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Abstract: The effects of surface roughness on the stresses in an alumina scale formed on a Fecralloy
substrate are investigated. Spherical indenters were used to create indents with different radii and
depths to represent surface roughness and then the roughness effect was studied comprehensively.
It was found that the residual stresses in the alumina scale formed around the rough surface are
almost constant and they are dominated by the curvature rather than the depth of the roughness.
Oxidation changes the surface roughness. The edge of the indent was sharpened after oxidation
and the residual stress there was released presumably due to cracking. The residual stresses in the
alumina scale decrease with increase in oxidation time, while the substrate thickness has little effect,
given that the substrate is thicker than the alumina scale. Furthermore, the effect of roughness on the
oxide growth stress is analysed. This work indicates that the surface roughness should be considered
for evaluation of stresses in coatings.

Keywords: roughness; curvature; stress; alumina; FeCrAlY; thermal barrier coatings

1. Introduction

During oxidation of high temperature alloys, e.g., Ni based superalloy and FeCrAl
alloy, the stress in the oxide scale formed on the substrate plays an important role in
spallation of the oxide scale. Thermally grown oxide (TGO), mostly alumina, forms in
thermal barrier coatings (TBCs), when TBCs are exposed to high temperature environment;
and spallation of TGO leads to failure of TBCs [1–8]. It is generally agreed that the stress in
TGO varies with the undulating morphology of the oxide scale [9]. Some finite element
models were employed to investigate the effect of TGO geometry on stresses [10,11].
Ranjbar-Far et al. [10] studied the effect of the undulation amplitudes at interfaces and
found that the maximum value of tensile stress at semi-circular interface was higher than
that of the sinusoidal interface. Considering that the TGO thickness is not uniform, finite
element models of geometrically heterogeneous TGO were developed for analysis [12,13],
revealing that the TGO in the apex areas of the undulation was thicker than that in the
valley areas, and nonuniform TGO was more likely to induce TBCs spallation. Song
et al. [14] established a TGO growth model with different growth rates at different locations.
They demonstrated that the nonuniform growth of TGO would lead to increase of residual
stresses at flank locations, as well as early interfacial cracks. Thus, the morphology of TGO
has important effects on the stress level. Previous research has also shown that the rumpling
of the TGO layer (i.e., roughness of TGO varies) during thermal cycling could cause the
failure of TBCs [1,15–18]. In general, the standard deviation of the height of surface, Rq,
is used as the roughness parameter. However, TBCs with similar TGO roughness, Rq,
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can exhibit different lifetime before coatings spallation, which has not received enough
attention and research.

To evaluate the influence of TGO roughness on TBCs lifespan, the stresses of TGO with
different roughness parameters need to be determined. Previous research has used several
types of experimental techniques to obtain the stresses in TBCs, i.e., nano-indentation, X-ray
diffraction (XRD), Raman spectroscopy and photoluminescence piezo-spectroscopy (PLPS).
Based on the relationship between the Young’s modulus measured by nano-indentation
and the stress in the material, the residual stresses in TBCs were obtained [19,20]. However,
the nano-indentation method is only applicable to the measurement of surface stress.
The XRD and Raman spectroscopy have been widely used in the non-destructive stress
measurement, but they are not suitable to obtain the TGO stress in TBCs due to their
limitation of penetration depth [21,22]. By contrast, based on the relationship between
stress and peak shift of Cr3+ luminescence, PLPS can penetrate through the ceramic top
coat, and has been used as a very powerful and relatively accurate method in the TGO
stress measurement [7,23,24]. Therefore, the PLPS method is used in this work to measure
the change of the TGO stress affected by surface roughness.

In this study, the effects of surface roughness on the stresses in an alumina scale
formed on a Fecralloy substrate are investigated. spherical indenters are used to produce
indents (i.e., roughness of surface) with different radii and depths before formation of TGO
on a Fecralloy substrate. The effects of radius and depth on TGO stresses for different
periods of oxidation are measured through PLPS method and then analysed in detail.

2. Experiments

Fecralloy (Fe72.8Cr22Al5Y0.1Zr0.1 in wt. %, Goodfellow, UK) was used for the present
study as it could form a uniform and adherent α-Al2O3 scale. Button-like substrates, of
diameter of 25.4 mm, were cut and then mechanically polished to a 0.25 µm finish on both
sides and cleaned in acetone. Three spherical indenters with radii of 20, 200 and 1000 µm
were employed with various levels of loading to create roughness on the polished samples
with different radii and depths. The 20 µm and 200 µm radii indents were generated by
instrumented micro-indentation, while the 1000 µm one was created by Rockwell tester.
One group of the samples with the same thickness of approximate 2 mm were oxidised
in ambient air at 1200 ◦C for 1, 4, 9 and 16 h. The other groups consisting of the samples
with thickness of 1, 2, 3 and 4 mm were oxidised at 1200 ◦C for 25 h. After oxidation, all
samples were taken from the furnace immediately and cooled by air blasting to prevent
plastic relaxation of the substrate. The profiles of indents were measured by interferometer
(MicroXAM, KLA-Tencor, Milpitas, CA, USA) prior to and after oxidation. The residual
stress in the alumina scale was measured at room temperature using PLPS (HR 800, Horiba,
Paris, France) and 532-nm laser with an optimal probe size of about 3 µm, where the peak
shift of spectra was used to determine the residual stress. Several samples were additionally
cooled in liquid nitrogen. The experimental steps were shown in Figure 1. The stresses in
these samples were measured and compared to the values from air cooling samples. The
results showed identical measured stress value and, therefore, it was reasonable to assume
that no considerable plastic relaxation occurred during cooling.
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3. Results and Discussion 
Figure 2 shows the profiles of one typical indent before and after oxidation. Signifi-

cant spikes are present at the edge of the indent after oxidation. The depth, h, and the 
span, l, of a typical indent are listed in Table 1. The radius of the indent can be obtained 
according to = ℎ + ( /2) 2ℎ⁄ . The calculated radius is 203 µm and the radius of the 
spherical indenter is 200 µm. Hence the radii obtained from the indents before oxidation 
agree very well with the geometry of spherical indenters, but deviation occurred after 
oxidation, because the depths of indents increased after oxidation (Table 1), which indi-
cated that the oxide scale formed was generally thicker at the flat surface than at indents. 
This also agrees with previous study by Tolpygo and Clarke [9]. 

  
Figure 2. The profiles of a typical indent created by a spherical indenter with 200 µm radius using 30 N loading prior to 
(a) and after (b) oxidation at 1200 °C for 25 h. The inset is the line scan of the location indicated by the red dotted line. 

Table 1. The depth, span and calculated radius of a typical indent shown in Figure 1. 

Conditions h (µm) l (µm) R (µm) 
Before oxidation 10 ± 2 126 ± 3 203 ± 4 
After oxidation 13 ± 3 120 ± 6 145 ± 7 

Figure 3 shows a typical profile of the peak shift across an indent. The peak shift is 
nearly constant at the flat surface and decreases to almost zero at the edge of the indent, 
and then increases to a constant value across most of the central part of the indent. Signif-
icant decohesion of TGO from substrate is inferred to occur at the edge of the indents, 

Figure 1. Experimental process diagram.

3. Results and Discussion

Figure 2 shows the profiles of one typical indent before and after oxidation. Significant
spikes are present at the edge of the indent after oxidation. The depth, h, and the span, l, of
a typical indent are listed in Table 1. The radius of the indent can be obtained according
to R =

{
h2 + (l/2)2

}
/2h. The calculated radius is 203 µm and the radius of the spherical

indenter is 200 µm. Hence the radii obtained from the indents before oxidation agree
very well with the geometry of spherical indenters, but deviation occurred after oxidation,
because the depths of indents increased after oxidation (Table 1), which indicated that the
oxide scale formed was generally thicker at the flat surface than at indents. This also agrees
with previous study by Tolpygo and Clarke [9].

Coatings 2021, 11, 479 3 of 8 
 

 

 
Figure 1. Experimental process diagram. 

3. Results and Discussion 
Figure 2 shows the profiles of one typical indent before and after oxidation. Signifi-

cant spikes are present at the edge of the indent after oxidation. The depth, h, and the 
span, l, of a typical indent are listed in Table 1. The radius of the indent can be obtained 
according to = ℎ + ( /2) 2ℎ⁄ . The calculated radius is 203 µm and the radius of the 
spherical indenter is 200 µm. Hence the radii obtained from the indents before oxidation 
agree very well with the geometry of spherical indenters, but deviation occurred after 
oxidation, because the depths of indents increased after oxidation (Table 1), which indi-
cated that the oxide scale formed was generally thicker at the flat surface than at indents. 
This also agrees with previous study by Tolpygo and Clarke [9]. 

  
Figure 2. The profiles of a typical indent created by a spherical indenter with 200 µm radius using 30 N loading prior to 
(a) and after (b) oxidation at 1200 °C for 25 h. The inset is the line scan of the location indicated by the red dotted line. 

Table 1. The depth, span and calculated radius of a typical indent shown in Figure 1. 

Conditions h (µm) l (µm) R (µm) 
Before oxidation 10 ± 2 126 ± 3 203 ± 4 
After oxidation 13 ± 3 120 ± 6 145 ± 7 

Figure 3 shows a typical profile of the peak shift across an indent. The peak shift is 
nearly constant at the flat surface and decreases to almost zero at the edge of the indent, 
and then increases to a constant value across most of the central part of the indent. Signif-
icant decohesion of TGO from substrate is inferred to occur at the edge of the indents, 

Figure 2. The profiles of a typical indent created by a spherical indenter with 200 µm radius using 30 N loading prior to (a)
and after (b) oxidation at 1200 ◦C for 25 h. The inset is the line scan of the location indicated by the red dotted line.
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Table 1. The depth, span and calculated radius of a typical indent shown in Figure 1.

Conditions h (µm) l (µm) R (µm)

Before oxidation 10 ± 2 126 ± 3 203 ± 4
After oxidation 13 ± 3 120 ± 6 145 ± 7

Figure 3 shows a typical profile of the peak shift across an indent. The peak shift is
nearly constant at the flat surface and decreases to almost zero at the edge of the indent, and
then increases to a constant value across most of the central part of the indent. Significant
decohesion of TGO from substrate is inferred to occur at the edge of the indents, hence
leading to zero stress in the TGO. The following study will focus on the peak shift of TGO
at the central part of indents.
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Figure 3. A typical profile of the peak shift of the characteristic R-line of α-Al2O3 scale across the
indent created by a 200 µm radius indenter with 30 N loading after oxidation at 1200 ◦C for 25 h.

The stress can be derived from the peak shift (∆ν) of the characteristic R-lines of the
Cr3+ luminescence relative to the stress-free alumina given by [25,26]:

∆ν =
1
3

Πiiσii (1)

where σii are the hydrostatic components of the stress tensor and Πii are the components
of the piezospectroscopic tensor (Πii = 7.60 cm−1/GPa for α-Al2O3) [26]. For a flat scale,
the stress can be assumed to be biaxial, i.e., σxx = σyy = σ and σzz = 0. Therefore, the
biaxial stress can be determined by ∆ν = 5.06 σ. However, for a curved alumina scale,
the component σzz normal to the sample surface is no longer zero and the in-plane stress
components σxx and σyy are expected to vary from place to place, depending on the
geometry of oxide. For a spherically symmetric geometry like the spherical indent in this
study, an analytical solution for the thermal mismatch stress is obtained as [27]:

σzz =

Eox(αsub − αox)∆T
[

1 −
(

R−H
R

)3
]

1 − 2νox +
1+νox
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(
R−H
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σxx = σyy =
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1 + 1

2

(
R−H

R

)3
]

[
1 −

(
R−H

R

)3
] σzz (3)

where the oxide scale and the substrate are distinguished by subscripts ”sub” and ”ox”,
respectively, H is the oxide thickness, R is the radius of the indent, α is the thermal expansion
coefficient, E is Young’s modulus, ν is Poisson’s ratio and ∆T is the temperature change.
The indents created by spherical indenters in this study are close to spherical geometry,
so the equations are used to estimate the stresses. From Equations (1)–(3), the peak shift
induced by thermal mismatch stress can be calculated.

PLPS measurements below were made on the alumina scale formed at the central part
of indents with various radii and depths. Figure 4a summarises the peak shift as a function
of indent radius and depth after oxidation at 1200 ◦C for 25 h. As the radius of indent
(or the reciprocal of curvature) increases, the peak shift, i.e., stress increases. In the case
of 1000 µm radius which has a very small curvature, the determined value is almost the
same as that of a flat surface. According to Equations (2) and (3), normalised tangential
stress σxx, σyy and normal stress σzz as a function of the indent radius and oxide thickness
ratio are shown in Figure 4b, where σ0 is the stress at a flat surface, σ0 = Eox∆α∆T

1−νOX
. The

σzz decreases but σxx increases with increasing radius. Since ∆ν = 1
3 Πii

(
σxx + σyy + σzz

)
,

the peak shift follows the same trend as the tangential stress, hence, it increases with an
increase in the radius. According to Figure 4a, the indent depth has no obvious effect on the
peak shift, as also shown in Equations (2) and (3). Such conclusion is striking, considering
the practical cases in the application field such as TBCs where standard deviation of the
depth of roughness is usually used as the parameter to quantify the rumpling effect of TGO
interface which is believed to be one of mechanisms accounting for the ultimate failure
of TBCs.
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substrate thickness is not included in the stress prediction, given that the substrate is sig-
nificantly thicker than the alumina scale, therefore the peak shifts on the substrates of dif-
ferent thickness led to similar values. 

  

Figure 4. (a) Peak shift of the characteristic R-line of α-Al2O3 scale formed at the central part of the indents on Fecralloy
after oxidation at 1200 ◦C for 25 h as a function of indent radius and depth. (b) Normalised σzz and σxx (σyy) as a function
of the indent radius and oxide thickness ratio, R/H.

Figure 5a reveals the peak shift from measurements at indents as a function of oxida-
tion time and substrate thickness. The peak shift decreases as the oxidation time increases.
During oxidation the oxide scale thickens, and according to Figure 4b, the total stress which
is defined as the arithmetic mean of axial stress components decreases with increasing
oxide thickness, given the same radius of indent, hence, the peak shift declines with the
oxidation time. In addition, the substrate thickness has no obvious effect on the peak shift
because the substrate is much thicker than the oxide scale in the study and it does not have
plastic deformation during cooling, and also according to Equations (1)–(3) the substrate
thickness is not included in the stress prediction, given that the substrate is significantly
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thicker than the alumina scale, therefore the peak shifts on the substrates of different
thickness led to similar values.
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It is noted that the peak shift becomes stable gradually after initial decrease with
extended oxidation time, where the change in stresses cannot be explained purely based on
thermal mismatch stress according to the Equations (1)–(3) in which only thermal mismatch
stress has been considered. The residual stress in the oxide scale at room temperature
comprises two components, i.e., the thermal mismatch stress and the oxide growth stress.
Generally, the mismatch stress is larger than the growth stress, so the changing trend
of the total stress based on the peak shift as a function of indent depth and radius can
be explained well with Equations (1)–(3). However, in order to understand the effect of
oxidation time on the stresses in alumina scale and also conduct a quantitative analysis,
the growth stress must be considered, which will be discussed below.

The growth stress, σgrowth, in the scale at the oxidation temperature can be obtained
from the room temperature stress data using the following equation:

∆ν =
1
3
× 7.60 ×

(
σxx + σyy + σzz + 2·Esub

Eox
σgrowth

)
(4)

where the thermal expansion coefficients of the substrate and oxide are, αsub =14.0 × 10−6/◦C
and αox = 8.2 × 10−6/◦C, respectively [28], the Young’s moduli of the substrate and oxide
are, Esub = 200 GPa and Eox = 400 GPa, respectively, while ET

ox = 330. GPa is the oxide
Young’s modulus at 1200 ◦C [28], ∆T is the temperature drop from oxidation temperature
(∆T = 1175 ◦C). The Poisson’s ratio is taken to be νsub = 0.3 and νox = 0.25 for the substrate
and oxide, respectively. The oxide thickness H was measured by scanning electron micro-
scope (SEM) images and determined to be 0.7, 1.4, 2.2, 2.9 and 3.6 µm for samples oxidised
at 1200 ◦C for 1, 4, 9, 16 and 25 h, respectively. Using the peak shift data in Figure 4a and
Equations (2)–(4), the growth stress can be obtained.

The growth stress of the oxide scale is presented in Figure 5b. The difference between
the oxide growth stresses at the indents of different radii is remarkable. For the indent of
20 µm radius, the growth stress is tensile from the beginning of oxidation. On contrary,
the growth stress is compressive for the indent of 200 µm radius and it decreases as a
function of oxidation time. The compressive growth stress formed on a flat surface rises
up to about 1.7 GPa and is almost constant through the oxidation period carried out in
the study. The tensile stress within the indent of small radius (large curvature) could be
because complicated oxide growth occurred due to the large curvature, and partial stress
relaxation might occur in this region during cooling. The analysis above is based on the
assumption that there is no plastic deformation of the substrate during temperature change.
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It is reasonable for a flat surface or locations with small curvatures because the stress in
the substrate is small and relatively uniform. However, the presence of an indent with
a very large curvature could lead to a nonuniform stress redistribution in the subscale
region of the substrate with relatively high stresses in specific areas [9,27]. In addition, the
assumption of the spherical configuration of the indent is not exactly valid for samples
after oxidation, as shown in Table 1. These can result in some errors in the data. Despite
the limitations in the measurement method, the experimental results indicate that the
curvature of roughness has an important effect on the growth stress in the oxide scale.

4. Conclusions

In summary, the effects of the depth and curvature of surface roughness on the
stresses in an alumina scale formed on a FeCrAlY substrate are investigated using the
photostimulated luminescence piezospectroscopy method. It was found that the roughness
curvature, rather than the roughness depth, dominates the residual stress in the alumina
scale. Oxidation affects the roughness profile and causes stress relaxation on the edge of the
indent, which can be correlated with local cracking. The residual stress in the rough alumina
scale decreases with oxidation time increasing, while it is insensitive to the thickness of the
substrate which is thicker than the aluminium scale. The complicated variation of oxide
growth stress with oxidation time is also revealed. This study demonstrates that the surface
roughness should be precisely considered in stress analysis for TGO and TBCs.
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