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Abstract

Formation of nano-sized grains in a new Ti-10Zr-5Nb-5Ta (wt.%) alloy without cytotoxic
elements, through innovative accumulative roll bonding (ARB) process was the subject of
investigation. The investigations consisted of structural and mechanical characterization of
the alloy, processed by 4 ARB cycles at ambient temperatures. The micro-structural invest-
igations were performed before and after each ARB cycle, using a SEM analyzing system, an
X-ray diffractometer and a HRTEM analyzing system. The investigations of mechanical prop-
erties were based on tensile strength, Young’s modulus, tensile elongation and micro-hardness
measurements. Nano-sized grains were successfully obtained after 4 ARB cycles. The ana-
lyzed samples initially showed an ultra fine grain (UFG) structure, transformed during ARB
cycles to a nano-sized grain (NG) structure, suitable for improving the alloy’s bioactivity.
Consequently, the ARB process increases the strength of the samples: the values of tensile
strength drastically increase in the initial stage of the ARB process, after which they tend to
become saturated; the Young’s modulus constantly increases; the tensile elongation greatly
decreases after 2 ARB cycles; the micro-Vickers hardness values are constantly high during
ARB process.

K e y w o r d s: Ti-Zr-Nb-Ta alloy, grain refining, accumulative roll bonding, structure char-
acterization, mechanical properties testing, nano-crystalline structure

1. Introduction

Actual tendencies in biomaterials and biomedical
research areas are focused on new chemical composi-
tions with advanced structures of Ti based alloys [1],
other than commercial pure Ti (cp-Ti) and Ti-6Al-
-4V alloy. Unfortunately, the Ti-6Al-4V biomaterial,
famous for its corrosion resistance and biocompatibil-
ity properties, has a negative long term performance,
affected by Al and V liberation associated with the
occurrence of serious health problems [2, 3], such as
harming the haematopoietic system, developing Par-
kinson or Alzheimer disease and onset of neuropathy.
This is the reason why the research concerning bio-
metallic alloys is developing new chemical composi-
tions of Ti based alloys, by including only non-toxic,
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biocompatible elements, such as Ta, Nb, Mo, Zr, in
order to find new structures with advanced properties
for biomedical applications [4, 5].
The present article proposes a promising biomed-

ical alloy – Ti-10Zr-5Nb-5Ta (wt.%) – with a complex,
multi-component chemical composition and without
potentially cytotoxic elements, processed through an
innovative ARB processing route. The ARB techno-
logy can assure a great grain refinement until nano-
-size crystalline structures are capable of increased
bioactivity, which is essential for an implant bioma-
terial.
The ARB process developed by Saito et al. [6] rep-

resents one of several versions of severe plastic deform-
ation (SPD) processing routes, by which ultra fine
grains (UFG) and a nano-crystalline (NC) structure
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Ta b l e 1. The rolling scheme of ARB procedure

No. of layers/ Initial thickness Final thickness Final thickness
ARB cycle of the sample package of the sample package of the obtained layers

(mm) (mm) (mm)

2 – 1st cycle 0.20 (0.10× 2) 0.15 approx. 0.075
4 – 2nd cycle 0.30 (0.15× 2) 0.17 approx. 0.043
8 – 3rd cycle 0.34 (0.17× 2) 0.18 approx. 0.023
16 – 4th cycle 0.36 (0.18× 2) 0.19 approx. 0.012

can be obtained [7–11]. The ARB process involves the
severe deformation of metallic sheets, without modific-
ation of overall material thickness. In real terms, this
technique consists of plastic deformation by rolling
two equally geometrical dimensioned stacked mater-
ial sheets, with a deformation degree of 50 %. In these
conditions, the final consolidated stacked sheet will
have a final thickness equal to that of each original
sheet before rolling. The ARB process can be applied
on bulk materials and has a major advantage consist-
ing in unlimited plastic deformations for an unlimited
number of ARB cycles. Through this way, the grain
dimensions decrease after each ARB cycle, until UFG
or even NC dimensions are achieved.
Many research works [12, 13] state that the well

known appealing qualities of the nano-scale mater-
ial can improve properties such as bioactivity. Con-
sequently, this present paper intends to associate a
promising new bio-metallic alloy, obtained through
ARB processing route, with NC structure capable of
improved bioactivity.

2. Experimental procedure

2.1. ARB process

In order to obtain the Ti-10Zr-5Nb-5Ta (wt.%) al-
loy, a levitation melting technique with cold crucible,
in a FIVES CELES MP 25 type furnace (215 kHz
magnetic field frequency) was used. This technique is
efficient in melting metals with very different melt-
ing points, without the risk of contamination, and
also for obtaining ingots with high chemical homo-
geneity. In order to achieve a higher homogeneous
microstructure, the samples used for ARB process
were obtained through thermo-mechanical processing
of the as-cast alloy. The thermo-mechanical process
consisted of an initial cold-rolling deformation, fol-
lowed by an annealing treatment. The cold-rolling de-
formation, accomplished with a total deformation de-
gree of 85% (thickness reduction), was performed on
a MARIO DI MAIO LQR120AS laboratory mill. The
annealing treatment, realized at 850◦C, in argon at-
mosphere, with a maintaining time of 30 min and sub-
sequent air cooling, was performed using a GERO SR

100× 500 heat treatment laboratory oven.
The resulted sheet constitutes the precursor samp-

le for ARB process. The precursor sample, used to
initiate the ARB cycles, has been mechanically ma-
chined to 0.1× 8× 70mm3 dimensions. Before each
ARB cycle, the sample surfaces were degreased using
an ultrasonic bath, for 5 min (ethylic alcohol at tem-
perature of 60◦C), in order to remove surface contam-
ination and oxide scale. The ARB cycles were per-
formed using the same aforementioned MARIO DI
MAIO LQR120AS laboratory mill. Roll bonding was
conducted with a rolling ratio of 50 %, so that the
total thickness of the bonded sheet remained constant.
In real terms, this technique consists of rolling two
stacked metal sheets, with equal dimensions, using a
deformation degree of 50 %, in order to obtain one fi-
nal sheet with the same thickness like the original two
ones. The ARB process was conducted up to 4 cycles
at a rolling rate of 1.2 mmin−1. The billet roll stand
has been pre-tensioned for a negative skip (–0.2mm).
Table 1 presents the ARB rolling scheme. In the end
of the ARB process, samples consisting in stacks of 4,
8 and 16 layers were selected for structural and mech-
anical investigations.

2.2. Micro-structural and mechanical
characterization

The microstructures of the precursor sample and
of the ARB processed samples were examined with:
a QUANTA INSPECT F scanning electron mi-
croscope (SEM), with energy dispersive spectro-
scopy (EDS) analyzing system; a TECNAI F30
G2 high resolution transmission electron microscope
(HRTEM), with linear resolution of 0.1 nm and with
point-resolution of 0.14 nm, using specimens prepared
through ionic impact thinning; a PANalytical dif-
fractometer with Bragg-Brentano geometry in 2θ,
using a Cu Kα X-ray characteristic fascicle, with
wavelength of 0.154065 nm.
The mechanical tests were realized as static tensile

tests at ambient temperature, using the GATAN
MICROTEST-2000 tensile module, and also the
micro-hardness tester WILSON-WOLPERT 401MVA,
located inside of the SEM-TESCAN VEGA II-XMU
microscope.
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Fig. 1. Ultimate tensile strength of the Ti-10Zr-5Nb-5Ta
alloy with ARB cycles.

Fig. 2. Young’s modulus of the Ti-10Zr-5Nb-5Ta alloy with
ARB cycles.

3. Results and discussion

3.1. Mechanical properties of the ARB
processed Ti-10Zr-5Nb-5Ta alloy

By processing the data from stress-strain diagrams
resulted from tensile tests applied on samples with
4, 8 and 16 layers (2, 3 and 4 ARB cycles), the dia-
grams in Figs. 1, 2 and 3 have been obtained. These
figures show the value variations of ultimate tensile
strength (Fig. 1), Young’s modulus (Fig. 2) and total
elongation (Fig. 3) in accordance with the number of
ARB cycle. In addition, Fig. 4 shows the values of the
micro-hardness of the same samples. The results of the
mechanically tested materials conduct to the following
remarks and discussions:
Figure 1 shows the change in tensile strength values

of the studied Ti alloy as a function of the number of
ARB process cycles. The values corresponding to 2nd,
3rd and 4th ARB cycles are indicated, which are most
relevant to the evolution of mechanical properties. The

Fig. 3. Total elongation of the Ti-10Zr-5Nb-5Ta alloy with
ARB cycles.

tensile strength values increase in the initial stage (1
and 2 cycles) up to 790MPa for the 2nd ARB cycle,
due to classical strain hardening mechanism of Hall-
-Petch method – smaller grain size will make the ma-
terial harder. But after that, there is a slow decrease in
the following two cycles (the 3rd and 4th ones) down to
600MPa and 640MPa, respectively, suggesting that
in this stage of the ARB process, two possible phe-
nomena can be taken into account, both discussed in
specific literature and equally credible for the present
case: The first one refers to an inverse Hall-Petch ef-
fect, observed for nano-crystalline materials and re-
ported by a large number of papers. This effect refers
to the fact that nano-crystalline materials get softer
as grain size is reduced below a critical value, due to
dislocations based models or grain-boundary-shearing
models [14]. The second possible phenomenon refers to
dynamic recovery of heavily deformed structure which
may occur. During the ARB process, due to drastic
plastic deformations, the temperature of the samples
could forcefully rise, even if the process was conduc-
ted at room temperature [15, 16]. In these conditions,
a partial dynamic recovery can develop during higher
ARB cycles, which can lead to a diminution of the
strain hardening. This behavior has also been repor-
ted in some Al and other Ti based alloys [17, 18].
Figure 2 shows the variations of the Young’s mod-

ulus values for the studied alloy samples in accordance
with ARB cycles. In this case, there is a constant in-
crease of these values during ARB process, due to the
strain hardening of the alloy. The dynamic recovery
phenomenon, suggested above, apparently does not
affect the modulus in this stage of the ARB process.
Clearly, it must be inferred that the two discussed
phenomena – strain hardening and possible dynamic
recovery – have a competition influence on the alloy
structure, even in these early stages of ARB process.
Figure 3 shows the variations of the total elong-

ation values for the studied samples of the alloy in
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Fig. 4. Micro-Vickers hardness of the Ti-10Zr-5Nb-5Ta al-
loy with ARB cycles.

Fig. 5. SEM image of the precursor sample, before ARB
process, thermo-mechanically treated: fine equiaxed grains
of β phase, with inter-granular fine micro-zones of α phase.

accordance with the ARB cycles (the measurement
length on sample (Lo) for calculation of elongation
was Lo = 70mm). Here, the value from the 2nd ARB
cycle (2.55 %) suddenly decreases in the 3rd cycle to
0.4 %, suggesting the strain hardening phenomena,
after which it slowly increases to 0.6 % in the 4th cycle.
The same analysis is valid for Fig. 4, which shows the
variations of the micro-Vickers hardness values for the
studied samples of the alloy in function of ARB cycles.
The micro-hardness values are slowly decreasing with
ARB cycles, from 340 HV0.3 to 320 HV0.3, and finally
to 307 HV0.3, suggesting the inverse Hall-Petch effect
or the partial dynamic recovery phenomena.
However, beside mechanical properties evolution in

the alloy structure, the main and most desired phe-
nomenon of the ARB process is the grain size diminu-
tion that can be highlighted and analyzed by struc-
tural characterization of the newly studied alloy.

Fig. 6. XRD spectra of the precursor sample before ARB
process.

3.2. Structural analysis of the ARB processed
Ti-10Zr-5Nb-5Ta alloy – Formation of the

nano-sized grains

In order to highlight the diminution of the grain
size during ARB process, the structural analysis of
the studied Ti alloy began with the analysis of the
precursor sample for establishing the initial structural
characteristics before the ARB process. The micro-
structural features of the precursor sample, after a
cold rolling deformation and an annealing treatment,
are visible in Fig. 5. Figure 5 shows beside traces of
material deformation lines, a micro-structure formed
by equiaxed grains of β cubic phase, separated by
inter-granular α hexagonal phase (dark zones). The
presence of these two phases is confirmed by XRD
patterns from Fig. 6. In addition, XRD spectra also
indicate traces of TiO2, existent on the sample sur-
face, which have been brushed aside before the start
of the ARB process, through a degreasing procedure
described above in the experimental procedure. The
average dimension of the equiaxed grains of the pre-
cursor sample is about 350–400 nm.
Figures 7, 8, 9 correspond to Ti-10Zr-5Nb-5Ta al-

loy after ARB cycles 2, 3 and 4, representing the
most delineative SEM images of the samples with 4, 8
and 16 layers, respectively. All SEM images indicate
a general micro-structural aspect referring to the bi-
-phase structure (α + β), presented and detected in
all samples of investigated Ti-10Zr-5Nb-5Ta (wt.%)
alloy: fine β grains with small quantities of inter-
granular α phase at grain boundaries (dark zones).
The X-ray diffraction analysis confirms the presence
of two phases (α and β) in all 3 stages of ARB process
studied (2nd, 3rd and 4th ARB cycles). Only the XRD
spectra for the 16 layer sample (4 ARB cycles) indic-
ated in Fig. 10 were selected as presentation, which is
the most representative for the purpose of this present
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Fig. 7. SEM image for the sample after 2 ARB cycles
(4 layers); the material orientation on deformation direc-
tion, and the non-uniformity of the adhesion zones between

layers are visible.

Fig. 8. SEM images at different magnifications for the
sample with 8 layers (after 3 ARB cycles): (a) good adhe-
sion between layers is visible; (b) fine equiaxed crystallites

of β phase and inter-granular α phase.

Fig. 9. SEM images at different magnifications for the
sample with 16 layers (after 4 ARB cycles): (a) good ad-
herence between layers; drastic material deformation; (b)
equiaxed nano-scale grains of β phase and inter-granular

α phase.

Fig. 10. XRD spectra of the 16 layers – ARB processed
sample; the presence of α and β phases.
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paper because of finer grain dimensions obtained dur-
ing ARB process, attested by the most flattened pat-
terns. There are some important micro-structural par-
ticularities of each ARB processed sample. Figure 7,
corresponding to SEM image of the sample after 2
ARB cycles (4 layers), shows hard material deforma-
tion along rolling direction and a non-uniformity of the
adhesion zones between layers. The micro-structure is
characterized by coarse grains of the separation zones
between layers, finer crystallites of β phase and the
inter-granular network of α phase in the middle layers.
Average dimension of the fine crystallites is about 250–
300 nm, thinner than that of the precursor sample.
The equiaxed grain shape argues the beginning of the
dynamic recovery, suggested in the analysis part of the
mechanical properties, but, correlated with the high
tensile strength from this stage, it is evident that the
strain hardening phenomena is more powerful in this
stage of the ARB process than the dynamic recovery.
Figure 8 represents two SEM images at different mag-
nifications of the sample with 8 layers (after 3 ARB
cycles). Figure 8a shows a good adhesion between lay-
ers, comparative to earlier stage, and Fig. 8b, real-
ized at a higher magnification, a thinner grain size,
of about 200 nm. Figure 9 also represents two SEM
images at different magnifications, but pertaining to
the sample with 16 layers (after 4 ARB cycles). Also,
a good adherence is visible between layers and as well
as a drastic material deformation (Fig. 9a). Figure 9b
shows fine equiaxed crystallites of about 10 nm.
For the sample with 8 layers (third ARB stage),

the elongation decrease with the tensile strength is
comparable to corresponding values of earlier stages.
This suggests that at higher strains (beginning with
third cycle) the strain hardening mechanism, spe-
cific for hard deformation processes, is possibly gradu-
ally attenuated by dynamic recovery, attested by the
equiaxed shape of the grains. However, future re-
searcher works must focus on this fact. The most im-
portant fact is that the grain sizes decrease continu-
ously, even if the Young’s modulus continues to in-
crease and total elongation decreases. Once achieving
the nano-metric size of the grains, mechanical proper-
ties can be improved by subsequent annealing treat-
ments.
Figure 11 shows the grain size refinement during

ARB process, applied on the Ti-10Zr-5Nb-5Ta studied
alloy, compared with precursor sample. The drastic di-
minution of the grain size after 4 ARB cycles is visible.
The size of approximately 10 nm represents a prom-
ising value for future investigations of the bioactivity
of the newly studied Ti-10Zr-5Nb-5Ta alloy.
For this most important sample, corresponding to

4 ARB cycles, with a grains size of about 10 nm, the
micro-structural analysis has been detailed by per-
forming HRTEM microscopy. Observed structural as-
pects revealed a highly tensioned structure, a fact

Fig. 11. The decrease of the grain dimension of the
Ti-10Zr-5Nb-5Ta alloy as a function of ARB cycles.

which is highlighted by the presence of the charac-
teristic contrast lines, visible in Fig. 12a. Figure 12b
reveals the obtained nano-metric crystalline structure,
with crystallites measuring around 7–12 nm (7.8 nm,
11.4 nm and 11.6 nm). At such a small grain size it
is suggested that the microstructure presents a timid
beginning of an amorphization process. Miller indices
for some families of lattice planes and the correspond-
ing inter-planar distance were also detected and meas-
ured: (110) Miller indices for β-Ti phase, with inter-
-planar distance of 2.32 Å and (101) Miller indices
for α-Ti phase with inter-planar distance of 2.24 Å
(Fig. 12c). Figure 12 confirms the advantage of ARB
procedure in decreasing the grain dimension, which
also represents a promising result as the way of ob-
taining structures at a nano-scale for new proposed
multi-component Ti alloy.

4. Conclusions

The aim of the present work was to obtain nano-
-size grains for a newly proposed Ti-10Zr-5Nb-5Ta al-
loy, by applying the ARB process, without the pres-
ence of potentially cytotoxic elements, in order to im-
prove the alloy’s bioactivity. 4 ARB cycles were ap-
plied. The obtained samples were mechanically tested
and also structurally characterized using SEM, XRD
and HRTEM techniques.
The main objective of the research work was

achieved by obtaining a diminution of the grain size
between 350–400 nm, before ARB process, for the pre-
cursor sample, to 10 nm, after applying 4 ARB cycles.
The investigation of mechanical properties indic-

ates an increase of tensile strength values in the 1st

and 2nd ARB cycle, followed by a slow decrease be-
ginning with 3rd ARB cycle, due to strain harden-
ing phenomena in the beginning, followed by possible
inverse Hall-Petch effect or possible dynamic recov-
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Fig. 12. HRTEM images of 16 layers – ARB processed
sample: (a) high tensioned nano-sized structure, spot-
lighted by the presence of characteristic contrast lines; (b)
high tensioned nano-crystalline structure, with contrast
lines and measured grain dimension; (c) the Miller indices
for β-Ti and α-Ti phases, with measured inter plane dis-

tance.

ery phenomenon, a fact which must be focused and
developed by future researchers. The Young’s modu-
lus increases and the total elongation decreases during
all ARB process, suggesting that the strain hardening
phenomenon is more prominent than the dynamic re-
covery, which visibly affects only the grain shape being
equiaxed.
The micro-structural investigations reveal the pres-

ence of two phases, β cubic phase (in majority) and α
hexagonal phase, a good adherence between layers for
the 3rd and 4th ARB cycles, and a constant decrease
of the grain size of the present crystallites, with timid
beginning of an amorphization process in the 4th ARB
stage.
The advantage of the ARB procedure in decreasing

the grain dimension was confirmed: crystallite dimen-
sions for ARB processed sample with 16 layers are
around 7–11 nm, which values represent a promising
result as a way of obtaining structures at a nano-scale
for a multi-component Ti alloy, suitable for improving
the alloy’s bioactivity.
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