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ABSTRACT 

The effect of niobium on the oxidation behavior of a 
Ti3Al alloy was studied in pure oxygen in the 
temperature range of 1123-1373 K. The experiments 
were carried out using Thermogravimetric Analysis 
(TGA) apparatus. The oxidation curves for the alloy 
followed parabolic law. Effective activation energy of 
284 kJ/mol was deduced for the oxidation of Ti3Al-Nb 
alloy. The oxidation products were analyzed using X-
ray Diffraction (XRD), Scanning Electron Microscopy 
(SEM) and Energy Dispersive X-ray analysis (EDX) 
techniques. The oxidation products were mainly the 
mixture of T i0 2 (rutile), TiO, and A1203 (alumina) with 
small amount of niobium oxide. Oxidation resistance of 
Ti3AI was found to have been improved by the addition 
of niobium. Layered structure comprising of a mixture 
of rutile and alumina was observed on the oxide scale of 
the Ti3Al-Nb alloy at temperatures higher than 1273 K. 

I. INTRODUCTION 

Intermetallic compounds in the Ti-AI system have 
received great attention due to their unique properties of 
low density, good creep resistance and high temperature 
strength /1-4/. However, lack of sufficient resistance to 
oxidation at elevated temperatures is a major concern in 
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the applicability of these materials for various high 
temperature applications. Several investigations /5-10/ 
have been carried out to study the oxidation behavior of 
the Ti-AI based intermetallics (Ti3Al, TiAl and TiAl3) 
both in air and in pure dry oxygen. Oxidation kinetics of 
TiAI3 and Ti3Al and subsequently the diffusion 
characteristics of the species present in the system have 
been studied/11-12/. 

Oxidation resistance of any alloy is based on the 
criterion that it forms a stable oxide layer, which 
protects the underlying alloy from further oxidation. 
There are several requirements that an oxide scale 
should meet so that it can be protective on the alloy. A 
continuous external oxide layer on an alloy must have 
(i) high thermodynamic stability, (ii) slow growth rate, 
(iii) adherence to the alloy and (iv) ease of 
formation/reformation. A1203 and S i0 2 oxides are stable 
and protective at high temperatures /13/. It was also 
reported in the literature / l l / that a protective alumina 
layer could be formed on a TiAI3 alloy when oxidized in 
a pure oxygen environment. In the case of Ti-AI alloys, 
the base metal oxide (Ti0 2 ) has similar thermodynamic 
stability as that of Al203 , and hence during the oxidation 
of these alloys, a protective layer of alumina exclusively 
may not be formed. Earlier studies confirmed that the 
oxidation resistance of Ti-AI alloys in pure oxygen 
improved with the increase in aluminum content of the 
alloy /14/. Addition of elements such as Nb, Mo etc., to 

73 



Vol. 22, No. 2, 2003 

Ti-AI alloys could improve the oxidation resistance 
significantly so as to enable their use up to about 1073 
K/15/ . 

There have also been several studies on the effect of 
alloying additions such as Nb, Si on the oxidation 
resistance of Ti-AI based alloys /16-19/. These studies 
showed that addition of Nb improved the oxidation 
resistance but did not assist the formation of compact 
continuous alumina layer in the Ti-AI based alloys. 
Hauffe /20/ also reported that alloying with niobium 
improves oxidation resistance of Ti-AI based alloys. 
Mixed scales consisting mainly of T i 0 2 and Al 2 0 3 along 
with small amounts of Nb oxides were observed in the 
oxidized scales of the Ti-AI based alloys with Nb 
additions. Sun et al. I2\l have studied the oxidation 
behavior of Ti3Al alloy with Nb additions at 973 Κ in 
air and found that the best resistance was observed 
when Nb addition was in the range of 11-13 at. pet. 

The oxidation behavior of titanium aluminides with 
high niobium contents was reported in the literature 
1221. They found that the oxidation resistance of 
titanium alloys did not improve with higher additions of 
niobium. They attributed the poor resistance of these 
alloys to formation o f N b 2 0 5 in the oxide scale, which 
led to spallation of the scale. The study on the effect of 
addition of small amount of niobium to Ti3AI alloy has 
been briefly mentioned by the author /23/. Interesting 
results were obtained at temperatures higher than 1273 
K. This paper presents a detailed description of the 
influence of niobium addition on the oxidation 
resistance of Ti3AI alloy in pure oxygen atmosphere. 

II. EXPERIMENTAL PROCEDURE 

A. Materials and Sample Preparation 

Titanium wires of 99.9 pet purity, niobium and 
aluminum rods of 99.999 pet purity were used in this 
study. Ti3Al-Nb alloy samples were prepared by 
repeatedly melting in a copper hearth using tungsten 
electrodes in purified argon. Aluminum was added to 
these melts in the form of rods. This was done to 
prevent the evaporation losses of the low melting 
aluminum at high temperatures. The chemical analysis 
of the alloy ingot is given in Table 1. The alloy will 
henceforth be referred to as Ti3AI-Nb alloy in the 

Effect of Niobium Addition on the Oxidation Behavior of a 
TijAl Alloy 

Table 1 
Compositions of the Alloy Studied 

Alloy Ti Al Nb 0 

Ti3Al-Nb 67.47 29.65 2.68 0.20 

remainder of the text. The Ti3AI-Nb alloy ingot 
weighing about 50 g was homogenized at 1273 Κ for 
100 hours in argon atmosphere. The homogenized ingot 
was cut into experimental coupons of approximately 10 
mm diameter and 1.5 mm thickness using low-speed 
diamond saw. The coupons were polished using 600 grit 
emery papers and ultrasonically cleaned in acetone 
before being introduced into the furnace. 

B. Oxidation Studies 

Isothermal oxidation experiments were conducted 
using a Thermogravimetric (TGA) setup. The details of 
the setup and operation have been described elsewhere 
/24/. Each alloy coupon was suspended into a Kanthal-
wound resistance furnace by means of a platinum wire 
from a continuously recording Cahn Model electro-
balance. The electro-balance has a sensitivity of 1 ^ig 
and a capacity of 10 g. The specimens were suspended 
into the constant temperature zone of the furnace. The 
samples were heated under argon atmosphere at each 
temperature of measurement for 5 minutes after which 
pure dry oxygen was introduced into the furnace. The 
size of the sample enabled it to attain the furnace 
temperature in 2 minutes. The temperature was 
measured with an S-type thermocouple that was placed 
just beneath the specimen. The temperature difference 
between the ends of the specimen was ± 0.5 K. 

The weight gain of the samples was measured via 
the electrobalance in the form of weight gain vs time 
and was recorded continuously by an X-Y recorder. 
Oxidation was assumed to have come to a completion 
when no further weight gain was observed. Samples 
were furnace cooled in argon atmosphere. 
Microstructure of oxidized region on the specimen 
surface was examined by Phillips XL30 Scanning 
Electron Microscope (SEM) equipped with Energy-
Dispersive X-ray analysis (EDX). The oxidation 
products were characterized by Siemens D500 X-ray 
Diffractometer. 
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III. RESULTS AND DISCUSSION 

A. Oxidation Kinet ics 

The experimental data obtained for the Ti3Al-Nb 
alloy samples can be expressed by the following 
parabolic rate equation: 

:fl· 
ν ( i ) 

where l s weight gain per unit surface area of 

the sample, kp is the parabolic rate constant and t is the 
oxidation time. The temperature dependence of kr is 
given by: 

f--2-] 
kp = k / RT> (2) 

where k„ is a constant and Q is the effective activation 
energy for oxidation. Figure 1 shows the weight gained 
per unit surface area as a function of time for the Ti3Al-
Nb alloy oxidized in pure oxygen at different 
temperatures. It can be seen that there is slight 
improvement in the oxidation resistance of the Ti3AI-Nb 
alloy over the binary ΤΪ-32ΑΙ (Ti3Al) alloy due to the 
addition of niobium. The curves exhibit a transition in 
the oxidation behavior from parabolic to linear. The 
parabolic rate constant estimated from the parabolic 
portion of the weight gain curve at various temperatures 
is plotted in Figure 2. Effective activation energy of 284 
kJ/mol was deduced from this plot. Table 2 lists the 
effective activation energies for oxidation obtained of 
the present alloy along with those of the Ti-Al binary 
alloys obtained from the literature /9,12,27/ for the sake 
of comparison. The improved oxidation resistance of 
Ti3AI alloy with the addition of niobium may be due to 
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Fig. 1: Weight gain vs. time for Ti3Al-Nb alloy oxidized in pure dry oxygen at different temperatures. Data for the 
binary Ti-32A1 alloy / 12/ are also plotted for the sake of comparison. 
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an increase in the e/a ratio that decreases oxygen 

solubility in the alloy. Doping of niobium into the T i 0 2 

lattice reduces the oxygen vacancy concentrat ion 

thereby decreasing the diffusivi ty of oxygen through the 

oxide fi lm. 
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Fig. 2 : In (kp) vs 1/T for Ti 3 Al-Nb alloy oxidized in 

pure dry oxygen. 

T a b l e 2 

Compar ison of ef fec t ive activation energies of oxidation 

o f T i j A l - N b ternary alloy with some Ti-Al binary al loys 

Alloy Reference Qcff, kJ/mol 

ΤΪ-25Α1 Roy et al. 1211 289 

ΤΪ-26Α1 
Welsch and 

Kahveci 191 
255 

Ti 3 Al-Nb This work 284 

ΤΪ-32ΑΙ Reddy etal.lMI 295 

ΤΪ-34Α1 
Welsch and 

Kahveci 191 
299 

B. Phase and Microstructure Analysis 

The Ti 3 AI-Nb alloy specimen was character ized 

with the aid of Scanning Electron Microscope (SEM) , 

Energy Dispersive X-ray ( E D X ) and X-ray Diffraction 

(XRD) techniques. X R D technique was used to identify 

the various phases present in the oxide scale. Af ter X R D 

analysis, the samples were brittle f ractured into two 

pieces and polished before examining the oxide 

morphology under the SEM. EDX spectra revealed the 

amounts of various e lements present at different 

locations of the oxide scales on the oxidized samples. 

The products of oxidation were mainly T i 0 2 (rutile), 

TiO, and A1203 (alumina). In the present investigation 

oxides of niobium were not identified in the oxide 

scales by X R D technique. This could probably mean 

that either oxides o f niobium did not form during 

oxidation or the content was too small for detection. 

However, EDX spectra showed the presence of 

elemental niobium in the oxide scale. 

Figure 3 shows SEM micrograph of fractured cross 

section of the Ti 3 AI-Nb alloy oxidized in pure dry 

oxygen at 1123 Κ for 24 hours. The interface region 

between the oxide scale and the alloy sample is 

demarked by a white line on the SEM micrograph. EDX 

spectrum of interface region on the oxidized sample is 

also shown in Figure 3. The oxide scale was about 15 

Um and spalled a little a f ter the cool down period. 

Composi t ion of the interface region as obtained from 

EDX analysis showed 66 at. pet of oxygen, 32.5 at. pet 

of titanium, 0.7 at. pet of a luminum and 0.8 at. pet of 

niobium, indicating that the interface was mostly 

composed of rutile. The outermost regions of the oxide 

scale consisted of rutile and alumina while the rest of 

the scale was almost rutile. 

Oxidation of the Ti 3 AI-Nb alloy at 1223 Κ for 24 

hours in pure oxygen produced an oxide scale, which 

was more than 100 μιτι thick. Figure 4 shows the SEM 

micrograph of fractured cross-section of the oxidized 

sample through the al loy/oxide interface. E D X spectrum 

of the interface region on the sample depicted as a white 

line on the micrograph is also shown in Figure 4. A 

small part of the scale spalled af ter the cooling period. 

Composit ion of the interface as analyzed by EDX shows 

79 at. pet of oxygen, 16 at. pet of titanium, 4 .5 at. pet of 

aluminum and 0.5 at. pet of niobium. 

The interface region consisted of mainly rutile and a 

small amount of a lumina. N o niobium oxide was 

detected by X R D in the oxide scale, although niobium 

could have been present as a solid solution in the oxide 
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Fig. 3: SEM micrograph showing fractured cross-section of the Ti3AI-Nb alloy oxidized in pure oxygen at 850°C for 
24 hours. EDX spectrum of the alloy/oxide interface region (white line on the micrograph) is also shown. 
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Fig. 4: SEM micrograph showing fracture cross-section of the Ti3AI-Nb alloy oxidized in pure oxygen at 950°C for 24 
hoprs. E D X spectrum at the alloy/oxide scale interface region represented by the white line on the micrograph 

- : 

is also shown. 
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Fig. 5: S E M micrograph of magnif ied portion of the oxide scale shown in Fig. 4 indicating a clear mixture of rutile 

and alumina. 

mixture. The oxide scale appeared as a sintered compact 

of rutile and a lumina with a uniform porosity along the 

direction perpendicular to the growth axis. The oxide 

scale on the Ti 3 AI-Nb alloy was thicker and adherent to 

the alloy matrix beneath. Figure 5 depicts an S E M 

micrograph of magnif ied port ion of the oxide scale 

shown in Figure 4. The micrograph clearly indicates 

that the oxide scale was composed of a homogeneous 

mixture of large rutile particles (dark) and small 

alumina particles (white). The micrograph contains 

large amounts of rutile particles (dark) with small 

alumina particles (white) well dispersed in the mixture. 

Figure 6 shows SEM micrograph of fractured cross 

section of the T i 3 Al-Nb alloy oxidized in pure oxygen at 

1273 Κ for 24 hours. An interesting oxide scale was 

observed on the alloy surface. A layered pattern of the 

oxide scale can be clearly seen. The oxide layer was 

more than 100 μιτι thick. The oxygen-a f fec ted alloy 

surface layer was about 100 μιτι. The large thickness of 

oxygen-affected area on the alloy surface could be due 

to the stabilization of the ß-Ti phase resulting f rom 

niobium addition to the alloy. EDX spectrum of the 

alloy/oxide interface region depicted as white line on 

the micrograph is also shown. The interface consisted 

mostly of rutile with very small amounts of alumina and 

niobium. Some of the oxide scale spalled after the cool 

down period in the form of several large pieces. The 

remnant oxide scale on the T i 3 Al-Nb alloy was thick (> 

100 μπι) and layered in nature with a mixture of rutile 

and alumina. The overall oxide scale was comprised of 

layers of varying thickness (< 4 0 μιτι). Each layer was 

composed of a mixture o f rutile and alumina. 

Figure 7 depicts S E M micrograph of magnif ied 

portion of one of the interfaces in the oxide layer 

structure shown in Figure 6. It can be clearly seen that 

the oxide layer was composed of large faceted particles 

interspersed with small particles. The large faceted 

particles (3 to 4 μηι) were found to be rutile and the 

small particles (average 1 μιη) were found to be 

alumina. There can be seen some alumina particles 

which are in the submicron size range (500 nm - 800 

nm). It is clear f rom Figure 7 that nanoscale a lumina 

particles could be seen interspersed between the rutile 

particles in the interface region. The interface itself was 

a mixture of rutile and a lumina and the immediate 

fol lowing layer was mainly comprised of rutile. 

The interesting feature of oxide scale on the Ti3Al-

N b alloy oxidized at 1273 Κ was the layered structure 
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Fig. 6: SEM micrograph showing fractured cross-section of the Ti jAI-Nb alloy oxidized in pure oxygen at I000°C for 

24 hours. EDX spectrum at the interface region represented by the white line on the micrograph is also shown. 
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Fig. 7: SEM micrograph of magnif ied portion of one of the interfaces in the layered oxide structure showing clearly 

the large faceted rutile intermixed with small nanoscale alumina particles. 
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Fig. 8: SEM micrograph showing fractured cross-section of the Ti^Al-Nb alloy oxidized in pure oxygen at 1100°C for 

24 hours. 
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forming alternate layers of rutile and alumina with small 

amounts of niobium. The white layers composed of a 

mixture of rutile and alumina are typically 30 μηι thick 

fol lowed by 5 to 6 μιτι thick dark layer of rutile, which 

appeared like smoothed rocks. The white layers were a 

mixture of rutile and alumina particles (smaller in size 

compared to that of rutile) with rutile being the ma jo r 

oxide. The layered oxide structure was formed due to 

the d i f ference in the di f fus ion rates of a luminum and 

titanium in rutile. Addit ionally, the structure of rutile 

facilitates easy diffusion paths for the transport of 

oxygen. Rutile structure has channels parallel to the c-

axis, which can constitute the faster d i f fus ion paths for 

oxygen. Since diffusion rate is tempera ture dependent , 

the formation of layered oxide structure was distinct on 

the alloys oxidized at temperatures higher than 1000°C 

but was not obvious at lower temperatures . 

Figure 8 shows SEM micrograph of fractured cross-

section of the Ti 3AI-Nb alloy oxidized at 1373 Κ in pure 

dry oxygen for 24 hours. The oxide scale was more than 

200 μηι thick and outermost layers spalled af ter the cool 

down period. The layered structure of the oxide scale 

observed at this temperature was even more pronounced 

than that observed at 1273 Κ for the same alloy. The 

characteristics of oxide strata on the alloy oxidized at 

1373 Κ were different f rom those observed on the alloy 

oxidized at 1273 K. Individual layer thickness on the 

oxide scale was smaller than that in the case of 1273 Κ 

and more number of layers were formed than those 

observed at 1273 Κ for the same alloy. A magnif ied 

SEM micrograph of the oxide structure is shown in 

Figure 9 along with the EDX spectrum of the interface 

region marked by the rectangular box on the 

micrograph. The dark layered region was made up of 

large rutile particles and less than 10 μιη thick. The 

white layered region was made up of small particles, 

which were predominant ly of alumina with small 

amounts of niobium and was less than 5 μιτι in 

thickness. Individual particles in the white layered 

region were of the order of 500-1000 nm. The number 

of such alternate layers increased f rom that observed at 

1273 Κ while the layer thickness decreased 

considerably. The formation of multiple-layer oxide 

scale on the Ti 3 AI-Nb alloy can be attributed to 

d i f ferences in the diffusivi t ies of the various species 

(a luminum, ti tanium and oxygen ions) in the oxide 

layers involved in the system. 

Addition of a small amount of niobium to the Ti3AI 

alloy did not result in a compact , dense and continuous 

layer of alumina during oxidation. It is expected that the 

oxide scale, though a mixture of rutile and alumina, 

would render effect ive protection f rom fur ther oxidation 

of the alloy if there were large amounts of alumina in 

the overall scale. These layers consist of rutile as the 

major oxide with very little alumina. The presence of 

alumina layer on the surface protects the alloy f rom 

further oxidation and thereby prevents deterioration of 

mechanical propert ies of the alloy in service. In the 

Ti 3 Al-Nb alloy, instead of a cont inuous impervious 

alumina layer, layers of oxides mixture were formed on 

the surface of the alloy containing small amounts of 

alumina. Hence, long term protection of the alloy cannot 

be guaranteed. Due to the doping effect of niobium in 

the rutile structure, a slight improvement in oxidation 

resistance of the Ti 3 AI-Nb alloy over the base Ti3Al 

intermetallic alloy was observed. Such a doping in the 

rutile structure results in a decrease in oxygen vacancy 

concentration, which is the primary mechanism for the 

oxide scale growth. 

Figure 10 shows the schemat ic representation of the 

oxide scale structure on a 2 -T i 3 Al alloys with small 

additions of niobium. In general , the oxide scales were 

composed of a mixture of rutile and alumina in various 

proportions depending on the temperature of oxidation. 

In case of alloys containing niobium, a layered structure 

of a mixture of oxides was observed. The schematic 

diagram shows typically the oxide scale in the case of 

Ti3AI-Nb alloy oxidized in pure oxygen atmosphere. 

The outermost layers consisted of a mixture of rutile 

and alumina with rutile as the ma jo r oxide. The layer 

beneath the outermost layer was mostly T i 0 2 followed 

by a predominant ly a lumina rich layer. There exists an 

oxygen-affected alloy surface layer be low the oxide 

scale where internal oxidation took place. As the 

temperature increased, the number of layers in the oxide 

scale also increased with a cor responding decrease in 

the individual layer thickness. 

The effect of niobium addition to Ti3AI alloy on the 

oxidation behavior and the subsequent formation of 

multilayered oxide scales could be unders tood from the 

chemistry of the oxide crystal lattice. Niobium has a 

valence of +5 in the fully oxidized state and with an 
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Fig. 9: SEM micrograph of magnified portion of the layered oxide scale on Ti,Al-Nb alloy oxidized in pure oxygen at 

1100°C for 24 hours. EDX spectrum of the interface region marked by the rectangular box on the micrograph 

is also shown. 
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- A l 2 0 3 + T i 0 2 

— T i 0 2 

• Al203 

— Diffusion layer 

— Alloy 

Fig. 10: Schematic representation of oxide scale structure on Ti 3AI-Nb alloys oxidized in pure dry oxygen at 

temperatures higher than 1273 K. 

ionic radius of 0 .64 Ä 1251. Doping o f a higher valent 

e lement such as N b to T i 0 2 (rutile) inf luences the defect 

structure of the oxide layer by reducing the oxygen 

vacancy concentrat ion in the fol lowing manner : 

N b 2 0 5 + V 0 " — Rutile - > 2 ( N b ) T l ' + 5 0 0 

Oxygen di f fus ion has been proposed to occur via 

vacancy migration 1261. Since oxide layer grows 

essentially by the di f fus ion of oxygen in the oxide scale, 

a decrease in the oxygen vacancy concentrat ion leads to 

an improved oxidation resistance of the alloy. It was 

reported that the presence of N b in T i 0 2 as a solid 

solution improves the oxidation resistance of the base 

Ti jAI alloy 1211. The effect of tantalum addit ion on the 

oxidation behavior of a 2 -T i 3 AI alloy in pure dry oxygen 

had been studied by the author /28/. Addit ion of 

tantalum improved the oxidation resistance of the Ti3Al 

alloy by favor ing the formation of A1 20 3 . However , 

adherent oxide scale on the alloy was not observed. 

Signif icant spallation of the oxide scale took place at 

temperatures higher than 1223 K. 

The relative diffusivi t ies of t i tanium and aluminum 

ions in the oxide scale consist ing of both rutile and 

alumina were believed to be responsible for this kind of 

a multi-layered structure. It is extremely diff icult at this 

stage to elucidate the exact mechanism for such a multi-

layered oxide scale formation on the Ti 3 AI-Nb alloy 

during oxidation. However , further investigation is 

warranted to understand the mechanism of a multi-

layered oxide scale format ion on a T i 3 Al-Nb alloy 

containing small amount of niobium. 

IV. C O N C L U S I O N S 

1. Oxidation kinetics of Ti 3AI-Nb alloy exhibited a 

transition f rom parabolic to linear in the weight gain 

curve and the effect ive activation energy of 284 

kJ/mol was deduced f rom parabolic portion of the 

oxidation curve. 

2. Niobium addition showed only a slight improvement 

in the oxidation resistance of the Ti3Al alloy at all 

the temperatures of study. 

3. The oxidation products identified in the scales 

consisted of mainly T i 0 2 (rutile), T i O and A1203 

(alumina) in the temperature range of 1123 to 1373 

K. 

4. Ti 3 Al-Nb alloy showed layered structure of oxide 

scale on the surface when oxidized in pure oxygen 

environment. The layered oxide scale consisted of 

alternate layers of T i 0 2 and a mixture of T i 0 2 and 

A l 2 0 3 above 1273 K. The number of layers 

increased with temperature with a corresponding 

decrease in the individual layer thickness. 

5. There was slight improvement in the oxidation 

resistance of the a 2 -T i 3 AI alloy with the addition of 

niobium, but an adherent protective layer of alumina 

could not be formed in the temperature range of the 

present investigation. 
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