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Comparative Evaluation on the In Vitro Biological
Performance of Ti45Al8.5Nb Intermetallic with Ti6Al4V
and Ti6Al7Nb Alloys**
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By Huafang Li, Yufeng Zheng* and Junpin Lin*
The corrosion resistance of Ti45Al8.5Nb intermetallic alloy in artificial saliva and its cytocompatibility
was studied via electrochemical tests, scanning electron microscopy, ion release measurement, and
MTT assay, with contemporary biomedical Ti6Al4V and Ti6Al7Nb alloys as comparison. The results
demonstrate that the corrosion potential (Ecorr) and the corrosion current density (icorr) of the three
experimental alloy samples are similar and there is no statistically significant difference among them
(p> 0.05). The Al3þ ion releasing concentration for Ti45Al8.5Nb intermetallic and Ti6Al7Nb alloy
after anodic polarization are close. The relative cell proliferation rates of the three experimental alloy
extract groups are all over 90% at various cultivation periods (1, 3, and 5 d), and there is no obvious
difference for the MG63 cell morphologies comparing with that of the negative group, reaching
confluence after 5 d culture and showing well stretched, which indicates that Ti45Al8.5Nb inter-
metallic alloy has a good cytocompatibility with the Grade 1 RGR value (no toxicity) according to ISO
10993-5: 1999.
Among the current biomedical Ti-based alloys,[1] Ti6Al4V

and Ti6Al7Nb alloys are the two most widely used

biomaterials containing element Al. Although they provide

excellent corrosion resistance and good biocompatibility, they

do suffer from relatively low fracture toughness and poor

wear properties.[2] Moreover, traditional Ti alloys have poor

shear strength and may cause seizing because of their high

coefficients of friction, both in bone–metal and metal–metal

interfaces.[2]

Recently new kinds of TiAl intermetallic alloys have

been successfully developed as high temperature structural
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materials with the background of aerospace and automobile

applications, due to their high specific strength, low density,

low Young’s modulus, excellent high temperature strength,

and good oxidation resistance.[3] These unique properties

make them also quite attractive for biomedical application.

Overall Ti- aluminides investigated to date have shown good

in vitro corrosion resistance[4,6] and cytocompatibility,[5]

especially when applying additional treatments by thermal

oxidation.[4–6] In vivo results showed satisfactory bone growth

process.[7]

Among the TiAl intermetallic alloys, high Nb containing

TiAl alloy system has high strength (tensile yield strength

800–1200MPa)[8] which is as comparative as Ti6Al4V(� 860–

965MPa) and Ti6Al7Nb(� 900–1050MPa) alloys, but much

higher than pure titanium(� 240–550MPa).[9] Compared with

conventional TiAl intermetallic alloys, besides similar high

specific strength, low density, low Young’s modulus, excellent

corrosion resistance, highNb containing TiAl alloys havemuch

better ductility due to increased tendency of ordering and

stronger interaction between dislocations,[8,10] which makes

them more potential as biomaterials. To the author’s know-

ledge, most of the previous reports on high Nb containing

TiAl alloys are mainly focused on their microstructure,

mechanical properties, and oxidation resistance, etc.,[11–16]

with their corrosion behavior in physiological solutions and

biocompatibility having never being investigated.
rlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com B187
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It is well known that pure Ti and Ti-based alloys are widely

used for dental applications.[17] Considering the high Nb

containing TiAl alloys’ unique properties compared with

conventional Ti and Ti alloys, high Nb containing TiAl

intermetallics have great potentials in dental applications.

The aim of this study is to take high Nb containing

aluminide Ti45Al8.5Nb intermetallic as a candidate alloy for

dental applications, and evaluate its corrosion resistance in

artificial saliva solution and biological performance by in vitro

testing, with the contemporary biomedical Ti6Al4V and

Ti6Al7Nb alloys as controls.

Materials and Methods

The experimental TiAl intermetallic alloy with a nominal

composition of Ti-45Al-8.5Nb-0.2W-0.05B (at%) was fabri-

cated by plasma furnace melting and isothermal forging. The

resulting ingot was cut into 10� 10� 1mm3 plates by a spark

discharging machine. Ti6Al4V and Ti6Al7Nb alloy samples

were purchased from Goodfellow Cambridge Ltd. (Hunting-

don, England) and cut into plates with the same size as TiAl

intermetallic alloy samples. The surfaces of the specimens

were mechanically polished via a standard procedure to a wet

sand paper of 2000# grit. After that, all the specimens were

cleanedwith acetone, ethanol, and distilled water in turn in an

ultrasonic bath and then dried in air. For optical microscope

observation, the samples were etched by Kroll’s reagent

containing 10ml of HF, 5ml of HNO3, and 85ml of water.[18]

An optical microscope (Olympus BX51M) was used to

characterize the microstructure of experimental alloys.

The electrochemical measurements were performed using

an electrochemical analyzer (CHI 650C, CHI, Austin, TX)

controlled from a computer. The cell containing 200ml

electrolytes were maintained at 37 8C throughout the test

using a suitable water bath. The sample was set as a

‘‘working’’ electrode (anode), a platinum electrode acting as

a ‘‘counter’’ electrode and a saturated calomel electrode was

used as the ‘‘reference’’ electrode. The OCP measurement

was maintained up to 7200 s. The anodic polarization curves

were measured from –0.5 (vs. SCE) to þ3.0V (vs. SCE) with a

scan rate of 1 mV�s�1 after dipping the specimen into the

corresponding electrolyte for 3 600 s. The corrosion potential

(Ecorr), the corrosion current density (icorr) can be estimated

from the anodic polarization plots. The electrolyte, prepared

from the analytical reagents and de-ionized water, was

artificial saliva solution with a pH value of 5.3. All the

electrochemical measurements were carried out in triplicate.

EIS data were obtained with signal amplitude of 10mV in

the frequency range of 10�2 to 105 Hz. The data were

interpreted using a fitting procedure by Zview2.0 software.

Instead of pure capacitors, constant phase elements (CPE)

were introduced in the fitting procedure to obtain good

agreement between the simulated and experimental data. The

impedance of CPE is defined as ZCPE¼ 1/(Q(Jv)n), in whichQ

is an adjustable parameter used in the NLLS (non-linear

least-square) fitting routine, v is the angular frequency, and
B188 http://www.aem-journal.com � 2011 WILEY-VCH Verlag GmbH & C
n is the exponent (When the value of the exponent n is equal to

1, the CPE acts as a pure capacitor.)

X-ray photoelectron spectroscopy (XPS) analysis (Axis

Ultra, Kratos Analytical Ltd.) was performed to analyse the

surface composition of the passive films developed on the

experimental material surface. The test conditions are as

follows:monoAlKa (1 486.6 eV) radiation at vacuumpressure

of 10�9 bar, 15 kV, and 15mA. The binding energy was

calibrated using Cls hydrocarbon peak at 284.8 eV.

Scanning electron microscope (Hitachi S-4800) was used to

observe the surface morphology changes of the samples after

potentiodynamic polarization.

The inductively coupled plasma atomic emission spectro-

metry (Leeman, Profile ICP-AES) was employed to measure

the concentrations of ions which had been dissolved into the

electrolyte. An average of three measurements were taken for

each group.

Indirect cytotoxicity test was carried out according to

a standard procedure ISO 10993-5:1999[19] using Human

Osteosarcoma MG63 cells, which were cultured in the

minimum essential media (MEM), 10% fetal bovine serum,

100 U�ml�1 penicillin, and 100 mg�ml�1 streptomycin at 37 8C
in a humidified atmosphere of 5% CO2. Extraction medium

was prepared after 72 h incubation in a humidified atmo-

sphere with 5% CO2 at 37 8C. 96-well cell culture plates were

used for incubating cells. 5� 103 cells/100 ml of medium was

placed in each well and incubated for 24 h for cell attachment.

Themediumwas then replacedwith 100 ml extracts. After 1, 3,

and 5 d incubation, 10 ml MTT was added to each well for

a further 4 h incubation. And then 100 ml formazan

solubilization solution was added to each well. 12 h later

the measurement was carried out spectrophotometrically at

570 nm by Elx-800 (bio-Tek instruments).

Results and Discussion

Figure 1 shows the metallographic images of Ti6Al4V,

Ti6Al7Nb, and Ti45Al8.5Nb alloy. The Ti6Al4V and Ti6Al7Nb

alloys were alpha–beta dual phase alloys[20] and in Figure 1(a)

and (b) beta phase appears dark whereas the alpha phase

looks light. Different from Ti6Al4V and Ti6Al7Nb alloys, the

studied Ti45Al8.5Nb intermetallic mainly consists of lamella

a2 [light part in Figure 1(c)] and g (dark part in Figure 1(c))

phase.[4]

Figure 2(a) shows the open circuit potential as a function of

immersion time for the experimental Ti45Al8.5Nb interme-

tallic alloy, Ti6Al4V, and Ti6Al7Nb alloy samples in artificial

saliva solution with a pH value of 5.3. It can be noted that after

the initial period (� 0–1000 s), the curves become very stable

till the end of the experiment, indicating a quite stable surface

condition, as well as the thickening of the oxide film.

From the potentiodynamic curves and data of electro-

chemical parameters shown in Figure 2(b) and Table 1, it can

be seen that Ti45Al8.5Nb intermetallic alloy suffers pitting

corrosion near 0.7 V(Epit) and thus exhibits weaker pitting

corrosion resistance than that of Ti6Al4V and Ti6Al7Nb
o. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2011, 13, No. 5
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Fig. 1. Optical micrographs of (a) Ti6Al4V, (b) Ti6Al7Nb, and (c) Ti45Al8.5Nb
samples.

Table 1. Results of electrochemical parameters for potentiodynamic polarization tests.

Ti45Al8.5Nb Ti6Al4V Ti6Al7Nb

Ecorr V –0.192� 0.119 –0.106� 0.096 –0.185� 0.084

Epit V 0.697� 0.140 — —

icorr 10
�6A�cm�2 1.072� 0.046 0.944� 0.059 0.710� 0.095

Fig. 2. (a) OCP curves, (b) anodic polarization curves, and (c) Nyquist plots of
Ti45Al8.5Nb, Ti6Al4V and Ti6Al7Nb samples in artificial saliva with pH ¼5.3 at
37 8C.
alloys. Escudero et al.[4] observed weaker anti-pitting

corrosion resistance the pitting corrosion of as received

Ti-45Al-2W-0.6Si-0.7B (at%) intermetallic (0.1V) in Ringer’s

solution (pH¼ 7.4), and similar pitting corrosion was

found by C. Delgado-Alvarado[6] in the composition of

Ti-48Al-2Cr-2Nb (at%) in Ringer’s solution at 0.4 V. It is

obvious that the pitting corrosion potential (0.7V) of

Ti45Al8.5Nb is higher than that found in other Ti-aluminides

(0.1V report in ref.[4] and 0.4V in ref.[6]) despite the medium is
ADVANCED ENGINEERING MATERIALS 2011, 13, No. 5 � 2011 WILEY-VCH Verla
more aggressive (pH value 5.3 in this paper vs. pH value 7.4 in

ref.[4,6]. The results demonstrated that among the investigated

Ti-aluminides as potential biomaterials, those alloys having

high Nb content would exhibit better corrosion resistance,
g GmbH & Co. KGaA, Weinheim http://www.aem-journal.com B189



R
E
S
E
A
R
C
H

A
R
T
IC

L
E

H. F. Li et al./Comparative Evaluation on the In Vitro Biological Performance . . .
together with better mechanical properties according to the

summary of the compressive yield strength of TiAl inter-

metallics with and without high Nb content.[8]

Figure 3 and Table 2 showed the XPS analysis results of the

passive films on the surface of the experimental samples. It is

obvious that the surface passive films’ composition of Ti6Al4V

and Ti6Al7Nb is mainly compact oxidation film TiO2 whereas

that of the Ti45Al8.5Nb consists of TiO2 and Al2O3.

Considering the microstructure of the experimental alloys

and composition of passive films formed on them, it can

be concluded that larger grain size and lower content of
Fig. 3. Normalized Ti 2p (a), Al 2p (b), Nb 3d (c), and O 1s (d) XPS spectra for passive

Table 2. XPS analysis results of passive films on the surface of the experimental alloys.

Samples Assignation Position (eV

Ti6Al4V TiO2 458.50, 464.4

Al2O3 74.16

Ti6Al7Nb TiO2 458.60, 464.3

Al2O3 74.18

Nb2O5 207.07, 209.7

NbO2 204.97

Ti45Al8.5Nb TiO2 458.60, 464.3

Al2O3 74.09

Nb2O5 207.08, 209.8

NbO2 204.82

B190 http://www.aem-journal.com � 2011 WILEY-VCH Verlag GmbH & C
protective TiO2 film may be the reason for Ti45Al8.5Nb

intermetallic alloy’s weaker anti-pitting corrosion behavior

compared with Ti6Al4V and Ti6Al7Nb alloys. However, it

repassivates shortly after pitting corrosion. Besides, the

corrosion potential (Ecorr) and the corrosion current density

(icorr) of Ti45Al8.5Nb intermetallic alloy is similar to that of

Ti6Al4V and Ti6Al7Nb alloy samples and there is no

statistically significant differences among them (p> 0.05).

Moreover, from the previous studies of Escudero et al.,[4] Bello

et al.,[5] Delgado-Alvarado,[6] and Castañeda-Muñoz,[7] pre-

oxidation at appropriate temperature condition would endow
films on the surface of the experimental samples.

) FWHM (eV) Percentage (mol%)

1 1.93, 2.08 95.71

2.33 4.29

2 1.95, 2.26 93.80

2.27 4.19

9 1.84, 1.84 1.11

1.53 0.90

2 1.78, 2.27 67.85

1.90 27.07

0 1.79, 1.79 3.43

1.64 1.65

o. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2011, 13, No. 5
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Fig. 5. Al3þ releasing into the artificial saliva solution after anodic polarization
testing.
the TiAl intermetallic alloy excellent pitting corrosion

resistance.

The impedance spectra for the three samples after 3 600 s

immersion are shown in Figure 2(c), with the fitted curves

(inset in Figure 2(c) using the Rs(Qp Rp) model with only one

time constant, which consists of the electrolyte resistance (Rs),

in series with the constant phase element (Qp) in parallel

with the polarization resistance (Rp). Very good agreement

between simulated and experimental data can be obtained,

with chi-square value below 1� 10�3. It can be seen that all the

Nyquist plots in the impedance spectra are characterized by a

large depressed semicircle, which indicates the reinforcement

of the corrosion resistance.[21] The fitted results via Zview2.0

software indicate that the Rp value and Qp value of

Ti45Al8.5Nb intermetallic alloy (187 450� 10 490 V�cm2;

10.622� 0.414 mF�cm�2) are similar to that of Ti6Al4V (228

140� 17 680 V�cm2; 19.315� 0.622 mF�cm�2) and Ti6Al7Nb

(298 710� 28 940 V�cm2; 16.320� 0.548 mF�cm�2) alloy

samples and there is no statistically significant differences

among them (p> 0.05).

Figure 4 shows the surface morphology of the experi-

mental samples after polarization testing. Clearly, some

pits appeared at the surface of Ti45Al8.5Nb intermetallic
Fig. 4. SEM images of Ti6Al4V (a), Ti6Al7Nb (b), and Ti45Al8.5Nb (c) sample surface
after anodic polarization in artificial saliva solution.
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alloy sample due to oxidation film breakdown near

0.7 V as shown in Figure 1(b) and the hole size is about

10–20mm.

Figure 5 shows the Al3þ ion releasing concentration from

the tested samples into the electrolytes after anodic polariza-

tion. It can be seen that the Al3þ ion releasing of Ti45Al8.5Nb

intermetallic alloy is similar to that of Ti6Al7Nb alloy and

there is no statistically significant differences between them

(p> 0.05), although the content of Al is significantly different,

45 vs. 6 at%.

Figure 6 (a) shows the results of MTT assay for the

Ti45Al8.5Nb intermetallic alloy, Ti6Al4V and Ti6Al7Nb

alloy samples after cell culture for 1, 3 and 5 d. It can

be observed that three experimental groups show

similar proliferation rate to that of the negative control,

and there is no significant difference (p> 0.05). Figure 6(b)

shows the MG63 cell morphologies at each checking

time point. It can be seen that the cell number increases

quickly during the 5 d culture for all groups, and there

is no obvious difference between negative group and

experimental alloy groups. MG63 cells reached confluence

after 5 d culture and exhibited well stretched, elongated,

and flattened healthy morphologies, just like that of the

negative group.
Conclusions
(1) T
g Gm
he corrosion potential (Ecorr) and the corrosion current

density (icorr) of high Nb containing Ti45Al8.5Nb inter-

metallic alloy in artificial saliva solution are similar to that

of Ti6Al4V and Ti6Al7Nb alloy samples and there is no

statistically significant differences among them (p> 0.05),

indicating its excellent corrosoion resistance in physiologi-

cal solution.

(2) C
ompared with the reported Ti-Al intermetallics for

potential biomaterials, the high Nb containing

Ti45Al8.5Nb intermetallic exhibits an enhanced corrosion

resistance and better mechanical properties.
bH & Co. KGaA, Weinheim http://www.aem-journal.com B191
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Fig. 6. (a) MG63 cell viability and (b) MG63 cell morphology after 1, 3, and 5 d culture in Ti6Al4V, Ti45Al8.5Nb, and Ti6Al7Nb extraction medium, respectively.
(3) T
i45Al8.5Nb intermetallic, Ti6Al4V, and Ti6Al7Nb alloys

show similar cell proliferation rate with the Grade 1

RGR value (no toxicity) according to ISO 10993-5:1999

and there is no obvious cell morphological difference

between experimental alloy groups and negative group,

demonstrating its good biocompatibility as a potential

biomaterial.
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