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Abstract

The oxidation resistance of Ti-50Al intermetallics has been improved by pre-oxidizing @@ 8@ h in air and subsequently polishing
the outer TiQ layer of the oxide scale. The cyclic oxidation resistance’s at@06f the per-oxidized and polished specimens are
substantially improved and the oxidation kinetics follow the parabolic rate law. This means that the outermost alumina-rich layer of the
pre-oxidized and polished specimens is protective against oxidation & 80Gir. This characteristic is attributed to the compressive
stress relief associated with the removal of the outer,Teger. The stress relief will alleviate cracking or rupture of the scales and
simultaneously reduce the stress-assisted diffusion in the scale. At the same time, the catalytic effect of outer rutile titania may also play
detrimental role in the oxidation resistance of TiAl at high temperature. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction Continuous A3Os film on TiAl intermetallics coated by
chemical vapor deposition (CVD) can improve the isother-
Titanium aluminides have been investigated for aerospacemal oxidation resistance substantially, but this coating fails
and industrial applications in intermediate temperatures in cyclic oxidation performance [11]. A thin and condense
(600-850C) due to their high specific mechanical proper- Al203 surface layer can be formed by pre-oxidation of
ties and satisfactory creep resistance [1-2]. However, theTiAl in a low partial pressure oxygen atmosphere [7] or
room temperature brittleness and poor oxidation resistancepre-oxidation of TiAl packed with oxide powders, such as
at temperature above 70D retard TiAl from practical ap- ~ chromia [12], rutile [13] or silica [14] in inert atmosphere or
plications. Some studies show that the room temperaturein vacuum. In this study, a novel method is used to improve
ductility of TiAl intermetallics can be enhanced to a de- the oxidation resistance of Ti-50Al alloy which is obtained

sired level of about 3—-4% tensile elongation by alloying by the removal of the outer Tigdayer on TiAl intermetallics

design and/or microstructural control [3-5], but they do not
generally form a long-lasting protective alumina scales in
spite of their high aluminum content. The oxide layer of
binary TiAl alloys oxidized in air especially at the temper-
ature range 750-80Q, consists of an outer Tiayer, an
Al,0s-enriched layer, and an inner intermixetb@s/TiO>
layer [6-9]. A desired continuous #Ds; scale does not
form in air and this results in an inadequate oxidation re-
sistance for titanium aluminides. Obviously, a continuous
Al O3 layer with an extremely slow and parabolic oxidation
rate is the prerequisite for improving oxidation resistance
of TiAl intermetallics at temperature above 7@D[10].
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pre-oxidized in air. The resistance to the subsequent cyclic
oxidation of the specimens in air prepared by this method
is also evaluated and discussed.

2. Experimental procedures

An ingot of Ti-50Al intermetallics was prepared by vac-
uum arc remelter, and then homogenized at *05€or
75h in vacuum. Specimens in the form of coupons were
cut from the ingot, polished to 600 grit paper, cleaned with
acetone and ethanol, respectively, and finally rinsed with
de-ionized water. Pre-oxidization was carried out in air
at 800C for 2 days (Fig. 1(a)) and then the outer white
oxide scale was removed by polishing it on a cloth impreg-
nated with 0.3vm alumina. The oxidation behaviors of the
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Fig. 1. The schematical diagram of oxidation procedures. (a) pre-oxidation;
(b) cylic oxidation test.
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ide scale on the surface. Fig. 2 shows the SEM image and
O, Ti and Al mappings of specimen oxidized at 8Q0for

48 h. Very thick oxide scale~5.5um) is formed with an
outer titania layer (), an alumina-rich layer (IlI) and an inter-
mixed titania/alumina layer (l1l) beneath the oxide scale. At
the interface of TiAl and oxide scale, an Al-depleted layer
(IV) is found. The layer IV is presumably formed due to

a net Al-consumption during the course of oxidation. The
structural features of Fig. 2(a) are almost the same as those
reported in the literature [6-9].

The polishing procedure can easily remove the top layer
(layer 1) of the oxide scale and leave the alumina-enriched
layer (layer 1l) as the outermost one, as shown in Fig. 3.
The opening between the oxide layer Il and Ni coating re-
sults from the poor affinity of the electroless Ni plating
to the alumina-enriched layer. The phases of oxide layers
before and after the polishing procedure can be identified
by the XRD patterns, as shown in Fig. 4. The removal of
white oxide layer | by polishing can substantially reduce
the intensity of rutile titania and slightly decrease the in-
tensity of thea-alumina. This indicates that the polishing
procedure can remove the titania-abundant layer (layer I) of
Fig. 2.

According to the procedure of Fig. 1(b), the cyclic oxi-
dation curve performed at 800 for the specimen of Fig.

3 is given in Fig. 5. That for the as-homogenized Ti-50Al
specimen without pre-oxidation and polishing treatment,
denoted as the as-homogenized Ti-50Al specimen, is also
shown in Fig. 5. From Fig. 5, the as-homogenized Ti-50Al
specimen has a much higher cyclic oxidation rate and its
oxidation curve is so scattered due to the scale spallation.

pre-oxidized and subsequently polished specimens wererhis means that the oxide scale on the as-homogenized

characterized by exposing the specimen in “@DG&tatic

air and removing it regularly from the muffle furnace, air
cooled, weighed and returned to the 800furnace again,
as shown schematically in Fig. 1(b). The weight gains per
exposed area (mg cm), weighed on an analytical balance
to an accuracy of=10~3mg, are calculated to evaluate the

oxidation properties. Some pre-oxidized and polished spec-

imens were deposited pure Ti film with Qu8n thickness
by rf magnetron sputtering.

Ti-50Al is very brittle and not good adherent. In Fig. 5,
the 800C isothermal oxidation curve of as-homogenized
specimen, measured by the thermal gravimetric analysis
(TGA) shows that the oxidation rate does not obey the
parabolic law in the whole period of oxidation. This im-
plies that, for the as-homogenized specimen, the oxidation
reaction is not diffusion-controlled [16] and the protection
of the oxide scale is poor, as reported previously [17]. Fig.
5 shows that the polishing treatment for the pre-oxidized

The crystal structure of oxide scales was determined 1i50a| can dramatically reduce the oxidation rate at high

by X-ray diffraction (XRD) using Rigaku-lIB X-ray
diffractometer with Cu I radiation at 45kV, 30 mA and
0.03(20)s™! scanning rate at a grazing angle of. 3o

temperature and its oxidation curve nearly fits well to the
parabolic law. From Fig. 5, one can conclude that the
outmost layer Il of Fig. 3 is beneficial to the oxidation

preserve the oxide scale during metallographic preparation, esistance.

the electroless nickel was coated on the oxide scale [15].

The cross-sectional morphologies and element mappings

The morphological observation was carried out by scanning ¢ the specimen oxidized at 880 for 100 h (indicated by

electron microscopy (SEM) of Philips XL30, equipped with
the energy dispersive spectrometry (EDS).
3. Results and discussion

After the continuous exposure in 80D air for 48 h, as
indicated in Fig. 1(a), Ti-50Al forms a white and fragile ox-

the arrow in Fig. 5) are illustrated in Fig. 6. The thick-
ness of the total oxide scale increases slightly fromu2x0

of Fig. 3(a) to 3.4um of Fig. 6(a). Few titania crystals
are observed on the outer surface of alumina-enriched
layer. This implies that Ti atoms can diffuse through the
alumina-enriched layer during the oxidation. Neverthe-
less, from the limited inward growth of oxide scale, the
alumina-enriched layer can be considered to be a barrier for
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Fig. 2. Cross-sectional morphologies of Ti-50Al after oxidation at°8@ air for 48 h. (a) back-scattered electron image of the oxide scale and the
base metal; (b) O mapping; (c) Al mapping; (d) Ti mapping.

oxygen diffusion to inhibit oxidation. In contrast to the re- [18]. The value of PBR more than one can induce compres-
sult of as-homogenized specimen of Fig. 2, the outer rutile sive stress in the oxide scale [18]. The compressive stress is
layer seems to be detrimental to the oxidation resistance ofa prerequisite for forming a condense and continuous oxide
Ti-50Al intemetallics. scale to protect the base metal against oxidation. However,
To evaluate the detrimental effect of the rutile layer (layer the compressive stress on the scale will be balanced with
| of Fig. 2) on the oxidation resistance, pure thin Ti film the tensile stress around the interface between oxide scale
was deposited on the specimen of Fig. 3 by rf sputtering and the base metal. When the tensile stress reaches a critical
process and then oxidized at 8@for 100 h in air. Fig. 7 level, the stress will result in the rupture and/or spallation
shows the cross section of the oxidized specimen with Ti of oxide scale.
coating. The stratified layers of the oxide scale in Fig. 7, For the case of Fig. 7, the compressive stress induced
similar to the Figs. 2 and 6, are characterized as an outerby the oxidized Ti coating can further raise the stress
titania layer (1), an alumina-rich layer (Il), an intermixed ti- level around the interface between the scale and metal and
tania/alumina layer (l11) and an Al-depleted layer (IV) atthe leads to the cracking or rupture of the scale, as shown
interface of TiAl and oxide scale. In contrast to the Fig. 6, by the arrow in Fig. 7(a). This causes the recurrence of
most of the titania in the outer layer (1) in Fig. 7 may result serious spallation and elucidates the reason why the spal-
from the oxidation of the sputtered HQ.8.m). From Fig. lation of the oxide scale for as-homogenized Ti-50Al is
7, it can be found that the outer titania layer formed from more serious than that for the pre-oxidized and polished
the oxidation of sputtering-deposited Ti film, can acceler- Ti-50Al, as explicitly shown in Fig. 5. Scale spallation
ate the growth of oxide scale, as compared to the result ofor crack will facilitate fresh metal to expose oxidizing
Fig. 6. atmosphere and bring about faster degradation of base
The Pilling—Bedworth ratios (PBR, volume ratios of oxide metals. On the contrary, for the case of Fig. 3, the outer-
to metal) of AbOz and TiQ, are 1.28 and 1.73, respectively most layer (TiQ layer) of Fig. 2 has been polished and
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Fig. 3. Cross-sectional morphologies of Ti-50Al processed by polishing procedure after oxidation°@t iBOStatic air for 48h. (a) back-scattered
electron image of the oxide scale and the base metal; (b) O mapping; (c) Al mapping; (d) Ti mapping.

the inherent compressive stress of Fifayer on the scale is a critical factor to mitigate oxidation of Ti-50Al inter-

disappears. This feature causes the stress level of the innemetallics.

oxide layers and that of the interface between the scale The compressive stress introduced by the additional outer

and metal to decrease simultaneously. This characteristicTiO, layer, as shown in Fig. 7, can enhance the diffusion
rate through the oxide layers due to the stress-assisted diffu-
sion [19]. This feature accelerates the oxidation kinetics of

600 - = v: TiAl
a
@) R: TiO,
a :AlLO,
400
. ®  as-homogenized
200 1.8 & as-homogenized (TGA)
] - . O pre-oxidized & polished
* n
—_ o 14
) 0~ E 4 [ ]
S 2. %2 =
§ (b) E” 1 L
400 4 — 107 | ]
2 £ u
2 & oeq = o
2 = ) [ ] L] g o0 oo a®
£ 200 S 067 go 09 °©
(7] 1 [ ] o@o oo
2 04 [=ia]
4 m
0] 02 =
20 25 30 35 40 45 50 55 60 65 70 75 80 Y &
(VB i L O L P Rl ki SIS DN A S L A S PR R ST L L
26 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340

Cumulative oxidation time (hour)
Fig. 4. X-ray diffraction patterns of Ti-50Al after oxidation at 8@ in
air for 48 h. (a) as-oxidized; (b) as-polisheg {[iAl; R: TiO2; a: Al203). Fig. 5. Oxidation kinetics in static air at 800 for TispAlsg alloy.
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Fig. 6. Cross-sectional morphologies of polished Ti-50Al after oxidation at®Q0A air for 100 h. (a) back-scattered electron image of the oxide scale
and the base metal; (b) O mapping; (c) Al mapping; (d) Ti mapping.

TiAl by providing more reactants to oxidize, and therefore, which may facilitate the catalytic effect of oxygen, increase

disturbs the continuity of the AD3 scale and makes it less  the stress-assisted diffusion and introduce the compressive

protective. stress resulting in the fracture and/or cracking of oxide scale.
The detrimental effect of outer titania on the oxidation

resistance of Ti-50Al intermetallics may also be associ-

ated with the well-known catalytic effect of rutile titania. 4. Conclusions

The catalytic reaction of titania will favor the formation of

ionic oxygen from the reaction,Q-2e-—20~ (weakly en- The oxidation resistance of Ti-50Al intermetallics can

dothermic,=1 eV) [20], in contrast to the high bond energy be improved by pre-oxidizing at 80Gx48h in air and

of oxygen molecular, 5.15eV [21]. Moreover, the migrat- subsequently polishing the outer TiQayer of the oxide

ing species in oxide scale may be metal ions, oxygen ionsscale. Compared to the as-homogenized specimens, cyclic

and electrons [16]. Hence, ionic oxygen instead of atomic oxidation resistance at 800 of the per-oxidized and

oxygen, will govern the diffusion through the oxide scale. polished specimens is substantially improved and the oxi-

That is, the rutile can facilitate the dissociation of oxygen dation kinetics follow the parabolic rate law, indicating a

molecules into ionic oxygen [20], thereby providing more diffusion-controlled process. This means that the outermost

ionic oxygen for diffusion. The increased flux of ionic oxy- alumina-rich layer of the pre-oxidized and polished speci-

gen will accelerate the inward growth of oxide layer, which mens is protective against oxidation at 8Q0in air. This

is the main mechanism for the oxide growth on layer lll characteristic is attributed to the compressive stress relief

[22,23]. The layer Il observed in Fig. 7, which is compara- associated with the removal of the outer Fi@yer. The

tively wider than that in Fig. 6 provides the evidence to sup- stress relief of the inner oxide layers will alleviate crack-

port this suggestion. Hence it can be concluded that, for theing or rupture of the scales and simultaneously reduce the

as-homogenized Ti-50Al, the poor protection of oxide scale stress-assisted diffusion in the scale. At the same time, the

may be attributed to the existence of an outerT&€dale,  catalytic effect of the outer rutile titania, which favors the
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Fig. 7. Cross-sectional morphologies of polished Ti-50Al with a8 Ti coating which has been oxidized at 8@in air for 100 h. (a) back-scattered
electron image of the oxide scale and the base metal; (b) O mapping; (c) Al mapping; (d) Ti mapping.
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