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1. INTRODUCTION

In many technological applications, coatings 
are used to protect the parts against environmen-
tal failures. During the past decades, diffusion 
aluminide coatings have been widely imple-
mented in the hot section of the jet engines and 
turbine blades as both protective coatings and 
bond coats in the thermal barrier coating (TBC) 
system. In the TBC system, the bond coat has 
attracted a lot of attention due to its ability to 
form a protective aluminide oxide layer in the 
oxidizing environment of industrial and aero-gas 
turbines [1]. One of the key factors in reducing 
the delamination of the ceramic topcoat and TBC 
failure is related to the adhesion of this oxide lay-
er or TGO (thermally grown oxide), which de-
termines the ultimate lifetime of TBC. However, 
alumina scale adhesion is sensitive to impurities 
such as S and spalls easily during high-tempera-
ture operations, especially above 1200 °C [2]. 
The adhesion of the �-Al

2
O

3
 layer to the coat-

ing is in�uenced by some parameters such as the 
chemical composition of the coating. Previous 
studies have demonstrated that the addition of 
small amounts of reactive elements such as Pt, 
Hf, Dy, and Zr to �-NiAl plays a signi�cant role 
in the high-temperature oxidation of the alloys 

Effect of Zr Content on Oxide-scale Spallation of Aluminide Coating

R. Lati�, S. Rastegari* and S.H. Razavi

* rastegari@iust.ac.ir

Received: December 2018   Revised: June 2019          Accepted: August 2019

School of Metallurgy and Materials Engineering, Iran University of Science and Technology, Tehran 16844, Iran.

DOI: 10.22068/ijmse.16.4.63

Abstract: In the present study, zirconium modi�ed aluminide coating on the nickel-base superalloy IN-738LC was �rst 
created by high activity high temperature aluminizing based on the out-of-pack cementation method. Then, Zr coatings 
were applied to simple aluminide coatings by sputtering and heat treatment in order to study the effect of Zr on the 
coating microstructure and oxide spallation. Microstructural studies were conducted by using scanning electron mi-
croscopy (SEM), energy dispersive X-ray spectrometry (EDS), and X-ray diffraction (XRD) microanalysis. The results 
indicated that zirconium modi�ed aluminide coating, like aluminide coating, has a two-layer structure including a 
uniform outer layer of NiAl and an interdiffusion layer in which zirconium is in a form of solid solution in the coating. 
Furthermore, the 300 nm Zr-coated NiAl demonstrated an excellent scale adhesion, a slow oxidation rate and lower 
amounts of other elements such as Ti and Cr in its oxide layer lead to a pure aluminide oxide layer.

Keywords:
 
Diffusion aluminide coating, Zirconium modi�ed coating, Oxidation resistance, Out-of-pack cementation.

 RESEARCH PAPER

as well as improving the lifetime of the system 
[3-7]. The adhesion strength of the bond coat and 
oxide layer should be increased in order to avoid 
spalling the oxide layer [8-9]. Zr is considered 
as one of the most effective elements in improv-
ing the adhesion of alumina layer since it can 
reduce the formation of holes in the interface of 
the substrate and the coating. In addition, it can 
prevent from segregating sulfur in the mentioned 
holes [10]. Further, some studies indicated that 
Zr inhibits the outward diffusion of Al during ox-
idation and accordingly decelerates the growth 
rate of oxide scale [5, 11, 12]. Doping aluminide 
coatings with Zr can signi�cantly in�uence on 
cyclic oxidation behavior and it is regarded as 
an affordable coating for industrial applications, 
compared to Pt-modi�ed aluminide coatings. 
To date, several efforts have been conducted for 
modifying aluminide coating via Zr by pack ce-
mentation [3], vapor phase deposition [5], and 
the CVD method [4]. 

 In the present study, the out-of-pack 
cementation method was used for creating alu-
minide diffusion coating and Zr was deposited 
by a sputtering method with two thicknesses. 
In contrast to in-pack cementation, out-of-pack 
does not result in including pack materials such 
as alumina in the produced coatings [13]. This 
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method can lead to a cleaner and uniform coat-
ing for very complicated geometry components, 
without any entrapped pack particles [14]. The 
present study aimed to emphasize the role of zir-
conium and its content in cyclic oxidation be-
havior of NiAl coating via enhancing the adhe-
sion between the alumina scale and coating and 
decreasing the scale detachment which has not 
been reported elsewhere.

2. MATERIALS

As shown in Table 1, IN-738LC was �rst pre-
pared as a base material with chemical composi-
tion. Then, the samples with  the dimensions of 
10*10 mm and thickness of 3 mm were ground-
ed up to SiC No 1000 and ultrasonically cleaned 
in acetone. In the next procedure, aluminizing 
by the out-of-pack cementation method was 
conducted under an argon atmosphere by using 
a powder mixture including Al (15 wt-%) and 
NH

4
Cl (2 wt-%) as an activator and Al

2
O

3
 (83 

wt-%) at 1050°C for 4 h. In addition, the sputter-
ing machine (Sputter-MMs-160, 460v, 210 A and 
4.5*10-3 mbar pressure) was used to deposit Zr at 
100 and 300 nm thickness. Further, the coated 
specimens were annealed at 1050 °C for 3 h un-
der �owing Ar in order to diffuse Zr and obtain 
a homogeneous coating composition. The oxida-
tion resistance of samples was studied at 1000 °C 
for 120 h in the air atmosphere. Each cycle con-
sists of heating up to 1000 °C for 24 h and then 
1 h cooling down to ambient temperature. Fur-
thermore, the mass change was measured by us-

ing microbalance, which was determined based 
on an average value of three specimens for each 
coating condition. Finally, TESCAN scanning 
electron microscopy (SEM), elemental analysis 
(EDS), and X-ray diffraction (XRD) were used 
to evaluate the effects of processing parameters 
on the microstructural properties and oxidation 
behavior of the coatings. In addition, encoding 
samples were used to facilitate the description of 
the coating conditions (Table 2).

3. RESULTS AND DISCUSSION

3.1. Microstructure of NiAl and Zr-Coated NiAl 

Fig. 1 illustrates the cross-section of all 
coatings after fabrication including NiAl coat-
ing (AHHZ0), the 100 nm Zr-coated NiAl 
(AHHZ10), and the 300 nm Zr-coated NiAl 
(AHHZ30). Due to similar conditions for the 
aluminizing process for all samples, the pro-
duced coating is uniform and is generally com-
posed of an external layer and the interdiffusion 
region in which the minimum and maximum 
thickness are achieved in AHHZ0 (10 and 14 
µm) and AHHZ30 (14 and 18 µm), respectively. 
However, the thickness of the coating does not 
change signi�cantly because the time and tem-
perature are the same for the process of alumi-
nizing. As shown in Table 3, the outer layer is 
composed of Ni-rich NiAl phase based on the 
chemical composition of these coatings. Re-
garding the concentration of Ni and Al in dif-
ferent regions in the coating, it is observed that 

Table 1. Chemical composition of IN738-LC (wt-%).

NiBCZrNbMoWTaTiAlCoCr

Bal.0.010.110.050.91.72.61.73.43.48.516

Table 2. Encoding of various coated samples.

Method of coating deposition sample Zr thickness (nm)

Out-of-pack cementation aluminizing AHHZ0 0

Out-of-pack cementation aluminizing, Zr 100 nm deposited 
by sputtering, heat treatment

AHHZ10 100

Out-of-pack cementation aluminizing, Zr 300 nm deposited 
by sputtering, heat treatment

AHHZ30 300

R. Lati�, et. al
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the nickel outward diffusion from the substrate 
was more than the aluminum inward diffusion 
from the surface to the substrate. Consequent-
ly, Ni-rich NiAl grows outwardly and the Al-
rich regions decrease gradually. Therefore, high 
activity process and heat treatment resulted in 

forming a Ni-rich NiAl phase [15].  The XRD 
analysis in Fig. 2 revealed that outer layer con-
sists of NiAl and Ni

3
Al phases. In addition, the 

absence of the matrix carbides in the outer layer 
of the coating revealed the outside growth in this 
region for each of the three samples [16, 17].

Fig. 1. Backscattered electron images of the cross section of NiAl coating after deposition and heat treatment for 3h at 

1050°C (a) without Zr (AHHZ0) (b) 100 nm Zr-coated (AHHZ10) (c) 300nm Zr-coated (AHHZ30).

Fig. 2. The XRD patterns of the simple aluminide coating, AHHZ0.

Table 3. Chemical analysis of the cross-section of coated samples AHHZ0, AHHZ10 and AHHZ30 

corresponding to the fig. 1 (at-%).

sample region
Al Ni Ti Cr Co Mo W Zr

AHHZ0
1 45.9 43.8 1.1 5.5 3.7 0 0 0

2 40.7 41.4 4.5 5.9 4.3 2.1 0.8 0

AHHZ10
1 47.5 47.3 0 1.5 2.2 0 0 1.45

2 37.2 32 6 15 2.6 0 1.8 4.8

AHHZ30
1 48.9 45.8 0 1.1 1.6 0 0 2.5

2 43.2 39.1 3.2 3.4 2.2 0 0 8.9
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Further, there are columnar structures with 
some light-colored precipitations in the inter-
diffusion region. Based on the results of some 
studies, the concentration of Ni in this region 
increased due to the diffusion of Ni from the 
middle of the substrate to the coating [18, 19]. 
Furthermore, accordingly the solubility of the 
heavy elements such as Cr, Mo, and W decreased 
in this region, which can be related to the for-
mation of precipitations of heavy elements in 
this region. EDS microanalysis for the samples 
AHHZ10 and AHHZ30 demonstrated this phe-
nomenon in the interdiffusion region (Tables 3). 
Based on the chemical analysis of region 1, it 
is observed that there is some Zr in the vicinity 
of Ni and Al. In region 2, the maximum value 
of Zr (0.8 and 1.6 at.%) is observed near the in-

terface of the coating and the diffusion region. 
The XRD results shown in Fig. 3 indicate that 
the 100 nm Zr coated in the surface is distrib-
uted in the NiAl as a solid solution. The NiAl 
phase (with the crystal structure of CsCl type C) 
consisted of about 45-60 at.% of Ni with large 
non-stoichiometric regions. Equal numbers of 
Al and Ni atoms are in the corner and the center 
of the cube, respectively [20]. However, there is 
the probability of the replacement of Ni atoms 
with Zr in Ni-rich phase, and Zr may form sub-
stitutional solid solution in NiAl.

Fig 4. illustrates the line scan chemical analy-
sis of the AHHZ30 coating sample. As observed, 
Zr is distributed in the aluminide coating region 
due to heat treatment which is in agreement with 
Hamadi et al [21] investigation.

Fig. 3. The XRD patterns of the 100 nm Zr coated (AHHZ10).

Fig. 4. Line scan of the cross section of AHHZ30 sample.

R. Lati�, et. al
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3.2. The Effects of Zr on the high temperature 

Oxidation Behavior of Aluminide Coating

Fig. 5 displays the SEM micrograph of 
AHHZ0, AHHZ10 and AHHZ30 samples, oxi-
dized at 1000 °C for 120 h. Table 4 indicates the 
corresponding EDS microanalysis. Based on the 
EDS results, an Al

2
O

3
 oxide layer is formed in A, 

B, and D regions for the AHHZ0, AHHZ10 and 
AHHZ30 samples, respectively.

As illustrated in Fig. 6a, which is the SEM 
micrograph of the AHHZ0 sample after 120 h 
cyclic oxidation at 1000 °C, the surface of the 
coating is detached leading to the formation of 

different regions. Region 1 represents the pro-
tective aluminum oxide. In region 2, the alumi-
num content reduced to 22.6 % and it can be pre-
dicted that oxide is composed of these elements 
by regarding the presence of Ni, Cr, and Ti. In 
addition, the probability of the spallation in this 
region is higher due to the higher stability of alu-
minum oxide, compared to Cr, Ti and Ni oxides. 
Based on the microanalysis of region 3, the ox-
ide layer is completely detached from the surface 
and a reduction occurs in the aluminum content 
in the coating during the oxidation cycle because 
of oxide formation. Thus, it can be expected that 
a layer of Ni

3
Al is established here (Table 5).

Fig. 5. SEM micrographs (Backscattered mode) of cross section of the samples a) AHHZ0 b) AHHZ10 and c) 

AHHZ30 after the hot oxidation at 1000°C for 120 h.

Table 4. Chemical analysis of the cross-section of coated samples AHHZ0, AHHZ10 and AHHZ30 corresponding 

 to the fig. 5 after 120 h oxidation at 1000°C (at-%).

sample area
Al Ni Ti Cr Co O

AHHZ0 A 34.1 1.1 2.7 1.3 0.2 60

AHHZ10
B 35 0.4 0.7 0.4 0 63

C 31 53 5 3 5 0

AHHZ30
D 45.1 0.75 0.39 0.24 0.3 52.4

E 35.7 0.5 0.4 0.1 0.1 59

Table 5. Chemical analysis of the cross-section of coated samples AHHZ0 and AHHZ10 corresponding  

to Fig. 6 after 120 h oxidation at 1000°C (at-%).

sample area
Al Ni Ti Cr Co O Zr

AHHZ0

1 33 0.4 0.7 0.5 0 65 0

2 22.6 4.8 2.2 4.2 1.3 64 0

3 23 62 1.7 3.4 0 0 0

AHHZ10

1 29 0.9 0.7 0.3 0 60 7.8

2 28 3.3 1.7 2 0.9 63 0

3 36 51 2.5 5.4 4.6 0 0
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SEM micrograph of the AHHZ10 sample af-
ter 120 h cyclic oxidation at 1000 °C reveals a 
little spallation and scaling on the surface (Fig. 
6b). Based on the EDS microanalysis of the sur-
face (Table 5), aluminum, zirconium, and oxy-
gen are presented in region 1, which means that 
a continuous oxide layer with Zr and Al elements 
is formed. There are Al and O and a few Ni con-
stituents in region 2, which experienced scaling 
during the cooling in the oxidation cycle. How-
ever, the oxide layer was formed again, which is 
expected to involve Al

2
O

3
 and NiO according to 

the value of Al, Ni and O elements of the EDS 
analysis (Table 7). Region 3 consists of a combi-
nation of Ni and Al and it is NiAl coating layer, 
where the oxide layer was detached from the sur-
face, without any repair.

Fig. 7 illustrates the SEM micrograph of the 
surface of the AHHZ30 sample after 120 h cy-
clic oxidation at 1000 °C. As shown, a perfect 
and continuous oxide layer is available on the 
surface of the sample, without any spallation or 
detachment. X-ray map was obtained from the 
oxide scale surface after 120 h cyclic oxidation 
of the sample in order to evaluate the distribution 
of the elements (Fig. 8). The presence of oxygen, 
aluminum, and zirconium is related to the forma-
tion of Al

2
O

3
 and ZrO

2
.

During the oxidation cycle, Zr may migrate 
toward the surface via NiAl grain boundaries 
where it is known to segregate. According to 
Fig. 7 Zr is present in the whole oxide scale and 
also enriched at the surface. This redistribution 
of Zr is consistent with the dynamic segregation 

of reactive elements explained by Hamadi [21] 
and Pint [22]. In addition, the segregation of this 
reactive element in the interface of the oxide and 
coating, as well as in the grain boundary of the 
oxide layer reduces the outward diffusion rate 
of the aluminum, leading to the growth of the 
oxide layer due to the inward diffusion of ox-
ygen. Thus, the oxide scale growth mechanism 
is controlled by oxygen inward diffusion rather 
than outward diffusion of metal oxide former. In 
fact, Zr within the composition of coating reduc-
es the diffusion rate of Al towards the surface of 
the coating as well as the consumption of Al in 
the coating. Therefore, the coating remains rela-
tively stable for extended periods of time at high 
temperatures [5, 21-24].

Fig. 7. SEM micrograph (Backscattered Electron) 

of the surface of AHHZ30 sample after 120 h 

cyclic oxidation at 1000°C.

Fig. 6. SEM micrograph of the coated surface corresponding to the samples a) AHHZ0 and b) AHHZ10 after 120 hours

 of the hot oxidation at 1000°C.

100 µm100 µm

100 µm

R. Lati�, et. al
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Fig. 9 displays the variation of oxide layer 
thickness, which is measured by the cross-sec-
tion of the oxide layer. As shown, an increase 
in the zirconium content in the coating leads to 
a decrease in the thickness of the oxide layer. 
Regarding the results of some previous studies 
[21, 23, 25], the reduction of the oxide layer 
growth rate is due to the change in the diffu-
sion mechanism of aluminum and oxygen into 
the oxide scale. Further, the coating interface 
is considered as one of the positive effects of 
zirconium. In fact, the addition of zirconium 
leads to the selective oxidation of zirconium 
and aluminum since the existence of ZrO

2
 at 

the alumina grain boundaries can act as a bar-
rier for inward oxygen diffusion. Then, Zr in 
NiAl reduces the growth of oxide scale and 
decreases the void formation linked to cat-
ionic oxidation. Zhou [26] and Saldaña et al. 
[27] found that Zr containing oxides are a nu-
cleus for �-Al

2
O

3
,
 
which is bene�cial for the 

� to �-Al
2
O

3
 transformation. Since �-alumina 

has a slower growth rate than �-alumina, ox-
ide scale thickness is signi�cantly less on NiAl 
coating with Zr than on simple NiAl, prevent-
ing the outward diffusion of Al in Al

2
O

3
 layer 

and the inward diffusion of oxygen leads to the 
growth of the oxide layer during the oxidation.  
Zhao et al. [28] reported that at the early stage 
of high-temperature oxidation, the Dy (RE) in 

the coating was preferentially oxidized to form 
Dy oxides because of its higher oxygen af�n-
ity than that of Al. According to Hwang et al. 
[23], the adhesion of the oxide-coat interface is 
improved in the presence of zirconium in the 
chemical composition of the coating. Based on 
Ellingham diagram, during the cyclic oxida-
tion, the ZrO

2
 phase is �rst formed because of 

the stronger bond between oxygen and zirconi-
um at above 1000 °C and then it is followed by 
the formation of Al

2
O

3
 phase [29]. On the other 

hand, compared to the grain boundaries, alumi-
num and zirconium oxides, which are formed 
on the surface having lower diffusivity, result 
in reducing the oxide layer thickness. It is as-
sumed that the addition of zirconium suppress-
es the transferring of aluminum cations and 
prevents the formation of new oxide.

 Further, one of the parameters increasing 
the residual stresses in the oxide layer is relat-
ed to its extreme growth. The stress-induced by 
the growing oxide layer in the zirconium mod-
i�ed alumina is lower than that of the unmod-
i�ed alumina, due to the thinner oxide layer in 
the zirconium modi�ed aluminide. As shown 
in Fig. 9 the thickness of 100 and 300 nm Zr 
modi�ed aluminide coatings is 6 and 5 µm, re-
spectively, while the thickness of the unmodi-
�ed aluminide coating is 9 µm indicating more 
probability of scaling.

Fig. 8. X-ray map of the elements of the surface of AHHZ30 sample after 120 h cyclic oxidation at 1000°C.
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Fig. 9. The variation of oxide layer thickness for the 

AHHZ0, AHHZ10 and AHHZ30 samples after 120 h cyclic 

oxidation at 1000 °C.

By comparing the microstructures of the sur-
face coating of the samples AHHZ0, AHHZ10 
and AHHZ30 after and before oxidation, it is 
concluded that more spallation in the oxide layer 
is expected in the absence of zirconium in the 
coating. Therefore, the surface of the AHHZ0 
sample has more scaling and spallation. Based 
on white regions, caused by scaling the oxide 
layer, the coating consists of Ni

3
Al. Due to the 

difference between the thermal expansion coef-

�cient of Al
2
O

3
 and the coating, the oxide can 

fail to protect the coating during thermal cycles 
[21]. Consequently, aluminum is diffused from 
the coating into the oxide layer for repair, which 
results in reducing aluminum content in the coat-
ing. Then NiAl coating is transformed into Ni

3
Al. 

Thus, it is justi�ed that spallation may be relat-
ed to a mismatch between the thermal expansion 
coef�cient of the oxide and the alloy. Generally, 
it is assumed that thicker oxide layers lead to a 
reduction in the critical stress required for the 
fracture. In addition, the presence of zirconium 
decreases the mechanical stresses, leading to a 
reduction in the scaling of the oxide layer during 
the cooling [5]. 

Furthermore, as shown in Table 3, based on 
the chemical analysis of the coating prior to the 
oxidation, the presence of zirconium leads to a 
decrease in titanium, chromium and cobalt in the 
coating, which may be regarded as the reason 
behind reducing these elements after the oxida-
tion test in the oxide layer rather than the sample 
without zirconium (AHHZ0). Finally, the oxide 
layer is puri�ed, leading to an increase in the ad-
hesion to the substrate. 

Fig. 10.  SEM surface observations of the coating prior to the oxidation tests (a) AHHZ0 (b) AHHZ10 (c) AHHZ30 and  

the microstructure after the oxidation tests at 1000 °C for 120 hours (d) AHHZ0 (e) AHHZ10 and (f) AHHZ30.

20 µm

(a)

20 µm

(b)

20 µm

(c)

100 µm

(d)

100 µm

(e)

100 µm

( f )

R. Lati�, et. al
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Fig. 11 illustrates the cyclic oxidation mass 
change data. As depicted, all the samples have a 
mass gain at the initial oxidation stages. Howev-
er, the AHHZ0 sample including the maximum 
thickness of oxide layer (Fig. 9) reveals an ex-
cessive mass loss in the next steps of the oxida-
tion process. In other words, some parts of the 
mentioned sample suffer from severe spallation 
and scaling, which is consistent with the pres-
ent SEM results (Fig. 10d). Regarding AHHZ10 
sample, the weight decreased after 72 h oxida-
tion while it increased due to scale re-oxidation. 
As depicted in Fig. 10 (d-e), having smaller 
spalled areas is considered as the evidence of 
this mass change data, compared to AHHZ0 
sample. Finally, fewer mass changes (0.2 mg/
cm2) were signi�cantly observed in the AHHZ30 
sample, indicating the slow formation rate of the 
adhesive and the protective oxide layer in this 
sample. The cyclic oxidation test con�rms the 
results obtained from SEM surface observations 
of the coating in Fig. 10 (d-e).

Fig. 11. Specimen mass changes curves for NiAl coating 

without and with zirconium modification during 120 h 

cyclic oxidation at 1000°C. 

4. CONCLUSIONS
In the present study, like unmodi�ed alu-

minide coating, Zr-modi�ed aluminide coatings 
had a two-layer structure. The outer layer is 
composed of a uniform nickel aluminide phase 
and the interdiffusion layer includes a distribu-
tion of Zr in the coating layer as a solid solution. 
The presence of zirconium in the chemical com-

position of the coating caused a reduction in the 
content of other elements such as Ti, Co, and Cr 
in the oxide scale, leading to homogeneous oxide 
formation and better scale adhesion. The addition 
of Zr into the NiAl coating reduced the oxidation 
rate and improved the spallation resistance of the 
oxide scale. In addition, it could slow down the 
outward Al diffusion during oxidation and ac-
cordingly the growth of the aluminum oxide was 
restricted and caused less oxide layer thickness. 
The results of this study indicated that greater 
oxidation resistance is achieved in the case of 
coatings with 300 nm of zirconium, compared to 
the samples with 100 nm of zirconium.
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