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A micro-composite enamel (MCRE_40) was developed to be a thermal 

barrier coating for aircraft engine parts made of EI868 superalloy. MCRE_40 

underwent cyclic thermal shock tests (CTST). The paper addresses the roughness 

and micro-wear resistance induced by CTSTs. Autocorrelation and comparative 

frequency analyses were introduced to reveal the natures of the factors that induce 
the roughness. The correlation between roughness and the CTST parameters are 

two novelties addressed in the paper. The CTSTs increases the micro-abrasion wear 

resistance of MCRE_4,except one case. The experimental data about MCRE_40 

which underwent CTSCs in 900-1150 oC are other novelty addressed in the paper.  

Keywords: micro-composite refractory enamel, thermal barrier, cyclic thermal 

shock test, roughness, micro-abrasion wear resistance, autocorrelation  

1. Introduction 

Multifunctional coatings have become an emerging field over the last few 

decades in the aircraft industry, power plant, automotive etc. [1-5]. The 

multifunctional thermal barrier coatings (TBC) are used in aeronautics to protect 

the hot working parts of the turbojet engines [4-7]. Among TBCs, refractory 
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enamels stand out with the highest performance/cost ratio. The enamel can be 

considered as a thermodynamic system entrapped into a frozen equilibrium states 

at low temperature (300 -500 K). If the system is heated, then the system emerges 

from the frozen equilibrium state and is prone to complex processes [8-12]. 

Hence, thermal socks can significantly modify the phase composition of a TBC 

and implicitly its functional performances. To our present knowledge, this issue is 

not dealt with in the literature.  

The paper addresses the modifications induced by cyclic thermal shock 

tests (CTST) into an enamel coating, especially its roughness, in conjunction with 

modifications in erosion resistance. For the exploration of these induced 

modifications, roughness, micro-wear abrasive measurements, optical microscopy 

(OM) and SEM-EDS observations were carried on the tested and witness samples. 

Also, paper presents SDAR-OES and ED-XRFS data regarding the compositions 

of the support and of the coating. 

The roughness effect upon the erosion resistance was investigated by 

Calowear method [13]. This choice is another novelty of the paper as the micro-

abrasion wear is the single one method compatible to the hot erosion which 

enamel underwent during service. 

The paper introduced an innovative approach for identification of the 

random and/or systematic effects that induce the surface roughness. Thus, it was 

introduced the short range and long range autocorrelation analyses to reveal where 

or not there is a correlation along the roughness patter.  

The paper presents the following important novelties: 

 A holistic approach to characterizing the roughness of MCRE_40 email 

 Original data about the effects of the CTST parameters on the roughness 

of MCRE_40 enamel.   

 Original data about the effects of the CTST parameters on the micro-

abrasion resistance of MCRE_40 enamel. Also, the data obtained are 

extremely useful for guiding future research aimed to produce an 

improved version of the MCRE_40 enamel. 

2. Materials and methods 

2.1. Materials 
 

The researches were carried on MCRE_40 that coat pieces of EI_868 

superalloy. The elemental composition of the substrate measured with a 

SpectromaxX SDAR-OES spectrometer is shown in Table 1. The measurements 

data are presented together with their expanded uncertainty having 95% 

confidence level, U(95%).  The prescribed composition of EI_ 868 is given in the 

first row of Table 1[14]. 
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Table 1. 

Elemental composition of the substrate [%] mass 

Element  C Si Mn Cr Ni Mo Fe W Al Ti S P 

EI_868 

[14] ≤0,10 
≤ 

0.80 
≤0.50 

23,50-

26,50 

25.0- 

30.0 
≤1.50 ≤4.0 

  13.00- 

16.00 
≤0.5 

0.3- 

0.7 
≤0.013 ≤0.013 

c 0.12  0.39 0.33 23.53 25.52 1.10 2.41 14.00 0.30 0.66 0.004 0.007 

U(95%) 0,04 0,08 0,06 0,04 0,04 0,08 0,10 0,6 0,08 0,12 0,002 0,006 

 

The comparative analysis of the data in Table 1 shows that the EI_868 

alloy is not compliant regarding the concentration of C. However, if the expanded 

measurement uncertainties are considered, it can be stated that the substrate 

composition corresponds to the predicted mark. 

In order to increase the refractoriness of the enamel, a frit recipe with 

moderate fondant content (B2O3) was adopted. Also, Al2O3 oxide was added for 

the same reason, as it is shown in Table 2. 
Tabel 2. 

The nominal composition of the frit (wt%) 

SiO2 BaO Cr2O3 B2O3 Al2O3 CaO MgO ZnO Mo2O3 

40.0 30.0 10.0 3.0 3.0 4.0 2.5 4.5 3.0 

 

The fine grained frit were mixed with powdered Cr2O3, water and 

surfactants to obtaine the slury called barbotine, whose oxide composition is 

presented in Table 3. 
Table 3.  

The composition of the barbotine (wt%)  

Substance Frit C2O3 MT530 clay Distilled water NaO 

[%]  wt 100 30 10 50 10 

 

Samples of_ EI 868 sheets (50x25x1.2 mm) were prepared by corundum 

blasting, alcohol degreasing and subsequently coated on a single side by wet spray 

process. The coated specimens were fired at 1350 
o
C for 3 min in an electrical 

furnace. The oxidic composition of the enamel coatings measured with Xepos 

XRF spectrometer is given in Table 4. 
Table 4.  

The oxidic commposition of the MCRE_40 enamel 

SiO2 BaO Cr2O3 B2O3 Al2O3 CaO MgO ZnO Mo2O3 NaO 

27,6 20,7 27,6 2,3 2,1 2,8 1,7 3,1 2,1 10,0 

 

The CTSTs were performed with a special equipment built at SC INCAS 

SA, which is described elsewhere [15].  A thermal shock test encompasses a sharp 

transition of the specimen from room temperature into a furnace chamber at 

higher temperature (900 
o
C-1150

o
C),  a 5 minutes exposure at this temperature 
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followed by a transition from furnace  into a cool air jet, which cool down the 

specimen at room temperature in 3 minutes. This process is repeated 

automatically for 200 cycles. The temperatures inside the furnace were: 900 
o
C, 

1000 
o
C, 1050 

o
C, 1100 

o
C, 1150 

o
C. The coolant jet is provided by a tank 

containing air at 5 atm. The temperature profiles of the heating and cooling stages 

of the CTST are automatically monitored with an accuracy of ± 1 
o
C.   

2.2. Methods 

The measuring principle of the Calowear is well known and is described 

many papers [16-18]. An extended version of the Archard law was used for the 

estimation the micro-abrasion wear resistance of a coating-substrate system [17]:  

 

where SN is the slip distance multiplied by the applied load; R is the ball radius; b 

is the inner wear crater diameter;  Kc is the wear coefficient of the coating and Ks 

of the substrate respectively, Vc and Vs are the measured wear volumes. 

The wear resistance (WR) was estimated by K
-1

, respectively: 

                                                    (2) 

In order to substantiate the influence of the thermal shock on the EI_868 

enamel/superalloy system, SEM investigations and EDS analyzes of the enamel-

substrate interface were performed. The QUANTA 200 microscope (SEM / 

ESEM-EDAX) was used for this purpose. 

The surface roughness is quantified by a set of measurements Ra, Rz, Rq, 

Rv, Rp,  Rsm, Rpc, Rpk, Rvk, Rsk, Rmax which are intended to reveal certain 

aspects associated with roughness [16, 19-22]. Among them, we used the 

followings: 

                                                             (3) 

where N is the number of offset measurements; y(i) is the offset i.e. the 

distance between the measurement point and the reference line. 

                                                           (4) 

Rz is the average of the absolute values of 5 highest peaks and 5 deepest 

valleys of the roughness patterns. Rz is a measure of the highest roughness of the 

surface.  Skewness, Rsk, is a measure of the asymmetry of the profile about the 

mean line and it is calculated as: 

                                                             (4) 

The paper introduces a new way of analyzing the surface texture using the 

autocorrelations, which is designed to highlights the random or systematic nature 
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of the effects that induced roughness during CTSTs. Thus, the autocorrelation 

parameter AC(k) is calculated as: 

                                              (5) 

where y(i) is the stylus offset from roughness reference level at the i
th

 step; k 

is the displacement of the cloned roughness profile related to the original one.  

Another novelty introduced by the paper consists in an comparative analysis 

of the frequencies of the y(i) offset values to the frequencies calculated based on a 

normal distribution  N (µ, σ) ( Gauss-Laplace) whose parameters (µ, σ) are 

calculated based on the experimental data [23].   

The roughness measurements were carried on with a INSIZE ISR-C002 

instrument which automatically acquires the data. The evaluation length was 12.5 

mm for all specimens, with a pitch of 4.4 μm, that means 2857 measurement 

points. In order to ensure a good statistic for the calculation of the roughness 

parameters, 5 measurements were carried out under repeatability conditions.  

3. Results and discussions 

The MCR_40 specimens that undergone CTST were denoted as follows: 

MCRE_40-0, untested;  MCRE_40-1, tested at 900 
o
C; MCRE_40-2, tested at 

1000 
o
C; MCRE_40-3 tested at 1050 

o
C; MCRE_40-4 tested at 1100 

o
C and 

MCRE40-5, tested at 1150 
o
C. The morphological aspects of the witness 

specimen and of the CTST ones are shown in Fig. 1. 
 

 

Fig. 1 Morphological images of the enamel surfaces: i) at lower magnificataion: a) 

MCRE_40_0; b) MCRE_40_1; c) MCRE_40_2;  d) MCRE_40_3; e) MCRE_40_4; f) 

MCRE_40_5; ii) at higher magnification 

The specimens tested at 900 
o
C and at 1000 

o
C does not show significant 

morphological modifications; also, the color of the enamel remains unchanged. 

The specimens tested at 1050 
o
C, 1100 

o
C and 1150 

o
C show superficial 

morphological changes and the enamel color acquires an increasingly darker 
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shade of green. A micro-structural analysis supports the same above-mentioned 

features but reveal much better the roughness increasing as the temperature of the 

CTST increases (Fig. 1). The CTSTs cause much subtle modification inside the 

enamel with affect the surface morphology, but also to the level of interface, 

which is responsible for the enamel adherence to substrate, thermal stress 

damping etc. as is depicted in Fig. 2. 

 
Fig. 2. Comparative SEM and EDS images of the specimen CTST at 900oC and at 1100oC 

 

The CTST strongly promote the Cr selective diffusion at interface, given 

rise to a thin layer. The distributions of the Ni, Si, O major elements seems to be 

not affected by CTST as is shown in Fig. 2. The procedure for roughness 

measurement consists of acquiring 5 roughness patterns in repetitive conditions 

(Fig. 3.a) followed by data processing as to calculate the representative roughness 

parameters for each specimen. 

 
Fig. 3. a) Roughness profiles; b) locations of the roughness measurement; c) detail of a roughness 

pattern 
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The Ra, Rq, Rz and Rsk were considered the most representative roughness 

parameters (table 5) 
Table 5. 

Roughness parameters values calculated for the MCRE_40_0 specimen 

 Pattern No. Ra [µm] Rq [µm] Rz [µm] Rsk [µm] 

MCRE_40_0 

 

 

 

1 1.493 1.845 10.332 0.134 

2 1.331 4.594 10.254 0.133 

3 1.433 5.524 9.869 0.149 

4 1.579 1.894 9.499 0.215 

5 1.480 1.868 11.296 -0.170 

Mean 1.463 3.145 10.250 0.092 

Standard deviation 0.091 1.778 0.673 0.150 

 

Fig. 4a) shows the histogram of the frequencies of the Ra obtained on 

sample MCRE_40_0 in the third run. In Fig. 4 b) are presented the graphs 

corresponding to the measured frequencies (blue line) and the simulated 

frequencies based on a normal distribution (Gauss- Laplace) with mean μ = −6 μm 

and standard deviation σ = 280 μm. This simulation aims to reveal the nature of 

the factors that contribute to the roughness generation i.e. random or systematic. 

 

Fig. 4. a) Histogram of the absolute frequencies associated to the profile no. 3. b) 

comparative absolute frequency distributions 
 

The frequency simulation with the Gaussian distribution (orange line) 

shows that the roughness has a normal behavior which attests the random nature 

of the factors that generates the roughness. Also, Fig. 4 shows the monomodal 

frequency distribution, which supports once again the random nature of the 

MCRE_40_0 roughness. The above simulation was performed for each profile in 

Table 5 and it was observed that the frequency distribution of the y(xi) values 

shows a strong monomodal clustering behavior.   

The random or the systematic nature of the roughness is much better 

revealed by the autocorrelation analysis performed at short and long range 
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displacement of the cloned profile.  The small range autocorrelation analysis was 

performed with pattern displacement from 1 to 15 steps, while the long range one 

with pattern displacement from 20 to 180 steps.  The autocorrelation analysis was 

applied to each pattern as it is shown in Fig. 5.a,b. 
 

 
Fig. 5. The dependency of the AC values on the stepped displacement: a) short range 

autocorrelation; b) long range autocorrelation 

 

Fig. 5 shows that the AC values decrease monotonically at shot range while 

at long range the value of AC decreases in the 20-100 range and, subsequently, it 

fluctuates, but takes smaller values. The AC graphs do not show periodicity. The 

periodicity missing clearly shows the random nature of the factors that determine 

the roughness of the specimen. The above procedure for roughness 

characterization of the MCRE_40_0 specimen was applied to all specimens that 

undergone CTST. The mean values of the Ra, Rq and Rz parameters assigned to 

the specimens MCRE_40_0-:- MCRE_40_5 are posted in Table 7. Data in Table 

7 clearly shows that the roughness of the enamel coatings increases as the upper 

temperature of the CTST increases.  

Table 7.  

The mean values of the Ra, Rq and Rz parameters assigned to the specimens MCRE_40_0-- 

MCRE_40_5 

 Ra [μm] Rq [μm] Rz [μm] Rsk 

MRCE40_0 1.463 3.145 10.25 0.092 

MRCE40_1 1.819 2.324 13.821 -0.251 

MRCE40_2 1.815 2.284 12.655 -0.251 

MRCE40_3 7.219 8.875 38.967 0.840 

MRCE40_4 3.144 3.838 18.392 0.073 

MRCE40_5 8.494 10.177 42.331 -0.750 

 

The increasing of the roughness parameters (Table 7) when the upper 

temperature of the CTST increase is a negative finding, as a higher roughness 

detrimentally affect the functional characteristics of a coat. Also, the roughness 

profile changes its frequency distribution of y(i) as the upper temperature of the 

CTST increases (Fig. 6). The absolute frequency distribution of y(i) widens as the 
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upper temperature of the CTST increases and tends to become bimodal, which 

indicate that enamel suffered severe damage by delamination and crunching. 

 
Fig 6. The raw and simulated frequency distributions assigned to the witness and to the CTST 

specimens 

 

The missing of the AC periodicity and the monotonically decreasing of the 

AC values in the [0, 100] step range (Fig. 7) are the most relevant for the random 

nature of the factors that determine the roughness of the specimens.  

 
Fig. 7. Graphs of the long range autocorrelation of the roughness values assigned to the witness 

and to the CTST specimens 

 

The micro-abrasive wear tests were carried out with a steel ball having a 

diameter of 24.5 mm, which provides a normal force of 0.57 N. Each test lasted 
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15 min. The contact between the ball and the specimen was wetted with a slurry 

made of 5 g of SiC particles, (4.5 μm in diameter) and 250 ml of distilled water. 

The tests have generated perforated wear craters for all coatings as it is shown in 

Fig. 8, except the MCRE_40_5 which was improper for this test as the enamel 

coating is about totally damaged by the undergone CTST. 

 

 
Fig. 8. Images of the wear craters into specimens: a) MRCE40_0; b) delimitation of the wear 

crater into MRCE40_0; c) MRCE40_1; d) MCRE40_2; e) MCRE40_3; f) MCRE40_4  

 

The outcomes of the Calowear tests are given in Table 8 which shows a complex dependency of 

the WR of enamel (WRE) on CTSTs temperatures.  

Table 8  

Results of micro-abrasive wear tests carried on  

Specimen b 

[mm] 

a 

[mm] 

t 

[µm] 

VE 

[mm3] 

KE 

[m3/J] 

*10^6 

VS 

[mm3] 

KS 

[m3/J]

* 

10^6 

WRE 

[J/mm3] 

WRS 

[J/mm3] 

MRCE40_0 2.7 1.5 51.4 0.19 1596 0.0203 168 627 5951 

MRCE40_1 2.6 1.4 49.0 0.17 1389 0.0154 128 720 7842 

MRCE40_2 2.8 1.7 50.5 0.21 2094 0.0335 329 478 3037 

MRCE40_3 2.3 2.0 13.2 0.05 472 0.0641 631 2117 1586 

MRCE40_4 2.3 1.6 27.9 0.09 676 0.0262 207 1480 4839 

 

4. Conclusions 

The micro-composite MCRE_40 enamel can be considered a 

thermodynamic system entrapped in a frozen equilibrium states at room 

temperature.  When the enamel is heated then the system leaves the frozen 
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equilibrium state and it is prone to a complex process: solid state phase 

transformations, crystallization, segregation, oxidation of the substrate, etc. 

The OM, SEM and EDS observations clearly demonstrate that the enamel 

morphology and structure are modified due to CTSTs. These modifications imply 

modification of the functional performances. As the upper temperature of the 

CTST increases, as the roughness parameters of the MCRE40 increase, which is a 

shortcoming of MCRE40. The enamel roughness induced by CTSTs show 

random patterns as were revealed by the frequency distribution comparative 

analyses and by the autocorrelation studies.  

WRE of the MCRE40 does not show a monotonically dependence on the 

upper temperature of the CTST. Further supplementary experimental are needed 

to clarify such a complex behavior. The findings addressed in the paper indicate 

the need of further researches for improving the resistance of the enamel to 

roughing and to hot erosion under dynamic hot working conditions.  
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