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Corrosion behaviour and mechanical properties of
functionally gradient materials developed for
possible hard-tissue applications
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Artificial hip joints have an average lifetime of 10 years due to aseptic loosening of the

femoral stem attributed to polymeric wear debris; however, there is a steadily increasing

demand from younger osteoarthritis patients aged between 15 and 40 years for a longer

lasting joint of 25 years or more. Compliant layers incorporated into the acetabular cup

generate elastohydrodynamic lubrication conditions between the bearing surfaces, reduce

joint friction coefficients and wear debris production and could increase the average life of

total hip replacements, and other human load-bearing joint replacements, i.e. total knee

replacements. Poor adhesion between a fully dense substrate and the compliant layer has so

far prevented any further exploitation. This work investigated the possibility of producing

porous metallic, functionally gradient type acetabular cups using powder metallurgy

techniques — where a porous surface was supported by a denser core — into which the

compliant layers could be incorporated. The corrosion behaviour and mechanical properties

of three biomedically approved alloys containing two levels of total porosity ('30% and

(10%) were established, resulting in Ti—6Al—4V being identified as the most promising

biocompatible functionally graded material, not only for this application but for other

hard-tissue implants.
1. Introduction
Loosening of the femoral component of an artificial
hip joint has been attributed to adverse tissue reac-
tions against the ultra-high molecular weight poly-
ethylene (UHMWPE) wear debris, causing bone nec-
rosis around the implant. Recent attempts to minimize
this risk have developed in four main directions: (1) the
use of low elastic modulus implants [1—3], (2) im-
provements to the properties of bone cements [4—6],
(3) biological fixation using porous implant coatings,
and (4) the elimination of wear by using harder pros-
theses, either in the form of intrinsically hard materials
(such as alumina ceramics [7, 8]), or by surface hard-
ening (such as ion nitriding [9]).

None of these methods mimic the solution adopted
by nature, i.e. the articular cartilage. Incorporating
a compliant layer into the acetabular cup of an hip
prosthesis would offer this alternative and has been
shown to reduce friction levels to below 0.001, compa-
rable with natural joints [10]; but integration of this
compliant layer into a metallic substrate has proved
problematic. Functionally gradient type materials,
produced using conventional powder metallurgy tech-
niques, offer the ideal solution, where the level of
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porosity can be graded, from a highly porous surface
layer (suitable for polymer impregnation) to a dense
core, giving the component suitable strength to with-
stand the physiological loadings. In the 1970s, this
concept was used to produce femoral stems [11—13],
but the work appeared to be abandoned due to con-
cerns over poor fatigue performance, until a recent
resurgence of interest [14, 15].

This work considers the corrosion behaviour and
mechanical properties of three biomedically approved
alloys, namely 316L stainless steel, a Co—29Cr—6Mo
alloy and Ti—6Al—4V alloy, manufactured using the
cold compaction and sintering route to contain two
levels of total porosity ('30% and (10%), with
a view to producing a functionally graded acetabular
cup suitable for polymer impregnation.

2. Materials and methods
Functionally graded specimens were obtained by sin-
tering three alloys, namely water-atomized 316L,
a novel bimodal Co—29Cr—6Mo powder mixture of
water-atomized and ball-milled gas-atomized powder
[16], and a Ti—6Al—4V alloy produced by blending
öteborg, Sweden.
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T A B L E I Compositions (wt%) for the three metallurgical powders

Material C Cr Ni Mo Si Mn Fe Co Al V Ti

316L 0.016 17.9 12.9 2.55 0.88 0.1 Bal. — — — —
Co—29Cr—6Mo 0.4 27.0 1.75 5.0 0.5 1.0 3.1 Bal. — — —
Ti—6Al—4V — — — — — — 0.2 — 5.38 4.62 Bal.

T A B L E I I Summary of the powder processing variables altered to create a range of porous samples

Material property 316L stainless steel Co—29Cr—6Mo alloy Ti—6Al—4V alloy

Powder types Water-atomized Bimodal mix Blended elemental
Powder particle sizes studied (lm)

Coarse 152—104 — 353—250
Fine (38 — (63

Compaction pressure range (MPa)/intervals 308—926/154 470—1080/154 154—926/154
Sintering temperature range (°C)/intervals 1140—1315/95 1150—1350/100 1100—130/50 or 20

T A B L E I I I Summary of green and sintered densities and total and interconnected porosities ranges created in each alloy

Material property 316L stainless steel Co—29Cr—6Mo alloy Ti—6Al—4V alloy

Green density range (g cm~3) 5.0—6.8 5.0—6.5 2.65—4.0
Sintered density range (g cm~3) 6.33—7.26 5.6—6.9 in vac. 3.24—4.31

5.6—7.5 in Ar/H
2
/N

2
!

Total porosity range (%) 35—9 33—17 in vac. 30—3
33—10 in Ar
32—6 in H

2
/N

2
!

Interconnected porosity range (%) 26—1 26—6 in vac. 17—0.5
26—0.5 in Ar
25—0.5 in H

2
/N

2
!

!Flowing molecular mixture (by volume) of 75%H
2
/25% N

2
.

titanium sponge with a 60V/40Al master alloy pow-
der. Material compositions can be found in Table I.

2.1. Powder processing
Both the 316L stainless steel powder and the titanium
sponge powder were sieved into seven different frac-
tions, of which two were chosen for further study,
a coarse and a fine fraction, (see Table II). Each
powder was then compacted using a single-action
manual press and sintered either under vacuum, or in
a flowing molecular mixture of 75%H

2
/25%N

2
(dewpoints better than !55 °C) or in flowing argon.
Titanium alloys were only sintered under vacuum
(better than 10~5 mbar). After sintering, densities, to-
tal porosities and interconnected porosities were
measured using an adaptation of ASTM B328-73.

2.2. Corrosion testing
Potentiodynamic anodic polarization tests and open
circuit potential—time transients were undertaken
using a Sycopel Scientific Autostat 25V 1A computer-
controlled potentiostat coupled to an Autoscan 16
channel multiplexer. Anodic polarizations tests were
conducted in accordance with ASTM G5 except that
the sweep rate was increased to 600 mV min~1 to
prevent sample destruction. A standard three-elec-
trode cell was used with a saturated calomel reference
electrode and graphite counter electrodes. In each test,
the electrolyte was fully oxygenated Hank’s solution
794
(pH 7.4) maintained at 37 °C$1 °C. After corrosion
testing, the electrolytes underwent trace element anal-
ysis by an inductively coupled plasma (ICP) method
capable of detecting low metal ion concentrations.

Open circuit testing was undertaken for 24 h on the
most porous alloys, using samples considered to have
given the best potentiodynamic results.

2.3. Mechanical testing
Apparent hardness tests were carried out using
a Vickers hardness testing machine with either a 10 or
20 kg load on the planar surfaces of samples polished
to 1200 SiC grit. Young’s modulus, ultimate tensile
strength (UTS) and ductility were determined from
tensile testing where 56]14]10 mm blanks were ma-
chined to a gauge diameter of 6 mm over a length of
25 mm and tested on a computer-controlled Instron
5568. Initially, a 12.5 mm extensometer was used up to
0.1% strain, permitting Young’s modulus to be deter-
mined, which was later verified by an ultrasonic
method [15, 16]. The extensometer was then removed
and the sample tested to fracture, enabling UTS and
percentage elongation to be determined.

3. Results and discussion
Use of coarse and fine powders gave a range of total
porosity from &5% to &35% with interconnected
porosities of &0.5% to &26%, as indicated in Table
III. Different sintering mechanisms were observed



Figure 1 Typical potentiodynamic anodic polarization curves for
316L, Co—Cr—Mo alloy and Ti—6Al—4V alloy with a total porosity
(5% in oxygenated Hank’s solution at a sweep rate of
600 mV min~1. (Each curve is an average of three samples.)

with each material and this affected the pore geometry
and interconnected porosity, not only across the por-
osity range but also between materials.

316L sintered by solid-state diffusion in all atmo-
spheres, therefore pore size and shape was largely
dependent on compaction pressure and powder par-
ticle size and shape. Both Co—29Cr—6Mo and
Ti—6Al—4V alloys appeared to consolidate through
the formation of a transient liquid phase, at least at
high sintering temperatures.

For the Co—29Cr—6Mo alloys this occurred due to
localized melting around discrete carbides resulting in
a eutectic liquid. The carbides consisted of either
Cr

7
C

3
or Cr

23
C

6
and/or Cr

2
(C, N) depending on the

sintering atmosphere.
Consolidation of Ti—6Al—4V powders appeared to

be associated with the diffusion of aluminium away
from the original master alloy, due to a reaction sin-
tering mechanism rather than a transient liquid phase.

Changes to the sintering atmosphere varied the
level of porosity in the bimodal Co—29Cr—6Mo alloys,
especially when sintered above 1300 °C, with higher
final densities being achieved in the H

2
/N

2
gas mix-

tures than in the other atmospheres, as indicated in
Table III.

Sintering atmospheres also had pronounced effects
on microstructure in both 316L and Co—29Cr—6Mo
alloys by causing severe chromium volatilization of
the surface layers under vacuum, and reduction in
carbide formation in the Co—29Cr—6Mo alloys. Sin-
tering in molecular 75%H

2
/25%N

2
led to the cellular

formation of chromium nitride (Cr
2
N) lamellae in

both alloys, whilst sintering in argon did not appear to
alter the microstructure significantly.

3.1. Corrosion behaviour
Typical potentiodynamic anodic polarization behav-
iour for the three materials is shown in Fig. 1. From
these curves a number of parameters were obtained,
including the breakdown potentials, given in Fig. 2, i.e.
where the transpassive region begins. This parameter
was used as a performance indicator in this work,
enabling the corrosion resistance for the three alloys
to be ranked: 316L(Co—29Cr—6Mo(Ti—6Al—4V.
Figure 2 The effect of sintering atmosphere and porosity level on
the breakdown potential in oxygenated Hank’s solution after
potentiodynamic anodic polarization testing. (N"molecular
75%H

2
/25%N

2
, A"argon, V"vacuum, SS"stainless steel,

CC"Co—29Cr—6Mo, TAV"Ti—6Al—4V, C"coarse total poros-
ity ('30%), F"fine total porosity ((10%).)

Sintering atmosphere affected the corrosion behav-
iour of both the 316L and Co—29Cr—6Mo alloys; Cr

2
N

precipitates appeared locally to denude the matrix of
chromium, leading to preferential attack at these sites.
Loss in chromium at the surface after vacuum sintering,
severely reduced corrosion resistance. The corrosion
resistance of 316L and Co—29Cr—6Mo alloys was
improved by sintering in argon. Overall, the effect of
sintering atmosphere on corrosion performance was
ranked H

2
/N

2
(vacuum(argon.

Fig. 1 shows the size of the hysteresis loop
obtained, which indicated the level of pitting attack
that these samples experienced. As could be expected,
316L stainless steel exhibited the least resistance to
pitting, while Ti—6Al—4V exhibited good resistance
with no hysteresis. Scanning electron microscopy of
the corroded surfaces indicated that severe pitting
attack occurred with the stainless steels, intergranular
attack and micro-pitting were evident with the bi-
modal Co—29Cr—6Mo but no obvious signs of cor-
rosion were seen on the Ti—6Al—4V alloy.

Moreover, different levels of attack were seen in
samples with different levels of porosity. Far greater
attack was seen in the fine porosity samples compared
to the coarse porosity samples, due to the fact that
narrow pores helped to restrict ion diffusion/migra-
tion within the pore, so that concentration gradients
were set up, such as the level of dissolved oxygen.
Hydrolysis reactions leading to hydrogen-ion accu-
mulation within the pore base, accelerated corrosive
attack by reducing the pH. Oxygen depletion within
the pore also helped to establish a more anodic region
and further enhanced conditions which favoured crev-
ice corrosion attack.

Trace ion levels were found to be considerably
higher for 316L than Co—29Cr—6Mo alloys, as in-
dicated in Fig. 3, indicative of faster corrosion rates for
the 316L. There was also a noticeable difference in ion
levels between the fine and coarse porosity samples for
both alloys. This could not be attributed to differences
in surface area, because the surface area of the fine
porosity samples was lower than the coarse porosity
795



Figure 3 The effect of sintering atmosphere and porosity on ion
release after anodic polarization testing in oxygenated Hank’s solu-
tion. (a) Water-atomized 316L stainless steel, (b) bimodal
Co—29Cr—6Mo alloys. (N"molecular 75%H

2
/25%N

2
, A"Ar-

gon, V"vacuum, SS" stainless steel, CC"Co—29Cr—6Mo,
TAV"Ti—6Al—4V, C"coarse total porosity ('30%), F"fine
total porosity ((10%).)
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Figure 4 Potential—time transients over 24 h in oxygenated Hank’s
solution of coarse porosity samples with pH monitoring of the
solution.

samples. Therefore, because of the presence of narrow
pores in the fine porosity samples, faster corrosion
rates must have occurred, resulting in greater dis-
solved ion levels.

Although Ti—6Al—4V alloys showed no signs of
corrosive attack and no evidence of trace elements
were found dissolved in solution, some low-level ion
dissolution had taken place as corrosion currents were
higher than for the wrought material. But this could
have been due to surface-area effects caused by resid-
ual porosity.

Open circuit potential—time transients, in Fig. 4
gave an indication of the long-term behaviour of these
materials. In the test, only argon-sintered 316L and
Co—29Cr—6Mo alloys and a nitrided Ti—6Al—4V alloy
Figure 5 The effect of sintering atmosphere and porosity level on mechanical properties. (a) Apparent hardness, (b) percentage elongation, (c)
Young’s modulus, and (d) ultimate tensile strength. (N"molecular 75%H

2
/25%N

2
, A"Argon, V"vacuum, SS"stainless steel,

CC"Co—29Cr—6Mo, TAV"Ti—6Al—4V, C"coarse total porosity ('30%), F"fine total porosity ((10%).)



were used. 316L underwent repeated film breakdown
and repair associated with pitting attack, whilst both
Co—29Cr—6Mo and Ti—6Al—4V alloys gave a rising
transient which was indicative of the formation of
a stable, protective, passive oxide film.

3.2. Mechanical properties
Increasing the level of porosity reduced the mechan-
ical properties of these materials (see Fig. 5) especially
hardness, tensile strength and percentage elongation.
Variations in mechanical properties with sintering at-
mosphere were noted, particularly when Cr

2
N pre-

cipitates had formed either in 316L or Co—29Cr—6Mo
alloys; strengthening occurred, so that hardness and
UTS values were consistently higher, but at the slight
expense of ductility.

Fracture mainly occurred by ductile failure at inter-
particle necks and the size and number of these ductile
failure sites increased in samples containing lower
levels of interconnected porosities. Some brittle frac-
tures were observed at the carbide/matrix interfaces in
the Co—29Cr—6Mo alloy.

Although Co—29Cr—6Mo alloys had consistently
higher hardness and UTS values, Ti—6Al—4V alloys
combined high tensile strengths with larger amounts
of plastic deformation taking place before final frac-
ture. This was probably due to the pores acting as
dislocation sinks, enabling substantial amounts of
plastic deformation to be absorbed.

4. Conclusion
The corrosion resistance and mechanical properties of
biocompatible materials containing two levels of por-
osity have been determined from which a functionally
gradient type materials could be manufactured using
the cold compaction and sintering route. Using tita-
nium alloys combined the best biocompatibility with
the best mechanical properties and therefore would be
the most suitable porous materials for this application
and could also find use as orthodontic or maxillo-
facial implants.
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