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ABSTRACT

This paper focuses on the formation of nanoporous layer on the surface of the third-generation
biomedical Ti ,Nb .Zr titanium alloy widely used in the biomedical field. First of all, the alloy
was subjected to equal channel angular pressing (ECAP) + Conform treatment (ECAP-Conform)
and Rotary Swaging forging. Then the anodic oxidation method with 0.5 wt% HF electrolyte was
used to prepare a uniformly arranged porous layer on the surface of the samples with the different
microstructure from ECAP-Conform. The features of the formed porous layer were investigated. The
effects of oxidation time and oxidation voltage on the porous morphology of the surface porous layer
were investigated in detail. The optimal anodic oxidation parameters for the formation of surface
porous layer were established. The hydrophobic properties of the samples were tested and the contact
angles were calculated. Finally, the weightlessness of body fluid corrosion in Hanks” solution was
simulated.
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AHHOTALMA

JlanHas cTaThs MocBsieHa (YOpMUPOBAHNIO HAHOTIOPHCTOTO CJI0S Ha TOBEPXHOCTH OMOMETUITUTHCKOTO
TUTaHOBOTO CIUIaBa TPEThero mnokosnenus Ti Nb Zr, mmpoko WCIonb3yeMoro B OHOMETHMIMHE.
Chauauia crijiaB nmojiepracsi 00padoTke MeToJjaM1 paBHOKaHaJIbHOT O yriioBoro npeccoBanus (PKYII)
o cxeme «Kondpopm» (PKYII-Kondopm) 1 poTarimoHHON KOBKH. 3aTeM IPUMEHSIICS METOJT aHOTHOTO
OKCHJIMPOBaHHUA C HCHONb3oBaHueM anekTponuta — 0,58ec.% pactBopa HF — mist dopmupoBanus
OJTHOPOJIHOTO TIOPHCTOTO CJIOS Ha IOBEPXHOCTH OOpAa3lOB C pa3IMYHOM MHKPOCTPYKTYpOH,
noiydenHoir meronom PKVYII-Konpopm. Hzyuannce ocobeHHOCTH cHOPMUPOBAHHOTO TOPHCTOTO
ciosi. [IpoBonunock moapoOHOE UCClIeOBaHNE BIUSHUS BPEMEHH OKCUIUPOBAHUS U HAIPSHKEHUS
OKCHUJIMPOBAHUS HA MOPUCTYIO MOP(OJIOTHIO MOBEPXHOCTHOIO MOPUCTOTO CIIos. bblan ornpeneneHs
ONTUMAJIbHBIC TApPaMEeTPbl AHOMHOTO OKCHIMPOBAHHSA JUII (OPMUPOBAHHS TOBEPXHOCTHOTO
nopuctoro cnod. MccnenoBanuch ruipodoOHbie CBONHCTBA 00pa3lioB, U MPOBOJWINCH PACUETHI YTIIOB
KOHTaKTa. B KOHIIe myTeM MmorpyskeHust B pacTBOp X3HKCa MPOBOAUIOCH MOACTUPOBAHNE KOPPO3HH,
MPOTEKAIOIIEeH B OMOIIOTUYECKHX JKUIKOCTSIX OpraHu3Ma.

KJIFOUEBBIE CJIOBA

Anoauposanue; PKYII-Kondopwm; poranronnoe ooxarue; crtas Ti Nb .Zr; rungpododHoe CBOHCTBO.

Introduction plastic deformation (SPD) technology. It results
in the refinement of the microstructure up to
submicron (less than 1 micrometer) and even
nanometer (lessthan 100nm)levels. The obtained
ultrafine-grained (UFG) structure often contains
nanograins, nanotwins, nanosegragations,

Ti ,Nb Zr alloy is a representative of the
third generation of biomedical titanium alloys
[1, 2]. The alloys belonging to this generation
utilize Nb, Zr, Mo and other internationally
advocated vital group elements and replace

the second generation of biomedical titanium
alloys which contain harmful to the human body
chemical elements. Moreover, the modulus
of this new [-titanium alloy is closer to that
of the human cortical bone and it has superior
biocompatibility. So, it is worth studying as a
material for human implants [3].

Equal channel angular pressing (ECAP) is
widely used as a mature metal processing severe

nanoprecipitates and in this case the UFG
materials are called nanostructured (NS) metals
and alloys. The UFG and NS materials are
characterized by enhanced multifunctional
properties. So, they are very attractive for the
different industrial applications. However,
problems still exist when the ECAP is to be
transferred to manufacture bulk nanostructured
materials in the industrial level.
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In order to overcome the inability to achieve
continuous production of UFG and NS materials
by SPD, in 1997, Dr. Green in the UK first
pioneered continuous extrusion technology [4].
This technology is the combination of ECAP
and continuous extrusion technology and is a
new composite process called continuous equal
channel pressing, or ECAP-Conform (ECAP-C),
or ECAP-E (ECAP-extrusion). Raab et al.
used this technique to obtain titanium ultrafine
grained (UFG) materials [5,6]. At present,
ECAP-Conform has been applied in titanium
alloys. With the application of this technique,
uninterrupted continuous production and cost
reduction can be achieved [7].

Rotary Swaging refers to the high-frequency
hammering of forgings while they move axially
and rotate simultaneously. It is beneficial for
the metal to undergo uniform deformation
while improving plasticity. The forgings that
have undergone rotary forging have both high
dimensional accuracy and quality [8]. Therefore,
this process can be widely applicable to different
types of alloys. Compared to unprocessed
titanium alloy, the deformed titanium alloy
after ECAP Conform + Rotary Swaging
multi-stage plastic deformation has a more
significant grain refinement effect, significantly
improved strength, fatigue limit, thermal
stability temperature, and superplastic process
performance [9]. So, the overall mechanical
properties of the alloys can be significantly
improved.

The deformation treated ingots of the
biomedical titanium alloys are a subject for the
following treatment aimed in the formation of
the strong protective layer on their surface. A
titanium dioxide nanotube array layer can be
formed on the surface of titanium alloys. The
porous surface layers are more advantageous
because they are more biocompatible. However,
there are currently only a few studies on the
preparation of porous structures on the surface
of deformed titanium alloys [10].

The aim of the present paper is to study the
process of the formation and the features of the
porous layer formed on the surface of the ingots
of the third-generation biomedical titanium

168 2023.T.5, N 2(12)

Ti ,Nb .Zr alloy subjected to combined cold SPD
processing and test the surface hydrophobicity
and corrosion weight loss.

1. Material and methods

1.1.  Solid solution treatment,
Conform and RS procedures

The Ti ,Nb .Zr alloy rods were placed into
the furnace, heated up to 750 °C at 10 °C/min,
held for 40 minutes, and then immediately put
into water for rapid cooling.

The titanium alloy rods were treated with
ECAP-Conform after solid solution treatment.
The channel angle of the ECAP-Conform
deformation mold was 90°, and the extrusion
speed was 16 mm/s. Before extrusion, lubricant
was placed inside between the mold channel and
the alloy surface. The lubricant was MoS, and
engine oil with the ratio of 2:1. After the alloy
was subjected to ECAP-Conform, its diameter
reduced from 10 mm to 8 mm.

The feeding speed of the Rotary Swaging
process was 16 mm/s. Before processing, the
surfaces of the rods were polished and cleaned,
the oxide layer was removed, and then the rods
were placed in the machine to obtain a 5 mm
diameter rod.

ECAP-

1.2. Sample preparations for anodization

The rods were cut by wire electrical
discharge machining into round discs of
thickness 1 mm. Discs surface was ground by
a series of metallographic alumina sandpapers
(180#, 500#, 1000#, 1200# and 1500#) in order
to remove the layers influenced by Electrical
Discharge Machining. Samples were then placed
in the hypertrophic solution, subsequently dried
by exfoliating water.

1.3. Anodization

Ti Nb .Zr alloy discs served as anode, while
graphite rods acted as cathode. The graphite rod
had a diameter of 5 mm, a length of 5 cm, and
the part entering the electrolyte was about 3 cm.
0.5%wt HF water solution system was used
for anodic oxidation assessment. The anodic
oxidation was performed at a constant voltage



of 15V, 20V, 25V, and 30 V. The oxidation
time was 20 min, 30 min, 40 min and 60 min.
The solution temperature was kept at 35 °C.
Before anodization, the mechanical stirring
was conducted with 240 r/min for 15 min. In
the process of the entire anodic oxidation, the
smooth surface of the titanium disc was facing
the graphite rod. The distance between the poles
was 3 cm. The mechanical stirring was used
to ensure that anodic oxidation was performed
evenly to form titanium oxide nanopores. The
mechanical stirring rate was 180 r/min when
anodizing. The samples were taken out from the
solution after the oxidation immediately, and
cleaned with distilled water and dried in oven.

1.4. Characterization and testing

The field emission scanning electron
microscope (FE-SEM, Hitachi Regulus
8100) was used to characterize the shape
of nanopores in the surface layer of Ti ,Nb .Zr
alloy. The acceleration voltage was 10 kV for
SEM characterization.

The analysis and calculation of the pore size,
pore thickness, and porosity were conducted
using such software as Image Pro and Nano

MATED

Measure. The five-point angle measuring
method was applied to calculate the contact
angle by dropping one drop of water on the
surface layer of Ti ,Nb .Zr alloy. After treatment
under the optimal anodizing process parameters,
the samples were immersed into Hanks” solution
for 7 days and the weight loss of them was
measured.

2. Results and discussion

The ultimate tensile strength (UTS), yield
strength (Y'S), and elongation (EL) of Ti, Nb, . Zr
alloy after the solid solution (ST), ECAP-
Conform, and ECAP-Conform + RS processing
are shown in Fig. 1 and Table 1. After the solid
solution treatment, the alloy transforms into a
fully metastable phase structure (Fig. 2), and
the ultimate tensile strength reached 580.8
MPa. After ECAP-Conform, the tensile strength
is increased by 52.3% compared to the solid
solution state, reaching 884.7 MPa. RS treatment
made the microstructure more uniform and the
grains smaller (Fig. 2). Compared with the solid
solution state, the tensile strength increased
by 101.1%, reaching 1167.7 MPa, while the
elongation decreased to 8.6%.

—— ECAP-Conform
—— ECAP-Conform+RS

ECAP-Confrom

ST

?1200 - ECAP-Confrom+RS
A
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Fig. 1. Stress-strain curves for the different states after ST, ECAP-Conform, and ECAP-Conform + RS

Puc. 1. Kpussie «Hanpspxerne — nedopManusdy s pa3IndHbIX COCTOSHUMN: TTocsie 00paboTKU Ha TBEPbIit
pactBop (ST), PKYII-Koundopm (ECAP-Conform) u PKYTII-Koudopwm + poranmonnoii koBku (ECAP-Conform + RS)
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Table 1. Yield strength (YS), ultimate tensile strength (YTS), and elongation to failure (EL) of the alloy after ST, ECAP-
Conform, and ECAP-Conform + RS

Ta6auna 1. IIpenen texkyuectn (YS), npexen npounoctu Ha pactspkenne (YTS) u yanunenune no paspymenus (EL)
crutaBa nocie oopaborkn Ha TBepablid pactBop (ST), PKYII-Kondopm (ECAP-Conform) n PKYII-Koundopm + porarm-
onnoit koBkH (ECAP-Conform + RS)

Sample YS (MPa) UTS (MPa) EL (%)

ST 383.1+17.3 580.8 15 34.9+1.5
ECAP-Conform 770.1 £22.1 884.7 + 14.7 17.8+ 1.1
ECAP-Conform + RS 1082.7 +£33.5 1167.7 +£29.5 8.6+0.3

S500nm
—_

Spm
E——

Spm
e

Fig. 2. The solid solution state («); ECAP-Conform state (c); ECAP-Conform + RS state (e);
the surface porous structures of the corresponding states after anodization (b, d, f)

Puc. 2. Cocrostaue nocne o0paboTkn Ha TBEpAbIH pacTBop (a); coctosuue nocie PKYII-Kondopm (¢);
cocrostane ocie PKYTI-Korhopwm + poTanmoHHOI KOBKH (€); TOBEPXHOCTHBIE MTOPUCTHIE CTPYKTYPHI
COOTBETCTBYIOIINX COCTOSHHUI TIOcTe aHoaupoBaHus (b, d, f)
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Fig. 2 (a) shows the surface morphology of
the untreated solid solution titanium alloy. After
anodizing, a nanoporous structure appears in the
surface layer and then agglomerates, as shown
in Fig. 2 (b). Fig. 2 (c) shows the titanium alloy
treated with ECAP-Conform, and it can be seen
that its growth exhibits a certain directionality.
This is due to the crushing of grains caused
by extrusion, which to some extent refines
the structure and, simultaneously, makes the
grain direction follow a specific extrusion
direction. After anodizing treatment, there
were no nanotube arrays on the surface of the
titanium alloy treated with ECAP-Conform, but
a uniformly distributed porous structure also
appeared, with larger pore sizes. The surface
pores were not regular circular pores, but
slightly distorted and showed a certain degree
of directionality as shown in Fig. 2 (d), which
is related to the pressure treatment process.
Fig. 2 (e) shows the surface of titanium alloy

treated with ECAP-Conform + Rotary Swaging.
The above two processing methods have played
arole in fine grain strengthening, improving the
strength and hardness of the titanium alloy, as
well as improving the plasticity and toughness.
The large amount of patterned structure on the
surface is precipitated a-phase.

The titanium alloy processed by ECAP-
Conform and RS was anodized. The porous
structure formed on the surface was similar to
that of solid solution treated titanium alloy.

Fig. 3 (a, b) shows that after anodizing with
a voltage of 15 V and a time of 20 minutes, a
uniform porous structure appears on the surface.
However, due to the short anodizing time,
there is still a titanium dioxide barrier layer
on the surface that has not peeled off. Some
crushed grains generated during the extrusion
deformation treatment are scattered in the
porous structure on the alloy surface.

Fig. 3. Porous structure formed on the surface of ECAP-Conform (a, b) treated under 15 V, 20 min conditions and
ECAP-Conform + RS (¢, d) treated under 25 V, 40 min deformed titanium alloy

Puc. 3. [Topucras cTpykrypa, chopMHUpOBaHHAs HA TIOBEPXHOCTH TUTaHOBOTO ciuiaia mocie PKYII-Kondopm
(a, b), nogBepruyroro oopadotke mpu 15 B B Teuenue 20 muH., u nociae PKYII-Koudopm + porammonHoii koBku (¢, d),
MOZIBEprHyTOro 00padoTke mnpu 25 B B Teuenue 40 mun
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From Fig. 3 (c, d), it can be observed
that under the parameter conditions of
anodizing voltage of 25 V and anodizing time
of 40 minutes, the pores distribution formed on
the surface of titanium alloy is very uniform.
This may be due to the incomplete formation of
a barrier layer on the titanium surface under the
conditions of this anodic oxidation parameter,
forming a micro cell structure, which accelerates
the dissolution of the filmless area.

As the anodizing time increases, such a
porous layer is formed on the surface of titanium
alloy, where the uniform pores are distorted due
to the influence of ECAP-Conform and RS.

B titanium alloy has better corrosion
resistance than o titanium alloy. So, B phase
gradually generates oxides to cover the surface,
which is shown in Fig. 3, as a nonporous dimpled
structure. With the increase of anodizing
voltage, the rate of increase in surface oxide
film thickness is uneven, and the number of
pits gradually increases, forming a continuous
and undulating porous structure on the titanium
alloy surface.

From Fig. 4, it can be seen that the critical
conditions for the appearance of nanoporous
layers on the surface of deformed titanium
alloy treated with ECAP-Conform is the anodic
oxidation voltage of 15 V and the anodic
oxidation time of 20 minutes. In this case the
porosity reaches a maximum value of 80%
at 20 V, 20 min. When the anodizing voltage
reaches 30 V, the porous size decreases under
different anodizing time conditions and
approaches the same value, indicating that
there is a certain change in the surface structure

172 2023.T.5, N 2(12)

of titanium alloy at 30 V. The pore size is
significantly higher than that of unprocessed
titanium alloy, possibly due to the ECAP-
Conform process. The grains are crushed and
recrystallized, resulting in a larger average pore
size.

The optimal anodizing parameters for the
deformed titanium alloy treated with ECAP-
Conform + RS are 25 V, 40 min, and the
porosity reaches 60%. After Rotary Swaging,
the influence of ECAP-Conform on the material
is greatly alleviated, and the grain refinement
phenomenon occurs. The material forms a
surface porous structure with an average pore
size of less than 100 nm while increasing its
strength and hardness.

The hydrophobic properties of titanium alloy
treated by ECAP-Conform and anodization
composite process did not show significant
changes in comparison with initial sample.
The hydrophobicity of titanium alloy treated
by ECAP-Conform + RS and anodization
composite process significantly increased,
compared with ECAP-Conform + RS samples.
The contact angle of the water drop on the
surface of the sample after anodizing reached
120°, which corresponds to an increase of 30%.
After ECAP-Conform + RS treatment, the
surface microstructure of titanium alloy is closer
to the surface of unprocessed titanium alloy,
and the strength and hardness are significantly
improved. The average pore size of the surface
porous structure formed after anodization is
lower than that of titanium alloy only treated
with ECAP-Conform [11].
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Fig. 4. Anodized pore size, pore wall thickness, and porosity statistics:
(a, ¢, e) titanium alloy treated with ECAP-Conform; (b, d, f) titanium alloy treated with ECAP-Conform + RS

Puc. 4. Pazmep nop, TonmyHa CTEHOK MOP U MOPUCTOCTH MOCIIE aHOJUPOBAHMUS: (d, ¢, €) B Clydae TUTaHOBOTO CILIaBa
nocie PKYTI-Kondopwm; (b, d, f) B ciaydae tTuranosoro crutaBa nocie PKYII-Kongdopm + poranmnonHoit koBkn
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Fig. 5. The drop of water on the surface of titanium alloy treated with ECAP-Conform (a, b) and ECAP-Conform and RS (b, d):
(a, c¢) not anodized; (b) anodized with parameters of 20 V and 20 min; (d) anodized with parameters of 25 V and 40 min

Puc. 5. Karis Bozbl Ha moBepxHOCTH TUTaHOBoro ciuiaBa nocine PKYII-Kondopwm (a, b) u nocie PKYTI-Kondopm
C rmocJieIyroIeii porTaiiMoHHOM KoBKOH (b, d): (a, ¢) 6e3 anoaupoBanus; (b) NIpy aHOAUPOBAHUY C ITApaMeTpaMU
20 B u 20 muH.; (d) npu aHOAMpOBaHuM ¢ napamerpamu 25 B u 40 mun

As shown in Fig. 6, the weight of the
deformed titanium alloy samples increases
with the increase of immersion time in Hanks'
solution. The initial rate of increase is faster
at 24 hours, then the growth rate gradually
decreases, and gradually approaches a stable
value after 120 hours. The titanium alloy with
a porous surface structure did not lose mass in
Hanks' solution. Cl ions are very sensitive to
crevice corrosion and is usually preferentially
are adsorbed by the oxide film on the surface of
titanium alloys. CI- ions combine with cations
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in the oxide film to form soluble chlorides,
accelerating corrosion [12, 13]. Therefore,
CIl' are the main factor causing corrosion and
quality loss. Hanks' solution is similar to the
human body fluid environment, and the Ca*,
SO,*, and other ions in the solution may inhibit
the corrosion effect of Cl. At the same time,
molecules such as Na,HPO, and KH, PO, can be
adsorbed by the metal surface, and the porous
structure on the metal surface forms barrier,
suppressing the crevice corrosion mechanism of
CI [14, 15].

0.090
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Fig. 6. Mass change after immersion in Hanks' equilibrium salt solution: (a) titanium alloy treated with ECAP-Conform,
anodization parameters of 20 V and 20 min; (b) titanium alloy treated with ECAP-Conform + RS, anodization parameters
of 25 V and 40 min

Puc. 6. I3meHeHne Macchl IOCIe MOrpy>KeHNs] B paBHOBECHBIH COJIEBOI pacTBOp X9HKCA: (@) TUTAHOBBIN CILIAB M1OCIIE
PKVYTI-Kondopwm, napamerpsl anoguposanust: 20 B u 20 mun.; (b) Turanosslii cras nocine PKYTI-Kondopm + poTanmonHoi
KOBKH, TTapaMeTpbl anonupoBanus: 25 B u 40 mun
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Conclusion

This study used the method of anodic
oxidation to prepare nanoscale porous layer on
the surface of the Ti ,Nb .Zr alloy subjected
to ECAP-Conform and RS and explored the
following rules:

1. The uniform nanoporous layer was formed
on the surface of the ECAP-Conform + RS alloy
due to anodization.

2. The optimal anodic oxidation parameters
for the formation of uniform surface porous
layer were established.

3. A homogeneous nanoporous layer reduces
the wettability of the surface of a titanium alloy
subjected to ECAP-Conform + RS. The titanium
alloy with a porous surface structure did not lose
mass in Hanks' solution.
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HAPOOHO20 — HAYYHO-MEXHUUEeCKO20 NpPoeKmda
1[zancy (BZ2021078), meancoynapooroco oopa-
308AMeENbHO20 UHHOBAYUOHHO20 npoekma Mu-
Hucmepcmea oopaszosanus KHP (21YHO011CX5)
U HAYYHO-MeXHUYecKko2o npoekma Yanudicoy
(CZ20210003, CJ20210114). Taxoce asmopwl
svipasicarom 61a200apHOCMb 34 (UHAHCOBYIO

MATED

NO00EPHCKY 6 PAMKAX UHCTMUMYYUOHATLHOU
noooepiicku Ha ocHoganuu peuterus Ne3/2018
Munucmepcmea npomvluIeHHOCIU U MOP20G-
au HYewcroui Pecnybnuxu.
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