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Surface characteristics of a porous-surfaced
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Electro-discharge-compaction (EDC) is a unique method for producing porous-surfaced
metallic implants. The objective of the present studies was to examine the surface
characteristics of the Ti-6Al-4V implants formed by EDC. Porous-surfaced Ti-6Al-4V
implants were produced by employing EDC using 480 uF capacitance and 1.5 kJ input
energy. X-ray photoelectron spectroscopy was used to study the surface characteristics of
the implant materials. C, O, and Ti were the main constituents, with smaller amounts of Al
and V. EDC Ti-6Al-4V also contained N. Titanium was present mainly in the forms of mixed
oxides and small amounts of nitride and carbide were observed. Al was present in the form
of aluminum oxide, while V in the implant surface did not contribute to the formation of the
surface oxide film. The surface of conventionally prepared Ti-6Al-4V primarily consists of
TiO,, whereas, the surface of the EDC-fabricated Ti-6Al-4V consists of complex Ti and Al
oxides as well as small amounts of titanium carbide and nitride components. However,
preliminary studies indicated that the implant was biocompatible and supports rapid
osseointegration. © 2000 Kluwer Academic Publishers

1. Introduction In addition to pore size and motion at the tissue-
Porous-surfaced implants have been developed to pramplant interface, the surface properties of the implant
vide mechanical attachment of implants to tissue. Al-will affect tissue integration [10, 11]. Important surface
though the initial applications have been focused on theharacteristics of metallic biomaterials include compo-
porous polymers and ceramics, porous metals are nogition and structure of the surface oxide and contamina-
commonly used in orthopedic and dental applicationgion of the surface [12—14]. Although surface properties
[1-3]. Of these, Ti and Ti-6Al-4V are often considered of conventional Ti and Ti-6Al-4V implants have been
most suitable for high surface area implants. frequently examined [15, 16], but the surface character-
Fabrication of porous-coated titanium and Ti-6Al- istics of EDC implants have not been reported. Because
4V implants normally involves either plasma-sprayingof the unique nature of the EDC process, it is neces-
or sintering powders onto a solid substrate [4—6].sary to investigate the surface characteristics of Ti al-
The high temperatures involved in these processedoy prepared by this method and compare the properties
however, resulted in detrimental changes in the mito those of a conventional Ti alloy system. Therefore,
crostructure and mechanical properties. In contrastX-ray photoelectron spectroscopy (XPS) has been em-
electro-discharge-compaction (EDC) allows fabrica-ployed to examine the surface chemical composition
tion of porous-surfaced implants without undesireableof porous-surfaced Ti-6Al-4V implant prototype fabri-
microstructural changes in the material [7]. EDC em-cated by EDC.
ploys a high voltage, high current electrical pulse to
consolidate powder particles. By manipulating the ca-
pacitance and input energy, the porosity and solid cor@. Materials and method
size can be controlledn vivo experiments using Ti- 2.1. EDC Ti-6Al-4V
6Al-4V implants prepared by EDC have generally The ECD experimental set-up employed in this work
shown good results [7-9]. has been described previously [7]. Atomized Ti-6Al-4V
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powders, produced by the rotating electrode procestally pumped and computer-controlled 3M mini-beam

(Goodfellow, Berwyn, PA), were sieved to yield one ion gun. The ion gun was operated at 3.5 keV, and the

particle size class of 150-250m. One gram of pow- sample current was kept at 9.3 mA. The pressure in

der was vibrated into a 3.3 mm |.D. Pyrex tube that hadhe main chamber was kept at approximately 50’

a copper electrode at the bottom. The resulting powdetorr during Art ion sputtering. Under these conditions,

column was 41 mm high. A second copper electrodehe etching rate was approximately 2Bnin, as deter-

was placed on top, such that it contacted the powder colmined from a Si@ standard film.

umn without exerting any external pressure other than

the weight of the electrode. A capacitor bank (489

was charged with electrical input energy (1.5 kJ), and 8. Results and discussion

vacuum ion switch was evacuated to close the dischargeig. 1 shows a typical XPS wide scan spectrum of the

circuit. The capacitor bank instantaneously dischargegorous-surfaced Ti-6Al-4V implants over the binding

through the powder column, producing the Ti-6Al-4V energy ranges of 0-800 eV. The spectrum showed the

implant with a solid core diameteD() of 2.24 mm, major elements, carbon, oxygen, and titanium, as well

resulting in 68%D¢/ Dy, whereDg is an implant diam- as minor components, aluminum, vanadium, and nitro-

eter [7]. Discharge time and heat generated were abougfen on the surface of the sample. Results of quantitative

300usec and 973 J, respectively. The average pore dipeak analyses are shown in Table |I.

ameter was 12Lm, with a 45um average neck size  EDC Ti-6Al-4V implant prototype was further an-

between particles. The yield strength of the solid corealyzed by employing At ion sputtering followed by

was estimated about 755 MPa [7]. XPS measurements. Although different features such
as preferential sputtering, atomic mixing, particle size
effects, etc., can affect the etching profiles, similar etch-

2.2. Surface analysis ing rates of the Ti alloys were expected in the present

EDC Ti-6Al-4V implant prototype was mounted on the Studies [17, 18]. AT ion sputtering was carried out for
spectrometer probe tip by means of double-sided adhalp to 10 minutes. Surface elemental concentrations fol-
sive tape and examined by XPS employing a Kratodowing Ar* ion sputtering are also given in Table I.Ar
XSAM 800 spectrometer with Mg K (1.25 keV) ra-  ion sputtering decreased the amount of carbon, but the

diation. The system pressure was maintained beloWwercentages of all other elements (O, Ti, Al, V, and N)
5x 102 torr using ion and Ti sublimation pumps to increased. These results can be attributed to the removal

minimize contributions from vacuum contaminants. of adventitious carbon with consequent exposure of the
The spectrometer was run in constant pass energy mod@plant surface.

at a pass energy of 12 kV and 14 mA. Under these con- High resolution scans were then used to obtain in-
ditions, the full width at half maximum (FWHM) of the formation regarding the surface chemical state of the
Ag 30k, peak was 1.1 eV, and the binding energy differ-

ence between Ag 3@ and Ag3d,, was 6.0 eV. The TABLE | Surface chemical composition of the porous EDC Ti-6Al-
analyzer work function was determined by assumingfV sample before and after 10 min. of Aion sputtering

the binding energy of the Ag 3g peak to be 368.2 eV.
When the Ag 3¢/, peak was used as the reference peak,

the binding energy of the C 1s peak of adventitious car='emen Before After

Concentration (At. %)

bon on the standard silver surface was 285 eV. All bind+ 5 4918 2987
ing energies were referenced to the C 1s peak to correetis 19.55 27.19
for sample charging. Atomic concentrations were deterTi2p 16.57 24.35
mined from the peak areas using the atomic sensitivity* 2P i-gg %i

factors provided with the spectrometer.*Aion sput- N2
. . . . : p 4.57 6.23
tering was carried out up to 10 minutes using a differen-
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Figure 1 XPS survey spectrum of the porous-surfaced Ti-6Al-4V implant fabricated by EDC.
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Figure 2 (a) XPS high resolution spectra of the Ti 2p region and (b) Deconvolution of Ti 2p peak to show contributions of four different functionalities.
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Figure 3 XPS high resolution spectra of the (a) O 1s region and (b) Al 2p region.
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materials. Fig. 2(a) shows narrow scan spectra of théy the binding energy of N 1s for nitride, respectively.

Ti 2p region. EDC Ti-6Al-4V showed a Ti 2p peak  The narrow scan spectra of C 1s and N 1s will be dis-
at 455.7 eV, with 5.6 eV splitting between the Th2p  cussed later. The Ti2p peak was deconvoluted using a
and Ti2p,/»> peaks. Previous results on Ti narrow scanpeak synthesis procedure that fits the measured peak to
spectra of wrought Ti and Ti alloy show TiZp peak several Gaussian peaks. A typical deconvoluted XPS
at about 459.2 eV with 5.8 eV splitting between thehigh resolution Ti2p spectrum is shown in Fig. 2b. It
Ti2py, and Ti2py, [19-22]. For Tf, as in TiG;,  was found that the Ti2p peak could be fitted to four
the Ti2p/» peak is at about 459.1 eV [17]. Thus, the major line shapes with peak binding energies of 455.5,
surface of wrought Ti and Ti alloy is primarily in the 456.2,457.4, and 459.2 eV. These peaks were assigned
form of TiO,. However, in the case of EDC Ti-6Al-4V, to TiO/TiC, TiN, Ti,Os, and TiG, respectively. High
high intensity regions between Ti 2p and Ti 2p,»  current density results in rearrangement of oxide be-
peaks were observed. Peak shifts for[iTi»O3), Ti*t  cause of movement of Ti and O ions [20, 22]. This re-
(TiO), and Ti (metal) are approximatehy1.7, —3.5,  sult can be ascribed to EDC breaking the oxide film of
and—5.2 eV, respectively [20, 21]. For TiN, the Tigp ~ metal powder during the discharge process [23].
peakis atabout 456.2 eV [17]. The Tizpbinding en- High resolution spectrum of the O 1s region for
ergy of 455.7 eV is similar to that of Ti2p for TiO and EDC Ti-6Al-4V is shown in Fig. 3a. The O 1s peak
TiC. The presence of TiC and TiN on EDC Ti-6Al-4V had a maximum at 531.9 eV with FWHM of 2.79 eV.
surfaces is supported by observation of a shoulder reFhe asymmetry on the high B.E. region and broad-
gion at about 282.5 eV in the C 1s narrow spectrum anchess of this peak are generally interpreted as indicating
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Figure 4 XPS high resolution spectra of the (a) V 2p region and (b) N 1s region.
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hydrated metal oxide [20, 24]. Considering the resultsTABLE I Carbon functional components on EDC Ti-6Al-4V ob-
for the Ti 2p peak, however, the asymetry of the O 1stained from deconvolution of the C 1s peak before and after 10 min. of
L . . Art ion sputtering
peak could indicate complex overlapping oxides.
Narrow scan spectrum of the Al 2p region is shownin Contribution to total peak area (%)
Fig. 3b. The maximum was positioned at about 75 eV,

This is about 2 eV higher value than the binding energy “"°1°"a group Before After
of elemental Al (metal). The B.E. shift can be attributed c—r; 6.9 12.9
to oxidation of Al producing such as #0s. Therefore, Cc—H 58.7 59.0
the EDC Ti-6Al-4V surface contains aluminum oxide g_g 2;-;‘ 158-3

in addition to fitanium oxide. The presence of Alin = 31 9
the surface oxide of the titanium alloy has also been”_ i '
previously reported [19].

Representative high resolution spectrum of the V 2p
region is shown in Fig. 4a. This spectrum shows a
V 2ps3/2 peak at 513.5 eV, with 7.6 eV splitting between
the V2p,» and V 2p/,» peaks. Because the peak posi-
tion for vanadium oxide is at 516.5 eV [25], the spec-
trum indicates that V is not coordinated with O in the
EDC Ti-6Al-4V. Thus, the small amount of V detected
in the EDC Ti-6Al-4V surface did not contribute to the
formation of the surface oxide film. Similar results for
the wrought Ti-6Al-4V were reported by Hanawa and
Ota [26]; however, Ask [19] did not detect V in the
oxide.

Fig. 4b shows a representative high resolution spec-|
trum of the N 1s region. The maximum at 397.2 eV
is identical to the N 1s position for nitride. This indi-
cates the presence of a small amount of nitride and sup;
ports assignment of a TiN peak to the Ti2p spectrum
in Fig. 2a. The formation of nitride can be explained
by the electrical discharge in air resulting in reaction
between nitrogen and the titanium substrate. 290 285 280

Adventitious carbon, attributable to exposure to air,
is normally detected on the surface of Ti and Ti-6Al-
4V [26,27]. An asymmetric peak with a maximum at Figure 5 Deconvolution of C 1s peak to show contributions of four dif-
285 eV was observed. This maximum represents carbomrent functionalities.
in the C—H form. Although the maximum appeared at

285 eV, the C 1s peak also contained high and low bindy, ¢ontrast to wrought Ti-6AI1-4V, the EDC process re-
ing energy components, which indicate the presence of e in the formation of a small amount of titanium
additional carbon-based surface functional groups. - carhide. Formation of TiC can be attributed to the high
To elucidate the additional functionalities, the C 1sp,o5¢ generated on the surface of the Ti-6Al-4V powder
peak was also deconvoluted using a peak synthesis pry,ring discharge which induced the reaction between
cedure that fits the measured peak to several Gaussigh 5nd C.
peaks, each with an average FWHM value of 2 eV and rape || also contains the calculated contribution of
a fixed binding energy [25, 28-31]. To obtain the bestyg gifferent carbon peak components after 10 min of
fit between the experimental and the synthesized spegy,+ jon sputtering. Although the functionalities were
tra, the intensity contribution of each functional com- e same as those identified before sputtering, changes
ponent peak was estimated by a computer simulationy, {he relative proportions were observed. The oxidized
A typical XPS high resolution C 1s spectrum decon-c4rhon components decreased and the carbide compo-
voluted into surface functional group contributions is hent increased following sputtering, while the percent-
shown in Fig. 5. It was found that, in addition to a peakage of G-H did not change. These observation can be

centered at 285 eV (€H), the carbon 1s peak could 4yripyted to removal of contaminant carbon overlayers
be fitted to four line shapes with peak binding ener- ity subsequent exposure of TiC.

gies of 282.5, 286.7, 287.7, and 289.9 eV. These peaks

were assigned to carbide, alcohol or esterQJ, car-

bonyl (C=0), and carboxyl (6C=0) functionalities, 4. Conclusion

respectively [24]. As shown in Table I, the contribu- EDC is a unique method for fabricating porous-
tions of the different functionalities to the total area of surfaced implants. The present studies show that the
the C 1s peak region of the EDC Ti-6Al-4V were: 6.9% surface chemistry of EDC implant prototype differs
carbide, 58.7% €H, 22.4% C-O, 8.6% C=0, and from that of conventional wrought Ti-6Al-4V. Whereas
3.1% G-C=0. Oxidized carbons in adsorbed contam-EDC Ti-6Al-4V surfaces are mainly composed of
inant overlayers are not surprising. Interestingly, andmixed Ti oxide and small amounts of Ti nitride and

Binding Energy (eV)
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Ti carbide, the surface of wrought Ti-6Al-4V is mainly 15
in the form of TiG,. Preliminary studies, however, in-
dicate that the implants are biocompatible and support®

rapid osseointegration. 17

18.
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