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Effects of alkali and heat treatment on strength of porous Ti35Nb
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Abstract: Porous Ti35Nb alloy with a porosity of 66% was made by a powder metallurgical method, and then it was treated by a
standard treatment for activating the surface of Ti implant materials involving alkali and heat treatment. The alkali and heat treatment
causes damages of the struts of the porous Ti35Nb in the form of reaction products layer, grain-pullout and cracks. Consequently, it
leads to a significant degradation of the strength of the porous alloy. The effect of the alkali and heat treatment on the strength of the

porous alloy was discussed.
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1 Introduction

The Ti-35%Nb (Ti35Nb) alloy shows a good shape
memory effect because of the presence of a” phase. If we
can make the alloys into the porous materials, they will
show a good prospect for orthopedic applications due to
their biological and mechanical compatibilities with
implant materials [1—6]. However, they do not form a
direct chemical bonding to host bone tissues in the living
body due to the formation of fibrous capsules at the
interface, which isolates the implant materials from the
surrounding bones and causes desperate failures of
implants. The problem can be solved by coating a
biologically active bonelike apatite layer on the surfaces
of titanium alloys. Therefore, many coating techniques
have been developed for the formation of the apatite
layer on titanium alloys [7-9]. Of these techniques,
biomimetic techniques to deposit bioactive apatite
coating on metal substrates have attracted much attention
in the last two decades due to their low operation
temperature, relatively good bonding strength and the
formation of bone-like apatite [10—13]. In these methods,
the alkali and heat treatment plays a key role in the
formation of apatite layer, because the structural changes
of titanium surfaces during the treatment lead to the
formation of a bioactive titanate layer containing alkali
ions. This layer can accelerate the spontaneous

nucleation of a bonelike apatite layer on titanium surface
in simulated body fluid (SBF) [14]. However, the studies
have mainly concentrated on the formation and the
characteristics of apatite coatings on the alkali-treated
surfaces of titanium alloys in SBF. To date, there are no
systematic studies on the mechanical behaviour changes
of the porous material of titanium alloys after the alkali
and heat treatment, in spite of the fact that this has an
important effect on the bioactivity of the alloy and the
bond characteristics of apatite layers deposited
subsequently in SBF with titanium substrates. In light of
this, porous Ti35Nb (mole fraction) alloy was made by a
powder metallurgical method in the present work, and
the degradation of the strength of the porous Ti35Nb
after alkali treatment in NaOH solutions with different
concentrations was evaluated.

2 Experimental

The porous Ti35Nb samples were made by a
powder metallurgical method, which was described in
details in Refs. [5—6]. The starting materials were
commercially available titanium (purity = 99.9%, and
powder size <45 um) and niobium (purity > 99.9%, and
powder size <45 pum) powders. Elemental metal powders
of Ti and Nb were mixed together according to the
desired composition of Ti-35Nb, and then put in a steel
container. The mechanically alloying process was
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conducted in a planetary ball mill (Retsch, PM400) at
room temperature. The mass ratio of ball to powder was
20:1. The mixed powders were ball milled at a speed of
200 r/min for 2 h. For fabrication of the porous Ti-35Nb
alloy, the ball-milled powders were thoroughly mixed
with 40% (mass fraction) ammonium hydrogen
carbonate, NH;HCO;, as a space-holding material with a
particle size of 300—500 pum. The powders were
subsequently compacted on a uniaxial cold press
machine under the pressure of 500 MPa into green
compact bars with dimensions of d 10 mm x 13 mm. The
green compacts were heated to 175 °C to burn out the
spacers in air, and then put into vacuum furnace to sinter
at 1 200 °C for 2 h. The sintered samples were washed
with ethanol in ultrasonic cleaner, and then dried in an
oven at 150 °C. The pore structure was characterized by
scanning electron microscopy (SEM). The porosity was
measured by the Archimedes method in water based on
the following principles: the mass (ms) of a dried porous
bar and the mass (my) of the porous bar filled with wax
with a density of p, were weighed in air. Then, the open
porosity (6,) can be calculated by the expression of
0p,=(my—m;)/(Vypx). And the overall porosity (6,) can be
calculated by the expression of 8=1—m,/(Vyp), (0=5.32
g/cm’ [15], which is the theoretical density of the Ti35Nb
alloy). The porosity of the as-sintered porous samples
was measured to be about 66%.

The sintered samples were immersed in 1, 2 and 5
mol/L NaOH solution at 60 °C for 24 h, and then washed
with distilled water in an ultrasonic washer and dried in
air. After that, the alkali treated samples were heat treated
at 600 °C for 1 h in a vacuum furnace.

The sintered samples were characterized by X-ray
diffraction (XRD) on a Rigaku D/Max-rA to identify the
phases in the porous Ti35Nb alloy. The compression tests
on the as-sintered and the alkali and heat treated samples
were conducted on a materials test system (MTS)
machine. The dimension of the compression samples
were 10 mm in diameter and 12 mm in length, and the
initial strain rate was about 10 *s "

3 Results and discussion

Figure 1 shows the XRD pattern of the as-sintered
sample. The diffraction peaks mainly come from S-Ti
phase, which implies that the complete alloying is
achieved in the porous Ti35Nb alloy after ball milling for
2 h and sintering at 1 200 °C for 2 h. The microstructure
of the sintered alloy consists of f-Ti, which is similar to
the alloy with the same composition made by ingot
method [16].

Figures 2(a) and (b) show the optical micrographs
of the porous Ti35Nb sample (porosity of about 66%) in
transversal and longitudinal sections, respectively. The

quantitative image analysis results indicated that the
porous sample contains 56.5% open pores and 4.5%
closed pores. The result is slightly smaller than that
measured by Archimedes method, which may be caused
by the fact that there are some micro-pores on the struts.
The average pore size in the transversal section is 194
wm with a standard deviation of 110.4 um. The porous
structure in the longitudinal section exhibits subtle
differences compared to that in the transversal section,
and the average pore size is about 166 um with a
standard deviation of 84.6 um, reflecting some level of
anisotropy of the porosity in the Ti35Nb porous sample.
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Fig. 1 XRD pattern of porous sample sintered at 1 200 °C
for 2 h

Fig. 2 Optical microstructures of as-sintered porous Ti35Nb
alloy: (a) Transversal section; (b) Longitudinal section
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Figure 3 shows the SEM images of porous Ti35Nb
samples in as-sintered state and after alkali and heat
treatment in 1 and 5 mol/L NaOH solutions, respectively.
As reported in the previous work [6], the porous Ti35Nb
sample contains two types of pores, i.e. small isolated
micropores distributed in the wall of the open
interconnected macropores induced by the volume
shrinkages during the sintering process of the titanium
powders, and interconnective macropores created by the
space holders, as shown in Fig. 3(a). After the alkali and
heat treatment, a layer of corrosion product is visible on
the surface of all the samples. By close examination, one
can see the evidence of corrosive damage in the form of
sharp crack-like pits and grain pullout in several places
on the samples (see Fig. 3(d)), and the number and
severity of these damaged regions decrease with the
decrease of the concentration of alkaline solution
(Figs.3(b), (c) and (d)).

The nominal stress—strain curves of the porous
samples before and after alkali and heat treatment are
shown in Fig. 4. The as-sintered sample exhibits a typical
stress—strain curve of porous metals, with an elastic
region at the initial stage of deformation, followed by a
plateau region where the specimens deform under a
constant flow stress (plateau stress). Alkali and heat
treatment leads to some changes in the feature of the
stress—strain curve of the porous sample. It can be seen
that the treated samples exhibit an elastic region, where
the stress increases linearly with strain, reaching a peak.
After the peak stress, the flow stress decreases slightly

followed by the plateau region with a constant flow
stress. The plateau stresses (at the strain of 5%) of all the
samples were obtained from the graphs, as shown in
Fig. 5. It is apparent that the alkali and heat treatment
leads to a significant decrease in the plateau stress of the
porous Ti35Nb samples irrespective of the concentration
of the alkaline solution.

Fundamentally, the mechanical properties of porous
metals can be described by the model developed by
GIBSON and ASHBY [17]. According to the model, the
single most important factor affecting the mechanical
properties is the relative density, and the elastic modulus
and compressive strength of the porous metals are given
by

E=CE(p/py)’ (1)
ow=Cs0on (p/p)”"” (2

where Ej is the elastic modulus of the solid phase; oy is
the yield strength of the strut material; and C, and C; are
constants. WEN et al applied the model to predict the
mechanical properties of the porous titanium with a
porosity of 78%, which gave a reasonable agreement to
the experimental results [6]. The results in the present
work also confirm that the model is valid for the current
porous Ti35Nb. It was found that the alkali and heat
treatment significantly decreased the strength of the
porous material. The reasons lie in the reaction between
the alloy substrate and the alkali solution, which may
cause the reduction in the relative density of the porous
Ti35NDb and the damage of the strut of the pores.

Fig. 3 SEM images of porous Ti35Nb before and after alkali and heat treatment: (a) As-sintered; (b) Alkali treated in 1 mol/L NaOH
solution; (c) Alkali treated in 5 mol/L NaOH solution; (d) Enlarged image of (c)
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Fig. 4 Nominal stress—strain curves of porous Ti35Nb before
and after alkali and heat treatment in different concentrations of
NaOH solution
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Fig. 5 Plateau stress of porous Ti35Nb before and after alkali
and heat treatment

The surface structural changes of titanium during
the alkali and heat treatments were reported in previous
work [18—22]. During the alkali treatment, the passive
TiO, layer on the titanium surface partially dissolves into
alkaline solution because of the corrosive attack of
hydroxyl group [18—19]:

TiO, + OH — HTiO;~ 3)
In the mean time, the titanium substrate reacts with

the alkaline solution through the following hydration
reactions [18, 20—22]:

Ti + 30H — Ti(OH); "+ 4¢ %)
. . 1

Ti(OH);" + ¢ — TIOZ-H20+5H2T (5)

Ti(OH);" + OH =Ti(OH), (6)

A further hydroxyl attack to hydrated TiO, will
produce negatively charged hydrates on the surfaces of
the substrates as follows:

TiO,'nH,0+OH = [HTiO;] nH,0 (7)

These negatively charged species are combined with
alkali ions in the aqueous solution, resulting in the
formation of an alkali titanate hydrogel layer [23].
During the heat treatment, the hydrogel layer is
dehydrated and densified to form a stable amorphous or
crystalline alkali titanate layer.

The chemical reactions mentioned above cause the
thinning of the struts of porous Ti35Nb, resulting in the
decrease of the relative density (o/p) of the treated
samples compared to the as-sintered sample. In the
present work, the relative density (o/ ;) of the samples
after the alkali and heat treatments was measured by the
Archimedes method, and the values are about 68%, 70%
and 74% for the samples alkali treated in 1, 3 and 5
mol/L NaOH solutions, respectively. Consequently,
based on the model by Gibson and Ashby, it gives rise to
a sample with weaker mechanical strength after alkali
and heat treatment.

Moreover, although there is little knowledge about
the effect of strut surface condition on the properties of
porous metals, it is reasonable to assume that the quality
of the surfaces in a corroded porous metal will be
compromised to affect the overall mechanical properties.
This is because, in the porous metals, the dominant
deformation mode initiates at strut surfaces where the
local strain is the largest during strut bending, and most
deformation, at least at low strains, is concentrated on the
struts. Therefore, for the struts with a low thickness, the
surface effects are crucially important to their
mechanical properties. The present results indicate that
the corrosive damage due to the aggressive alkali
solution attack may extend beyond the surfaces in certain
cases, such as grain pullout, severe pitting, or crack. It
may make the strut brittle and degrade the strength of the
strut, thus deteriorate the overall mechanical properties
of the porous Ti35Nb alloy.

4 Conclusions

1) The porous Ti35Nb with a porosity of 66% was
successfully made by a powder metallurgical method.
The average pore sizes in the transversal section and the
longitudinal section are 194 and 166 pm, respectively.
The strength of the porous alloy is about 52.8 MPa.

2) The porous alloy was treated by a standard
treatment for activating the surface of Ti implant
materials involving alkali and heat treatment. The alkali
and heat treatment led to damage of the strut of the
porous metals in the forms of reaction products layer,
grain pullout and cracks.

3) The strengths of the porous Ti35Nb alloys after
the alkali treatment in 1, 3 and 5 mol/L NaOH solutions
and heat treatment are 34.8, 30.1 and 16.9 MPa,
respectively. The degradation of the strength of the
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porous Ti35Nb can be attributed to the reactions between
the titanium substrate and the alkali solution, which leads
to thinning and corrosive damages of the struts of the
porous Ti35Nb alloy.
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