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A porous-coated Ti-6Al-4V implant was fabricated by electrical resistance sintering, using
480 uF capacitance and 1.5 kJ input energy. X-ray photoelectron spectroscopy (XPS) was
used to study the surface characteristics of the implant material before and after sintering.
There were substantial differences in the content of O and N between as-received atomized
Ti-6Al-4V powders and the sintered prototype implant, which indicates that electrical
resistance sintering alters the surface composition of Ti-6Al-4V. Whereas the surface of
atomized Ti-6Al-4V powders was primarily TiO,, the surface of the implant consisted of a
complex of titanium oxides as well as small amounts of titanium carbide and nitride. It is
proposed that the electrical resistance sintering process consists of five stages:

stage | — electronic breakdown of oxide film and heat accumulation at the metal-oxide
interface; stage Il — physical breakdown of oxide film; stage Ill - neck formation and neck
growth; stage IV — oxidation, nitriding, and carburizing; and stage V - heat dissipation. The
fourth stage, during which the alloy repassivates, is responsible for the altered surface
composition of the implant. © 2001 Kluwer Academic Publishers

1. Introduction

The usual sequence in powder metallurgy operations is
to compact a metal powder in a die at room temperature
and subsequently sinter it at elevated temperatures. Not
only are high pressure, high temperature, and long times
required, but for reactive materials, such as Ti and its
alloys, an inert atmosphere is also inevitably required.
On the other hand, electrical resistance sintering, which
is also known as electrodischarge compaction (EDC),
combines compaction and sintering of powders by ap-
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plying a high voltage and high density current, either
with and without external pressure. Consolidation of the
powder can be achieved in times as short as 300 psec.

Okazaki et al. used this method to fabricate porous-
coated Ti alloy implants [1]. They found that porosity
and solid core size can be controlled by manipulating
the capacitance and input energy [2]. Porous surfaces
are intended to promote immobilization of the implant
in bone by enabling mechanical interlocking between
the implant and tissue, leading to osseointegration.
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Compared to Ti implants fabricated by conventional
hot pressing, sintering, and plasma spraying techniques
[3-5], implants fabricated by electrical resistance sin-
tering show superior physical and mechanical proper-
ties [2, 6].

In addition to the physical and mechanical properties,
the surface properties of implants have been widely
studied. Important surface characteristics of metallic
biomaterials include the composition and structure of
the surface oxide and contamination of the surface,
which affect osseointegration and durability [7-11].
Recent studies demonstrate continued research into sur-
face modification of Ti alloy for improving fatigue
strength, wear resistance, and even corrosion resis-
tance [12-19]. Typical methods for surface modifica-
tion are thermal treatment and ion implantation. These
treatments, however, are complex, time-consuming,
and result in extra cost. Recently, Lee ef al. found that
electrical resistance sintering causes formation of TiN
and TiC in addition to TiO; on the surface of a porous-
coated Ti-6Al-4V implant [20]. The mechanism of this
surface modification during electrical resistance sinter-
ing, however, has not been reported in detail. Therefore,
the purpose of this paper is to provide a mechanistic
explanation of the changes in surface characteristics
of a porous Ti-6Al-4V implant fabricated by electrical
resistance sintering.

2. Materials and methods

2.1. Ti-6Al-4V implant

As-received atomized Ti-6Al-4V powders, produced
by the rotating electrode process (Goodfellow, Berwyn,
PA), were sieved to yield one particle size class of 150-
250 pm. The discharge conditions for sintering were a
capacitance of 480 nF and a charge voltage of 2.5 kV,
which yield an input energy of 1.5 kJ. The general
preparative procedure has previously been described
in detail [2,20,21]. An oscilliscope was used to mon-
itor current and voltage throughout the discharge and
sintering processes.

2.2. Surface analysis

As-received atomized Ti-6Al-4V powders and Ti-6Al-
4V prototype implant were mounted on the spectro-
meter probe tip by means of double-sided adhesive tape
and examined by XPS using a Kratos XSAM 800 spec-
trometer with Mg Ko (1.25 keV) radiation. The gen-
eral XPS analytical procedure for obtaining survey and
high resolution scans has previously been described in
detail [20].

3. Results and discussion

General physical characteristics and mechanical prop-
erties of sintered 3.3 mm diameter Ti-6Al-4V implant
prototype are listed in Table I [6]. The surface elemental
concentrations for both as-received powders and porous
implant as determined by XPS are listed in Table II. For
both materials, C, O, and Ti were the main constituents
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TABLE 1 Physical characteristics and mechanical properties of a
porous 3.3 mm electrical resistance sintered Ti-6Al-4V prototype im-
plant (Each value was averaged over 5 implant samples, which has a
standard deviation of +£3%) [6]

Compressive Ultimate
Core Neck Pore yield strength
size (mm) size (;um) size (um) strength (MPa) (MPa)
2.24 45 121 328 420

TABLE II Surface composition of as-received Ti-6Al-4V powder and
electrical resistance sintered Ti-6Al-4V prototype implant (Each value
was averaged over 3 powder and implant samples, which has a standard
deviation of +2%)

Concentration (at. %)

Elements As-received powders Implant prototype
C 37.04 43.57
(6] 41.34 25.43
Ti 13.89 19.22
Al 6.26 6.07
\% 1.46 0.76
N 0 4.96

with smaller amounts of Al and V also present. There
were substantial differences in the content of O (41.34
at.% and 25.43 at.%) and N (0 at.% and 4.96 at.%)
between as-received Ti-6Al-4V powders and prototype
implant, respectively; the implant had a higher con-
centration of N but less O. Adventitious carbon, at-
tributable to exposure to air, is normally detected on
the surface of Ti and Ti-6Al1-4V [22,23]. In high reso-
lution scans of the C1s region (not shown), an asymmet-
ric peak with a maximum at 285 eV, mainly indicative
of the C-H form, was observed for both materials. For
the implant, a peak at the binding energy of 282.5 eV,
which can be attributed to the formation of TiC, was
also observed [20].

Additional high resolution scans revealed further dif-
ferences regarding the surface chemical state of as-
received Ti-6Al-4V powders and the prototype implant.
Fig. 1 shows narrow scan spectra of the Ti 2p region
for both materials. For the as-received powder, the Ti
2p3,» peak at 459.2 eV, with 5.8 eV splitting between
the Ti 2py/, and Ti 2p3,, suggests a surface oxide in
the form of TiO, [24]. A similar observation of TiO,
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Figure 1 XPS high resolution narrow scan spectra of the Ti 2p region.
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Figure 2 Deconvolution of the Ti 2p peak to show contributions of three
major different functionalities.

on the surface of Ti and Ti alloys has been reported by
several groups [25-28]. On the other hand, the elec-
trical resistance sintered implant showed a Ti 2p3/,
peak at 455.7 eV, with 5.6 eV splitting between the Ti
2p1 2 and Ti 2p3» peaks. Furthermore, a high intensity
region between Ti 2py/; and Ti 2p3,, peaks resulted
from an existence of Ti oxides was observed. The Ti
2p peak was therefore deconvoluted using a peak syn-
thesis procedure that fits the measured peak to several
Gaussian peaks. A typical deconvoluted XPS high res-
olution Ti 2p spectrum is shown in Fig. 2. It was found
that the Ti 2p peak could be fitted with three major line
shapes with peak binding energies of 459.2, 457.4, and
455.5 eV. These peaks were assigned to TiO,, Ti;Os,
and TiN and TiC, respectively. The presence of TiC on
Ti-6Al-4V implant surfaces is supported by observa-
tion of a shoulder region at about 282.5 eV in the Cls
narrow spectrum.

To elucidate the formation of TiN on the surface of
the implant prototype, high resolution spectra of the N
1s region were obtained (Fig. 3) [20]. The maximum
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Figure 3 XPS high resolution spectra of the N s region of an electrical
resistance sintered Ti-6A1-4V implant.
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Figure 4 Resistance versus discharge time calculated from the voltage
and current recordings.

at 397.2 eV is identical to the N 1s position for ni-
tride. This indicates the presence of a small amount of
nitride and supports assignment of a TiN peak to the
Ti 2p spectrum. From these results, it was known that
the electrical resistance sintering process altered the
surface composition of the as-received powders.

Fig. 4 shows the change in resistance through the
powder column during discharge, which was calculated
from the recordings of voltage and current. It can be
seen that there are four distinct regions: 0 to 15 usec
for stage I; 15 to 120 usec for stage IT; 120 to 135 usec
for stage I1I; and 135 to 150 psec for stage I'V. In stage I,
a rapid loss of resistance occurred. In stage II, the re-
sistance decreased more slowly. In stage III, another
rapid loss of resistance occurred, followed by a sudden
increase of resistance in stage IV.

Davies et al., [29] proposed a three-stage mechanism
for electrical resistance sintering. In the first stage, elec-
tronic breakdown of the oxide layer causes the rapid de-
crease in resistance, resulting in the formation of con-
ducting layers. In the second stage, the formation and
growth of conducting necks between particles occur
simultaneously with the electromagnetic forces arising
from the pinch effect [21]. This allows current to flow in
the radial and azimuthal directions, leading to intercon-
nection of powder particles. At this point, densification
is promoted by the pinch forces generated in the whole
powder column. In the third stage, the powder specimen
acts like a porous solid conductor. No major changes in
any physical properties occur.

On the other hand, Kim et al. [30] suggested a
four-stage mechanism for electrical resistance sinter-
ing. They used 38—180 pum oxidized Ni powders. In the
first stage, electronic breakdown of the oxide layer oc-
curs, and heat accumulates at the metal-oxide interface.
In the second stage, physical breakdown of oxide film
occurs. Microstructural observation of particle-particle
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interfacial regions by TEM showed an absence of ox-
ide. In the case of a Ti-6Al-4V implant, microstructural
examination of interfacial regions, such as necks and
particle-particle interfaces, confirmed oxide film re-
moval [2]. In the third and fourth stages, neck formation
and growth and dissipation of energy through the con-
ductive path, respectively, occur. The mechanism sug-
gested by Kim et al. [30] is more acceptable, because
the rapid drop in resistance at the early stage should take
place by removal of resistive elements, such as oxide
film, prior to the neck formation.

Neither group, however, reported a rapid increase of
resistance after the final stage, III [29] or IV [30]. Even
though the discharge time for the sintering is very short,
elements in air, such as C, O, and N, are able to diffuse
into the metal or chemisorb on the surface after physical
breakdown of oxide film and neck formation. The ele-
mental diffusion and/or chemisorption with subsequent
oxidation, nitriding, and carburization of the reactive
Ti would increase the resistance of the sintered powder
column. Furthermore, the high current density results
in movement of ions to result in multiple oxide forms,
e.g., TiO; and TipOs. The rapid increase in resistance
during stage IV (Fig. 4) can thus be attributed to the
formation of new surface layer with different compo-
sition on the sintered powder column after breakdown
of oxide layer and neck formation.

It is therefore concluded that the electrical resistance
sintering process for the fabrication of a porous-coated
Ti-6Al-4V implant consists of five stages. In the initial
part of a discharge (0—15 usec), electronic breakdown
of oxide film and heat accumulation at the metal-oxide
interface occur, resulting in a rapid loss of resistance.
Between 15 and 120 usec, physical breakdown of the
oxide film causes a slow further decrease in resis-
tance. Neck formation and neck growth, in the range
of 120-135 usec, cause another rapid loss of resis-
tance by supplying conducting pathways. In the range
of 135-150 usec, repassivation of the alloy with for-
mation of a new surface composition causes a rapid in-
crease in resistance. In the final stage of a discharge, the
residual heat in the sintered powders dissipates through
the copper heat sink.

Numerous studies have demonstrated the impor-
tance of surface properties in determining biological
responses to implants [7—-11]. The altered surface com-
position on implants fabricated by electrical resistance
sintering appears to be biocompatible and support rapid
osseointegration [31]. The relationship between the sur-
face chemical composition of the implant and the ele-
mental concentrations in air is not clear. Future stud-
ies will examine controlling the surface composition
of the implant following electrical resistance sintering
by manipulating the sintering environment, such as by
discharging in a sealed chamber and by changing the
atmospheric composition, e.g., N, and/or O;.

4. Conclusion

A mechanism was proposed to explain the altered sur-
face chemistry of a porous-coated Ti-6Al-4V implants
fabricated by electrical resistance sintering. In the early
stage of discharge, the rapid loss of resistance occurs
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because of electronic breakdown of TiO, on the surface
of atomized Ti-6Al-4V powders, and heat accumulates
at the metal-oxide interface. In the second stage, subli-
mation of the metal layer beneath the oxide film causes
further physical breakdown of Ti oxide film and a slow
decrease in resistance. At this stage, the surface of the
powder can be in the form of pure metals, such as Ti, Al,
and V, without oxide. In the third stage, neck formation
and growth result in the formation of conducting chan-
nels and cause another rapid loss of resistance. Subse-
quent repassivation of the alloy surface by reaction with
atmospheric components to form TiO,, Ti,O3, TiN and
TiC cause a rapid increase of resistance. The residual
heat transfers to the copper heat sink surrounding the
Pyrex tube.
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