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For developing performant metallic materials for medical implants, biome-
chanical adaptation is important for both the bulk material and the material’s
surface. Therefore, a nano surface-severe plastic deformation (NS-SPD)
treatment was applied on the surface of a gum-type alloy (Ti-Nb-Zr-Fe-O) with
enhanced bulk mechanical biocompatibility. Six variants with different pro-
cessing parameters were tested using small impact balls accelerated by com-
pressed air. Before the NS-SPD treatment, the alloy was first subjected to
thermomechanical processing to achieve a high compositional and structural
homogeneity and proper mechanical properties of the core structure. A de-
tailed microstructural analysis was performed on the thermomechanical-
processed alloy and on the surface areas. The microstructural analysis (based
on scanning electron microscopy electron backscatter diffraction and x-ray
diffraction) reveals the influence of the NS-SPD treatment by formation of two
different surface layers: an outer, very thin layer, approximately 10 lm in
width, formed of titanium oxides as a consequence of surface oxidation during
ball impacts in an air atmosphere, and one approximately 100 lm to 250 lm in
width, representing a zone of high-density microstructural defects.

INTRODUCTION

The gradually growing demands for improved
materials designed for performant, long-life, hard-
tissue implants are well known.1 Among all metallic
biomaterials used at this moment, b-titanium alloys
have received much attention because of their
proved advantages for the following two important
directions: (1) mechanical biocompatibility, ensured
by a low elastic modulus whose values are close to
those of human cortical bone, combined with high-
strength and high-fatigue resistance; and (2) bio-
chemical compatibility, such as high corrosion
resistance and good biocompatibility.1,2 However,
for all hard-tissue implants, including the b-Ti alloy
implants, one of the most important problems
requiring improvement is the surface status,3,4

because the failure of the implants usually starts
at the surface as a result of fretting, wear, fatigue,
and corrosion.5 Often, the problems of the b-type
titanium alloy implants appear when the implant

surface is encapsulated by fibrous tissue without
producing any osseous junctions with surrounding
tissues after implantation.6 For an improved osteo-
integration of the titanium alloys, it is necessary to
obtain durable surfaces, processed on to the implant
alloy, capable of preventing any cracking or exfoli-
ations, coupled with a proper roughness for a rapid
and durable osseous integration.7–9 Therefore, the
improvement of implant surface properties has a
high demand in actual research programs.

Among many possible surface treatments, a new
and promising way of improving the surface’s
characteristics is generically named nano surface–
severe plastic deformation (NS-SPD),10–12 which
represents a new family of severe plastic deforma-
tion (SPD) processes, such as ultrasonic shot peen-
ing,13 high-energy shot peening,14 surface
mechanical attrition treatment,9 and surface nano-
crystallization and hardening,15 developed to gen-
erate on the metallic material surface a nano-
crystalline or at least an ultrafine-grain surface
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layer. Thus, the locally applied SPD process consists
of surface micro-deformations generated through
repeated impacts of high-velocity balls or shots, at
high strain rates of approximately 102 s�1 to
103 s�1, without alloy chemical composition chang-
ing,16,17 as in many other surface processing meth-
ods (physical vapor deposition, chemical vapor
deposition, sputtering, etc.). Also, the resulting
surface structure is porosity and impurity free.
Beneath the NS-SPD surface, deep compressive
residual stresses are generated, which creates a
superficial self-nano-crystallized structure, for
which the applied processing parameters have a
direct effect on the plastically deformed micro-
volumes at the surface. The effects are on local
topography and microstructure, being created con-
ditions for new phenomena developing at a crys-
talline grain level and crystal lattice level/atomic
level in the superficial layers.

NS-SPD treatment has been successfully applied
more often on such types of material as AISI 316L
stainless steel,9,18 and some attempts on Cu,19 Cu-
30Ni,20 Al-Si,21 alloy 718,22 and cp-Ti.23 For NS-
SPD applied on b-type titanium alloys, there are
only few reports, incipient but promising, that refer
to Ti-Nb-Zr-Fe3,6 and Ti-Nb-Mo-Zr-Sn24 composi-
tions only. It is well-known that, among all b-Ti
alloys used for hard-tissue implants, the most
appreciated are Ti-Nb-Ta-Zr (TNTZ) composition
types because of their suitable combination of
mechanical and biomedical functional proper-
ties.25–29 In solution-treated condition, the bulk
TNTZ alloys have a desirable low elastic modulus,
approximately 55 GPa, but with not so high
strength, generally not exceeding 550 MPa, which
may be insufficient for hip implant applications.30

Therefore, the strengthening modality of these
TNTZ alloys in bulk condition is the oxygen addition
(TNTZ-O—gum metal), already applied; oxygen acts
like an interstitial strengthening element and
inhibits the stress-induced-martensitic (SIM) trans-
formation.31,32 Another strengthening modality of
the bulk alloy is by thermomechanical processing,
which involves grain refining to ultrafine or even
nanometer dimensions.33 The scientific research in
the present work proposes to cumulate the effects of
applying the NS-SPD treatment on the surface of a
gum-metal-type alloy that was first thermo-me-
chanically processed in a bulk condition. The pur-
pose of this approach is to obtain an improved bio-
alloy, with performant properties in the core volume
and at the surface as well. The gum metal investi-
gated in this study was developed previously;34 in
this study, after a preliminary thermomechanical
treatment for the alloy core performance, the NS-
SPD surface treatment was performed in a few
different parametrical variants for the purpose of
obtaining modified, performant surface
characteristics.

The structural and mechanical characteristics of
the core material were investigated, as well as the
surface characteristics and microstructural evolu-
tion in the function of the NS-SPD applied variant.

MATERIALS AND METHOD

Gum-Type Alloy Synthesis

The nominal composition of the tested alloy (Ti-
Nb-Zr-Fe-O) was 31.7% Nb, 6.21% Zr, 1.4%Fe,
0.16%O, balance of Ti (mass fraction). The alloy
was obtained using a levitation induction melting
furnace FIVE CELES—MP25 with a nominal power
of 25 kW and a melting capacity of 30 cm3 under a
high vacuum of 10�4–10�5 mbar protective atmo-
sphere. The alloy synthesis was made under a high
vacuum and intense agitation of the melted alloy
with remelting of the ingots done twice to obtain a
high degree of chemical homogeneity.

Thermo-mechanical Processing (TMP)
of the Ti-Nb-Zr-Fe-O Alloy

After the synthesis process and before the NS-
SPD treatment, the as-cast alloy was processed by a
preliminary, specific TMP (Fig. 1) consisting of (1) a
homogenization treatment (HT) at 1223 K (950�C)
with a holding time of approximately 360 min/water
quenching (w.q.), using a GERO SR 100 9 500 type
of oven under high vacuum; (2) a cold rolling (CR)
with a relative reduction, e = 65%, using a Mario di
Maio LQR120AS rolling mill with 3 m/min rolling
speed, without any lubrication; before the CR
process, the samples were cleaned using an ultra-
sonic bath at 60�C in ethyl alcohol; and (III) a
solution treating at 1123 K (850�C) with a holding
time of approximately 15 min/w.q., using the same
oven type as for HT.

NS-SPD Treatment of the Ti-Nb-Zr-Fe-O Alloy
Surface

The application of the NS-SPD treatment on the
surface of a gum-metal-type alloy has not been
reported. Therefore, the intention in this study was
an exploration/screening of the processing parame-
ters of the NS-SPD treatment to find a suitable com-
bination for performant results. This exploring
process starts from two important data for this
kind of experiment acquired on other types of
titanium alloy: (1) The impact ball diameter varies,
usually between 1 and 3 mm for the already tested
Ti alloys35–37 and (2) the total mass of the impact
balls is recommended to be no higher than approx-
imately 25% of the chamber volume used for the
mechanical surface treatment.23,35,38,39

For the present work, three different diameters
were selected for the impact balls, made of AISI
316L steel: 1 mm, 1.6 mm, and 2.0 mm. They had a
smooth surface, a hardness of approximately 60
HRC, and a density (q) of approximately 7.8 g/cm3.
For exploring more experimental variants, for each
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impact ball diameter, two different ball quantities
were used, 3 and 6 kg, resulting in six different
experimental variants. To perform the NS-SPD
treatment, the sample of 10 9 60 9 40 mm, result-
ing after the preliminary TMP of the alloy, was cut
into six smaller pieces of 2 9 0.6 9 40 mm. The
impact balls were accelerated by compressed air
(with a flow pressure of 9 atm) being directed
perpendicularly on the sample surface. For each
NS-SPD variant, the time of the surface mechanical
treatment was approximately 20 min, with 50 mm
for the ball impact distance. The bombarding input
energy Eb of the impact balls depended on ball mass
(mb) and ball velocity (v), Eb = (mbÆv

2/2). Thus, for
each experimental NS-SPD variant, the number of
impacts/cm2—N—was calculated. Data for all NS-
SPD treatment variants are provided in Table I.

Microstructural and Mechanical Analysis

After the NS-SPD treatment, for examining and
analyzing the microstructural evolution from the
surface in depth to the sample core, all samples
were cut in a perpendicular direction to the treated
surface to observe the profile in depth of the
obtained NS-SPD layer.

A Metkon MICRACUT 200 machine, with dia-
mond cutting disks, was used for this cutting
process. Then, the specimens were fixed on a specific
epoxy resin of a Buehler SamplKwick type, were
abraded with 1200-grit SiC paper using a Metkon
Digiprep ACCURA equipment, and finally were
mechanically polished using 6 lm, 3 lm, and 1 lm
diamond paste and 0.03 lm colloidal silica on
Buehler VibroMet2 equipment.

The scanning electron microscopy (SEM) exami-
nation of the thermo-mechanically processed alloy
(the core microstructure) and of the NS-SPD layers
was made using a scanning electron microscope,
TESCAN VEGA II—XMU.

The x-ray diffraction (XRD) analysis of the Ti-Nb-
Zr-Fe-O alloy, after TMP and after the surface
mechanical treatment, was made using a Panalyt-
ical X’Pert PRO MRD diffractometer, with Cu k-
alpha (k = 0.15418 nm) in the range 2h = 30�–90�,
using a step size of 0.02�, 40 kV, and 30 mA. The
recorded XRD spectra were fitted using the PeakFit
v.4.11 software package, to determine for each
diffraction peak the position, intensity, and peak-
broadening full width at half maximum (FWHM)
parameters.

The tensile tests, performed on the thermo-me-
chanically processed samples, were realized using a

Fig. 1. General scheme of the Ti-31.7Nb-6.21Zr-1.4Fe-0.16O (wt.%) alloy processing.
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Gatan MicroTest-2000N-type machine, with a
strain rate of 1 9 10�4 s�1; the following average
values of the mechanical characteristics were deter-
mined: ultimate tensile strength (rUTS), yield
strength (r0.2), elongation to fracture (ef), and elastic
modulus (E).

RESULTS AND DISCUSSION

Microstructural and Mechanical Characteri-
zation of the TMP Alloy

To evaluate the effects on the bulk characteristics
of the Ti-Nb-Zr-Fe-O alloy, after the preliminary
TMP, which ensured the alloy’s biocompatibility
and biomechanical adaptation at a macroscale, an
energy-dispersive spectroscopy (EDS) and a SEM
(secondary electron—SE and back-scattered elec-
tron—BSE imaging) analysis were performed. Fig-
ure 2 presents a homogeneous distribution of the
chemical elements in the TMP sample core. These
EDS analyses confirmed the chemical composition
of the investigated alloy: Ti-31.7Nb-6.21Zr-1.4Fe-
0.16O (mass%).

Some microstructural characteristics of the TMP
alloy are presented in Fig. 3. The SEM images of the
core microstructure show homogeneous equiaxed
ultrafine grains of single b phase with high angle
boundaries (Fig. 3a, b and c), with minimal intra-
granular disorientation (Fig. 3d) and with an aver-
age grain dimension of approximately 55.2 lm
(Fig. 3e). All grains were randomly oriented without
an obvious texture and without twins. Along with
Fig. 2, which presents the obtained chemical homo-
geneity of the TMP alloy, Fig. 3 indicates, in turn,
the structural homogeneity of the bulk alloy.

From the tensile tests performed on the samples
of Ti-Nb-Zr-Fe-O alloy, in TMP condition, without
surface mechanical treatment, the following aver-
age values of the mechanical characteristics (Fig. 4)
were determined: the ultimate tensile strength
rUTS = 1083 ± 10.2 MPa, the yield strength
r0.2 = 655 ± 8.5 MPa, the elongation to fracture
ef = 9.3 ± 2.4%, and the elastic modulus
E = 61 ± 2.8 GPa.

Considering that the studied alloy is intended to
be used for the biomedical domain, for which an
ultrafine structure with a low modulus of elasticity

is necessary, it can be emphasized, based on the
experimental results for the core structure and
compared with the characteristics of other gum
alloys27–29,31 that the investigated alloy has the
main four important characteristics necessary for
good mechanical biocompatibility; the b phase is
stable, the crystalline grain dimension is small
(approximately 55.2 lm), the ultimate tensile
strength is high (rUTS = 1083 MPa), and the mod-
ulus of elasticity is low (61 GPa).

Microstructural Characterization of the Ti-
Nb-Zr-Fe-O Alloy Surface, Treated by NS-SPD

The central aim of the present research is obtain-
ing a mechanically modified surface on a gum metal
alloy with improved bulk characteristics; at this
stage of the research, the major goal is the
microstructural characterization of the alloy sur-
face, treated by NS-SPD. The microstructural fea-
tures are illustrated in Fig. 5a, b, c, d, e and f, which
shows cross sections of the surface-treated samples
for all six NS-SPD variants used in the experiments.
The following characteristics can be identified: The
region corresponding to the core structure, shown in
Fig. 3, is a deformation-free region, with unchanged
equiaxed morphologies of the b phase, similar to the
initial alloy structure before the NS-SPD treatment.
After the NS-SPD treatment, in the severe plastic-
deformed surface region, the formation of two
characteristic surface layers, visible in Fig. 5a, b,
c, d, e and f, is identified.

1. The first is an outer, very thin layer, of approx-
imately 10 lm in width, almost identical for all
six NS-SPD variants, considered to be formed of
titanium oxides as a consequence of surface
oxidation and passivation during/after the ball
impacts in atmospheric air. This layer can be a
barrier against outside corrosion or can be
mechanically removed. It is well known that
the physicochemical and electrochemical prop-
erties of the oxide film, as well as its long-term
stability in biological environments, play a
major role for the biocompatibility of titanium
implants.39

2. The second layer, much larger than the first one,
with a width of approximately 100 lm to

Table I. NS-SPD treatment parameters and the surface layer width of the modified zone (lm)

NS-SPD
variant type

Steel ball
diameter, U (mm)

Total impact ball
mass M (Kg)

N—number of
impacts (cm2)

Average surf. layer width after
NS-SPD treatment (lm)

V1 1.0 3 150 9 103 110
V2 1.0 6 300 9 103 200
V3 1.6 3 58 9 103 150
V4 1.6 6 116 9 103 180
V5 2.0 3 29 9 103 220
V6 2.0 6 58 9 103 240

Surface Modifications of Biomedical Gum-Metal-Type Alloy by Nano Surface—Severe Plastic
Deformation

4117



250 lm, depending on the NS-SPD applied
variant, represents a high-density twin (HDT)
zone with possible dislocation bands. The depth

of this second layer continuously increases
because of the increase of the micro-strain
accumulations, depending on the bombarding

Fig. 2. Chemical elements distribution in the core region of the Ti-Nb-Zr-Fe-O alloy, in the TMP state: (a) the SEM SE-BSE image of the
analysed zone; (b) Ti distribution; (c) Nb distribution; (d) Zr distribution; (e) Fe distribution; (f) O distribution; and (g) the EDS spectra of the
analysed zone.
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energy of the impact balls, which depends on the
balls’ mass and the impact ball diameter. This
second layer is of maximum interest because it
can improve the alloy surface features.

For all NS-SPD variants, the twins in the
processed alloy surface are clearly visible in Fig. 5.
As a function of both the impact ball diameter and
the N (number of impacts/cm2), the crystallographic

changes are more or less pronounced and refer to
the twin’s formation and possible lattice distortions
with dislocation accumulation. With the increase of
the impact ball diameter, the area of influence
becomes larger (V4–V6 compared with V1–V3). For
the same ball diameter (corresponding to the vari-
ants V1–V2, V3–V4, and V5–V6), the width of the
modified zone is larger for a higher N (Table I).
From all six NS-SPD applied variants, the largest

Fig. 3. SEM-EBS images of the Ti-Nb-Zr-Fe-O alloy, in the TMP state: (a) pattern quality map; (b) inverse pole figure (IPF) colour map image; (c)
grain size colouring map image; (d) KAM (kernel average misorientation) map image; (e) grain size distribution analysis.
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modified zone is identified for the NS-SAPD V6
variant, of approximately 240 lm in width, contain-
ing the highest density of twins.

In Fig. 6a, b, c, d and e are presented the XRD
spectra of the Ti-Nb-Zr-Fe-O alloy in all conditions.
Figure 6a shows the alloy in TMP condition, the
core structure. Figure 6b, c, d and e shows the alloy
after the NS-SPD treatment (V1–V6).

All XRD spectra, which indicate the presence of a
single b-phase with clearly contoured diffraction
peaks of the crystallographic structure, confirm that
the NS-SPD treatment does not influence/change
the phase nature of the core material. However,
after analyzing the peak’s position, intensity, and
broadening in all XRD spectra, some comments are
necessary. The diffraction peaks of the b-phase
corresponding to the core structure of the alloy
(Fig. 6a) are relatively sharp. The XRD spectra of
the surface-treated samples (Fig. 6b, c and d) are
pair-grouped for the NS-SPD variants (V1–V2; V3–
V4; V5–V6) corresponding to the experiments real-
ized with the same impact ball diameter but with
two different N (number of impacts/cm2). The
overall characteristic of these XRD patterns is their
apparent similarity. Inside the explored scattering
domain, some similarities are observed concerning
the peaks’ sequence and position; however, signifi-
cant differences are observed concerning the peak
broadening and intensity. Generally, the broaden-
ing of the Bragg diffraction peaks is a result of the
lattice distortion of the heavily distorted grains and/
or of the grain refinement.

For the present case, there is a visible broadening
of the diffraction peaks (especially for the V1, V2,
and V6 variants) after applying the NS-SPD treat-
ment compared with the initial core structure.

For the NS-SPD pair variants V1 and V2, realized
by using the same impact ball diameter, the XRD
spectra were not significantly modified if the N
(number of impacts/cm2) was considered. Almost
identical spectra were observed (Fig. 6b). However,
the N (number of impacts/cm2) influences the peak
broadening and intensity for the V3–V6 NS-SPD
variants (Fig. 6c, d and e). A half diminution of the
diffraction peak of the b-Ti (110) plane for the V6

variant compared with the V5 variant (Fig. 6d) was
present. The same comment is also valid for Fig. 6e,
which compares the XRD spectra of the alloy core
structure with the XRD spectra for the treated alloy
in the V6 variant. Therefore, the most indicated NS-
SPD variant from all those studied is V6, capable of
inducing crystallographic changes in the material
surface, in terms of lattice distortions and/or grain
refinement. This observation must be correlated
with information from Fig. 5f, which shows the
largest HDT zone for the V6 NS-SPD variant. Thus,
for the V6 NS-SPD variant, the SPD-treated zone is
the largest and has the highest twin density and
possibly other crystallographic changes affecting
the fine structure, which represents the most prob-
able premise for initiating the process of grain
refinement due to the development of the severe
plastic deformation process, if considering the grain
refinement mechanism discussed previously38–40

and schematized for the present case in Fig. 7.
Figure 7 indicates that, through the present NS-

SPD experiments, only an exploratory part of the
surface nano-crystallization process that could be
developed by NS-SPD until the stage corresponding
to high accumulation in the surface structure of
crystallographic changes identified by twins, lattice
distortions, and possible dislocation bands has been
investigated. In the future, NS-SPD experiments
should continue to be investigated deeply by
advanced tools (crystalline structure determination
and data concerning the crystalline zones, lattice
parameters, micro strains, and crystal orientation)
to determine the influence of NS-SPD processing
parameters on the fine structure of the gum metal
alloy, with practical consequences for the micro-
hardness characteristics, corrosion behavior, and
wear resistance of the processed/modified surface.

CONCLUSION

� The scientific approach of this study was apply-
ing NS-SPD processing on the surface of a gum-
metal-type alloy (Ti-Nb-Zr-Fe-O) for modifying
the surface characteristics/microstructure. For

Fig. 4. Stress–strain diagram of the Ti-Nb-Zr-Fe-O alloy in TMP condition (core structure).
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the Ti-Nb-Zr-Fe-O alloy, performant properties
in core volume were obtained through a thermo-
mechanical process, applied preliminarily in a
bulk condition.

� The alloy in the TMP condition has the charac-
teristics necessary for good mechanical biocom-
patibility: The b phase is stable, the crystalline
grain dimension is small (approximately
55.2 lm), the ultimate tensile strength is high
(rUTS = 1083 MPa), and the modulus of elastic-
ity is low (61 GPa).

� Surface layers, with plastically deformed micro-
volumes, were realized after applying different
variants of NS-SPD mechanical treatment, on

the Ti-Nb-Zr-Fe-O alloy. An exploration/screen-
ing of the NS-SPD processing parameters to find
a suitable combination for significant results in
terms of crystallographic surface modifications
was realized by the variation of the impact ball
diameter (1.0, 1.6, and 2.0 mm) and of the
applied N (number of impacts/cm2) for a constant
treatment time.

� For all applied NS-SPD treatment variants, the
modified surface area had a high twin density
and lattice distortion/heavily distorted grains,
indicated by the XRD spectra profile.

� Of all applied NS-SPD treatment variants, the
most promising is the NS-SPD V6 variant (im-

Fig. 5. SEM images of the Ti-Nb-Zr-Fe-O alloy after the NS-SPD treatment: (a) V1; (b) V2; (c) V3; (d) V4; (e) V5; (f) V6; for all variants, the outer
thin layer of titanium oxides and HDT (high density of twin) zone are visible.
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pact ball diameter of 2 mm and 58,000 impacts/
cm2), for which the largest surface-influenced
zone was obtained, of approximately 240 lm
width and with the highest twin density.

� Further studies are envisaged that will use
advanced tools to determine the impact of this

NS-SPD treatment on the fine structure of the
gum metal alloy able to modify/improve overall
characteristics, such as the micro-hardness, cor-
rosion, and wear resistance of the Ti-Nb-Zr-Fe-O
alloy.

Fig. 6. XRD spectra of the Ti-Nb-Zr-Fe-O alloy: (a) core structure; (b) V1 and V2 of the NS-SPD treated alloy; (c) V3 and V4 of the NS-SPD
treated alloy; (d) V5 and V6 of the NS-SPD treated alloy; (e) core structure and V6—NS-SPD treated alloy.
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