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Oxygen inward diffusion into standard Ti-alloys during high temperature exposure in oxygen containing environments leads to an oxygen en­

riched surface zone which is detrimental under mechanical load. Therefore, the operating temperature of these alloys is limited. An enrichment of 

Al in the surface zone of Ti-alloys leads to an improvement by the formation of intermetallic Ti,Al,-phases with decreased oxygen solubility but 

this is not sufficient. Therefore, the combination of Al-enrichment in the surface zone to an extent that a TiAl-layer is formed and an additional 

F-treatment is proposed for the formation of a continuous stable alumina scale which prevents oxygen inward diffusion. In this paper the results 

of high temperature exposure tests in air of several Ti-alloys are presented without any treatment and treated with combined Al-enrichment plus 
fluorination. Post experimental investigations such as SEM revealed the formation of thin alumina layers on treated sample.s. Hardness measure­

ments showed that no embrittlement was observed for the treated samples while untreated specimens showed increased hardness values corre­

sponding with the oxygen diffusion profile in the subsurface zone. 
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1. Introduction 

Titanium alloys are widely used as structural ma­
terials!). However, due to their high affinity to oxygen 
special procedures have to be undertaken during pro­
cessing2>. This high affinity to oxygen also causes prob­
lems during high temperature applications in oxidizing 
environments3>. The rutile layer which is protective at 
lower temperatures looses its barrier properties due to 
increased disorder of the lattice0

• Therefore oxygen 
can easily diffuse through this scale and becomes en­
riched in the subsurface zone. This enrichment the so 
called a-case is a very brittle phase and reduces the 
performance of Ti-components. Hence Ti-alloys cannot 
be used at temperatures above approximately 600"C. 
To overcome this problem coatings based on Al have 
been developed over the last decades but still these at­
tempts are yet not sufficient5>. A new concept is shown 
in this paper. The already known route of enriching the 
surface zone of Ti-alloys with Al is combined with the 
fluorine effect. lntermetallic TiAl-alloys form an alumi­
na layer if the Al-content is above 60at. %6>. This 
amount is too high for technical applications. Commer­
cial TiAl-alloys therefore have an Al-content between 
40 and 50at. %7>. These alloys do not form an alumina 
layer but a mixed oxide/nitride scale ( Ti02 / Al20 3 / 

TiN) during high temperature oxidation in oxidizing at­
mospheres8>. The thermodynamic stabilities of Ti-and 
Al-oxide are similar so that both oxides are formed 
side-by-side9>. The addition of small amounts of fluo­
rine applied onto the surface or within a quite thin sur­
face zone changes the oxidation mechanism of TiAI al­
loys to pure alumina formation10>. This so called fluo­
rine effect is transferred to Ti-alloys with Al-enriched 
surfaces. The Al-enrichment leads to the formation of 
intermetallic TiAl-phases which are stabilized addition­
ally by the fluorine effect. Results of oxidation tests 

show the positive effect of the combined treatment. Post 
experimental investigations as scanning electron micros­
copy are used to characterize the scales. The positive 
effect on the environmental stability will be discussed in 
the view of a technical application of the treatments for 
Ti-components to be used at elevated temperatures. 

2. Experimental Procedure 

Specimens of two Ti-based materials with no Al 
and 25at. % Al as a maximum limit (Table 1) were cut 
from sheets into 10 X 10 X 1 mm3 pieces. These were 
ground with SiC-paper before any further treatment to 
1200 grit, cleaned ultrasonically with ethanol rinsed 
with distilled water and dried in air. Such prepared 
samples were oxidized at 600"C in air to investigate 
their oxidation behavior. Al-enrichment was performed 
via the powder pack process. Specimens were stored in 
a sealed alumina crucible packed in an Al/NH1 Cl/ 
Al2 0 3 -powder. The mixture was heated to 600°C under 
a steady stream of Ar for several hours. Fluorination 
was done either by spraying a fluorine containing poly­
mer and subsequent heat treatmentm or by plasma im­
mersion ion implantation (PI3) 12>. The fluorine profiles 
after PI3 were measured by elastic recoil detection anal­
ysis (ERDA). Such samples were also oxidized and 
their performance was compared with that of the bare 
materials. Post experimental investigations included 
metallographic preparation, light microscopy ( LM), 
scanning electron microscopy ( SEM) with energy dis­
persive X-ray ( EDX) and electron micro probe analysis 
( EPMA ). Hardness measurements were performed 
with a micro indenter. 

Table I. Compositions of the investigated alloys 

Alloy Ti-content (wt.%> Additional elements (wt. % ) 

Ti 99.4 o. 30-0. 3Fe 

Ti, Al 75 24Al 
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3. Results and Discussion 

Thermogravimetric mass change data obtained 
during isothermal tests give a first impression of the 
oxidation behavior. Thermocyclic tests are more relia­
ble because they are closer to technical application of 
real components which always includes heating up and 
cooling during their life time. Additional information is ob­
tained from metallographic cross sections. In Figure 1 (a, 
b) the cross sections of untreated Ti-specimens of several 
investigated Ti-alloys after oxidation are presented. 
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Figure 1. a, b. LM-images of the metallographic cross sections of 

Ti samples oxidized at 600"C in air Cleft 120h, right IOOOh) 

The rutile layers are not dense and their thicknes­
ses change from 3 µm (120h) to 7 µm (lOOOh). Oxy­

gen was found underneath this defective layer on all 
untreated samples. In Figure 2 the elemental EPMA­
profiles are presented showing the oxygen diffusion 
profile which reaches up to about 40 µm into the sub­
strate. This indicates the easy diffusion of oxygen through 
the TiQ-scale and the high solubility within titanium. 
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Figure 2. EPMA-profiles of 0 and Ti in the surface zone of an 

untreated Ti-sample after 600h oxidation at 600"C in air 

The oxygen affected zone has a much higher hard­

ness than the substrate. Figure 3 shows the hardness 

profile of the untreated Ti-sample after 600h of oxida­

tion which follows the observations of the oxygen con­
centration in Figure 2. The hardness directly under­

neath the surface where the oxygen content is the high­

est is up to 800 Vickers while the hardness of the sub­

strate is only about 250 Vickers. 
After aluminizing an intermetallic TiAl3-layer had 

formed on all Ti-alloys. This was proven by EDX (Fig­

ure 4). The thickness of this layer can be determined 

by varying the parameters (temperature, time, Al-ac­

tivity) of the powder pack process (Figure 5(a), (b) ). 
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Figure 3. Hardness profile of the untreated Ti-sample 

after 600h oxidation at 600"C in air 
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Figure 4. EDX-spectrum of the TiAl,-layer (74% Al+26% Ti) 

after aluminizing 

Figure 5. a, b. SEM-images of a thicker TiAl,-layer (left, 700"C) 

and a thinner TiAl,-layer (right, 600"C) after aluminizing with 

the same Al-activity for Sh at different temperatures 

EPMA-investigations of the elemental distributions 

in the surface wne revealed that no oxygen could be ob­
served underneath the intermetallic layer (Figure 6). 
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Figure 6. EPMA-profiles of Al,0 and Ti in the surface zone of an 

treated Ti-sample after 600h oxidation at 600°C in air 
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On top of the intermetallic diffusion zone an alu­
mina layer had formed. This was proven by EDX (Fig­
ure 7). The alumina layer is quite thin therefore the 
signal of Ti from the underlying TiAl3 -coating was de­
tected, too. 
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Figure 7. EDX-spectrum of the Al, 0 3 -layer on top of the 

TiAl,-diffusion zone after 600h oxidation in ai r 

The hardness of the substrate zone underneath the 
intermetallic diffusion layer was found to be the same 
as that of the bulk. No increase in hardness was meas­
ured (Figure 8) . 
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Figure 8. Hardness profi le of a treated Ti-sample after 
600h oxidation at 600"C in air 

All the results so far indicate the potential of an 
Al-enrichment of the surface wne to suppress the oxy­
gen inward diffusion and hence the alpha-case formation 
during high temperature exposure of Ti-components in 
oxidizing environments. The solubility of oxygen in the 
Al-rich intermetallic TiAJ. phases ( x = 1 , 2 , 3 ) is very 
low1 3>. Furthermore the Al2 0 3- layer is protective, slow­
ly growing and prevents oxygen inward diffusion. 

It has to be taken into account that the Al-content 
in the diffusion layer declines due to interdiffusion with 
the substrate. The Al-gradient at the interface leads to 
the formation of phases with a lower Al-content. In 
Figure 9 the different interdiff usion layers can be dis­
tinguished on a Ti-sample oxidized at 600°C for 600h. 
The interdiffusion at 600°C is slow but measurable. 

Figure 9. SEM-image of the different Ti, Al,-layers fo rmed by 
interdiffusion between the TiAl3-zone and the Ti-substrate after 

600h oxidation in air 

The alumina layer can be stabilized even for Al­
contents below a critical value where also Ti02 would 
be formed in addition to a discontinuous Al20 3- layer. 
This can be achieved by the fluorine effect. The fluo­
rine effect leads to the exclusive formation of Al20 3 

during high temperature oxidation of TiAl-alloys if the 
fluorine concentration is within a defined range which 
was thermodynamically calculated in advance10>. Iso­
thermal thermogravimetric measurements CTGA) have 
been performed at 800°C with fluorinated and non­
fluorinated specimens ( Figure 10). This higher tem­
perature was chosen to accelerate interdiffusion. These 
tests show the beneficial effect of the additional fluo­
rine treatment. The mass gain of untreated Ti3 Al is 
steady and follows parabolic behavior. The final mass 

gain was about 8 mg/ cm2
• Single aluminizing with a 

low activity Al-pack at 600°C leads to a thin TiAl3 -lay­

er on the Ti3 Al-sample. Therefore, the mass gain at the 

beginning of the oxidation is lower than that of the un­
treated specimen. But after about 25 h the mass gain of 
this specimen accelerates and at the end of the test the 
mass gain is even higher than that of the untreated 
sample ( 9 mg/ cm2 

) • The oxidation rate had probably 
increased after the TiAl3 -layer was consumed by oxida­
tion and interdiffusion. The additional F-treatment 
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Figure 10. TGA-results of untreated, aluminized and alu­

minized plus F-t reated Ti3 Al-samples oxidized isothermally 

at 800"C in synthetic ai r for IOO h 
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showed a much lower mass gain over the whole test pe­
riod following alumina kinetics and indicating a stable 
and protective alumina layer. Hence single Al-enrich­
ment is not enough for a long term protection of Ti­
components. 

The stabilization of the Al2 0 3-layer via F-treat­
ment is necessary. This Al20 3 -layer on F-treated TiAl­

alloys can protect these alloys under thermocyclic con­
ditions for long exposure times even in wet environ­
mentsm. The fluorine profiles within the Al-enriched 
surface zone after PP are the same as in TiAl-alloys12>. 
Figure 11 shows an ERDA-profile of the elements in 

this zone. 0 and C are coming from the precursor 
( CH2 F2) and some residues of air in the vacuum cham­
ber, respectively. They have their maximum at the sur­
face and do not deteriorate the F-effect12 >. The implan­

ted fluorine dose was 5.15Xl011 F/cm2 which is in the 
same order of magnitude as for TiAl-alloys12>. The drop 

of the Al-concentration was caused by the limited de­
tection depth for this element. 
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Figure 11. ERDA-profiles after F-PI' of an Al-enriched 

Ti-sample before oxidation 

The Al-enrichment via the powder pack process is 
a widely used method for improving the environmental 

stability of steels and Ni-base alloys. Transfer to Ti is 

easily possible. The fluorination was performed suc­
cessfully on several TiAl-components with different ge­
ometries15> so that these parameters could also be used 

for components made of Ti-alloys. 

4. Conclusions 

The alpha-case formation of Ti-alloys during high 

temperature exposure in oxidizing atmospheres can be 
suppressed by a combined Al-enrichment plus F-treat­

ment. This leads to the formation of a stable and pro­
tective alumina layer on top of intermetallic TiAl-pha­

ses which would allow the use of Ti-components at 
temperatures higher than those actually setting the 
maximum operation limit. 
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