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Abstract
The oxidation resistance of TiAl alloy is still a problem in air above 800 ℃. Gado-
linium is an active element which is known to improve the oxidation resistance of 
Mg alloy. Very dense TiAl-Gd alloys with several compositions were prepared by 
spark plasma sintering (SPS). Isothermal oxidation testing of sintered alloy in air 
at 800 ℃ was carried out for 500 h. The sintering microstructure, oxidation kinet-
ics, oxide-layer structure and oxidation mechanism were systematically studied. The 
results show that Gd-containing TiAl alloy shows improved oxidation resistance at 
high temperature compared with alloy without Gd. The Gd-rich phase distributed 
along the boundary of powder particles can hinder the outward diffusion of Ti and 
Al and preferentially consume oxygen in the matrix, thus inhibiting the growth of 
oxide scale and improving the spalling resistance of TiAl alloy. TiAl-0.3Gd alloy 
has excellent oxidation resistance, with the lowest mass gain and the thinnest oxide 
scale of 2.64 mg/cm2 and 19.7 μm, respectively. This result will lay a foundation for 
the design of TiAl-based alloy with high-temperature oxidation resistance.
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Introduction

TiAl alloys have excellent physical and mechanical properties such as low density, 
high specific strength and excellent creep resistance and have become a potential 
high-temperature structural material to replace nickel-based superalloy in aerospace 
engineering in recent years [1, 2]. It has been used in the structure of new generation 
turbine engine at 550–750 ℃ [2–4]. However, due to its poor ductility and machina-
bility at room temperature, the development of TiAl alloys is still a great challenge. 
To solve this problem, a lot of research has been done in the preparation process of 
TiAl alloy. The general method is to add alloying elements, such as Mn, V, Cr, Mo 
and Zr [5, 6], which can reduce the grain size of TiAl-based alloy, thus leading to 
the improvement of ductility, but these elements will reduce the oxidation resistance 
of the alloy.

Therefore, spraying coating on the surface of TiAl alloys or adding other elements 
to TiAl alloy has been used to improve the high-temperature oxidation resistance of 
TiAl alloy [7–9]. Due to doping effect, W and Nb reduce the ability to form inter-
stitial oxygen and Ti vacancy, thus restraining the formation of titanium oxide, and 
encouraging the formation of alumina by improving the activity of Al. Compared 
with the  TiO2 layer, the  Al2O3 layer is a denser, more adhesive and protective oxide 
scale, so W and Nb improve the oxidation resistance of the alloy [10–13]. Ta can 
equally displace Nb, because they belong to the same group on the periodic table 
of the elements, which indicates that the chemical behaviors of these two elements 
are similar [6]. In addition, Ta has a higher melting temperature, which makes it 
possible to increase the service temperature of TiAl alloys [6]. Besides, Sn and Co 
elements will form a Sn/Co-rich layer at the interface between the oxide scale and 
substrate, which hinders the inward diffusion of O and the outward diffusion of Ti 
and Al, thus preventing the growth of the oxide scale [12, 14]. Similarly, rare earth 
element Y has been proved to form  YAl2 phase at the grain boundary [11, 15, 16], 
which advances the selective oxidation of Al, inhibits the growth of  TiO2 layer and 
improves the adhesion of the oxide scale. However, excessive Y will cause internal 
oxidation, which will detrimentally influence the oxidation resistance of the alloy 
[11, 17].

Gd is also a rare earth element, which can reduce interlayer spacing and particle 
size, thereby improving the plasticity and strength of TiAl alloy and reducing the 
creep rate of TiAl alloy [18–21]. Meanwhile, adding Gd to Mg alloys will change 
the type and distribution of the second phase and advance the oxidation resistance of 
Mg alloy [22]. Nevertheless, little research has been done on its oxidation resistance, 
so it is important meaning to study the comprehensive effect of Gd on the oxidation 
resistance of TiAl alloy. In order to study the effect of Gd on the oxidation behavior 
of Ti-48Al-2Cr-2Nb alloy at high temperature, TiAl alloys with different composi-
tions were sintered by spark plasma sintering (SPS), and isothermal oxidation tests 
were carried out in air. The microstructure, oxidation kinetics, oxide layer structure 
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and oxidation mechanism of the sintered samples were comprehensively studied. 
This work will likely facilitate the development of powder metallurgy for TiAl alloy.

Material and Methods

The alloys with chemical compositions of Ti-48Al-2Cr-2Nb-xGd (x = 0, 0.15, 0.3, 
at.%) (here after known as TiAl-0Gd, TiAl-0.15Gd and TiAl-0.3Gd alloy, severally) 
were prepared using powder metallurgy. Gas-atomized pre-alloyed (PA) Ti-48Al-
2Cr-2Nb powder (particle size of 100 mesh) was mixed with pure Gd powder (par-
ticle size of 300 mesh) in a planetary ball mill for 4 h at 300 rpm and then vacuum 
freeze-dried for 24 h. The samples were fabricated in a LABOX-650F spark plasma 
sintering furnace at argon protective atmosphere for sintering. The samples were 
kept at 1200 °C sintering temperature and 40 MPa sintering pressure for 5 min, and 
the heating rate was 100 °C. When the temperature was below 50 ℃, the sample was 
taken out of the furnace, then the graphite paper on the sample surface was removed, 
and the sample density was surveyed by Archimedes Drainage Method.

The specimens for isothermal oxidation tests were rectangular parallelepiped 
prepared by Wire cut Electrical Discharge Machining with sizes of 4 × 4 × 8  mm3. 
Before isothermal oxidation test, the six surfaces of each sample were milled with 
600 mesh sandpapers and ultrasonically cleaned with ethanol for 15 min. Isothermal 
oxidation tests were carried out at 800 °C in a chamber-type electric resistance fur-
nace in static air. The samples were placed in corundum crucible baked to constant 
weight and put into the furnace for oxidation. The samples were taken out from the 
furnace every once in a while then 20 min of cooling in air, and their weight was 
measured using an analytical balance with an accuracy of 0.1 mg. Three specimens 
were tested under uniform circumstances to guarantee the accuracy of the data. The 
preparation process of samples and the oxidation test are shown in Fig. 1.

Fig. 1  Diagrammatic sketch of the experimental route used in the work
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The density of sintered samples was measured using Archimedes drainage 
method. For the purpose of investigating the microstructure of the sintered sam-
ple and the oxidized cross-sectional, both samples before and after oxidation were 
steadily milled to 2000 mesh using SiC sandpapers and immediately polished with 
2.5 μm diamond particles, and finally ultrasonically cleaned with ethanol and dried. 
The initial microstructure of the sintered samples and the cross-sectional morphol-
ogy of the oxidized samples were detected by the backscattered electron (BSE) 
mode of field emission scanning electron microscopy (SEM, JSM-7800F) equipped 
with energy-dispersive spectroscope (EDS, OXFROD X-Max 80), and the surface 
morphology of the oxidized samples was observed by the secondary electron (SE) 
mode. The phase constitution of the sintered samples and oxidation products was 
measured by an X-ray diffractometer (XRD, EMPYREAN) with Cu Kα radiation.

Results

Material Characterization

Figure 2 demonstrates the microstructure of the sintered TiAl-xGd (x = 0, 0.15, 0.3) 
alloys. It can be clearly observed that all three alloys display a sufficiently dense 
microstructure (99.3% of theoretical density), which also shows that SPS can obtain 
completely compact structure at relatively low temperature (Fig. 2a–f). The micro-
structure in the Gd-free sample is characterized by the majority of γ grains and a few 
of α2-Ti3Al + γ-TiAl lamellae [23–25]. Aside from grains and lamellae, bright white 
phases are distributed at the boundaries of powder particles in the microstructure 
of alloy containing Gd. In order to further study the composition of the additional 
phase, EDS mapping was made for the additional phase (Fig.  2g). According to 
the figure, the white phase has two different compositions, one of which is oxygen-
rich phase and is presumed to be  Gd2O3, and the other is oxygen-free and should 
be metal Gd (yellow ellipse in Fig. 2g). XRD results (Fig. 3) also confirmed that 
the main phase of the three alloys was γ phase, and a small amount of α2 phase was 
found. Meanwhile,  Gd2O3 peak was found in the alloy containing Gd. This is con-
sistent with the morphological photos and EDS results. However, due to the small 
amount of Gd, no other Gd-containing phases were found in the XRD spectrums, 
which may require a more precise analysis method.

Isothermal Oxidation Kinetics

The oxidation kinetics curves of TiAl-xGd (x = 0, 0.15, 0.3) alloys after isother-
mal oxidation at 800℃ are illustrated in Fig.  4. As shown in the figure, the mass 
of all alloys increases following the rise of oxidation time, which is identified with 
some previous studies on GE48 alloy. At the same time, it can be discovered from 
the figure that the weight gain of these alloys declines with the addition of Gd. 
For instance, the TiAl-0.3Gd alloy has a weight gain of 2.64  mg/cm2, much less 
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than that of TiAl-0Gd alloy (3.36 mg/cm2) after 500 h of oxidation. The relation of 
weight change with oxidation time can be fitted using the subsequent formula [12]:

(1)ΔMn = knt

Fig. 2  BSE micrographs of the microstructure of a, b TiAl-0Gd; c, d TiAl-0.15Gd; e, f TiAl-0.3Gd 
alloys and g morphology and EDS mapping of TiAl-0.3Gd alloy
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In the formula, ΔM denotes the weight change per unit area (mg/cm2), n means 
the oxidation exponent,  kn is the oxidation reaction rate constant  (mgncm−2nh−1), 
and t is the oxidation time (h). Origin software was used to fit the experimental 
data on the basis of Eq. (1) until the theoretical curve is close to the experimental 
curve, and the corresponding value of n and  kn was gained. The gained fitting curves 
and calculated parameters are shown in Fig.  4 and Table  1, respectively. The fit-
ting results indicate that the n values of 0Gd, 0.15Gd and 0.3Gd alloys are 2.7952, 
2.8972 and 2.9293, respectively. It is worth noting that there is a certain relationship 

Fig. 3  XRD patterns of TiAl-xGd (x = 0, 0.15, 0.3) alloys

Fig. 4  Oxidation kinetics of TiAl-xGd (x = 0, 0.15, 0.3) alloys at 800 °C



329

1 3

Oxidation of Metals (2022) 97:323–339 

between the value of n and oxidation kinetics; that is, n = 1, 2 and 3 are equivalent 
to linear kinetics, parabolic kinetics and cubic kinetics, respectively [26]. There-
fore, the oxidation behavior of the studied alloys approximately abides by the cubic 
kinetic model. The oxidation resistance of the alloy increases with the increase of 
oxidation exponent n, and decreases with the increase of oxidation rate constant  kn. 
Therefore, the addition of Gd can ameliorate the oxidation resistance of TiAl alloy 
in effect, and the alloy with 0.3Gd has the best oxidation resistance. L. Mengis et al.
[27] studied the oxidation resistance of GE 4822 alloy between 600 and 900 °C, 
and the results showed that at 800 °C, the weight gain after 100 h isothermal oxida-
tion was 1.54 mg/cm2. In this experiment, the TiAl-0Gd alloy has a weight gain of 
1.89 mg/cm2 at 100 h, and even TiAl-0.3Gd has a weight gain of 1.48 mg/cm2. This 
may be because the oxygen content in PM TiAl is usually higher than that in casting 
and forging TiAl [28].

Surface Morphology After Isothermal Oxidation

XRD was used to check the oxidized surfaces of the three alloys to research the 
phase composition of oxide scale, and the results are displayed in Fig. 5. The oxi-
dized surfaces of the three alloys are principally composed of  TiO2 and  Al2O3, 
which is basically because of their parallel growth kinetics. Due to the small 

Table 1  Calculated values of n 
and oxidation rate constants  (kn, 
 mgncm−2nh−1) for the oxidized 
specimens at 800 °C

TiAl-0Gd TiAl-0.15Gd TiAl-0.3Gd

n 2.7952 2.8972 2.9293
kn 0.0586 0.0468 0.0337

Fig. 5  XRD spectra of TiAl-xGd (x = 0, 0.15, 0.3) alloys after isothermal oxidation for different time



330 Oxidation of Metals (2022) 97:323–339

1 3

thickness of the oxide scale, peaks of γ-TiAl were observed in the oxidized samples 
for 100  h, while γ-TiAl peak intensity was decreased in the oxidized samples for 
500 h, indicating that the oxide scale thickness increases with increasing time. Gen-
erally speaking, the major phase composition of the oxide scale is not changed after 
adding Gd, because the constituents of the oxide surfaces in these three alloys are 
extremely similar.

The surface morphology of the three alloys after isothermal oxidation at 800 °C 
for 10 h is illustrated in Fig. 6. Spherical and acicular oxides are distributed on the 
oxidation surfaces of the three alloys, and EDS shows that the oxidation products of 
these two shapes are the mixture of  TiO2 and  Al2O3. The reason for the formation 

Fig. 6  Surface morphologies of the alloys after isothermal oxidation at 800 °C for 10 h. a, b TiAl-0Gd; 
c, d TiAl-0.15Gd; e, f TiAl-0.3Gd
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of this mixed oxide is due to the similar thermodynamic stability of  Al2O3 and  TiO2 
at high temperature. In addition, it can be observed from the enlarged picture in the 
yellow box in Fig. 6a that the black part of the oxidized surface is formed by the 
coarsening and adhesion of oxides, but this situation is not found in the alloy con-
taining Gd.

Figure 7 is the surface morphology of three alloys oxidized for 100 h and 500 h. 
Compared with the surface oxidized for 10 h, the surface oxidized for 100 h is more 
serious, and the morphology of oxide changes from spherical to coarse irregular 
columnar crystal. These irregular columnar crystals are confirmed to be  TiO2 by 
EDS, which means that with the increase in time, the outermost layer of oxide scale 
is no longer a mixture of  TiO2 and  Al2O3, but is basically covered by  TiO2. By con-
trasting the morphology for 100 h, it can be perceived that the titanium dioxide par-
ticles on the surface are arranged more closely and the particle size is uniform after 
adding Gd. The oxide sizes on the surface of Gd-free alloy in Fig.  7a are differ-
ent, and there are many gaps between grains. In addition, with the time extended to 
500 h, the titanium dioxide particles on the oxidized surface grew 2 ~ 3 times. When 
oxidized for 500 h, there is no obvious difference between the surfaces of several 
alloys, which may be because titanium dioxide grows and connects with each other 
with the increase of time, and there is no more space for lateral growth.

Cross‑Sectional Observations of Oxide Scale

The cross-sectional microstructures of the oxide scale for TiAl-xGd (x = 0, 
0.15, 0.3) alloys after isothermal oxidation for 100  h are shown in Fig.  8. It 
can be clearly seen that for TiAl-0Gd and TiAl-0.15Gd alloys, some voids are 
observed in the oxide layer. On the contrary, there are basically no voids in the 
oxide layer of the alloy with more Gd content, showing a uniform and com-
pletely adhered oxide scale. The average thickness of the oxide scale of TiAl-0Gd 

Fig. 7  Surface morphologies of the alloys after isothermal oxidation at 800 °C for 100 h: a TiAl-0Gd, b 
TiAl-0.15Gd, c TiAl-0.3Gd and for 500 h: d TiAl-0Gd, e TiAl-0.15Gd, f TiAl-0.3Gd
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alloy is 17.1 μm, TiAl-0.15Gd alloy is 13.1 μm, and TiAl-0.3Gd alloy is 9.3 μm 
(Fig.  8a–c). Therefore, the TiAl-0.3Gd alloy shows the slowest oxidation rate, 
while the alloy without Gd has the fastest oxidation rate, which is consistent with 
the weight gain results (Fig. 4).

Figure  9 exhibits the cross-sectional EDS mapping of the alloy after oxidation 
at 800 °C for 100 h. It can be seen from the comparison that the alloy without Gd 
is composed of three layers. The external scale (I) of the alloy is mainly composed 
of loose and porous  TiO2 rutile (relatively bright phase, rich in Ti and O as deter-
mined by EDS mapping). The sub-layer (II) of oxide scale is dominated by discrete 
 Al2O3 oxides (dark phase), followed by an inner layer (III) of the mixed  TiO2 and 
 Al2O3. However, by observing the morphology in Fig. 8 and the surface scanning in 
Fig. 9, it can be found that a thin dark gray oxide layer should be  Al2O3 layer (IV) 
at the interface between oxide scale and matrix in Gd-containing alloy. At the same 
time, although the  Al2O3 layer in oxide scale of TiAl-0.3Gd alloy is thinner than 
that of Gd-free alloy, the thickness of  TiO2 layer and mixed layer is also reduced 
by about half, and the alumina layer in the alloy containing Gd is continuous and 
dense, which has good protection. This shows that the addition of Gd can signifi-
cantly improve the oxidation resistance of TiAl alloy at high temperature. Moreover, 
the enrichment of Nb and N was found at the interface between scale and substrate 
in all alloys. The research shows that a certain amount of TiN layer formed at the 
interface will reduce the activity of titanium and increase the activity of aluminum 
[27]. However, when TiN content is too high, the nitride will be oxidized to form 
titanium oxide, which will adversely affect the oxidation resistance of the alloy [12].

Over time, the thickness of the scale of the three alloys increased (Fig. 10), but 
up to 500 h, the scale did not peel off. At this time, the average thickness of the 
oxide scale of TiAl-0Gd, TiAl-0.15Gd and TiAl-0.3Gd alloy is 29.3 μm, 25.9 μm 
and 19.7 μm, respectively. Combined with the surface scanning results in Fig. 11, 
it can be seen that the scale structure of the three alloys has no obvious change 
compared with that at 100 h, but for TiAl-0Gd alloy, transverse cracks exist at the 
interface between oxide layer and substrate, and the  TiO2 and  Al2O3 mixed layer 
is easy to peel off when cooling. It can be speculated that these scales will peel 
off soon, which will adversely affect the oxidation resistance of the alloy. As for 
Gd-containing alloys, the oxide scale keeps a satisfactory combination with the 

Fig. 8  BSE micrographs of the cross-sectional morphologies on a TiAl-0Gd, b TiAl-0.15Gd, c TiAl-
0.3Gd alloys after isothermal oxidation at 800 °C for 100 h
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Fig. 9  The EDS mapping of the alloy cross section after oxidation at 800 °C for 100 h. a TiAl-0Gd; b 
TiAl-0.3Gd

Fig. 10  BSE micrographs of the cross-sectional morphologies on a TiAl-0Gd, b TiAl-0.15Gd, c TiAl-
0.3Gd alloys after isothermal oxidation at 800 °C for 500 h
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substrate and no any crack could be observed, which indicates the Gd addition 
offers a better oxide scale adhesion.

Discussion

According to the above consequences, the oxidation mechanism of TiAl-0Gd and TiAl-
0.3Gd alloys after isothermal oxidation at 800 ℃ for 500 h is diagrammatically summa-
rized in Fig. 12. For TiAl-0Gd alloy, because Cr and Nb are uniformly dissolved in the 
matrix, the matrix is composed of γ-TiAl and α2-Ti3Al phases. In the process of high-
temperature oxidation, the oxidation dynamics of Ti and Al elements can be reckoned 
by means of Gibbs free energy, as noted below [29]:

Fig. 11  The EDS mapping of the alloy cross section after oxidation at 800 °C for 500 h. a TiAl-0Gd; b 
TiAl-0.3Gd



335

1 3

Oxidation of Metals (2022) 97:323–339 

In the formula, T is the temperature (K). In view of Eqs. (2) and (3), the Gibbs 
free energy of formation of  TiO2 at 800 °C is − 751.3 kJ  mol−1, and that of  Al2O3 at 
800 °C is − 890.6 kJ  mol−1. Therefore, it can be inferred that Al is more susceptible 
to oxidation than Ti. However, the diffusivity of Ti in γ phase is greater than that of 
Al in γ phase [30], and the diffusivity of O in  TiO2 is much greater than that of O in 
 Al2O3 [31], the growth activation energy of  TiO2 is much lower than that of  Al2O3, 
which leads to a lower growth rate of  Al2O3 [26]. At the same time, because the 
diffusion rate of Ti in  TiO2 is faster than that of oxygen, while the diffusion rate of 
Al in  Al2O3 is slower; this causes  TiO2 to grow outward to the gas oxide interface 
and  Al2O3 grows inward at the metal-oxide interface [6]. Therefore, although a mix-
ture of  Al2O3 and  TiO2 is formed in the initial stage of oxidation, as the oxidation 
time increases, an outer layer of  TiO2 and an inner layer of  Al2O3 are finally formed 
[26]. Single and continuous  Al2O3 can be used as a protective layer, because it is 
dense enough to effectively block oxygen diffusion, but porous and loose  TiO2 is not 
conducive to oxidation resistance, which provide paths for short-circuit diffusion of 
oxygen and give rise to successive oxidation [14], eventually forming a multi-layer 
oxide scale structure. At the same time, the cross-sectional micrographs of all alloys 
show that the mixed layer of titanium oxide and aluminum oxide occupies the larg-
est scale volume.

The results show that the addition of Gd will reduce the crystallite dimension and 
interlayer spacing of the alloy, and the diffusion process is inhibited by Gd atoms 
on the grain boundary [18–20, 32]. Due to the low solubility of yttrium in titanium 
dioxide and alumina oxides,  Y2O3 precipitation leads to an evident grain refinement 

(2)ΔGTiO2
= 943490 + 179.08T(298 ∼ 1940K)

(3)ΔGAl2O3
= 1120480 + 214.22T(932 ∼ 2345K)

Fig. 12  Diagrammatic drawing of the oxidation mechanism for a TiAl-0Gd and b TiAl-0.3Gd alloys 
after isothermal oxidation at 800 °C for 500 h
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effect and a decrease in oxygen diffusion rate, and the reaction between oxygen and 
Ti is inhibited [33]. Similarly, because Gd is distributed at the boundary of powder 
particles and has a strong affinity for oxygen, it will adsorb oxygen in the matrix, 
thus forming  Gd2O3 and blocking the diffusion path. On the basis of the Van´t Hoff 
equation, the change of Gibbs free energy during oxidation can be expressed as [11]:

where p′

o2
 manifests the equilibrium oxygen partial pressure of oxidation reaction or 

decomposing pressure of oxide at the reaction temperature, and po2 means the oxy-
gen partial pressure of the oxidation circumstances. The condition for oxidation 
reaction is ΔG < 0, and then p′

o2
&po2 is required. The ΔG0-T diagram plotting by 

Ellingham demonstrates that the p′

o2
 of Al  (10–44  atm) is smaller than of Ti 

 (10–35 atm) at 800 °C [4]. Therefore, under low oxygen partial pressure, Al is prefer-
entially oxidized. Due to the low oxygen partial pressure under the oxidized scale 
[11], a thin aluminum layer is formed under the oxidized scale, which further pre-
vents the inward diffusion of oxygen and improves the oxidation resistance of the 
alloy. It can also be seen from the weight increase curve in Fig. 4 and the cross-sec-
tional morphology (Figs. 8–11) that the oxidation weight gain is greatly decreased 
after adding Gd, and the thickness of the alloy oxide scale is reduced by about half 
after adding 0.3 at. % Gd at 100 h.

The results show that alloying elements have a momentous influence on the oxi-
dation behavior of TiAl alloys. When the concentration of Cr is less than 4 at. %, it is 
harmful, which may be put down to doping effect [6], which will lead to the increase 
of  O2 vacancy concentration, and the concentration of  O2 vacancy is responsible for 
oxygen diffusion [34], which leads to the acceleration of the growth rate of  TiO2. 
Nb is considered to be a doping element with a higher valence than Ti. By reason 
of the electron neutrality in the oxide, it will reduce the ability of interstitial oxygen 
and titanium vacancy formation, thus reducing the diffusion of oxygen and titanium 
correspondingly and inhibiting the growth of rutile [35]. The addition of Nb also has 
other effects on oxidation behavior, such as fortifying the activity of Al, reducing 
the solubility of O in the alloy, and advancing the formation of TiN at the interface 
between substrate and scale, thus preventing the diffusion of Ti and O ions [11].

In this experiment, Cr can be found to diffuse outward in the oxidation of all 
alloys, and it has diffused to  TiO2 layer in Gd-free alloy at 100 h. Fa et al. [36] used 
the first principles to study and calculate, which showed that Cr not only reduced the 
formation energy of oxygen vacancy in  TiO2 and promoted the growth of  TiO2, but 
also improved the relative stability of  Al2O3 to  TiO2, which eventually led to inter-
nal oxidation. In addition, in all alloys, it is found that Ti and N are enriched at the 
scale/matrix interface, and there is a Nb-rich layer below it, which is very common 
in the oxidation of TiAl alloy containing Nb, because Nb does not diffuse outward 
with titanium and aluminum atoms, but remains in the matrix [10], so adding Gd 
has little effect on the diffusion of Nb.

(4)ΔG = RT ln

p�
o2

po2
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During the oxidation process, the oxide/substrate composites experienced con-
tinuous thermal fatigue because samples were taken out periodically and weighed in 
air cooling. The mismatch between thermal expansion coefficients of TiN and oxide 
or substrate results in thermal stress at the interface [37]. In addition, since  TiO2 
(1.73) has a larger Pilling-Bed-worth ratio (PBR), there is high compressive stress in 
the oxide scale during oxidation. With the rapid growth and thickening of the oxide 
scale, the compressive stress gradually increases. Further, the surface layer of the 
scale is simultaneously subjected to tensile stress [14]. Cyclic stress changes near 
the interface caused by repeated heating/cooling under oxidation test may acceler-
ate the separation of complete oxides under isothermal oxidation [37]. Therefore, 
in view of the above effects, when the oxidation time is increased to 500 h, a wide 
crack can be found at the interface between oxide scale and substrate, and the oxide 
layer has broken here, so the oxide layer is in danger of falling off (Fig.  10a). In 
Gd-containing alloys, the diffusion path is blocked and the rapid growth of  TiO2 is 
inhibited, which makes the thickness of oxide scale much smaller than that of TiAl-
0Gd alloy, relieves the internal pressure of oxide scale, and improves the adhesion 
and spalling resistance of oxide scale, which is found in many TiAl alloys with rare 
earth elements [11, 38–41].

Conclusions

In this paper, Ti-48Al-2Cr-2Nb alloys with diverse Gd additions were successfully 
prepared by SPS and their oxidation behaviors were investigated through air iso-
thermal oxidation at 800 °C for 500 h. The primary conclusions are summarized as 
follows:

(1) A completely compact structure can be obtained by sintering at 1200 °C using 
SPS route. The microstructure of Gd-containing alloy consists of matrix phase γ 
grains + α2/γ lamellae and  Gd2O3 particles distributed along the boundary of powder 
particles.

(2) The addition of Gd can significantly improve the oxidation resistance of TiAl 
alloys at high temperature. After isothermal oxidation for 500  h, the TiAl-0.3Gd 
alloy displays the minimum mass increment of 2.64 mg/cm2, thinnest oxide scale 
thickness of 19.7 μm and without surface flaking and flaw formation.

(3) The addition of Gd will change the structure of the alloy scale. After adding 
Gd, the scale structure of the alloy is loose porous  TiO2 layer/thin but continuous 
dense  Al2O3 layer/mixed  TiO2 +  Al2O3 layer/thin  Al2O3 layer.

(4) Gd addition can heighten the anti-peeling ability of the oxide scale in TiAl 
alloys. The existence of the Gd-rich phases distributed along the particles bound-
aries and the  Al2O3 layer above the matrix can inhibit the inward diffusion of O 
and the outward diffusion of Ti and Al, sequentially restraining the growth of oxide 
scale and alleviating the stress state in the oxide scale. It is beneficial to improve the 
spalling resistance and oxidation resistance of TiAl alloys at high temperature.
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