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Abstract Yttria-stabilized zirconia (YSZ) thermal barrier

coatings (TBCs) were prepared by atmospheric plasma

spraying (APS). SEM–EBSD–Raman spectroscopy evalu-

ated the relationship between the crystallinity, stresses, and

cracks in YSZ coatings. Cracks were more likely to form in

locations having poor crystallinity, due to the tensile

stresses. Analysis between the formation of cracks and

stresses shows that transgranular cracks are more likely

created in areas with poor crystallinity. Moreover, inter-

granular cracks are more likely to occur around columnar

grains, because the tensile stresses of columnar grains are

greater than those of equiaxed grains. Resultantly, the

formation and propagation of cracks can be controlled by

controlling the cooling rate and grain shape.
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Introduction

Thermal barrier coatings (TBCs) are widely used in high-

temperature components such as turbines and engines to

protect these components from high-temperature oxidation

and erosion, while improving the surface properties of the

components, such as reliability and wear resistance (Ref

1–3). TBCs typically consist of a ceramic top coat, a

metallic bond coat, and a substrate. The top coat, the most

important component, is composed of yttria-stabilized

zirconia (YSZ) because of its low thermal conductivity

(approximately 2.3 W m-1 K-1 at 1000 �C) and high

thermal expansion coefficient (11 9 10-6 �C) at high

temperatures (Ref 4–6). YSZ TBCs are usually deposited

by atmospheric plasma spraying (APS), because of its

simplicity and efficiency (Ref 1). However, samples pre-

pared by this process are greatly affected by residual

stresses, which cause cracking and peeling of the coating

(Ref 7).

Over the past few years, many studies have focused on

the relationship between residual stresses and coatings. For

instance, Jordan et al. used x-ray diffraction (XRD) to

measure the change in stresses in different thermal cycles

(Ref 8). Zhang et al. used a finite element analysis to prove

that as the thickness of a coating increases, residual stresses

appear as compressive stress and gradually decreases (Ref

9). Ma et al. calculated the stresses of the coating cross

sections by Raman spectroscopy (Ref 10). Wang et al. used

fluorescence spectra to characterize the stresses of YSZ/

Al2O3 coatings and established the relationship between

stresses and thickness density (Ref 11).

However, all of these approaches merely measure the

stresses of coatings on the macroscale. On the microscale,

Song et al. used electron backscattered diffraction (EBSD)

and XRD to qualitatively compare the stresses of different
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types of grains (Ref 12). However, no one has ever quan-

titatively calculated the stresses of the microstructure and

grains. As is well known, the formation of cracks is closely

related to stresses and can cause failure of the coating. If

we can calculate the stresses of the coating microstructure,

then we can determine which structures are more likely to

cause crack formation. In addition, few researchers have

studied the crystallinity of coatings, and there is a lack of

advanced knowledge between the stresses and coating

crystallinity.

In this work, YSZ TBCs were prepared by plasma

spraying. The crystallinity and stresses of grains were

characterized and calculated by scanning electron micro-

scopy (SEM)–Raman spectroscopy and EBSD. Subse-

quently, the relationship between crystallinity, stresses, and

cracks in YSZ coatings was analyzed in detail.

Experimental Procedure

Preparation of Coatings

In this experiment, vacuum plasma spraying (VPS; Sulzer

Metco AG, Switzerland) was used to spray NiCrCoAlY

powder on a nickel-based superalloy as a bonding layer.

The ceramic layer was prepared by spraying ZrO2-

7.5 wt.% Y2O3 powder on the bonding layer by using

atmospheric plasma spraying (APS; Sulzer Metco AG,

Switzerland). The chemical composition of the Ni-based

superalloy substrate is shown in Table 1. The VPS and

APS parameters are listed in Table 2. The substrate was not

preheated before plasma spraying and was cooled by

compressed air during plasma spraying.

Characterization of Coatings

The microstructures of YSZ coatings were characterized by

using an SEM system (Magellan 400, FEI, USA) equipped

with EBSD (INCA SERIES, Oxford Instrument, UK)

attachments. The EBSD patterns were acquired at an angle

of 60� with an acceleration voltage of 20 kV; the step size

was 0.1 lm for the sample. The stresses of the coating

were characterized by SEM (Sigma 300, Zeiss, DEU)

(MIRA3, TESCAN, CZ) equipped with Raman microscope

probe attachments (RISE, WITEC, EU).

Raman Spectroscopy and Calculation of Residual

Stresses

Raman spectroscopy is used not only for phase identifica-

tion, but also for analysis of stresses. In this experiment, a

green laser (wavelength 532 nm) was used as the laser light

source, and the laser was incident perpendicular to the

cross section of the coating. The spatial resolution of the

instrument was spot size 700 nm, laser depth 1 lm, and

grating 600 g/mm. The area of the Raman characterization

was 35 9 25 mm2, and the step size of the Raman char-

acterization was 0.25 mm.

The change in stresses appears as a band shift of the

peak in the Raman spectrum. The reason is that the change

in stresses causes a change in the lattice parameters, which

causes the peak position to move (Ref 13–16). As shown in

Table 3, tetragonal zirconia generally has six peaks. The

peaks at the positions of 460 cm-1 or 635 cm-1 are gen-

erally selected to calculate the stresses of ZrO2 (Ref

17–20), because the peaks at 460 cm-1 are more sensitive

to the change in stresses, and the peaks at 635 cm-1 have a

better signal-to-noise (S/N) ratio (Ref 21, 22). In this

experiment, we selected the peak near 635 cm-1 for cal-

culation of stresses. The obtained Raman data were fitted

and processed by the software PROJECT5 in the RISE

system.

The relationship between residual stresses (rr) and

Raman peak band shift (DV) is written as

DV ¼ Purr ðEq 1Þ

where the piezoelectric spectral coefficient Pu is constant.

The Pu value for plasma-sprayed TBC was found to be

25 cm-1/GPa (Ref 10).

Results and Discussion

Characterization of the Coatings

Figure 1(a) shows typical SEM images of the polished

cross sections of YSZ coatings, from which we observe

that the coating has some pores and cracks. Fig-

ure 1(b) shows the Raman mapping, and Fig. 1(c) shows

its corresponding spectrum. (The green spectrum in

Fig. 1(c) corresponds to the green area in Fig. 1(b), as does

the yellow one.) The peak below 700 cm-1 in Fig. 1(c) is

the peak of the sample, and the peak at 1500 cm-1 is the

carbon peak. The carbon peak has no effect on the sample

Table 1 Chemical composition

of Ni-based superalloy substrate
Composition Ni Cr Mo Co ? Ta Fe Ti Al C Mn S Si P

Content (wt.%) 60.287 22.0 9.0 3.5 4.0 0.3 0.3 0.05 0.3 0.003 0.25 0.01
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peaks. Comparing the two spectra in Fig. 1(c) with the

standard zirconia spectrum shows that both spectra in

Fig. 1(c) are tetragonal, but it is clear that there are some

differences between the two spectra, such as the peak width

and the position of the maximum. Comparing the peak

width of the two spectra shows that the peak width of the

green spectrum is significantly smaller than that of the

yellow spectrum, which means that the crystallinity of the

green region is better than that of the yellow region. At the

same time, we also compared the Raman band shift of the

two peaks at 635 cm-1. The wavenumbers of the two

spectra are 631.33 cm-1 and 628.63 cm-1, and the band

shift indicates a change in stresses. Substituting the two

wavenumbers into formula (1) yields a rr value of

108 MPa, which means the tensile stresses in the yellow

region are 108 MPa greater than the tensile stresses in the

green region. From this, we know that the yellow region

has not only worse crystallinity but also greater tensile

stresses compared to the green region. Comparing

Fig. 1(b) with Fig. 1(a) shows that the yellow area is

mainly concentrated near the crack; that is to say, where

the crystallinity is poor, tensile stresses are greater and

cracks are more likely to form.

At the same time, we speculated that the differences in

crystallinity are caused by different cooling rates.

According to the crystallization kinetics (Ref 23),

U ¼ fkm0 exp �DGa=kTð Þ ½1 � exp �VDGv=kTð Þ½ �
ðEq 2Þ

where U is the growth rate of the crystal line, T is the

temperature, DGa is the activation energy required for an

Table 2 Operating parameters

used for plasma spraying
Current, A Ar, L/min H2, L/min Powder feed rate, r/prm Spray distance, mm

APS 600 26 11 25 120

VPS 720 50 9 25 275

Table 3 Wavenumber and symmetry of tetragonal zirconia peak

Wave number, cm-1 148 258 318 470 610 635

Symmetry B1g A1g B1g Eg B1g Eg

Fig. 1 (a) SEM image of a polished cross section of a YSZ coating, (b) image of Raman mapping, and (c) image of Raman spectrum
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atom or molecule to transition from the liquid through the

interface to the crystal, f is the additional factor, m0 is the

atomic vibration frequency, k is the atomic distance, and

VDGm is the free enthalpy difference between the liquid

and the crystal. The grain growth means the movement of

interface. When the precipitated crystal has the same phase

as the parent phase, the particles near the interface can be

attached to the surface of the crystal nucleus through the

transition of interface. So the crystal growth is controlled

by the interface. If the precipitated crystal is different from

the parent phase, the components of crystal would diffuse

from parent phase to the interface before transition of the

interface. Thus, the crystal growth is controlled by the

diffusion. In this research, the phase of crystal is the same

as parent phase. As a result, the main factor to determine

the grain growth is the interface.

Figure 2 is obtained from formula 2 and shows that the

crystal growth rate is mainly affected by temperature.

When the cooling rate is fast, the crystallinity is poor, and

when the cooling rate is slow, the crystallinity is better. The

maximum value appears at an appropriate temperature.

We drew this process as a schematic diagram. As shown

in Fig. 3, the coating was prepared by APS; during the

cooling process, the cooling rate is different everywhere, so

the crystal growth rate is also significantly different, which

causes unequal crystallinity. It was calculated that the

tensile stresses are greater where the crystallinity is poor,

so it is easier to form cracks in the area with poor

crystallinity.

Characterization of the Cracks

We performed EBSD on the selected area in Fig. 4(a), and

the results are shown in Fig. 4(b). Figure 4(b) shows that

some of the cracks are transgranular and others are

intergranular.

In Fig. 5(a) and (b), the marked grains are columnar

grains (aspect ratio[ 2). The figure shows that a trans-

granular crack exists in this grain, and the crystallinity in

this grain is also uneven. We speculate that the reason for

the transgranular crack is that the crystallinity of the single

grains is not uniform, and the tensile stresses are greater

where the crystallinity is poor, which causes more dislo-

cations. The increasing dislocations generate a large

number of slip bands, which reduces the grain strength and

eventually causes transgranular cracks in places with poor

crystallinity.

In Fig. 5(c) and (d), the cracks marked are intergranular

cracks. Intergranular cracks are not concentrated in areas

with poor crystallinity, because the grain boundary strength

is relatively poor. After observation and statistics, we

found that grain boundary cracks often occur around

columnar grains.

In order to determine why intergranular cracks con-

centrate around columnar grains, we studied the stresses of

different grains. As shown in Fig. 6(a), we selected five

points in a single grain for the Raman spectroscopy test.

The results obtained are shown in Fig. 6(b), and the aver-

age of wavenumber was used to calculate the stresses. We

defined this grain as a zero-stress grain. After that, the

wavenumbers of other grains were detected in the same

way. From the obtained wavenumbers, we calculated the

stresses of each grain; the results are shown in Fig. 6(c) and

(d). It must be noted that the horizontally marked grains are

equiaxed grains (aspect ratio\ 2) and the vertically

marked grains are columnar grains. From Fig. 6(d), we

determine that the tensile stresses of columnar grains are

greater than those of equiaxed grains, and this result per-

fectly explains why intergranular cracks concentrate

around columnar grains.

At the same time, grain size affects the stresses. It is

well known that small equiaxed grains stress has excellent

mechanical properties. For the reason that the anisotropic

of equiaxed grains is small, and plays a positive role in

resisting the initiation and expansion of cracks (Ref

24–26). From Fig. 6(d), we figure out that large columnar

grains have greater stresses than small equiaxed grains. As

a result, intergranular cracks are more likely to occur at the

large columnar grains.

Conclusion

In this study, YSZ TBCs were prepared by APS. SEM–

EBSD–Raman spectroscopy was used to study the rela-

tionship between crystallinity, stresses, and cracks. The

results are summarized as follows:

1. The crystallinity of the coating is uneven, stresses are

concentrated in the areas with poor crystallinity, and

the cracks are more likely to form in these areas.

Fig. 2 Diagram of crystal growth rate vs. temperature
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Fig. 3 Diagram of crack

generation

Fig. 4 (a) SEM images of polished cross sections; (b) EBSD orientation map of the corresponding area

Fig. 5 (a, b) Transgranular crack in different images; (c, d) intergranular cracks in different images
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2. Transgranular cracks are more likely to occur in areas

with poor crystallinity.

3. Intergranular cracks are more likely to occur at the

columnar grains, because the tensile stresses of the

columnar grains are greater than those of the equiaxed

grains.
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