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Abstract: The oxidation behaviors of Al-Cr-Y coatings with different Al contents prepared by pack cementation process were 

investigated. The results show that the coating with 2 wt% Al in the pack has a three-layer structure, while the coatings with 

2.5 wt% and 3 wt% Al have two layers. In addition, the main phases in the coatings with 2 wt% and 3 wt% Al are α-Cr and 

NiAl, respectively, while the main phase in the coating with 2.5 wt% Al is NiAl with several Cr-rich particles and 

solid-solution Cr atoms in the coating. The oxidation test demonstrates that the coated specimen with 2 wt% Al has the poorest 

oxidation resistance and the coated specimen with 2.5 wt% Al has the best oxidation resistance. 
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Ni-based superalloys are primarily designed for applica-

tions in aerospace and industrial gas turbines because of their 

excellent mechanical properties at high temperature. However, 

Ni-based superalloys also serve in extreme oxidizing envi-

ronments, and degradation caused by high-temperature oxida-

tion restricts their efficiency in industrial gas turbines

 [1]

. In 

these environments, adding a coating is an effective way to 

protect components. Aluminide diffusion coatings are conven-

tional coatings designed and developed to provide oxidation 

protection for Ni-based superalloys in extremely harsh envi-

ronments 

[2, 3]

. In an aggressive environment, a compact and 

well-adhered oxide layer is formed, helping prevent both the 

inward diffusion of oxygen and the outward diffusion of matrix 

elements, such as Ni and Ti 

[4]

. However, with increasing the 

working temperatures of superalloys, conventional aluminide 

coatings cannot provide adequate oxidation protection 

[5].

 

In the past several decades, several studies have revealed 

that with sufficient control of pack chemistry and codeposition 

conditions, chromium, silicon, lanthanum, and cobalt alumin-

izing coatings can be prepared to significantly enhance oxida-

tion resistance of superalloys 

[4, 6-9]

. Also, a series of investiga-

tions have been performed about chromium-aluminizing coat-

ings by Coasta and Lu

 [10, 11]

. Furthermore, Xiang

[9]

 and Wu

[12]

 

et al have examined chromium-aluminizing coatings on 

Ni-based superalloys and discussed the subsequent pack 

thermodynamics. Different categories of activators and pack 

powder compositions have also been studied, indicating that 

coatings usually have a complex structure consisting of three or 

four major distinctive layers, and the structure is determined by 

the pack composition and process parameters. For example, add-

ing small quantities of Y has a positive effect on oxidation resis-

tance and reduces oxide scale spallation from coating sur-

faces

[3,5,13,14]

. However, the microstructure and oxidation resis-

tance of yttrium-chromium-aluminizing coatings have seldom 

been studied. 

While many methods can be employed to prepare diffusion 

coatings, pack cementation is an effective and economic 

method that can produce uniform and smooth diffusion coat-

ings with suitable thicknesses on components with compli-

cated shapes. In this work, yttrium-chromium-aluminizing 

coatings with different Al contents were prepared on the 

Ni-based superalloy GH586 by a halide-activated pack ce-

mentation process. The phase composition and microstructure 

of all coatings before and after oxidation were studied. After-

wards, the growth mechanisms of coatings produced by pack 

cementation were discussed. In addition, the oxidation degra-
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dation mechanism of yttrium-chromium-aluminizing coatings 

and the beneficial effects of Cr in coatings were also dis-

cussed. 

1 Experiment 

The substrate of the coated specimens was a GH586 super-

alloy with nominal composition shown in Table 1, and the 

specimens were standard heat treated and mainly composed of 

the γ matrix and the γ′ phase 

[15]

. The specimens were cut to 

dimensions of approximately 10 mm×10 mm×5 mm by elec-

tro-discharge machining and manually ground with abrasive 

paper to a 1500 grit finish. Then, the specimens were further 

polished, ultrasonically degreased, and cleaned in acetone be-

fore the pack cementation process. 

The pack powder mixture was prepared by mixing appro-

priate proportions of Cr, Al, Y

2

O

3

, NH

4

Cl, and Al

2

O

3

 powders, 

and the average particle sizes of these powders were <100 

mesh. Based on previous investigations

[3, 5, 16, 17]

, three pack 

mixtures containing 2 wt%, 2.5 wt%, and 3 wt% Al (Table 2) 

were designed. The superalloy specimens were then buried 

into pack powders and placed into an alumina crucible, which 

was sealed with an alumina lid and cement. Fig.1 shows a 

schematic diagram of the pack cementation process. Under an 

argon gas flow, the retort was heated to 1113 K at a rate of 7 

K·min

-1

,

 

and held at this temperature for 8 h. Then, the alu-

mina tube furnace and crucible were gradually cooled to room 

temperature. 

Oxidation tests were performed to evaluate the protective 

effect of the coatings. First, coated specimens were cleaned 

and then placed in an alumina crucible, and all the samples 

were placed into the crucibles and kept in line contact with 

crucible walls. After oxidation at 1273 K for 1, 3, 5, 10, 20, 40, 

60, 80, and 100 h, the samples were weighed using an elec-

tronic balance with a sensitivity of 10

-4

 g, and the weight gain 

per unit area was calculated over various time periods. 

The surface and cross-sectional morphologies of coated 

specimens before and after oxidation were observed by scan-

ning electron microscopy (SEM; JSM-7001F, JEOL Ltd, To-

kyo, Japan), and elemental composition was analyzed by en-

ergy dispersive spectroscopy (EDS). In addition, X-ray dif- 

 

Table 1  Nominal composition of GH586 superalloy (wt%) 

Al Ti Mo Cr W Co C Ni 

1.6 3.2 8 19 3 11 0.06 Bal. 

 

Table 2  Composition of three Al-Cr-Y powder mixtures (wt%) 

Al Y

2

O

3

 Cr NH

4

Cl Al

2

O

3

 

2 4 20 4 70 

2.5 4 20 4 69.5 

3 4 20 4 69 

 

 

 

 

 

 

 

 

Fig.1  Schematic diagram of pack cementation process 

 

fraction (XRD, Cu Kα) with a 2θ range of 10°~90° was em-

ployed to investigate surface phase structures before and after 

oxidation. 

2.  Results and Discussion 

2.1  Coating characterization 

XRD patterns in Fig.2 show the phases in the Al-Cr-Y 

coatings with different Al pack contents. It can be seen that the 

main phases in the coating with 2 wt% Al are α-Cr, Ni

3

Al, and 

a small amount of Al

2

O

3

, in which α-Cr was observed in pre-

vious studies of diffusion aluminides doped with chromium 

and reactive elements 

[9, 18, 19]

. In contrast, the patterns of the 

coatings with 2.5 wt% and 3wt% Al show that the main phase 

of the coatings is β-NiAl. All the coatings have a small quan-

tity of Al

2

O

3

, indicating that there is an outward diffusion of 

Ni 

[9, 20]

. 

Fig.3a shows the cross-sectional SEM image of specimen 

with the pack content of 2 wt% Al, and that the coating pos-

sesses a three-layer structure composed of an outer layer, an 

inner layer, and a diffusion zone. The outer layer is about 3 

µm thick, while the inner layer of 2 µm contains homogene-

ously distributed pores. The pores form in the coating because 

several kinds of atoms moving at different diffusion rates form 

hollowed areas, which is called the Kirkendall effect 

[21-23]

. 

The diffusion zone is about 5 µm thick beneath the inner layer, 

suggesting that the coating formation is primarily attributed to 

outward Ni diffusion 

[21]

. The major elemental concentrations 

of the coatings measured by EDS show that the outer layer 

composition is 43Cr-23Ni-20Al-10Co-0.5Y and the inner 

layer is 62Cr-26Ni-10Al-10Co (at%, Fig.3b). Y is only de-

tected in the outer layer of coating, which is similar to previ-

ous research by Pang 

[23]

, while Cr is the dominant element in 

the outer and inner layers. Combined with the XRD results, 

the main phase in the outer and inner layers is α-Cr 

[18]

. How-

ever, limited Al is deposited in these layers when Cr 

deposition occurs. 

Cross-sectional SEM image of specimen with 2.5 wt% Al 

shows that unlike the specimen with 2 wt% Al, this coating 

only consists of an outer layer and a diffusion zone with 

thicknesses of 20 and 10 µm, respectively (Fig.4a). Also, the 

elemental composition of the coating measured by EDS shows 

that the outer layer is mainly composed of light particles dis-

tributed in the coating, which are Cr-rich and Al-rich  

Specimen 
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Al-Cr-Y
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O

3 
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C
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m
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Fig.2  XRD patterns of surface of the coated specimens with differ-

ent Al contents 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Cross-sectional SEM image (a) and major element con-

centration profiles (b) of specimen with 2 wt% Al 

 

phases (Fig.4b). In contrast, the elemental composition of the 

light particles, such as point 0 in the magnified zone of Fig.4a, 

is 26.49Al-0.89Ti-47.72Cr-2.32Co-6.00Mo-1.54W-15.03Ni 

(at%), while the matrix is 38.75Al-0.43Y-1.40Cr-7.98Co-1.10 

Ti-49.84Ni (at%). Combined with the XRD data, the light par-

ticles mainly contain the Al

9

Cr

4

 phase. 

By increasing the Al content to 3 wt%, the formed coating 

has a thickness about 20 µm and a two-layer structure with an 

outer layer and a diffusion zone (Fig.5a), whose thicknesses 

are 12 and 8 µm, respectively. Also, high magnification ob-

servations of the cross-sectional microstructure in Fig.5a show 

that light particles are uniformly distributed in the dark matrix. 

Furthermore, EDS analysis reveals that the light particles 

possess elemental composition similar to the dark matrix. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Cross-sectional SEM image (a) and major element con-

centration profiles (b) of specimen with 2.5 wt% Al 

 

Specifically, the elemental composition of the light particles 

and the dark matrix are 34.36Al-0.42Y-3.16Cr-10.54Co- 

5.56Mo-46.94Ni (at%) and 39.25Al-0.33Y-1.30Cr-6.98Co- 

1.05Mo-50.89Ni (at%), respectively. 

2.2  High-temperature oxidation resistance 

The high-temperature oxidation resistance of the coated 

specimens and the substrate, evaluated by the time-related 

mass changes with heating at 1273 K, shows that the mass 

change rate of the substrate increases quickly at the beginning 

of the oxidation and then decreases to a constant rate of 2.60 

mg/cm

2

 (Fig.6). In the early stages of oxidation (10 h), the 

mass of the specimens with 2 wt% Al increases quickly in the 

initial 5 h, and then rapidly decreases. Nonetheless, after 100 h, 

the specimen is almost entirely oxidized. The specimens with 

3 wt% Al exhibit better oxidation resistance, whose mass-gain 

curve follows a parabolic law, reaching 1.20 mg/cm

2

 after 100 

h of oxidation. From the mass gain curves in Fig.6, specimens 

with 2.5 wt% Al exhibit the best oxidation resistance, reaching 

0.85 mg/cm

2

 after 100 h of oxidation. 

XRD patterns (Fig.7) of the surfaces of all coated speci-

mens after oxidation at 1273 K for 100 h show that the surface 

oxides of specimen with 2 wt% Al are mainly composed of 

Cr

2

O

3

, NiCr

2

O

4

, NiO as well as small quantities of TiO

2

. In 

other two specimens, Al

2

O

3

 is the major surface oxide phase, 

and small percentages of Cr

2

O

3

, NiCr

2

O

4

, and TiO

2

 are also 

detected. 

The surface morphologies and cross-sectional microstruc-

tures of all coated specimens after oxidation at 1273 K for 100 h  
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Fig.5  Cross-sectional SEM image (a) and major element con-

centration profiles (b) of specimen with 3 wt% Al 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Mass change curves for the specimens with different Al 

contents at 1273 K for 100 h 

 

show that spallation occurs in specimen with 2 wt% Al (Fig.8a). 

A high proportion of oxides, such as NiO, NiCr

2

O

4

, and Cr

2

O

3

, 

were determined from XRD and EDS data. The internal oxi-

dation that occurs under the oxide scale of specimens with 2 

wt% Al also indicates that the oxide scale does not provide 

adequate protection for the specimen (Fig.8b), which is in 

agreement with Pint and Liu’s research

 [12, 14, 24]

. EDS analysis 

indicates that the oxide scale consists of 62.72 at% O, 7.28 

at% Ni, 6.10 at% Ti, and 23.90 at% Cr, indicating that the ox-

ides are probably Cr

2

O

3

, NiCr

2

O

4

, and TiO

2

. 

In contrast, compact and continuous Al

2

O

3

 scales are 

formed on surfaces of specimens with 2.5 wt% Al pack. In 

addition, some granular oxides consisting of MoO

3

 are 

non-uniformly distributed above the oxide scale in the sam-

ples (Fig.8c), and the oxide scale thickness is 15 µm (Fig.8d). 

EDS analysis demonstrates that the oxide scale mostly con-

tains O (62.28 at%), Al (33.18 at%) and Ti (2.28 at%), indi-

cating that the scale is in the form of Al

2

O

3

 with trace TiO

2

. 

Also, the interface between the oxide scale and coating is not 

smooth, which improves adhesion 

[3, 5]

. The nature of the 

coating beneath the oxide scale is probably Ni

3

Al and mainly 

composed of Al, Ni, and Co (21.18 at%, 68.28 at%, and 10.10 

at%, respectively). 

In specimens with 3 wt% Al, some rod-like oxides are ob-

served on the surface, and they are determined to be TiO

2 

(Fig.8e). Also, mixed oxides containing O, Al, Ti, and Cr 

(63.37 at%, 12.80 at%, 13.11 at%, and 11.03 at%, respectively) 

are detected above the oxide scale. The thickness of the 

specimens with 3 wt% Al is almost equal to that of the speci-

mens with 2.5 wt% Al, reaching 15 µm (Fig.8f), and pores are 

also observed on the surface of the surfaces, indicating poor 

oxide scale adhesion. However, the oxide scale of the speci-

mens with 3 wt% Al is probably Al

2

O

3

 and a small amount of 

TiO

2

 and NiCr

2

O

4

, and the oxide scale contains O, Al, Cr, and 

Ti (59.80 at%, 32.10 at%, 4.62 at%, and 4.10 at%, respec-

tively). In addition, the coating beneath the oxide scale is 

probably Ni

3

Al and is mainly composed of Al, Ni, Co, and O 

(21.18 at%, 68.28 at%, 10.10 at%, and 5.25 at%, respectively), 

indicating that oxygen atoms penetrate deeply into the coating. 

2.3  Discussion of formation mechanism and high tem-

perature oxidation behavior of the coatings 

2.3.1  Formation mechanism of the Y-Cr-Al coating 

During the process of forming a coating by cementation 

pack, first NH

4

Cl was decomposed into NH

3

 and HCl (reac-

tion (1)) at high temperature. Then, the resultant HCl reacted 

with Al, Cr and Y

2

O

3

 in the pack (reactions (2), (3), and (6)), 

generating CrCl

3

, AlCl

3

, and YCl

3

. Subsequently, CrCl

3

, AlCl

3

, 

and YCl

3

 were decomposed into atoms Al, Cr, and Y (reac-

tions (4), (5), and (7)), and Y further reacted with CrCl

3

 and 

AlCl

3

 to form more Al and Cr atoms (reactions (8) and (9)). 

Thus, adding Y is beneficial for forming the Y-Cr-Al coating. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  XRD patterns of surface of specimens with different Al 

contents after oxidation at 1273 K for 100 h 
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Fig.8  Morphologies (a, c, e) and microstructures (b, d, f) of all the specimens after oxidation at 1273 K for 100 h 
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Coating thicknesses increases with increasing the pack Al 

content. A small quantity of Y element was observed to be 

finely dispersed in the outer and inner layers, and according to 

Ref.[14, 23], these native active atoms, such as Cr

3+

 and Al

3+

 

diffuse more quickly than Y atoms, which reduces the outward 

short-circuit transport of cations along the scale grain 

boundaries

[23, 25]

. In the initial stage of the coating deposition 

process with 2 wt% Al pack content, Cr deposition 

dominates

[17]

 and only small concentrations of Al and Y atoms 

(in Fig.9a) were deposited because the equilibrium partial 

pressure of CrCl

3

 is much higher than that of AlCl

3

 and YCl

3

. 

At a later stage, the equilibrium AlCl

3

 partial pressure 

increased and more Al atoms were deposited in the coating, 

and then the deposited Al and Y atoms were dissolved in the 

α-Cr. Meanwhile, reactive elements, such as Ni, Co, and Mo, 

diffused outward from the substrate to the coating and reacted 

with the deposited elements. During this process, many pores 

formed in the coating due to the Kirkendall effect. 

As the pack Al content increases to 2.5 wt%, codeposition 

of Al and Cr occurs because of the comparable equilibrium 

partial pressures of AlCl

3

 and CrCl

3

 around the specimen. It is 

observed that the outer layer are composed of Cr-rich and 

Al-rich phases. In Fig.9b, observations of coating structures 

suggest that codeposition of Al and Cr indeed occurs without 

the Kirkendall effect in the pack cementation process, and the 

coating is continuous and compact. 

When the pack Al content increases to 3 wt%, the vapor  
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Fig.9  Schematic illustration of the packing process and the microstructure evolution of the coatings with different Al contents: (a) 2 wt%, and  

(b) 2.5 wt% 

 

pressure of AlCl

3

 becomes far higher than that of CrCl

3

, 

indicating that the deposition of Al atoms dominates in the 

process, increasing the coating thickness. At the same time, Ni 

and Cr atoms in the substrate diffuse outward to the coating 

and react with the deposition elements to form the phases of 

NiAl and Al

9

Cr

4

. 

2.3.2  Oxidation behavior of the coatings 

In this study, the oxidation resistance of coated specimens 

fluctuates dramatically with pack Al content. The coating with 

2 wt% Al content is thin and has many distributed pores, 

which negatively affect the formation of a continuous Cr

2

O

3

 

scale and thus allow internal oxidation. At the same time, Ni 

and reactive elements, such as Ti and Mo, diffuse outward 

from the substrate metal to the gas interface, which increases 

spallation and coating oxidation

[25]

. Moreover, as the oxidation 

continues, the Ni and Cr elements of the substrate diffusing to 

the surface encounter oxygen to form a few NiO and Cr

2

O

3

 on 

the surface. Because of the solid-state reaction NiO+Cr

2

O

3

�

NiCr

2

O

4

, the resulting spinels formed on the surface also 

reduce oxidation resistance

[15]

. 

As Al content increases to 2.5 wt%, continuous and 

compact oxide scales consisting mainly of Al

2

O

3

 form on 

specimen surfaces after oxidation. Then, due to the codeposition 

of Cr-Al-Y, the coating is rich in both Al and Cr, which 

conrtibutes to the improvement of oxidation resistance

[24, 25]

. At 

the beginning of oxidation, Cr and Ni atoms diffuse to the 

gas/coating surface interface to form Cr

2

O

3

 and NiO. However, 

Cr can react with NiO via the reaction 3NiO+2Cr�3Ni + 

Cr

2

O

3

. Thus, Cr

2

O

3

 scales form and eventually become 

continuous on the surface. Below this Cr

2

O

3

 scale, Al

2

O

3

 is 

developed as a metastable phase θ-Al

2

O

3

. In long-term 

oxidation, Cr

2

O

3

 decomposes into CrO

3

 and then evaporates, 

while θ-Al

2

O

3

 becomes stable and is ultimately developed as a 

compact and continuous Al

2

O

3

 scale

 [26, 27]

. 

In addition, oxidation resistance decreases as the pack Al 

content increases to 3 wt%. In early oxidation, continuous and 

dense oxide scale did not develop and oxygen ions diffused 

inward through the grain boundary into the coating, leading to 

slight internal oxidation. Subsequently, the selective oxidation 

of coating occurred to form the continuous and compact Al

2

O

3

 

scale on the coating surface, and there were other oxides (TiO

2

, 

Cr

2

O

3

, NiO, etc.) in the oxidation film. These oxides on the 

Al

2

O

3

 scale may be caused by the diffusion of Ni, Ti and Cr 

ions along Al

2

O

3

 grain boundaries

[27]

. The solid Y solution in 

the coating may increase oxidation resistance because Y atoms 

inhibit outward Ti ion migration along scale grain boundaries, 

thereby improving adhesion. 

3  Conclusions 

1) With increasing the pack Al content, coating 

microstructure changes greatly. The coating with 2 wt% Al 

content possesses a three-layer structure consisting of outer 

and inner layers and a diffusion zone. However, coatings with 

2.5 wt% and 3 wt% Al content only consist of an outer layer 

and a diffusion zone without any pores. 

2) There is a large difference in the main phases of the 

coatings with increasing the Al content. Coatings contains 2 

wt% and 3 wt% Al pack possess clear Cr-rich and NiAl layers, 

respectively. For 2.5 wt% Al pack, Cr appears as a solid 

solution in the NiAl layer, which contains Cr-rich particles 

distributed homogeneously.  

3) The coating with 2 wt% Al pack shows the poorest 

oxidation resistance due to the distributed pores and outward 

diffusion of Ni, Mo, and Ti. Also, the formation of spinels 

aggravates oxidation of the coating. However, the coating with 

2.5 wt% Al pack demonstrates the best oxidation resistance 

because Cr and Y have positive effects that improve the 

resistance of high temperature oxidation. 
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