy, by applying the relation (1), the
resulted [Mo]eq is 12.5% of value which indicates high b phase
stability. However, in recent years, the attention has been
focused on analyzing the b phase stability through electronic
parameters describing the bonding characteristics of the b
phase, namely the bond order Bo

� �
and d-orbital energy Md

� �

(Ref 30, 31). The Bo parameter represents the bond order,
which is a measure of the covalent bond strength between Ti
and used alloying element. On the other hand, the Md
parameter represents the d-orbital energy level of an alloying
transition metal, which is well correlated with the electro-
negativity and the metal radius of the element. The average
values of Bo and Md for a certain alloy are defined by taking
the compositional average of each parameter. Since the
calculations have recently been extended over a variety of
alloying elements, Bo and Md parameters have been calculated
for present alloy using data for each alloying component used
from (Ref 30) marked with *) in Table 1.

Bo- Md diagrams have been developed from experimental
data in order to predict the effects of alloy composition on

deformation behavior for superior b stable alloys (Ref 6, 30-
32). The calculated parameters, Bo = 2.88 and Md = 2.45,
have been used for plotting the as-studied alloy on Bo- Md
diagram (Fig. 2).

In Fig. 2, the boundaries b/b+a¢¢/x and b+a¢¢/x/b, together
with the boundaries for Ms = room temperature (RT) and
Mf = RT, are indicated. Also, the domains referring to
dominant deformation structural mechanisms that occur during
cold deformation of the alloy (by slip of dislocations, by
twining of b phase or by stress-induced martensitic transfor-
mation) are illustrated. With decreasing stability, reflected by
Md increase or the Bo decrease, the deformation mechanism
changes from dislocation slip to twinning and/or martensitic
transformation (Ref 30); it is a general correlation between the
phase stability and b Ti alloys deformation mechanisms by
demarcation of a border line between single b domain and
b+a¢¢/x domain in Bo- Md diagram.

The Ms—the starting temperature of martensitic transfor-
mation—can be calculated using the formula from (Ref 33).
This formula has been determined with special reference to
b-Ti alloys. Thus, for the as-studied alloy, the calculated Ms
[K] = 1156 to 17.6 Nb %gr. = 716 K = 443 �C.

The position of the as-studied alloy in Bo- Md diagram
corresponds to the border of b/b+a¢¢/x phases which indicate
that even if [Mo]eq and the amount of b stabilizing elements
(Nb and Ta) are high, there is possible that in certain thermo-
mechanical conditions, a small amount of a¢¢ precipitates form.
Having in view also that the alloy has the Ms, above room
temperature, and Mf, below, it can be anticipated that the
structure can be formed by b phase and a very small amount of

Fig. 2 Extended Bo- Md diagram from (Ref 30); Ti-25Nb-25Ta
alloy position is marked

Table 1 Chemical parameters and Bo and Md electronic parameters for Ti-25Nb-25Ta alloy [* data from (Ref 30)]

Parameters Ti Nb Ta Ti-Nb-Ta alloy

Wt.% 50 25 25
At.% 72 18.5 9.5
Electro-negativity 1.5 1.6 1.5
Atomic mass, g/mol 47.90 92.906 180.948
Valence 2 4 3
Bo 2.79* 3.099* 3.144* Bo ¼ 2:877
Md 2.447* 2.424* 2.531* Md ¼ 2:450
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a¢¢ martensite precipitates. However, the alloy position on the
diagram cannot conclude a dominant deformation mechanism
because of the approached borders between slip, twining, and
stress-induced martensitic transformation domains. Apparently,
it can develop all three mechanisms.

These considerations will be useful for hereinafter analyzing
the XRD experimental data and also the texture evolution of the
studied alloy from the ARB process perspective.

3.2 XRD Analysis

The aim of present study is to show the evolution of Ti-
25Nb-25Ta alloy structural features with the progress of
experimental program targeted to alloy processing by SPD/
ARB. There will be analyzed the as-cast, precursor, and final
ARB (three passes/8 layers)-processed samples.

Structural modifications (changes in phase structure, phase
quantities, lattice parameters, and coherent crystalline domain
size) after ARB process were described and analyzed using
XRD investigations, correlated with b-phase stability analysis
(presented at section 3.1).

XRD tests have been performed on initial as-cast alloy
(Fig. 3) as starting point for comparing the structure evolution
during experimental program, precursor-1 (Fig. 4), precursor-2
(Fig. 5), ARB-8 layers/ applied on precursor-1, further called
ARB-8 layers-1 (Fig. 6) and ARB-8 layers/applied on precur-
sor-2, further called ARB-8 layers-2 (Fig. 7).

For the initial as-cast alloy, all structural parameters,
deductible from XRD spectra (Fig. 3), are indicated in Table 2.
The present study proposes the analysis of the structural
characteristics of the precursors compared with ARB-processed
samples; all data are included in Table 2 in order to indicate
structural features evolution.

The presence of b-Ti and a¢¢-Ti phases can be observed in
variable quantities in all processed structural states. Table 2
indicates the lattice parameters (determined for each crystalline
system of the present phases), the phase quantities, the inter-
atomic distance (d) corresponding to (hkl) crystallographic
planes, and the average of coherent crystalline domain size (D)
for both, b-Ti and a¢¢-Ti phases [calculated using simple Scherer
equation (Ref 34)], taking into account the specific phase
diffraction lines—fitted position, intensity, and peak broadening).

As dominant phase, the b-Ti phase was identified clearly on
the XRD profiles (indexed in bcc system—Im-3m, with
diffraction spectra peaks obtained on (110), (200), and (211)

planes) alongside with a minor quantity of a¢¢-Ti phase
(indexed in orthorhombic system—Cmcm, with diffraction
spectra peaks obtained on (002), (200), and (202) planes).

Using XRD spectra for precursor-1 (Fig. 4), the lattice
parameter of b-Ti phase (a = 0.3284 nm) and the lattice
parameters of a¢¢-Ti phase (a = 0.3211 nm; b = 0.4731 nm
and c = 0.4632 nm) have been determined—all indicated in
Table 2. Identical observations were reported in the case of Ti-
22Nb-6Ta alloy (Ref 35); the parent b-Ti phase showed similar
lattice parameter (a = 0.3289 nm) and also a¢¢-Ti phase
(a = 0.3221 nm; b = 0.4766 nm and c = 0.4631 nm). The
inter-atomic distance corresponding to (hkl) crystallographic
planes, using the obtained diffraction spectra peaks, was also
determined (Table 2).

Based on b-Ti (200) and on a¢¢-Ti (200) diffraction lines, the
average of coherent crystalline domain size was determined (28
nm and 31 nm, respectively, Table 2), for both b-Ti and a¢¢-Ti
phases. For precursor-1, the structure is formed by dominant b
phase (93.79%) due to b stabilizing alloying elements—Nb and
Ta. The XRD spectra also indicate a small quantity of a¢¢-Ti
phase (6.21%—higher, when compared with the as-cast
sample), due to cold-rolling process, which favor the develop-
ment of stress-induced phase transformation, from bcc
metastable b phase to orthorhombic a¢¢-martensite (b fi a¢¢).
The ability of metastable b—Ti alloys to undergo a deforma-
tion—induced martensitic transformation during cold rolling
has already been demonstrated (Ref 10, 11, 23, 36). Therefore,
the small amount of a¢¢-Ti phase from precursor samples began
to increase step by step during ARB process.

It must be mentioned that XRD-analyzed patterns have not
revealed any phase transformation between the b phase and the
x phase during ARB processing, as mentioned in the paper
(Ref 40) for the Ti-36Nb-2.2Ta-3.7Zr-0.3O alloy (with less Ta,
but additional Zr and O), processed by high-pressure torsion
method of SPD. In conformity with (Ref 30), the b phase
becomes more stable with increasing content of Ta (from 5 to
20%) and Nb (from 20 to 40%), and the formation of the x
phase is suppressed in these kinds of alloys. Therefore, for the
studied alloy, with 25% Ta and 25% Nb, the formation of the x
phase is suppressed, fact argued by XRD images.

Hereinafter, from XRD spectra of precursor-2 analysis
(Fig. 5), following observations are to be mentioned: the lattice
parameters (ab for b-Ti phase and aa¢¢, ba¢¢, ca¢¢ for a’’-Ti phase)
and inter-atomic distance (d) corresponding to different (hkl)
crystallographic planes are similar to precursor-1; however,

Fig. 3 XRD pattern of the as-cast Ti-25Nb-25Ta alloy
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comparatively with precursor-1, some structural modifications
can be observed, due to recrystallization treatment which has
been applied on precursor-2: for the b-Ti phase, a greater value
for crystalline domain size D (42 nm); instead, a a¢¢-Ti phase
quantity diminution (from 6.2 to 0.38%) was attested by almost
insignificant diffraction peaks comparatively with b-Ti phase
sharp and high diffraction peaks (Fig. 5) and a four times
smaller crystalline domain size D (8 nm). All these phenomena
are a consequence of the applied recrystallization treatment, by

which b-Ti phase forms larger recrystallized grains (as usual
after this kind of treatment), while a¢¢-Ti phase becomes
reduced and downsized because it dissolves almost entirely in
b-Ti phase.

After ARB process applied on precursor-1, the XRD spectra
for ARB-8 layers-1 reveal a modified phase quantity of the
b-phase and a¢¢-phase: a¢¢-Ti phase has quantitatively increased
with 33% (from 6.2 to 39.2%) due to main structural phenomenon
which occurs during cold deformation—stress-induced martensitic

Fig. 4 XRD pattern of Ti-25Nb-25Ta alloy in the state corresponding to precursor-1

Fig. 5 XRD pattern of Ti-25Nb-25Ta alloy in the state corresponding to precursor-2

Fig. 6 XRD pattern of Ti-25Nb-25Ta alloy in the state corresponding to ARB-8 layers-1
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transformation. The crystalline size of new formed a¢¢-phase is of
nano-metric dimensions—about 7 nm.

Concerning the ARB process applied on precursor-2, the
XRD spectra for ARB-8 layers-2 reveal also an increased
quantity of a¢¢-phase, with about 40.7% (from 0.38 to 41.06%) .

For both cases, by ARB applying on two different
precursors, the main conclusions are the increasing a¢¢ phase
quantity with about 33 to 40% due to stress-induced martensitic
transformation. It seems that the recrystallization treatment
(which differentiates the two precursors states) favors stress-
induced martensitic transformation during ARB, since the
higher value of a¢¢ phase quantity (41.06%) is for ARB-8
layers-2.

On the other side, a great-dimensional diminution of a¢¢
phase is observed for ARB applied on precursor-1 (from 31 to
7 nm) comparative to ARB applied on precursor-2 (from 8 to
5 nm). This is just apparently, because 31 nm refers to a very
small quantity of a¢¢ phase (6%), formed prior ARB process;
during ARB process, a new a¢¢ phase formation takes place,
more refined and dominant quantitatively. For ARB applied on
precursor-2, there is practically no prior ARB-a¢¢ phase, all
41% percent of a¢¢ phase is newly formed during ARB process
by stress-induced martensitic transformation.

As concerning b grain size, by applying ARB on 2
precursors, is not so much dimensional decrease (from 28 to
24 nm and from 42 to 34 nm, respectively) because the main
alloy deformation mechanism is represented by stress-induced
martensitic transformation which favors a¢¢ phase formation.
The slight reduction of the crystalline domain size for the
b-phase, of about 14 and 19%, respectively, means that besides
the stress-induced martensitic transformation, which apparently
represents the main deformation mechanism, a b phase twining
or even a dislocations slip as additional deformation mechan-
isms can act, as it has been theoretically anticipated in
section 3.1.

The cumulated conclusion is as follows: a highly fine NC
final structure can be obtained by ARB processing, with
variable quantities and crystalline dimensions of b-and
a¢¢-phases.

This final NC structure underlines the idea that ARB process
is suitable for structure refining to ultra-fine grains correlated
with b-Ti/a¢¢-Ti ratio decreasing which can be controlled to
obtain the final necessary mechanical properties of the alloy in
different ways: if the intention is to obtain a high material
strength, it is necessary to steer the structure toward small
coherent crystalline domains with a corresponding bigger

Fig. 7 XRD pattern of Ti-25Nb-25Ta alloy in the state corresponding to ARB-8 layers-2

Table 2 Structural characteristics for Ti-25Nb-25Ta alloy

Structural state of the alloy Phase content Lattice parameters d, nm D, nm

As-cast b-Ti phase quantity: 99.52± 0.23% a = 0.3288 nm
BCC system—Im-3m

82

a¢¢-Ti phase quantity: 0.48± 0.11% a = 0.31811 nm;
b = 0.4813 nm;
c = 0.4631 nm;
Orthorhombic system—Cmcm

14

precursor-1 b-Ti phase quantity: 93.79± 1.17% a = 0.3284 nm
BCC system—Im-3m

0.2321 for (110) plane
0.1641 for (200) plane
0.1340 for (211) plane

28

a¢¢-Ti phase quantity: 6.21± 0.68% a = 0.3211 nm;
b = 0.4731 nm;
c = 0.4632 nm;
Orthorhombic system—Cmcm

0.2271 for (002) plane
0.1608 for (200) plane
0.1319 for (202) plane

31

precursor-2 b-Ti phase quantity: 99.62± 0.23% Similar Similar 42
a¢¢-Ti phase quantity: 0.38± 0.11%. 8

ARB-8 layers-1 b-Ti phase quantity: 60.76± 1.09% Similar Similar 24
a¢¢-Ti phase quantity: 39.24± 0.64% 7

ARB-8 layers-2 b-Ti phase quantity: 58.94± 0.84% Similar Similar 34
a¢¢-Ti phase quantity: 41.06± 0.36% 5
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a¢¢-phase quantity; but if the intention is to obtain a low elastic
modulus, then a smaller amount of a¢¢-phase quantity is needed
(b-Ti phase exhibits a low elastic modulus, while a¢¢-Ti phase
exhibits a higher elastic modulus). From biomedical point of
view, the highly fine NC structure, with additional decrease of
the elastic modulus, (Ref 10) represent an important desiderate
for bone implant applications.

Taking into account the position of the alloy in the Bo- Md
diagram at the border between two domains—twining of the
b-phase and stress-induced martensitic transformation—it is
possible, through very fine changes in thermo-mechanical
processing parameters to change the type of structural defor-
mation mechanisms, from martensite transformation to twining,

which means the possibility of alloy mechanical properties
changing, from one with high strength due to martensitic
transformation, to another one with high elasticity or even
super-elasticity due to twining of b phase. These considerations
require future and more detailed analysis.

In addition to XRD analysis, it has been also performed a
TEM-EDS analysis of the structure evolution during the
experimental program in order to correlate the obtained results.
Figure 8 indicates the HR-TEM-EDS images of nanostructures
for precursor-2 and after applying ARB on precursor-2.

The observed nanostructure reveals a highly refined grain
structure. It can be observed that the smallest NC domains have
dimensions of 6 to 13 nm for the precursor-2, and 4 to 6 nm for

Fig. 8 TEM-EDS images of Ti-25Nb-25Ta alloy: (a) EDS results; (b) precursor-2; and (c) ARB-8 layers-2
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ARB-8 layers-2. It has been captured and measured only the
smallest NC grains corresponding to a¢¢-phase (in amount of
0.38% for precursor-2 and 41% for ARB-8 layers-2).

3.3 Analysis of the Rolling Texture

Using (110) raw pole figure data, the IPF�s and the ODF�s
were calculated and plotted. A few assumptions were made: the
material crystalline symmetry was indexed in cubic Im-3m
system, while the specimen symmetry in orthorhombic mmm
system.

Figure 9 shows collected raw data for (110), (200), and
(211) b-Ti pole figures for the precursor-1 (Fig. 9a) and for
ARB-8 layers-1 (Fig. 9b). All pole figures were plotted having
in view the following directions (sample reference frame):
[100]—rolling direction (RD); [010]—transversal direction
(TD); and [001]—normal direction (ND).

A well-developed rolling texture is confirmed in precursor-1
specimens (Fig. 9a): the (110) pole figure shows four high
intensity peaks symmetrically located around 45� from the
center and 45� from both RD and TD. This means that the RD
is parallel to [110] crystal direction. The (200) pole figure
shows the presence of only one high intensity central peak,
while the (211) pole figure shows four symmetrically high
intensity peaks located around 28� from the center and 45�

from both RD and TD, and eight symmetrically located peaks
around 60� from the center and 15� from RD and TD. In all
(110), (200), and (211) pole figures, the identified peaks show
distribution characteristics for body-centered cubic (bcc)
crystalline structures.

For the ARB-8 layers-1 sample (Fig. 9b), the (110) pole
figure shows four high intensity peaks, symmetrically located
around 45� from the center and two high intensity peaks located
around 60� from the center. The (200) pole figure shows the
presence of only one high intensity central peak. As for the
(211) figure pole, this one shows two high intensity peaks
situated at 60� from the center and at 15� from the RD.

The (110) and (200) pole figures for both, precursor-1 and
ARB-8 layers-1, present similar peaks distribution; differences
can be observed only in the case of (211) pole figure. These
differences may be explained due to stress-induced a¢¢-Ti phase
presence (smaller coherent crystalline size for both parent b-Ti
phase and transformed a¢¢-Ti phase) and b-Ti to a¢¢-Ti lattice
accommodation.

Although pole figure shows how the specified crystallo-
graphic directions are distributed in the sample reference frame,
the inverse pole figure shows how a selected direction in the
sample reference frame is distributed in the reference frame of
the crystal. Figure 10 indicates the (110) IPF�s for RD, TD, and

Fig. 9 Images of (110), (200), and (211) raw data pole figure of Ti-25Nb-25Ta alloy for (a) precursor-1; (b) ARB-8 layers-1
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ND directions in the case of precursor-1 (Fig. 10a) and ARB-8
layers-1 (Fig. 10b).

For the precursor-1 (Fig. 10a), the inverse pole figure for the
RD direction shows what crystallographic directions are most
likely parallel to sample rolling direction in the polycrystalline
material; for this case, the [011]//RD pair reaches an intensity
close to 2.6. For the TD direction, a low intensity pair is
formed: [011]//TD with intensity close to 1.5. High intensities
are obtained in the case of [001]//ND and [111]//ND pairs, close
to 2.5 for both pairs.

For the ARB-8 layers-1 (Fig. 10b), the inverse pole figure
indicates that the following high intensity pairs are present:
[011]//DL with intensity of 2.4; [011]//DN with intensity of 2.5;
and [011]//DT with intensity of 1.7. As a general remark, based
on inverse pole figure analysis, the developed texture for ARB
8 layer-processed state shows [001]//ND, [111]//ND, and
[011]//RD components.

Since the properties of many important engineering mate-
rials are strongly direction dependent, the inverse pole figure is
very useful in predicting and calculating the average properties
of polycrystalline material along a chosen direction
(Ref 37, 38).

The crystallographic textures are typically presented in the
reduced Euler space using the Bunge system (u1�U�u2)
(u1 = 0-90�; U = 0-90�; u2 = 0-90�). The most relevant tex-
ture fibers developed in bcc metals are (Ref 39)

– a-fiber (crystallographic fiber axis Æ110æ parallel to RD
with major components: {001}Æ110æ; {112}Æ110æ;
{111}Æ110æ);

– c-fiber (crystallographic fiber axis Æ111æ parallel to ND
with major components: {110}Æ110æ; {111}Æ112æ);

– g-fiber (crystallographic fiber axis Æ001æ parallel to RD
with major components: {001}Æ100æ; {011}Æ100æ);

– f-fiber (crystallographic fiber axis Æ011æ parallel to ND
with major components: {011}Æ100æ; {011}Æ211æ;
{011}Æ111æ; {011}Æ011æ);

– e-fiber (crystallographic fiber axis Æ011æ parallel to TD with
major components: {001}Æ011æ; {112}Æ111æ; {111}Æ112æ;
{011}Æ100æ); and

– h-fiber (crystallographic fiber axis Æ001æ parallel to ND
with major components: {001}Æ100æ; {001}Æ110æ).

For bcc metals, the most important ODF sections correspond to
rotation angle u2, equal to 0� and 45�.

Figure 11 indicates the calculated ODF sections for precur-
sor-1 state. Plotted ODF section corresponding to u2 = 0�
shows the presence of high intensity texture modes {001}
h110i and {010}Æ101æ with a maximum orientation density of
5.9; both texture modes belong to h-fiber ({001}Æ110æ family)
and are formed due to grains shear during cold-rolling
deformation.

The ODF section corresponding to u2 = 45� shows the
presence of the following texture modes and fibers:

– high intensity texture modes {001} h110i and {001}
h110i, showing a maximum orientation density of 5.9; both
texture modes belong to h-fiber ({001}Æ110æ family) and
are formed due to grains shear during cold-rolling deforma-
tion;

– well-developed c-fiber: the main component of c-fiber
stretches from {111} h110i to {111} h112i; the c-fiber is
the most important developed fiber during TM processing,
with a maximum orientation density of 4; and

– well-developed a-fiber: the main component of a-fiber
stretches from {001} h110i to {112} h110i; the orientation
density of a-fiber shows a value close to 4.6, bigger than
the case of c-fiber.

Fig. 10 (110) inverse pole figure for RD, TD, and ND directions for (a) precursor-1; (b) ARB-8 layers-1
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Fig. 11 Orientation distribution function (ODF) for Ti-25Nb-25Ta alloy corresponding to precursor-1 (ODF sections: u2 = 0�, 15�, 30�, 45�,
60�, and 75�)

Fig. 12 Orientation distribution function (ODF) for Ti-25Nb-25Ta alloy for ARB-8 layers-1 (ODF sections: u2 = 0�, 15�, 30�, 45�, 60�, and
75�)

1596—Volume 24(4) April 2015 Journal of Materials Engineering and Performance



Figure 12 indicates the calculated ODF sections for ARB-8
layers applied on precursor-1. Plotted ODF section correspond-
ing to u2 = 0� shows the presence of high intensity texture
modes {001} h110i and {010}Æ101æ with a maximum orien-
tation density of 5.6; both texture modes belongs to h-fiber
({001}Æ110æ family) and are formed due to grains shear during
ARB processing.

The ODF section corresponding to u2 = 45� shows the
presence of the following texture modes and fibers:

– high intensity texture modes {001} h110i and {001}
h110i, showing a maximum orientation density close to
5.6; both texture modes belong to h-fiber ({001}Æ110æ fa-
mily) and are formed due to grains shear during ARB
processing;

– well-developed c-fiber: the main component of c-fiber
stretches from {111} h110i to {111} h112i; the c-fiber is
the most important developed fiber during ARB processing,
with an orientation density close to 5; and

– well-developed a-fiber: the main component of a-fiber
stretches from {001} h110i to {112} h110i; the orientation
density of a-fiber shows a value close to 6, bigger than for
the c-fiber case.

Figure 13 shows collected raw data for (110), (200), and (211)
b-Ti pole figures in the case of precursor-2 (Fig. 13a) and
ARB-8 layers applied on precursor-2 (Fig. 13b). Figure 13a,
corresponding to precursor-2, presents the same high intensity
peaks distribution like Fig. 9a corresponding to precursor-1, on
all three analyzed pole figures: PF (110), (200), and (211). In all
pole figures, the identified peaks show specific distributions
characteristic for bcc crystalline structures.

Figure 13b corresponds to ARB-8 layers applied on precur-
sor-2. The (110) and (200) pole figures for both, precursor-2
(Fig. 13a) and ARB-8 layers sample (Fig. 13b), present similar
peaks distribution, while differences can be observed only in
the case of (211) pole figure. These differences may be
explained due to stress-induced a¢¢-Ti phase presence and b-Ti
to a¢¢-Ti lattice accommodation.

Figure 14 illustrates the (110) inverse pole figure for RD,
TD, and ND directions in the case of precursor-2 state
(Fig. 14a) and ARB-8 layers applied on precursor-2 (Fig. 14b).
If the RD of precursor-2 sample is considered, the IPF
(Fig. 14a) shows which crystallographic direction from poly-
crystalline material can be parallel with RD of the sample; in
this case, the pair [011]//RD has an intensity of 2.0; in case of
TD, a pair [011]//TD with a small intensity of 1.4 is formed. For

Fig. 13 Images of (110), (200), and (211) raw data pole figure of Ti-25Nb-25Ta alloy for (a) Precursor-2; (b) ARB-8 layers-2
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the pairs [001]//ND and [011]//ND, the intensities are higher,
3.0 for both pairs. The most capable to develop textures in ARB
stage will be the components [001]//ND, [111]//ND, and [011]//
RD.

In the case of ARB-8 layers applied on precursor-2 sample
(Fig. 14b), there are forming following high intensity pairs:
[011]//RD with an intensity of 4.2; [011]//TD with an intensity

of 2.5; and the pair [111]//ND with an intensity of 7.9. If
intensities are compared (Fig. 14b, 8b), the conclusion is that
the texture intensity is higher for the ARB-8 layers applied on
precursor-2 than on ARB-8 layers applied on precursor-1 (7.9
versus 2.5, 2.5 versus 1.7, and 4.2 versus 2.4 for the [011]//ND,
[011]//TD, and [011]//RD pairs, respectively).

Fig. 14 (110) Inverse pole figure for RD, TD, and ND directions in the case of (a) precursor-2; (b) ARB-8 layers-2

Fig. 15 Orientation distribution function (ODF) for Ti-25Nb-25Ta alloy corresponding to precursor-2 (ODF sections: u2 = 0�, 15�, 30�, 45�,
60�, and 75�)
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Figure 15 indicates the calculated ODF sections for precur-
sor-2 state. Plotted ODF sections corresponding to u2 = 0�
show the presence of high intensity texture modes {001} h110i
and {010}Æ101æ with a maximum orientation density of 4.5;
both texture modes belong to h-fiber ({001}Æ110æ family) and
are formed due to grains shear during cold-rolling deformation.

The ODF section corresponding to u2 = 45� shows the
presence of the following texture modes and fibers:

– high intensity texture modes {001} h110i and {001} h110i,
showing a maximum orientation density of 4.5; both texture
modes belong to h-fiber ({001}Æ110æ family) and are formed
due to grains shear during cold-rolling deformation;

– well-developed c-fiber: the main component of c-fiber
stretches from {111} h110i to {111} h112i; the c-fiber is
the most important developed fiber during TM processing,
with a maximum orientation density of 3; and

– well-developed a-fiber: the main component of a-fiber
stretches from {001} h110i to {112} h110i; the orientation
density of a-fiber shows a value close to 3.5, bigger than
in the case of c-fiber.

Figure 16 indicates the calculated ODF sections for ARB
applied on precursor-2. Plotted ODF section corresponding to
u2 = 0� shows the presence of high intensity texture modes
{001} h110i and {010}Æ101æ with a maximum orientation
density of 17.0; both texture modes belong to h-fiber
({001}Æ110æ family) and are formed due to grains shear during
ARB processing.

The ODF section corresponding to u2 = 45� shows the
presence of the following texture modes and fibers:

– high intensity texture modes {001} h110i and {001}
h110i, showing a maximum orientation density of 16.0;
both texture modes belong to h-fiber ({001}Æ110æ family)

and are formed due to grains� shear during ARB process;
– well-developed c-fiber: the main component of c-fiber
stretches from {111} h110i to {111} h112i. The c-fiber is
the most important developed fiber during ARB processing,
with maximum orientation density close to 2; and

– well-developed a-fiber: the main component of a-fiber
stretches from {001} h110i to {112} h110i. The orientation
density of a-fiber shows a value close to 2.5, bigger than
in the case of c-fiber.

From ODF data analysis, corresponding to ARB-processed
alloy, it can be concluded that the developed texture during
ARB processing shows a strong {001}Æ110æ rolling texture; the
main orientation component spreads from {001} h110i to
{001} h110i; a and c-fibers are the most well-developed, the
a-fiber texture being the most important texture mode.

ARB applied on precursor-2 seems to indicate the highest
intensity texture modes, with a maximum orientation density of
17.0, comparative to ARB applied on precursor-1 which
indicates a maximum orientation density of 5.6 only.

4. Conclusions

ATM process combined with a SPD/ARB processing route
was used to obtain multi-layered stacked strips with NC
structure in a Ti-25Nb-25Ta alloy. The ARB method was
selected among other SPD possibilities and was identically
applied, in three steps, on two types of precursor samples:
precursor-1 was cold rolled, recrystallized, and cold rolled
again; precursor-2 was cold rolled, recrystallized, cold rolled
again, and finally recrystallized. The Bo and Md parameters
have been calculated for Ti-25Nb-25Ta alloy in order to find

Fig. 16 Orientation distribution function (ODF) for Ti-25Nb-25Ta alloy after ARB-8 layers-2 (ODF sections: u2 = 0�, 15�, 30�, 45�, 60�, and
75�)
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the alloy position in Bo- Md diagram and thus to evaluate the
main deformation mechanisms possible to act, depending on b
phase stability.

The texture intensity is higher for ARB applied on
precursor-2, compared with precursor-1 (7.9 versus 2.5, 2.5
versus 1.7, and 4.2 versus 2.4 for the [011]//ND, [011]//TD and
[011]//RD pairs, respectively). The highest intensity texture
modes have been obtained also for ARB applied on precursor-
2, with a maximum orientation density of 17.0, compared to the
ARB applied on precursor-1 with a maximum orientation
density of 5.6 only.

The alloy microstructure for both precursor samples consists
mostly of b-Ti phase with a small amount of a¢¢-Ti phase grains
(6% for precursor-1 and 0.38% for precursor-2, respectively).
After ARB process, the structure reveals an increased quantity
of a¢¢-phase, of about 39 to 41.06%.

In the as-studied cases, the applied ARB process leads to an
evident stress-induced martensitic transformation, with an
increase of a¢¢ phase quantity of about 33 to 40%. The final
obtained NC structure underlines the idea that ARB process is
useful for structure refining in correlation with b-Ti/a¢¢-Ti ratio
evolution.
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