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 A B S T R A C T 

This study is based on the thermal degradation presented in the 
multilayer coatings [8YSZ/α- Al2O3]n when subjected to thermal 
cycles, focusing mainly on the analysis of the mechanical properties 
before and after these. To determine thermal degradation, the 
coatings were analyzed by XRD before and after thermal cycling. 
From these results, the presence of a tetragonal phase and an alpha 
phase belonging to (8YSZ and Al2O3) respectively was determined 
before the thermal cycles. After the cycles, show new peaks 
attributed to 2 important factors, the appearance of a monoclinic 
and cubic phase belonging to 8YSZ and peaks due to the presence of 
substrate oxides produced by a delamination of the coating and that 
decreased in intensity as increase in the bilayers number. Mainly, it 
was determined for the 70 bilayers coating, which presented the 
best mechanical properties before the thermal cycles, a decrease of 
34.44% and 6.41% for hardness and elasticity modulus respectively, 
after the thermal cycles. From this research, it was concluded that 
the coating [8YSZ/α- Al2O3]n with 70 bilayers, presented the highest 
resistance to thermal wear generated in the coatings. 
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1. INTRODUCTION  
 
Thermal barrier coatings (TBC) are multilayer 
coatings used mainly as protective coatings on 
engine parts and turbines, among others; these 
parts operate constantly at high temperatures. 
The main objective of thermal barriers is to 
increase the efficiency and durability of these 
components [1]. TBCs generally contain an 
approximate 6-8 wt% of Yttria stabilized zirconia 

(YSZ) due to its low thermal conductivity, high 
coefficient of thermal expansion and durability at 
temperatures close to 1200 °C [2]. 
 
Conventional TBCs consist of 3 layers on a metal 
substrate, a metal anchor layer (“Bond Coat” -BC), 
the intermediate thermal growth oxide layer 
(“Thermal Grown Oxide-TGO) - and a ceramic top 
layer (“ Top Coating ”-TC-), each of these layers 
has different physical, mechanical, and thermal 
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properties that make this system contain and 
provide specific properties [3]. In recent years, 
numerous studies have focused on the 
development of new TBC systems which are 
capable of generating greater thermal stability 
and lower thermal conductivity such as: 
Sm2Zr2O7 [4], La2Zr2O7 [5], CeO2-Gd2O3 [6], 
NiCrAlY [7]. Authors such as A. Escarraga [3] 
analyzed the multilayer system of yttria 
stabilized zirconia plus Alumina [YSZ/Al2O3]n as a 
function of the bilayers number, when they were 
exposed during thermal cycles, for this study, the 
researchers deposited these coatings by 
magnetron sputtering, using the PVD technique, 
using 8YSZ and Al2O3 targets in order to have 
greater control over the thickness of each of the 
layers and thus have greater control over the 
multilayer structure of the same. From these 
results, it was determined that the thermal 
cycling resistance of this coating increased when 
the number of multilayers also increment. 
Authors such as Ke He [8], studied the system 
[YSZ-Al2O3], evaluating its microstructural and 
mechanical properties; C. Amaya and coworkers 
[9], also studied this system in order to evaluate 
its electrochemical properties. The results 
determined that these coatings are not only 
useful for their thermal capacity but also for their 
mechanical and electrochemical properties. 
 
Additionally, many authors have studied the 
bilayer number influence on the coatings used as 
thermal barriers like the multilayer type, 
observing the cracks and fracture behaviors from 
a mechanical standpoint, suggesting the 
following effects [10–12]. 
 
(i) Increase of stress tolerance in multilayer 
coatings: 
 
It is possible to relate the interface bilayer 
number with delamination by means of the 
relationship between the cracks’ length 
generated and the critical stress for their 
propagation, shown in the following expression: 

𝜎𝑐 =  
𝐾𝑖𝑐

𝑌
∗

1

√𝑎
         (1) 

Where σc is the critical stress for crack 
propagation, 𝐾𝑖𝑐  is the critical stress intensity 
factor required for crack propagation, Y is a 
geometric factor related to the shape and a is half 
the length of the crack; 𝐾𝑖𝑐  and Y can be constant 
if the material and load are invariant. 

When the total coating thickness is constant, the 
thickness of each layer will decrease with 
increasing layer number, then the crack 
propagation in the vertical direction is limited to a 
length not greater than the individual layer. By 
decreasing crack half-length in Eq. 1, the σc variable 
increases; therefore, the coatings will be able 
withstand greater critical stress, improving their 
mechanical properties. The shorter micro-cracks 
generation guarantees a maximum sealing function, 
which reduces substrate oxidation. Consequently, 
the thermal oxidation resistance could be improved 
by increasing the bilayers number. 
 
(ii) Reduction of the cracks propagation in 
multilayer coatings. 
 
The hardening effect of the multilayer coatings can 
also be attributed to deformation energy release 
mechanisms, such as deviation or cracks 
bifurcation, without macroscopic coating damage. 
As the cracks in the vertical direction are shorter 
and the bilayer number increases, the cracks 
deviation will occur more easily and the crack 
propagation path will extend through the 
interfaces, causing thus a greater amount of 
deformation energy to be released [13]. Therefore, 
with the bilayer number increase, the nucleation 
and cracks propagation are reduced leading to a 
delamination strength improvement and the 
coatings enhancements under thermal oxidation. 
 

  
(a) (b) 

  
(c) (d) 

Fig. 1. Cracks propagation model in multilayer coating 
associated with buckling type delamination (a) 
Interface without damage (b) Initial coating 
delamination (c) Coating’s crack formation and (d) 
total crack propagation [14]. 
 

The increase in mechanical properties decreases 
the delamination effect in the multilayer coatings, 
for example, the buckling delamination (Fig. 1) 
which occurs when the energy propagation of the 
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cracks exceeds the coating’s mechanical 
resistance, causing an initial separation in the 
coating-substrate interface that as a consequence 
produces a coating delamination. 
 

The results determine that these coatings are not 
only useful for their thermal capacity but also for 
their mechanical and electrochemical properties. 
With this in mind, few investigations are found in 
literature focused on the study of thermal cycle 
degradation on the mechanical properties of the 
[8YSZ/Al2O3]n multilayer coatings. These 
degradation problems being very recurrent 
within their applications in thermal barrier 
coatings, authors such as A. Escarraga and 
coworkers [3] studied the effect of thermal cycle 
degradation on the structural integrity of these 
coatings. The main objective of this research is 
based on synthesizing [YSZ/Al2O3] multilayer 
coatings with a larger bilayers number (70 
bilayers) in order to study the contribution of 
physical factors (number of interfaces or 
symmetry breaks) on the thermal stress 
resistance of the obtained coatings, since there 
are currently no previous studies on the 
contribution of these factors as a function of 
bilayer number (n) and bilayer period (Ʌ), 
maintaining a constant thickness (1,8 µm) on the 
thermal resistance of this type of coatings. The 
main aim of this investigation is to correlate the 
thermal degradation of the [YSZ/Al2O3] coatings 
and their mechanical response after the 
application of thermal cycles as a function of the 
bilayer number (n) or bilayer period (Ʌ). 
Therefore, the degradation mechanisms 
observed in this investigation were necessary to 
determine that this multilayer system has 
desirable properties when selecting materials as 
protective coatings for high temperature 
applications such as motors, boilers, among 
others. 
 
 
2. EXPERIMENTAL SECTION 
 
2.1 Coating deposition  

 
The AISI 304 steel substrate were obtained in 
cylindrical shape with a diameter of ½ inch and 
thickness of 5 mm. The substrate were 
subsequently prepared superficially with 
sandpaper (SiC) of the order 80, 100, 240, 320, 
600, 800, 1000 and 1200 µm. After, were polished 
in a metallographic polisher using an alumina 

water-solution of 1 µm. Finally, an alcohol 
ultrasound cleaning was carried out using “Rio 
Grande UD50SH-2L” equipment for 15 minutes to 
remove residues on their surface. 
Monocrystalline silicons with an orientation 
(100) were also used as substrates. The cathodes 
used were (YSZ) and (Al2O3) both cathodes with 
a purity of 99.99% obtained from the company 
“PLASMATERIALS”. Argon were used as 
precursor gases, both with a purity of 99.99%. 
 
2.2 Experimental methodology of coating 

deposition and thermal cycling 
 

The coatings’ deposition was performed using 
the magnetron sputtering technique in an 
atmosphere of Ar (99.99%), an 8% molar cathode 
of Yttria Stabilized Zirconia (8YSZ) and Alumina 
(Al2O3) targets with a purity of 99.99% and an 
applied power of 400 W for both targets. The 
coatings were deposited on AISI 304 and Silicon 
(100) substrates. During the process of the 
coatings’ deposition a temperature of 250 °C and 
a bias voltage of -20V were applied. For this 
multilayer system, a magnetron sputtering was 
used, which has a positioning system with 
respect to the substrate and an opening and 
closing system that controls the operation of the 
shutters, the [8YSZ/Al2O3] multilayer system, the 
following variations were made with bilayers and 
period number (n = 1, Ʌ = 900 nm; n = 10, Ʌ = 180 
nm; n=  30, Ʌ = 60 nm; n = 50, Ʌ = 36 nm and n = 
70, Ʌ = 26 nm), for all coatings a constant 
thickness of 1.8 µm, measured by means of a 
profilometer, was maintained (Dektak 3030). 
Thermal cycling was performed using fatigue 
equipment in order to subject the coated 
substrates for 70 heating-cooling cycles in a 
resistive furnace for 12 h at a temperature of 
1000°C measured at the sample surface. A single 
thermal cycle consists of heating for 10 min (600 
sec) at a heating rate of 20°c/sec to 1000°C for a 
period of 10 min, followed by rapid cooling by a 
forced air stream for 20 sec at a cooling rate of 
40°c/sec (Fig. 2a and 2b). To measure the surface 
and substrate temperature for a complete 
analysis of the coating-substrate system, a 
thermocouple was used to measure the base of 
the samples (substrates) and a digital pyrometer 
to measure the surface of the samples (coatings) 
in order to determine the thermal gradient 
generated at the surface and at the base of the 
substrate attributed to the properties and 
behaviour of the coatings. 
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2.3 Coating characterization technique 
 
The coatings were characterized by X-ray 
diffraction using a PANALYTICAL X`Pert PRO X-ray 
diffractometer with Cu-Kα radiation (λ= 1.5406 Å) 
in the Bragg-Brentano (θ/2θ) configuration with 
high angle range. Surface morphology and 
microstructural changes before and after the 
thermal cycles were studied by optical microscopy 
using an Advanced optical XJL-17AT microscope 
and scanning electron microscopy (SEM) with a 
JEOL JSM 6490L. Fourier Transform Infrared 
Spectroscopy (FTIR) was performed with the 
Shimatzu 8000 equipment which uses a Nerst type 
ceramic source. Mechanical properties such as 
hardness and elastic modulus were studied using a 
Nanovean nanoindenter device with a Berkovich 
type indenter and a compliance of 
0.00035 µm/mN; nanoindentation tests were 
performed on the surfaces of the coatings and the 
results were analyzed using the Oliver and Pharr 
method [15]. 
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Fig. 2. (a) Thermal cycles (b) Single thermal Cycle. 

3. RESULTS AND DISCUSSION 

 
3.1 X-ray diffraction analysis before the 

thermal cycles 
 
Figure 3 shows the diffraction patterns for the 
[8YSZ/Al2O3]n multilayer coatings as a function 
of the bilayer number, deposited on silicon 
substrates with a preferential orientation (100). 
Diffraction peaks were obtained located in the 
crystallographic planes (101), (002), (201) and 
(211), which are characteristic of the tetragonal 
phase belonging to the yttria stabilized zirconia 
(8YSZ), analyzed by means of the JCPDS index file 
00-048-022. Also, peaks characteristic of the 
alpha phase of alumina (α-Al2O3) located in the 
crystallographic planes (104) and (211) were 
analyzed with the indexing file JCPDF 00-010-
0173, which shows a rhombohedral type 
structure. 
 

 
Fig. 3. Diffraction patterns before thermal cycle for the 
[8YSZ/α-Al2O3]n multilayer coatings as a function of 
the bilayer number for n = 1, 20, 30, 50 and 70. 
 

Figure 4a and 4b show a Close-up for the 
characteristic peaks at each phase, the peak being 
(101) and (104) for layers 8YSZ and Al2O3 

respectively. It is observed in Fig. 4a that when the 
bilayer number increases, the diffraction peaks 
positioned at (101) present a shift to the left, and 
the peaks positioned at (104) change in intensity 
and amplitude. This displacement and change in 
amplitude was generated by the increase of the 
coating stress, which was produced during the ionic 
bombardment in the deposition process and 
caused a deformation within the crystalline 
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structure. The stress was analyzed through the 
lattice parameter, using Bragg’s law (Eq.1) and the 
lattice parameter equation 𝑎0 (Eq. 2). Due to that 
8YSZ has a tetragonal structure with angles α = β = 
γ = 90° and lattice parameters   𝑎0 =  𝑏0 ≠  𝑐0 it 
was necessary to consider the following expression 
that relates the lattice parameter 𝑎0 and 𝑐0 for the 
determination of both parameters (Eq. 4) [16]. 
 

 
(a) 

 
(b) 

Fig. 4. Diffraction peaks magnification from (a) (101) 
for 8YSZ and (b) (104) for α- Al2O3. 

𝑛𝜆 = 2𝑑𝑠𝑒𝑛𝜃       (2) 

𝑑 =
𝛼0

√ℎ2+𝑘2+𝑙2
         (3) 

1

𝑑2
= (

ℎ2+𝑘2

𝑎0
2

) +  
𝑙2

𝑐0
2
      (4) 

In the α-Al2O3 case, whose structure is 
rhombohedral with hexagonal axes (angles α = β, 

γ=120) and parameters   𝑎0 =  𝑏0 ≠  𝑐0, it was 
necessary to consider the following expression to 
determine the lattice parameter (Eq. 5). 

1

𝑑2
=

4

3
× (

ℎ2+ℎ𝑘2+𝑘2

𝑎0
) +

𝑙2

𝐶0
2     (5) 

Using Miller indices, the diffraction angles come 
from the XRD patterns (Fig. 3), the wavelength of 
the incident X-ray beam (λ = 1.5405 Å), the 
constant n=1 as first integer maximum, and 

Equations 3, 4 and 5. The lattice parameters 𝑎0 

and 𝑐0 of the 8YSZ tetragonal structure with 
preferential orientation (101) and the α-Al2O3 

orthorhombic structure with preferential 
orientation (104) were calculated, as listed in 
Table 1 and Table 2. 
 
Table 1. Lattice parameters in the 8YSZ phase for the 
[8YSZ/α- Al2O3]n multilayer coatings depending on 
the number of bilayers. 

Bilayers 
Number (n) 

1 10 30 50 70 

Angle 2θ (°) 30.29 30.20 30.17 30.14 30.12 

Lattice 
parameter 
𝑎0 (Å) 

4.172 4.18 4.186 4.192 4.20 

Lattice 
parameter 
𝐶0 (Å) 

5.108 5.118 5.127 5.134 5.145 

 
Table 2. Lattice parameters in the α-Al2O3 phase for the 
[8YSZ/α- Al2O3]n multilayer coatings depending on the 
number of bilayers. 

Bilayers 
Number (n) 

1 10 30 50 70 

Angle 2θ (°) 34.96 35.03 35.07 35.18 35.3 

Lattice 
parameter  

𝑎0 (Å) 

4.766 4.75 4.746 4.735 4.713 

Lattice 
parameter  

𝐶0 (Å) 

13.05 13.013 12.97 12.93 13.895 

 
Figure 5 shows lattice parameters 𝑎0 and 𝑐0 for 
phase 8YSZ and shows the value of the lattice 
parameter where the material is stress-free 
(dotted line). From these results, it was 
determined that the bilayer (n=1 and 10) 
presented values below the stress-free state 
(dotted line) indicating the presence of 
compressive stresses within the structure. 
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However, when increasing the bilayer number 
(n= 30, 50 and 70) values higher than the stress-
free state are evidenced, indicating a tensile 
stress within the crystalline structure, which is 
due to the periodic mismatch of each layer. As the 
interfaces number or symmetry breaks increases, 
it generates higher stresses within its structure. 
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Fig. 5. Lattice parameters (a) 𝑎0 and (b) 𝑐0 for the 8YSZ 
material as a function of the bilayer number. 

 
On the other hand, the Figures 6a and 6b show the 
value of the lattice parameters 𝑎0 and 𝑐0 as a 
function of the bilayer number for the α- Al2O3 
phase. It was determined that the bilayers (n= 1 and 
10) present higher values to the stress-free state 
(dotted line) indicating the presence of tensile 
stresses. As the bilayer number increased (n= 30, 
50 and 70), a relaxation of these stresses in 
evidenced. In addition, for the higher bilayer 
number (n= 50 and 70) values lower than stress-
free state are presented, indicating the presence of 
compressive stresses within their structure that 
will positively influence the mechanical properties 
of the coatings as will be correlated later. 
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Fig. 6. Lattice parameters (a) 𝑎0and (b) 𝑐0 for the α-
Al2O3 material as a function of the bilayer number. 
 

3.2 Multilayer assembly via scanning electron 
microscopy 

 

Figure 7a shows a cross-sectional micrograph 
from scanning electron microcopy (SEM) of the 
[8YSZ/α-Al2O3] coating with 1 bilayer. The image 
allows to identify layers of 8YSZ (brighter 
tonality) and layers of α-Al2O3 (darker tonality), 
this change of tonality was due to the electronic 
density of each layer.  
 

 
(a) 
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(b) 

Fig. 7. Cross-sectional SEM analysis of deposited 
[8YSZ/ α-Al2O3]10 multilayered coating (a) 1 bilayer 
(Λ=900 nm) and (b) 10 bilayer (Λ=180 nm). 
 

Fig 8b show a reduction in the individual thickness 
of each layer as the number of layers increases can 
be observed in the SEM micrographs. In addition, a 
crack-free multilayer structure with homogeneous 
growth is analyzed in the cross-section, which 
generates an increases in mechanical properties as 
a function of the bilayer number. 
 

3.3 Mechanical properties before the thermal 
cycles 

 

Figure 8 shows the load-displacement curves for all 
the [8YSZ/α-Al2O3]n multilayer coatings. The 
mechanical tests were carried out using the 
nanoindentation technique on the surfaces, which 
indicated that this region presented an elastic-plastic 
response. From the curves, it is possible to observe 
lower depth of penetration as the bilayer number 
increases. This behavior is attributed to the surfaces 
hardness, where it was determined that the coating 
with a greatest number of bilayer (70 bilayer). 

 

 
Fig. 8. Load-displacement curves for all the [8YSZ/α-
Al2O3]n coatings as a function of the bilayer number 
for 1, 10, 30, 50 and 70 bilayers. 

From the load-displacement results and the 
Oliver and Pharr method [17], the hardness (H) 
(Fig. 9a) and the elastic modulus (E) (Fig. 9b) 
were obtained. It is possible to observe in 
Figure 9 an evolution of mechanical properties, 
hardness and the elastic modulus, as a function of 
the increment of bilayer number (n) or reduction 
of bilayer period (Ʌ). This behavior is related to 
the increase of interfaces or symmetry breaks 
when the total thickness of the coating remains 
constant. Since these interfaces act as 
impediments to the movement and generation of 
dislocations. Thus, the coating with 70 bilayers is 
able to withstand a higher external load on its 
surface. 
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Fig. 9. Mechanical properties for all [8YSZ/α-Al2O3]n 

multilayer coatings (a) Hardness (H) and (b) Elastic 
Modulus (E). 

 
From the nano-indentation results, it was also 
possible to calculate other mechanical properties 
such as the plastic deformation resistance 
(H3/E2) and the elastic recovery (R). These 
results show an increase of the elastic-plastic 
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properties of the [8YSZ/α- Al2O3]n coatings with 
the increase of the bilayer number. This behavior 
was attributed to the lattice mismatch in the 
interfaces of the layers, due to the dissimilar 
crystalline structure of 8YSZ and α-Al2O3. This 
change of structure produces a break in 
symmetry, which restricts the propagation and 
movement of dislocations generated by an 
applied stress in the coating surface. Therefore, 
by increasing the interface number, the breaks in 
symmetry increase, and so does the plastic 
deformation resistance (H/E) and elastic 
recovery (R) as is shown in Figure 10 [18,19]. 
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Fig. 10. Mechanical properties for all the [8YSZ/α-
Al2O3]n multilayer coatings (a) Plastic deformation 
resistance (H/E) and (b) Elastic recovery (R). 
 

3.4 X-ray diffraction analysis after the 
thermal cycles 

 
Figure 11a presents the diffraction pattern after 
the thermal cycles, where the presence of the α-
Al2O3 phase and the tetragonal phase belonging 
to 8YSZ were evidenced.  
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Fig. 11. (a) Diffraction patterns after thermal cycle for 
the [8YSZ/α-Al2O3]n multilayer coatings as a function 
of the bilayer number for n = 1, 20, 30, 50 and 70; 12 
and (b) Diffraction peaks magnification from t(101). 

 
In addition, new diffraction peaks are presented in 
comparison to the diffraction patterns before the 
thermal cycles presented in Figure 3. This change in 
the diffraction peaks is attributed to two main 
factors, the generation of new phases and the 
formation of oxides on the surface due to the 
thermal cycles. The appearance of a monoclinic 
phase belonging to 8YSZ was determined by the 
Bragg peaks located in the planes m(110), m (-111), 
m(022) and m(-113), the presence of a cubic phase 
also belonging to 8YSZ located in the planes c(111) 
and c(220) and finally the presence of a tetragonal 
phase also belonging to 8YSZ located in the planes 
t(112), t(201) and t(211). On the other hand, the 
new diffraction peaks are attributed to the 
generation of surface oxides, these oxides were 
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caused by a partial delamination of the coatings that 
left the substrate exposed to the thermal cycles. By 
means of the diffraction peaks the presence of 
magnetite (Fe3O4), hematite (α-Fe2O3) (α-Fe2O3) 
and eskolaite (Cr2O3) phases were determined, 
whose orientations are presented by the 
crystallographic planes (111), (200), (104) and 
(110). These diffraction peaks, attributed to the 
formation of oxides, show a decrease in intensity as 
the bilayer number increases. This behavior was 
due to the fact that a greater number of interfaces 
causes a greater resistance to thermal cycles, 
generating a smaller quantity of oxides on its 
surface [20].  
 
Fig 11b shows the magnification to the highest 
intensity peak attributed to the t(101) plane, before 
and after the thermal cycles for the coating with 70 
bilayers. From this analysis, a shift to the right 
(higher angles) and decrease in the intensity of the 
peak when the coating was subjected to thermal 
shock was evident. This change in the peak of 
higher intensity is attributed to two main factors, an 
increase in the stresses caused by the presence of 
thermal stresses that affect the crystalline structure 
of the coatings. Another factor is caused by the 
behavior of the substrate (steel AISI 304) during the 
thermal cycles, which generates micro-stresses at 
the substrate-coating interface, thus generating a 
partial delamination of the coatings. 
 
3.5 Fourier transform infrared spectroscopy 

(FTIR) after thermal cycles 
 
Infrared spectroscopy analysis allowed a 
characterization of the vibration modes 
associated to the [8YSZ/α-Al2O3]n coatings after 
being exposed to the thermal cycles and their 
relationship with the increase of the bilayer 
number (n= 1, 10, 30, 50 and 70), in the phase 
transformations, and the generation of oxides on 
the surface. The typical frequencies of the 
vibration modes obtained by FTIR for the 8YSZ 
layer in correlation with the XRD results after the 
thermal effect (Fig.12) are shown in Table 3.  
 
For the analysis of the FTIR spectra, a wave 
number range of the 200 cm-1 to 1400 cm-1 was 
presented, in which the respective 
deconvolutions were carried out. Active modes 
were identified in the infrared of the coating, 
mainly a band of high intensity centered in 339 
cm- 1 corresponding to a symmetrical elongation, 
which according to the values reported in the 

theory, corresponds to the metastable tetragonal 
phase of the YSZ which remains almost invariant 
for multilayer systems. 
 
A second band associated to the tetragonal phase 
of YSZ presented contributions in 451 cm-1 and 
494 cm-1, in which the intensity values decreased 
with the increase of the bilayers number. Around 
628 cm-1 and 740 cm-1 bands with lower intensity 
of symmetric stretching were identified, 
associated to the transformation of the tetragonal 
phase to cubic and monoclinic YSZ phase, 
respectively. Therefore, the analysis in XRD is 
confirmed, since it is evident how the monoclinic 
and cubic phases grow at the expense of the 
tetragonal phase, but the growth of these phases 
was restricted with the increase of the bilayer 
number of the [8YSZ/ α-Al2O3]n coating. 
 
In the spectra of Figure 12 active modes in the 
infrared are also presented, belonging to α- Al2O3 
in 860 cm-1 and a wide band with contributions 
associated with the vibrations of the molecules 
Al-O and Al-O-Al in 1070 cm-1 and 1125 cm-1 [21-
23]. It is observed that as the bilayer number 
increases, the intensity of the bands associated to 
the alumina is higher, which can be attributed to 
the fact that a delamination occurred because the 
thermal degradation, caused by the application of 
the thermal cycles, presented in the coatings was 
lower as the bilayer number increased. 
Therefore, a greater proportion of the coating 
components were preserved. 
 
The presence of Fe and Cr oxides from the 
exposed substrate are also observed. The 
characteristic bands of these correspond to 
530 cm-1 for Fe3O4, 610 cm-1 for Cr2O3 and 
679 cm- 1 for Fe2O3 [24]. It can be appreciated how 
the intensity of the bands decreases with the 
increase in the bilayer number, which is 
generated by the contribution of the interfaces 
number in the coatings to the resistance to 
thermal degradation, restricting the oxygen 
diffusion and the formation of delaminated zones. 
 
Table 3. IR Vibration modes for monoclinic, tetragonal 
and cubic YSZ. 

Fase Simetría λ(cm-1) Ref. 

Monoclinic 8Au + 7Bu 740 [25] 

Tetragonal A2u + 2Eu 164,467,451,339 [26] 

Cubic F1u 358,628 [27] 
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Fig. 12. FTIR spectra with their respective 
deconvolutions obtained for the multilayer coatings as 
a function of the number of bilayers (a) n=1, (b) n=10, 
(c) n=30 (d) n=50 and (e) n=70. 
 
3.6 Thermal cycle test and delamination 

kinetics 
 
Figure 13 shows the optical microscopy images of 
the coatings as a function of bilayer number and 
substrate at 0.5X magnification after thermal 
cycling.  
 

 

Fig. 13. Surface optical microscopy for the steel substrate 
and the [8YSZ/α-Al2O3]n multilayer coatings after 
thermal cycles (a) uncoated AISI 304 stainless Steel (b) n 
= 1, Ʌ = 900 nm; (c)  n = 10, Ʌ = 180 nm; (d) n = 30, Ʌ = 60 
nm; (e) n = 50, Ʌ = 36 nm and (f) n = 70, Ʌ = 26 nm. 
 

For this analysis, an image processor was used 
where a blue tonality was used for continuous 
zones of the surface and a dark tonality for 
discontinuous zones. Figure 14(a) shows the 
surface of the AISI 304 steel, where a dark and 
continuous tonality can be evidenced, this 
superficial characteristic is attributed to the 
formation of surface oxides in all its surface. 
Figures (13b-13f), show the surfaces of the 
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coatings with 1, 10, 30, 50 and 70 bilayers 
respectively, by means of these images, 
discontinuous zones (dark tonality) and 
continuous zones (blue tonality) were 
determined, these discontinuous zones are due 
to a polycrystalline surface of the coating [15]. 
Therefore, by means of these results, it was 
evidenced that as the bilayers number 
increased, the discontinuous zones decreased. 
Finally, figure 13(f) show a surface with a 
reflective and continuous surface associated 
with the coating still presenting its structural 
integrity protecting the substrate, this behavior 
is due to the fact that the coating with a higher 
bilayers number (70 bilayers) presented a 
higher resistance to thermal cycles. 
 
This surface delamination observed by optical 
microscopy is mainly generated by thermal 
shock effects due to the difference in the 
thermal expansion coefficient between the 
ceramic coating and the substrate 
(CETYSZ/Al2O3 = 8-11 x10-6 °K-1 [28] and 
CETsteel=18.7x10-6 °K-1 [29]). This difference in 
coefficient under high temperature generated 
great compressive stresses that led to the 
generation of cracks or an initial separation 
parallel to the interface coating-substrate. 
Another factor that caused the coating 
delamination is the coalescence of the gaps 
within the substrate-coating interface 
generated by an unbalanced diffusion of metal 
ions from the substrate (AISI 304 steel) and 
oxygen, crossing the interface in opposite 
directions during the process of 
concentrations, which condensed and formed 
gaps [30,31]. 
 
According to Hutchinson [29] and He [32], 
when the elastic modulus difference between 
substrate and coating is reduced, the initial 
delamination will begin to grow vertically 
separating the coating, and once the separation 
has reached a critical radius, a bubble-type 
deformation called “buckle” delamination is 
formed. Furthermore, the residual compressive 
stresses present in the coating lead to tensile 
stresses on the periphery of the buckle causing 
it to grow only vertically without moving or 
propagation through the surface of the of the 
TBC coating. Taking into account the last 
characteristic, Figure 14 shows the optical 
microscopy and scanning electron microscopy 
surface images of the [8YSZ/α-Al2O3]n 

multilayer coatings deposited with n=1 and 
n=70 after the thermal cycles process. Where 
the effected region (dark tonality) that is 
surrounded by bumps caused by buckling 
delamination whose periphery is known as 
buckling front, is observed [33]. From the 
optical microcopy (Fig. 14a) it is possible to 
observe the buckles propagation on the coating 
surface for multilayer deposited with n = 1, 
evidencing forming zones with the presence of 
buckling delamination. Moreover, Figure 14(b) 
shows the lower buckling formation and 
buckling growth on the coating surface for the 
multilayer deposited with n=70. The surface 
analysis suggests that the increase of bilayers 
number in the [8YSZ/α- Al2O3]n multilayer 
coating reduces the spread of buckling 
delamination throughout the material’s 
surface. Thus, the delamination effect in the 
[8YSZ/α-Al2O3]n multilayer are in agreement 
with the Wang report [32], where it was 
determined that the thermic delamination 
phenomenon on coating surfaces may be due to 
the fact that a greater mechanical resistance of 
the coating and the coating-substrate interfaces 
prevent the delamination spread induced by 
the thermal stresses generated in the periphery 
of the buckles during their growth. Therefore, 
when a multilayer’s mechanical properties are 
increased, it is possible to prevent the coating 
delamination associated to the effects of high 
thermal cycles [33]. 
 

 

Fig. 14. Surface delamination after thermal cycles 
(a) Optical microscopy images evidencing the 
delamination of the [8YSZ/α-Al2O3]n multilayer 
coating deposited with n=1, Ʌ=900 nm and 
(b) Scanning Electron Microscopy images evidencing 
the delamination of the [8YSZ/α-Al2O3]n multilayer 
coating deposited with n= 70, Ʌ = 26 nm. 
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In addition, the oxides formation on the steel 
substrate caused by the partial coating 
delamination under the thermal cycles were 
measured by means of weight gain, which is 
shown in Figure 15. Here, a reduction of 42.2% of 
the weight gained was evidenced due to the 
diminishing surface oxide presence when the 
multilayer coatings were deposited form n= 1 
(Ʌ= 900 nm) to n= 70 (Ʌ = 26 nm), confirming 
that the coating with the greater bilayer number 
presented a better protection under extreme 
thermal cycles. 
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Fig. 15. Weight gain as function of the bilayer number 
for the [8YSZ/α-Al2O3]n multilayer coatings. 
 
3.7 Mechanical properties after the thermal 

cycle 
 
In order to determine the effects of the thermal 
cycles, which generate thermal degradation 
and surface oxidation, on the mechanical 
properties of the [8YSZ/α-Al2O3]n multilayer 
coatings, the nanoindentation test was also 
carried out after the thermal degradation 
processes. Figure 16 shows the load-
displacement curves for the [8YSZ/α-Al2O3]n 
multilayer coatings after the thermal cycles. 
These curves show that the penetration depth 
is highest compared with the nanoindentation 
test before the thermal cycles. Furthermore, 
the nanoindentation curves have an irregular 
path due to the presence of microfractures and 
fragilization inside the coating. Therefore, 
changes in the mechanical properties can be 
associated to the thermal degradation 
generated by the thermal cycles. However, this 
degradation is lessened when the bilayer 
number is increased. 
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Fig. 16. Load-displacement curves of the 
[8YSZ/ αAl2O3]n multilayer coatings as a function of 
the bilayer number (n) for all multilayers after the 
thermal cycles. 
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Fig. 17. Mechanical properties for all the 
[8YSZ/α- Al2O3]n multilayer coatings after the thermal 
cycles (a) Hardness and (b) Elastic modulus. 
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Figure 17 shows the hardness and elasticity 
modulus respectively, of the [8YSZ/α-Al2O3]n 
multilayer coatings. It is shown that by subjecting 
the coatings to thermal cycles, the mechanical 
properties decrease. This may be associated with 
the presence of cracks and detachments in the 
interfaces of the layers and in the coating-
substrate interface generated by the residual 
stresses that were caused by the thermal shock 
phenomena (transformation of tetragonal to 
monoclinic phase, oxygen diffusion, formation of 
substrate oxide, among other). 
 
3.8 Correlation between mechanical 

properties before and after thermal cycles 
 
Figure 18(a) and 18(b) show the correlation 
between mechanical properties such as hardness 
and elastic modulus before and after the thermal 
cycles.  
 

0 10 20 30 40 50 60 70
0

2

4

6

8

10

12

14

 

 

H
a

rd
n

e
s

s
 (

G
P

a
)

Bilayer Number

 Before the thermal cycle

 After the thermal cycle

 
(a) 

0 10 20 30 40 50 60 70

40

60

80

100

120

140

160

180

200

220

 

 Before the thermal cycle

 After the thermal cycle

Bilayer Number

 

 

E
la

s
ti

c
 M

o
d

u
lu

s
 (

G
P

a
)

 
(b) 

Fig. 18. Mechanical properties correlation before and after 
the thermal cycles for all the [8YSZ/α- Al2O3]n multilayer 
coatings: (a) Hardness and (b) Elastic Modulus. 

From this, it is seen that the mechanical 
properties decrease because of the thermal shock 
effect on the structural integrity of the coatings, 
due to the presence of cracks and fissures. With 
these results, it can be determined that the 
[8YSZ/α- Al2O3]n coating deposited with n=70 
(Ʌ = 26 nm) showed a hardness reduction of 
34.44% and an elastic modulus reduction of 
6.41%. In addition, the behavior of coatings 
subjected to thermal cycling have changed as a 
function of the number of layers, as well as the 
impact of these cycles clearly, which can be 
evidenced by the increase in weight due to the 
presence of oxides caused by the delamination of 
the coating leaving the substrate exposed. 
Therefore, the changes in mechanical properties 
due to the thermal effect is also a function of 
surface characteristics such as surface roughness, 
which is modified by substrate reactions that 
have also taken place during thermal cycling, 
according to XRD and FTIR results, in this sense 
the reduction of mechanical properties may be a 
result of the combination of all these factors. 
These parameters are used to study and predict 
the material coating behavior at the time of being 
incorporated as protective coatings in 
applications like 9engines, turbine, etc. 
 
 
4. CONCLUSIONS 
 
The [8YSZ/α-Al2O3]n multilayer coatings showed 
a tetragonal structure belonging to yttria 
stabilized zirconia (8YSZ) and an alpha phase 
belonging to alumina (α-Al2O3) which presented 
a rhombohedral structure before thermals cycles. 
After the thermal cycles, it was determined the 
presence of new peaks characteristics to the 
formation of monoclinic and cubic phases, in 
addition to the peaks attributed to the generation 
of oxides on the surfaces due to a partial 
delamination of the coatings. 
 
Based on the mechanical properties before and 
after the thermal cycles, was obtained a reduction 
of hardness and elastic modulus of 34.44% and 
6.41% respectively for the coating with 70 
bilayers. These mechanical properties reduction 
due to the presence of cracks and the interfaces 
delamination produced by the thermal stresses 
associated to the thermal cycles. 
 
From the optical microscopy results, it was 
determined that the predominant delamination 
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mechanism was the buckling type. In addition, from 
the weight gain results, caused by the oxide 
appearance on the coatings’ surfaces, it was 
determined that the multilayer coating deposited 
with n=70 (Ʌ =26 nm) presented the lowest weight 
gain, confirming that this coating exhibited better 
thermal shock resistance in relation to the 
multilayer coatings with lower bilayer number (n). 
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