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Abstract: An Al-Co-Y diffusion coating was prepared on a TiAl alloy by pack cementation process 

at a low temperature range of 650-720 ℃. The influence of different activators and co-deposition 

temperatures on the coating’s microstructure and formation process, and high temperature 

oxidation performance was studied. The results showed that NaF was a more suitable activator for 

preparing the Al-Co-Y diffusion coating on TiAl alloy compared to NH4Cl and AlCl3. A more 

compact coating structure can be obtained when deposition was performed at 680 ℃ using NaF as 

the activator. The coating was mainly composed of a TiAl3 outer layer, a TiAl2 inner layer, and a 

thin Al-rich TiAl inter-diffusion layer. The growth of the coating exhibited a positive linear 

correlation between coating thickness increase and the square root of deposition time. The high-

temperature oxidation tests showed that a dense scale mainly composed of Al2O3 and a small 

amount of TiO2 formed on the coating after oxidation at 950 ℃ for 100 h. The scale possessed 

excellent high-temperature oxidation resistance, with a parabolic rate constant of the oxidation 

weight gain approximately 4.9×10−3 mg2/cm4 h, which is lower than that of the TiAl substrate by 

about three orders of magnitude, and lower than that of the pure Al diffusion coating more than 

one order of magnitude. 

Keywords: TiAl alloy; pack cementation; Al-Co-Y diffusion coating; coating structure; high-

temperature oxidation 

 

1. Introduction 

Due to the advantages of low density, high strength and specific strength, high modulus, and 

outstanding high-temperature mechanical properties, γ-TiAl alloys hold promising application 

prospects in aircraft engines and gas turbines [1]. However, the high-temperature oxidation 

resistance of TiAl alloys needs further improvement. The high activity of Ti and the internal oxidation 

of Al hinder the formation of a single Al2O3 protective film on TiAl alloys during high-temperature 

oxidation; as a result, a large amount of poorly protective TiO2 forms in the scale and consequently 

weakens the high-temperature oxidation resistance of the alloys [2]. Therefore, further enhancement 

in anti-oxidation performance of TiAl alloys is necessary for their components serving in high-

temperatures. 

Alloying and preparing surface protective coatings have been demonstrated to be the effective 

ways to enhance the high temperature oxidation resistance of TiAl alloys. Regarding alloying, the 

addition of a high Nb content can lead to a significantly improvement to the strength and high-
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temperature oxidation resistance of TiAl alloys without obviously reducing their room-temperature 

plasticity [3]. Alloying with elements such as Mo [4], W [5], Si [6], Cr [7], Ta [8], or trace rare earth 

elements such as Ce [9] and Y [10], can also be used to promote the formation of protective Al2O3, 

suppress internal oxidation and delay the degradation of oxide films. However, the incorporation of 

a large amount of elements that enhance the oxidation resistance of TiAl alloys may potentially 

weaken their mechanical properties or other properties. 

Preparation of oxidation-resistant coatings can enhance the high-temperature oxidation 

resistance of TiAl alloys effectively, while causing less degradation to their mechanical properties. In 

past decades, researchers have investigated various antioxidant coatings for TiAl alloys. These 

coatings include aluminide coatings (TiAl3, TiAl2, etc.) [11–13], TiAlCr coatings [14,15], M-CrAlY (M 

= Ni, Co, or NiCo) coatings [16,17], ceramic coatings [18–20], silicide coatings [21,22], and a variety of 

composite coatings. Among them, aluminide coatings can form a dense Al2O3 protective film when 

oxidation at high temperatures. Moreover, the well matched thermal expansion coefficients between 

the aluminide coatings and TiAl alloys can prevent cracking or spalling during cooling/heating 

process, thereby resulting in outstanding high-temperature oxidation resistance. However, the 

inherent brittleness of aluminide coatings, combined with significant Ti and Al inter-diffusion at high 

temperatures between the coatings and the TiAl substrate, accelerates the degradation and eventual 

failure of the coatings. TiAlCr coatings and MCrAlY coatings can form a composite oxide film 

consisting of Al2O3/Cr2O3 at high temperatures, and the Cr-rich inner layer inhibits the elemental 

inter-diffusion between the coating and substrate alloy, thereby retarding the failure of the coating 

[23,24]. Particularly, MCrAlY coatings, utilizing the reactive element effect (REE) generated by trace 

rare earths in the coating, exhibit improved adhesion, thermal fatigue properties, and greater 

flexibility in composition choice. As a result, these coatings have broad applications in high-

temperature alloys [25]. However, these coatings are not suitable for use as protective coatings for γ-

TiAl due to the poor compatibility between the coating and the substrate [26].  

Pack cementation is an improved chemical vapor deposition technique with simple equipment 

requirements, low cost, and high flexibility of substrate. It can be used to easily prepare aluminide or 

modified aluminide coatings with stable and dense structures and strong metallurgical bonds on TiAl 

alloys. These features are beneficial for TiAl alloy components such as engine blades and vortex 

generators that need to withstand complex loads. At present, aluminides [27], silicides [28], Al-Cr 

[29–31], Al-Si [32,33], and their rare-earth-modified composite coating systems have been 

successfully prepared on TiAl alloys by this method. However, most of these coatings have been 

reported to be prepared at high-temperatures, thus the preparation process can impose adverse 

effects on the comprehensive mechanical properties of TiAl substrates. In addition, due to the low 

activity of Co and the poor reactivity between Co and the TiAl matrix, rare-earth-modified Al-Co 

composite coatings and their antioxidant properties have rarely been reported. 

In this paper, an Al-Co-Y diffusion coating was prepared on a TiAl alloy using pack cementation 

method at a low-temperature range of 650-720 ℃. The effect of the activator, co-deposition 

temperature, and deposition time on the microstructure of the coating was studied, and the high-

temperature oxidation resistance of the coating with optimized microstructure was tested. The main 

objective of this research is to develop a protective coating for TiAl alloys that possesses a dense 

structure, strong adhesion to the matrix, and superior anti-oxidation performance at high 

temperatures. 

2. Materials and Methods 

The employed TiAl substrate has a composition of Ti-45Al-8Nb-0.1Y (at.%), which was prepared 

by vacuum arc non-self-consuming melting method. Cuboid specimens with a size of 5 mm × 5 mm 

× 3 mm were cut from the melted alloy ingots using electrical discharge machining (EDM). The 

surface of each specimen was polished using 400 # - 1000 # SiC sandpaper step by step, and then 

ultrasonically cleaned in alcohol for 10 min, and blown dry by cold air. 

The Al-Co-Y diffusion coatings were prepared using a GF17Q-I high-temperature furnace. The 

pack powder composition was chosen as 20Al-10Co-2Y-5M-63Al2O3 (wt.%), where Al, Co, and Y 
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were the co-deposited elements, M was the activator (M = NaF, NH4Cl, or AlCl3), and Al2O3 was the 

filler. Each group of powders was accurately weighed, and then ground in a planetary ball mill for 4 

h to make them fully mixed and refined.  

The coating preparation process was as follows: First, the specimen was buried in an alumina 

crucible with the powder. Then the crucible was sealed with Al2O3 and silica sol and placed in a high-

temperature furnace, and the furnace was heated from room temperature to the deposition 

temperatures of 650-720 ℃ with a heating rate of 10 ℃/min and then held for 2-10 h. After coating, 

the surfaces of the samples was slightly brushed using a soft bristle brush, and then ultrasonically 

cleaned in an acetone bath to remove the residual pack powders. 

High-temperature oxidation experiments of the Al-Co-Y diffusion coating with an optimized 

structure were carried out in a SX2-2.5-12A muffle furnace at 950℃ for 1 h, 10 h, 50 h, and 100 h. 

During oxidation, the specimens were placed in corundum crucibles that had been heated until no 

change in mass was observed, in order to collect any flaked-off oxidation products. In order to make 

a comparison, oxidation tests were also performed on the pure Al diffusion coating, which was 

prepared using the same deposition parameters as the optimized Al-Co-Y diffusion coating. 

The mass changes of the specimens before and after oxidation were measured by an electronic 

balance with an accuracy of 0.1 mg. To reduce weighing errors, each specimen was measured for five 

times. X-ray diffraction (XRD) was employed to determine the phase composition of the coating and 

oxide film, and scanning electron microscopy (SEM; JSM-6360LV) equipped with energy-dispersive 

spectroscopy (EDS) were used to analyze the micromorphology and chemical composition of the 

specimens before and after oxidation. 

3. Results 

3.1. Structure of the Al-Co-Y diffusion coating 

3.1.1. Effects of activators 

Figure 1 shows the cross-sectional morphology of the Al-Co-Y diffusion coatings prepared on 

the TiAl alloy at 680 ℃ for 6 h, with using NH4Cl, AlCl3 and NaF as the activators All the obtained 

coatings are well bonded to the substrate. The coating prepared with NH4Cl was about 25 µm thick, 

and the entire coating was loose with many holes formed inside. The coating prepared with AlCl3 is 

more compact than the coating prepared with NH4Cl, but there were also numerals holes and cracks 

formed. The coating prepared with NaF is about 17 µm thick, and is the most compact one among 

the three coatings.  

 

Figure 1. Cross-sectional backscattered electron (BSE) images of the Al-Co-Y diffusion coatings 

prepared at 680 ℃ for 6 h using different activators: (a) NH4Cl; (b) AlCl3; (c) NaF. 

The XRD patterns in Figure 2 show that the outer layers of the coatings prepared with all three 

activators were mainly composed of TiAl3, but weak TiAl2-phase diffraction peaks appeared in the 

pattern of the coating prepared with AlCl3. EDS analysis determined that the outer layers of the three 

coatings have mean compositions of 18.22Ti-63.45Al-17.86Nb-0.43Co-0.03Y (at.%), 16.82Ti-65.35Al- 

17.58Nb-0.21Co-0.04Y (at.%), and 16.85Ti-65.87Al-16.91Nb- 0.32Co-0.05Y (at.%) for activators of 

Coating 

Outer 

Inner 

Inter-diffusion 
Pore

Pores 
Crack 

Outer 

Inner layer 

Inter-diffusion 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 September 2023                   doi:10.20944/preprints202309.0273.v1

https://doi.org/10.20944/preprints202309.0273.v1


 4 

 

respectively NH4Cl, AlCl3 and NaF. Obviously, the EDS analysis results also confirm the formation 

of TiAl3 outer layers of teach coating. The atomic ratios of Ti and Al in the inner layers and the inter-

diffusion layers of the coating prepared with different activators were approximately 1:2 and 1:1, 

respectively. Combined with the Ti-Al-Nb ternary phase diagram [34], the inner layers were mainly 

TiAl2, and the inter-diffusion layers were mainly Al rich γ-TiAl. From the perspective of the coating 

structure and phase composition, NaF was more suitable than NH4Cl and AlCl3 for preparing Al-Co-

Y diffusion coatings on TiAl alloy at a low temperature of 680 ℃.  

 

Figure 2. Surface XRD patterns of the Al-Co-Y diffusion coatings prepared at 680 ℃ for 6 h using 

different activators. 

3.1.2. Effects of co-deposition temperatures  

Figure 3 shows the backscattered electron (BSE) morphology and elemental distribution along 

the depth-direction of the Al-Co-Y diffusion coatings prepared by using NaF as the activator at 650 ℃, 

680 ℃ and 720 ℃ for 10 h. Figure 4 shows the XRD patterns of each coating surface. The coatings 

prepared at different temperatures had similar structures, consisting of an outer layer, an inner layer, 

and an inter-diffusion layer, but the thickness and density of the coatings were different. 
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Figure 3. Cross-sectional BSE images (a), (b), (c) and elemental concentration profiles (d), (e), (f) of the 

Al-Co-Y diffusion coatings prepared at temperatures of (a) (d) 650 ℃, (b) (e) 680 ℃, and (c) (f) 720 ℃ 

for 6 h. 
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Figure 4. Surface XRD patterns of the Al-Co-Y diffusion coatings prepared at 650 ℃, 680 ℃ and 720 ℃ 

for 10 h. 

As seen in Figure 3(a), the coating prepared at 650 ℃ has a thickness about 15 µm, with an outer 

layer measuring about 2 µm, an inner layer about 10 µm, and an inter-diffusion layer about 3 µm. 

Numerous pores and cracks were present in both the outer and inner layers. Combining the EDS 

composition analysis in Figure 3(d), XRD analysis in Figure 4, and Ti-Al-Nb ternary phase diagram 

[34], the outer layer was determined to be mainly composed of TiAl3 and a small amount of TiAl. The 

atomic percentages of Ti and Al in the inner layer and the inter-diffusion layer were about 1: 2 and 1: 

1, respectively. Combined with the Ti-Al-Nb ternary phase diagram [34], the inner layer was 

determined as TiAl2, and the inter-diffusion layer was composed of Al-rich γ-TiAl phase.  

The coating prepared at 680 ℃ was dense and well bonded to the substrate. The coating has an 

overall thickness of about 20 µm, with an outer layer about 5 µm, an inner layer about 11 µm, and an 

inter-diffusion layer about 4 µm, as shown in Figure 3(b). The EDS composition analysis in Figure 

3(e) show that the typical composition of the outer layer was 17.13 Ti-73.20 Al-9.47 Nb-0.19 Co-0.01 

Y (at.%). Combined with the XRD pattern in Figure 4 and the Ti-Al-Nb ternary phase diagram [34], 

the outer layer was mainly composed of TiAl3 phase. The atomic ratios of Ti and Al in the inner layer 

and the inter-diffusion layer were about 1: 2 and 1: 1, respectively. Combined with the Ti-Al-Nb 

ternary phase diagram [34], the inner layer was mainly composed of TiAl2, while the inter-diffusion 

layer was mainly composed of Al-rich γ-TiAl. Additionally, distinctive light-colored tissues can be 

found in both the inner layer and inter-diffusion layer, because these tissues were higher in Nb 

content compared to the dark phase. 

The coating prepared at 720 ℃ has a total thickness of about 24 µm, with an outer layer around 

3 µm, an inner layer around 16 µm, and an inter-diffusion layer approximately 5 µm. Numerous 

pores formed in the coating. The EDS composition analysis and surface XRD analysis indicated that 

the coating prepared at 720 ℃ also mainly consisted of a TiAl3 outer layer, a TiAl2 inner layer, and a 

TiAl inter-diffusion layer. However, a small amount of TiAl2 phase was formed in the outer layer of 

the coating.  

3.1.2. Growth kinetics of the coating prepared at 680 ℃ 

Figure 5 shows the growth kinetic curves and BSE morphologies of the cross-sectional structure 

of the Al-Co-Y diffusion coatings prepared at 680 ℃ for 2-10 h. Figure 6 shows the surface XRD 

patterns of the coatings prepared for different holding time. Both the total thickness of the coating 

and the thickness of each layer within the coating increased significantly with prolonging the holding 

time. The fitted curve in Figure 5 illustrates the relationship between the coating thickness and the 
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square root of the holding time. It is seen that the growth kinetics of the Al-Co-Y diffusion coating at 

680 ℃ followed a parabolic law, i.e., there is a positive linear correlation between the increase in 

coating thickness and the square root of deposition time. This indicates that the growth of the coating 

was controlled by the inward diffusion of Al, Co, and Y in the TiAl matrix. In addition, from the 

cross-sectional BSE morphologies of the coating in Figure 5 and the surface XRD patterns in Figure 6, 

it can be seen that the outer layers of the coatings prepared for different holding time were mainly 

composed of TiAl3 phase; however, small amount of TiAl2 formed at the initial stage of co-deposition 

(2 h). With prolonging the co-deposition to 4 h, the diffraction peaks from TiAl2 phase disappeared, 

indicating that the formation of TiAl2 phase was preferred to TiAl3 during the coating formation 

process.  

 

Figure 5. Growth kinetics and cross-sectional BSE images of the Al-Co-Y diffusion coatings prepared 

at 680 ℃. 
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Figure 6. Surface XRD patterns of the Al-Co-Y diffusion coatings prepared at 680 ℃ for different 

time. 

3.2. Formation of the coating structure 

The formation of the coating is closely related to the generation and transport of the active atoms 

of the deposited elements in the pack and their inward diffusion or reactive diffusion in the substrate 

[35]. This process can be generally described as follows: The gas-phase halides of the co-deposited 

elements that produced by reactions of the activator and deposited elements, will gradually diffuse 

onto the surface of the substrate, and then underwent interfacial phase reactions such as 

decomposition, substitution, or disproportionation to form the coating [36]. The experimental results 

in this paper indicate that the Al-Co-Y diffusion coating prepared on TiAl alloy was mainly composed 

of aluminides, with low concentrations of Co and Y. This suggests that the inward diffusion of Al 

played a significant role for the formation of the coating. The development of a diffusion coating was 

also closely related to the activity of the deposited atoms and their reactivity with the base alloy. In 

the co-deposition system, the reactivity between Al-Ti at high temperatures was higher than that 

between Co-Ti and Y-Ti. It is a reaction system with a lower Gibbs free energy, so the formation of 

the coating is dominated by the reactive diffusion of Al and Ti, and Co and Y mainly entered the 

coating via concentration-driven diffusion. The melting points of Co and Y are 1768 K and 1799 K, 

respectively. According to the empirical equation Q = 32Tm (where Q is the diffusion activation energy 

of the substance, and Tm is the melting point of the substance) [37], the diffusion activation energy 

required for Co and Y is higher, resulting in lower diffusion coefficients. Therefore, the inward 

diffusion rate of Co and Y atoms is slower at the temperatures examined in this paper.  

The relationship between the free energy magnitudes of TiAl, TiAl2, and TiAl3 formation in the 

temperature range of 273 to 1473 K followed an order of ΔG(TiAl) > ΔG(TiAl3) > ΔG(TiAl2) [38,39]. 

Therefore, the reactive diffusion of active Al atoms in the matrix alloy predominantly formed TiAl2 

phase (reaction (3) and Figure 7(a)). Wang [40] and Gleeson [21] calculated the intrinsic rate constants, 

Kp, for the formation of TiAl3 and TiAl2 during the growth of the coating as: 

Kp(TiAl2)=K’p(TiAl2)(1+3V1X2/2V2X1)                      (1) 

Kp(TiAl3)=K’p(TiAl3)(1+V2X1/V1X2)                       (2) 

 

Figure 7. Schematic diagram of the coating formation process. 

The intrinsic rate constants of TiAl2 and TiAl3 were calculated to be 6.9 and 18.9 µm·h−1/2, 

respectively, demonstrating that the diffusion rate of Al atoms in TiAl3 was higher than that in in 

TiAl2. As a result, a large number of active Al atoms accumulated on the surface of TiAl2, reacting 

with outward-diffusing Ti atoms to form TiAl3 layer (as shown by the reaction equation (4)). During 

the growth of the TiAl3 layer, some TiAl3 also reacted with the out-diffused Ti atoms to form TiAl2 

(as shown in equation (5)) [41]. There was a relationship between the magnitude of the generation 

free energy of TiAl2 and TiAl3, as the main TiAl2 generation reaction also continued (as shown in 

equation (3)). Combining the above reactions, the overall growth rate of TiAl2 in the coating prepared 
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in this paper was greater than that of TiAl3. Near the coating/substrate alloy interface, the internal 

diffusion of active [Al] atoms promoted the formation of an Al-rich γ-TiAl inter-diffusion layer. At 

this diffusion stage, the fundamental structure of the coating began to take shape,, as shown in Figure 

7.  

Ti + 2[Al]  TiAl2                                    (3) 

Ti + 3[Al]  TiAl3                                    (4) 

Ti + 2TiAl3  3TiAl2                                  (5) 

Ti + [Al]  TiAl                                      (6) 

As diffusion continued, TiAl, TiAl2, and TiAl3 layers became thicker, with the TiAl2 layer being 

the thickest because of its fastest growth rate. At the later stage of diffusion, the large consumption 

of active Al atoms led to an insufficient supply resource, and the vacancies caused by the diffusion 

of Ti atoms in the alloy could not be replenished in time, subsequently leading to the formation of 

pores. 

3.3. Oxidation resistance of the Al-Co-Y diffusion coating 

3.3.1. Oxidation kinetics of the Al-Co-Y diffusion coating 

The structure of the coatings prepared under different parameters illustrated that the Al-Co-Y 

diffusion coating prepared by using NaF as the activator, co-deposition temperature of 680 ℃ and 

holding time of 10 h, had a denser structure and more appropriate thickness compared to the other 

coatings. Thus, the coating prepared by this process was selected for high-temperature oxidation 

experiments, and the TiAl substrate was used as the comparison specimen. The oxidation kinetic 

curves of the coating and substrate in air at 950 ℃ are presents in Figure 8. 

 

Figure 8. Oxidation kinetics of the TiAl substrate, pure Al diffusion coating and Al-Co-Y diffusion 

coating at 950 ℃. Where y is the mass gain per unit area of the specimen (mg/cm2), t1/2 is the square 

root of the oxidation time (h1/2), and R is the correlation coefficient of the curves. 

The oxidation weight gains of the uncoated and coated specimens show approximately linear 

low with the square root of oxidation time, indicating that the growth of the oxide films on the 

specimens were controlled by diffusion. The fitted linear equations in Figure 9 reveal that the 

oxidation parabolic rate constant of the Al-Co-Y diffusion coating is about 4.9×10−3 mg2/cm4 h, which 

is lower than that of the TiAl substrate by about three orders of magnitude, and lower than that of 

the pure Al diffusion coating more than one order of magnitude. This clearly reveals the much better 

oxidation resistance of the Al-Co-Y diffusion coating than both the substrate and the pure Al diffusion 

coating. 
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3.3.2. Oxidation kinetics of the coating 

Figure 9 shows the oxide scale morphology, EDS analysis maps of the scale and surface XRD 

pattern of the Al-Co-Y diffusion coating after oxidation at 950 ℃ for 100 h. The oxide scale was about 

8 µm thick, dense, and tightly bonded to the remained coating. The EDS surface composition analysis 

of the oxide film shows that its composition was 10.37Ti-33.20Al-0.05Co- 3.73Nb-52.65O (at.%), in 

which the atomic ratio of Al to O in the dark phase was nearly 2: 3, and the atomic ratio of Ti to O in 

the light phase was nearly 1: 2. The above results confirm that the oxide scale was mainly composed 

of dark Al2O3 and a small amount of dispersed TiO2.  

 

 

Figure 9. Surface and cross-sectional BSE morphology, the scale EDS analysis maps (a) and surface 

XRD pattern of the Al-Co-Y diffusion coating after oxidation for 100 h (b). 

The EDS analysis maps of the scale, together with the XRD pattern in Figure 9(b) indicate that a 

dense Al2O3 layer with very small amount of TiO2 formed in the scale, indicating that formation of 

the less-protective TiO2 was effectively suppressed during oxidation. The formation of a dense, single 

Al2O3 layer can act as an effective barrier to hinder the internal diffusion of oxygen, and offer good 

oxidation resistance to the substrate. From the oxide scale morphology in Figure 9(a), it is also seen 

that after 100 h of oxidation, the remaining coating was still dense, and without any noticeable holes. 

This suggests that the high-temperature diffusion of permeating atoms was suppressed during the 

oxidation process. 

4. Conclusions 

Compact and well bonded Al-Co-Y diffusion coating can be prepared on TiAl alloy with using 

NaF as the activator at low temperature of 680 ℃. The coatings prepared with activators of NH4Cl, 

Scale 

Remained coating 

Al2O3 

TiO2 

Al2O3 
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AlCl3 and NaF exhibited a similar multi-layered structure, mainly composed of a TiAl3 outer layer, a 

TiAl2 inner layer, and an Al-rich TiAl inter-diffusion layer. However, intensive micro-pores formed 

in the coating prepared with activators NH4Cl and AlCl3. 

Increasing of the co-deposition temperature in range of 650-720 °C led to a larger coating 

thickness but more porous coating structure. The growth of the coating exhibited a positive linear 

correlation between the increase in coating thickness and the square root of deposition time.  

The Al-Co-Y diffusion coating prepared with by using NaF as the activator, co-deposition 

temperature of 680 ℃ and holding time of 10 h, possesses excellent high-temperature oxidation 

resistance. After oxidation at 950 ℃ for 100 h, a dense oxide scale consisting of Al2O3 and a small 

amount of TiO2 formed on the surface of the coating. The growth of the oxide scale followed a 

parabolic law, and the parabolic rate constant of the oxidation weight gain was about 8.1×10−3 

mg2/cm4 h1/2, which is lower than that of the TiAl substrate by approximately two orders of magnitude. 
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