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Abstract: The vertically aligned highly ordered TiO, nanotube arrays were fabricated by potentiostatic anodization of biologic Ti
alloys(TLM) and pure Ti substrates, followed by annealing at 480 and 550 “C for 6 h. High-resolution scanning electron microscopy
(SEM) was applied to characterize the original films. The phase of the film was characterized by XRD. The interfacial adhesion and
bond strength between thin films coating and substrate were tested by scratch method. The results show that the films on the TLM

alloy have high adhesion strength compared with them on pure Ti.
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1 Introduction

Titanium and titanium alloys, such as Ti6Al4V, or
other new kind of biological titanium alloys (TLM, a
F-type, with nominal composition of Ti-Zr-Mo-Nb) are
widely applied for orthopedic and dental implantation
because of their superior mechanical properties, low
modulus, excellent corrosion resistance and good
biocompatibility[ 1-3]. However, titanium and its alloys,
being bioinert, cannot directly bond with bone. So
surface treatments, such as hydroxyapatite coating,
formation of anatase phase TiO, or other physical
treatments, have been used to further improve the
bioactivity of Ti alloys[4—7]. Studies have demonstrated
that bone tissue could form on the titanium surface with
a very thin TiO, oxide layer[2—3]. Recently, TiO,
bioactive layer with nanostructures has been suggested as
a potential alternative to HA coatings[8—10].

Titanium oxide nanotubes can be fabricated by
hydrothermal reaction or anodization. JIN et al[11] have
reported that the arrays of vertically aligned titanium
oxide nanotubes on Ti implant surface can be useful for
accelerated bone growth. The typical nanotube arrays
consist of single tube possessing a uniform morphology

with diameter of 100—150 nm and length up to 0.5—
20 um, and their physical and chemical properties can be
controlled by changing the fabrication conditions.
Another advantage of using this kind of TiO, nanotube
arrays as bioactive layer is that it can be fabricated
directly on the Ti/ titanium alloys surface by
cost-effective techniques.

As we know that the stability and the durability are
obviously necessary for all the implant tissues materials,
because of the long-term staying in vivo living body. On
the view of the applications, the most important attribute
of titanium and titanium alloys is good adhesion strength
property for bioactive layer on its surface. Thus, it is
significant to improve the adhesion strength of these
implant materials and characterize the adhesion strength
relationship between bioactive layer and implant
materials. However, to our knowledge, a systematic
investigation of the adhesion strength between
self-assembled, vertically aligned nanotubes and Ti/
titanium alloys substrate has not yet been carried out. In
this paper, the anodization process for fabrication the
TiO, nanotube arrays on the pure Ti and biological Ti
alloy in an organic electrolyte solution were reported, the
adhesion strength between the layer of TiO, nanotubes
arrays and pure Ti/Ti alloys substrate was also
investigated.
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2 Experimental

The vertically aligned TiO, nanotube arrays were
fabricated on the titanium and biological titanium alloys
(TLM) sheets using anodization technique. Both the pure
titanium (0.50 mm thick, 99.9% purity) and TLM alloy
(about 0.6 mm thick, S-type Ti-Nb-Zr-Mo alloy) sheets
were produced by Northwest Institute for Non-ferrous
Metal Research, Xi’an, China. These sheets were cut into
small pieces with dimensions of 2.0 cmx3.0 cm, then
chemically etched to remove oxide layer for 5 min in 1.0
mol/L of HNO; with a few drops of HF (ACS grade,
Xi’an Chemicals Co, China), cleaned in distilled water,
ethanol and dried with N, stream. After treated, the Ti
and TLM alloy were anodized at 40 V for 8 h with a two
electrodes system, respectively. In order to reduce the
interfacial stress between layer of TiO, nanotube arrays
and substrates, the electrolyte solution for anodization
process was prepared as ethylene glycol containing
0.55% (mass fraction) NH4F, 1.0% H,O. A platinum
electrode (thickness of 0.1 mm, area of 6.0 cm’, purity of
99.99%, Xi’an Chemicals Co, China) was used as the
cathode. After anodized, samples were rinsed with
deionized water and dried with N, stream. Then the
samples were annealed at elevated temperature.

The morphology of the surfaces was characterized
using a field emission scanning electron microscope
(FESEM) JSM-6700F. The chemical composition of the
nanostructures was determined by energy dispersive
X-ray spectroscope (EDS) analysis. XRD of D/max-
2550VB/PC type was used to carry out the crystal
structure characterization of the as-prepared samples and
annealed samples. The adhesion strength between the
layer of nanotube arrays and Ti/Ti alloys substrate was
evaluated by a WS-2005 Scratch Tester.

3 Results and discussion

3.1 Nanotube arrays on substrate

Two kinds of metallic sheets were anodized in an
ethylene glycol solution containing 0.55% NH4F and
1.0% H,O for 8 h. Fig.1 shows FESEM images of TiO,
nanostructures on pure titanium surface. The typical
dimensions of the nanotubes grown in this study are
about 100 nm in outer diameter, 70 nm in inner diameter,
15 nm in wall thickness, and 9 um in length. The whole
surface of TiO, layer is very plane and the dimensions of
nanotubes are uniform. However, as Figs.2(a), (b), (c)
and (d) show, the nanostructures on the TLM alloy
surface are completely different compared with those on

Ti surface. The results indicate that some microscale
cracks exist on the oxides surface, though the oxide layer
still consists of nanoporous structures. So a very
interesting micro- and nanoscale hierachical rough
surface is obtained, which might be useful to the cell’s
growth. It is found from Fig.2(b) that the inner diameter
of the tube is approximately 80 nm and like the
diameters, as previously reported, of zirconium oxides
nanotube arrays or porous niobium oxides '>'*). These
FESEM images demonstrate that a highly regular
self-organized nanotube arrays layer can be fabricated by
anodization of the new biological titanium alloy (TLM)
in a fluoride-containing organic electrolyte. From the
EDS spectrum, as Fig.3 shows, it is concluded that the
oxide layer on the TLM alloy consists of titanium,
niobium, molybdenum and zirconium oxides.

3.2 Annealing treatment

The oxide layer of nanotube arrays by anodization
was proved to be amorphous by the presence of a diffuse
diffraction pattern in thin film X-ray diffraction analysis,
which carried out at a glancing angle of 2°, as Fig.4(a)
shows. As we know, the anatase phase TiO, is much
more efficient for nucleation and growth of osteal cell
than the rutile phase TiO, because of the better bioactive.
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Fig.1 FESEM images of nanotube arrays sample grown at 40 V
in ethylene glycol solution containing 0.55% NH4F and 1.0%
H,0O on titanium for 8 h: (a) Views of top surface; (b) Cross-

sectional view
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Fig.2 FESEM images of nanotube arrays sample grown at 40 V in ethylene glycol solution containing 0.55% NH,F and 1.0% H,0O
on titanium for 8 h: (a), (b) Views of top surface; (c), (d) Cross-sectional views
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Fig.3 EDS analysis for oxide layer on TLM

And crystal lattice of anatase phase also matches well
with hydroxyapatite phase[16]. Therefore, these samples
after anodized were annealed, with heating and cooling
rates of 1 C/min, in order to obtain more bioactive
nanostructure TiO, with anatase phase. Figs.4(b) and (c)
show the XRD patterns of oxide layer of nanotube arrays
prepared on titanium surface, which were annealed at
480 and 550 C for 6 h, respectively. The patterns
indicate that TiO, layer of nanotube arrays on the
substrate are anatase phase and the sample annealed at
550 ‘C is crystallite completely.

(@)

200(°)

Fig.4 XRD patterns of nanotube arrays sample grown on
titanium surface: (a) As-formed without annealing treatment;
(b) Annealed at 480 °C; (c) Annealed at 550 'C

3.3 Adhesion strength

Adhesion strength is an important target in
evaluating the quality of bioactive coating layers on
orthopedic and dental implantation materials. The
traditional way of adhesion strength test for coating
layers is bonding pull-off method and scratching test for
the surface. In this case, The Ws-2000 scratch tester,
which has an autoloaders system for adding load on the
scratch needle, moving scratch needle at synchronization
that through the coating surface, was used to valuate the
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adhesion strength of oxide layers with nanostructures and
the Ti & TLM alloy substrates.

The scratching test results are shown in Table 1. The
experimental data are the valuations of critical load of
oxide layer breaking away from substrate, which were
obtained by methods of acoustic emission signals
recording and observation of scratching tracks. From the
experimental data we can conclude that adhesion
strength of crystallized nanotube arrays and substrates
are relatively low, the average critical load are just about
7.89 N and 6.45 N for the Ti and TLM alloy. However
the adhesion strength of amorphous nanotube arrays and
substrates are much higher. And the average critical load
measured on the TLM alloy is up to 38.73 N, which is
nearly twice as that on titanium.

Table 1 Critical load of oxide layer breaking away from
substrate by acoustic emission signals recording and
observation of scratching tracks by scratch tester

Sample Average critical load/N
As-prepared on Ti 20.73
After crystallized on Ti 6.45
As-prepared on TLM 38.73
After crystallized from TLM 7.89

4 Conclusions

1) Nanotube arrays were fabricated using anodic
oxidation method in ethylene glycol solution electrolyte
containing 0.55% NH4F and 1.0% H,O on titanium and
TLM alloy. After treatment, micro- and nano-scale
hierachical rough oxide surface was obtained on the
TLM alloy substrate.

2) When these samples after anodized were
annealed at 480 and 550 ‘C for 6 h, TiO, layer of
nanotube arrays on the substrates transfer into anatase
phase completely. However, the adhesion strength
between the TiO, layer of nanotube arrays and the
substrate reduces.

3) The oxide layer with micro- and nano-scale
hierachical structures on TLM alloy sheet shows better
adhesion strength than those on the pure titanium sheet.

References

[1] NISHIGUCHI S, NAKAMURA T, KOBAYASHI M, KIM HM,
MIYAJI F, KOKUBO T. The effect of heat treatment on
bone-bonding ability of alkali-treated titanium [J]. Biomaterials,
1999, 20: 491-500.

[2] SENNERBY L, THOMSEN P, ERICSON LE. Ultrastructure of the
bone-titanium interface in rabbits [J]. Mater Med, 1992, 3: 262-271.

[3] BRANEMARK P I, HANSSON B O, ADELL R, BRENINE U,
LINDSTRO M UHALLEN O, OHMAN A. Osseointegrated
implants in the treatment of the edentulous jaw. Experience from a
10 year period. [J] Scand J Plast Reconstruct Surg, 1977, 11: 1-132.

[4] DEGROOT K, GEESINK R, KLEIN CPAT, SEREKIAN P. Plasma
sprayed coatings of hydroxyapatite[J].Biomed Mater Res, 1987, 21:
1375-1381.

[S] MCPHERSON R, GANE N, BASTOW T J. Structural
characterization of plasma-sprayed hydroxylapatite coatings[J]. J
Mater Sci—Mater M, 1995, 6: 327-334.

[6] KURZWEG H, HEIMANN R B, TROCZYNSKI T. Adhesion of
thermally sprayed hydroxyapatite-bond-coat systems measured by a
novel peel test[J]. J Mater Sci—Mater M, 1998, 9: 9—16.

[77 LIN C M, YEN SK. Characterization and bond strength of
electrolytic HA/TiO, double layers for orthopedic applications[J]. J
Mater Sci—Mater M, 2004, 15: 1237-1246.

[8] KIM H M, KANEKO H, KAWASHITA M, KOKUBO T,
NAKAMURA T. Mechanism of apatite formation on anodically
oxidized titanium metal in simulated body fluid[J]. Key Eng Mater,
2004, 254/256: 741-744.

[9] KIM H M, HIMENO T, KAWASHITA M, LEE J H, KOKUBO T,
NAKAMURA T. Surface potential change in bioactive titanium
metal during the process of apatite formation in simulated body
fluid[J]. J Biomed Mater Res, 2003, 67A: 1305-1309.

[10] YANG B, UCHIDA M, KIM H M, ZHANG X, KOKUBO T.
Preparation of bioactive titanium metal via anodic oxidation
treatment[J]. Biomaterials, 2004, 25: 1003—1010.

[11] SEUNGHAN OH, SUNGHO JIN, Titanium oxide nanotubes with
controlled morphology for enhanced bone growth[J]. Mater Sci Eng
C, 2006, 26:1301-1306.

[12] SIEBER I, KANNAN B, SCHMUKI P. Self-assembled porous
tantalum  oxide prepared in  H,SO4/HF  electrolytes[J].
Electrochemical and Solid-State Letters, 2005, 8: J10—-J12.

[13] SIEBER I V, SCHMUKI P. Porous tantalum oxide prepared by
electrochemical anodic oxidation[J]. Electrochem Soc, 2005, 152:
C639-Co644.

[14] SIEBER I, HILDEBRAND H, FRIEDRICH A, SCHMUKI P.
Formation of self-organized niobium porous oxide on niobium[J].
Electrochem Commun, 2005, 7: 97—-100.

[15] TSUCHIYA H, MACAK J M, GHICOV A, TANG Y C, SCHMUKI
P. Self-organized high-aspect-ratio nanoporous zirconium oxides
prepared by electrochemical anodization[J]. Electrochimica Acta,
2006, 52: 722-725.

[16] UCHIDA M, KIM H M, KOKUBO T, FUJIBAYASHI S,
NAKAMURA T. Structural dependence of apatite formation on
titania gels in a simulated body fluid[J]. Biomed Mater Res, 2003, 64:
164.

(Edited by LONG Huai-zhong)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


