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Abstract  

This work reports the preparation of ceramic coatings as potential thermal barrier coatings 

(TBC) on ferrous alloys, targeting automotive applications. The coatings are shown to have 

excellent adhesion due to fabrication by plasma electrolytic aluminating (PEA), an anodic plasma 

electrolytic deposition process. The PEA process was conducted in an aluminate-containing 

aqueous electrolyte under a high voltage. The coating has superior adhesion (>60 MPa) and low 

thermal conductivity (~0.5 W/mK) measured by the adhesive tensile test and steady-state heat flow 

methods, respectively. Scanning electron microscope (SEM) observations reveal that the coatings 

have numerous mesopores. X-ray diffraction (XRD) analysis shows that the coating mainly 

consists of α-Al2O3 and hercynite (FeAl2O4) with (ultra-)fine grain size. Amorphous phases are 

also identified in the coatings. These mesopores, fine grain size and amorphous phases contributed 

to the low thermal conductivity of the coating. The hercynite phase indicated that the substrate was 

involved in the PEA reaction and thus the coating had a metallurgical bonding to the substrate. 

After cyclic thermal shock tests (quenching from 425 °C to 20 °C in water 100 times), the coating 

retained its porous structure without spallation. The results demonstrate that the ceramic composite 

coating may be a good candidate for thermal management of automotive engines. 

Keywords: plasma electrolytic aluminating; thermal conductivities; thermal stability; adhesive 

strength; composite coating 
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1. Introduction 

Thermal barrier coatings (TBCs) are used to insulate turbine and combustor engine 

components from the hot gas stream, thereby improving the durability and energy efficiency of the 

engine [1]. For TBCs applied on aero turbines, stresses due to thermal expansion mismatch upon 

cooling, plastic deformation of the bond coat and oxidation of the irregular bond coat have been 

cited as coating lifetime-limiting factors [2]. Numerous researches have thus been carried to 

address these problems [1,3–5]. TBCs are also extremely attractive for applications in automotive 

engines to improve thermal efficiency. However, the operational conditions of pistons in 

automotive engines are markedly different as compared to the aero turbines. The requirements for 

TBCs in automotive engines are outlined elsewhere but include having insulative properties, high 

thermal-shock resistance and low cost [6]. During engine operation, a piston is first heated by 

forced convection with the combustion flux and then cooled by forced convection with engine oil 

and intake air and by conduction with the rings and the cylinder block. These heat exchanges 

generate transient thermal-mechanical loading cycles during operation [7,8]. However, a major 

weakness of TBCs in automotive engines is the interface between the bond-coat and the substrate 

as well as the interface between the bond-coat and the top ceramic coat [9,10]. It is also desirable to 

generate coating solutions without the need for a bond-coat in order to have a relatively thin 

coating thickness for achievement of a ―Temperature Swing‖ or ―Temperature Oscillation‖ 

behavior for internal combustion engines. Recently, the concept of heat insulation by using 

―Temperature Swing‖ has been investigated [11–15]. In this case, a thin coating having a 

low-heat-conductivity and low-heat-capacity is deposited on the combustion chamber wall, 

resulting in a large change in surface temperature. Specifically, it is shown that the surface 

temperature with such an insulation coating follows the transient gas temperature, decreasing the 
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heat loss while preventing the heating of intake air. A good example of such a coating is 

silica-reinforced anodized aluminum [12]. 

In recent years, plasma electrolytic oxidation (PEO) coatings [16] have attracted researchers’ 

attention. Unlike conventional processes, the substrate is directly involved in the plasma chemical 

reaction during PEO processing. For this reason, PEO coatings do not need a bond coat to achieve 

a good bonding strength. Meanwhile, PEO coatings also exhibit high strain tolerance and relatively 

low stiffness [17]. Therefore, PEO coatings could have a high thermal shock resistance. Although 

the thermal conductivity of bulk alumina (32-34 W/m·K) is not as low as that of zirconia (1.7 

W/m·K), PEO coatings still demonstrate a low thermal conductivity (~1 W/m·K), which has been 

attributed to the presence of amorphous phases, together with nanograins [18,19]. Such properties 

enable the generation of ―Temperature Swing‖ through PEO coating as reported in [20,21]. 

However, PEO cannot be readily applied on the ferrous metals. Most investigators agree that the 

formation of a dense passive layer on the metal surface is critical for the PEO process [16]. 

Hercynite (FeAl2O4) is a good electrical isolator and is chemically stable in acidic/basic aqueous 

environments. Thus, we have developed a plasma electrolytic aluminating process [22] in an 

aluminate-contained electrolyte where the first step is to form hercynite as a passive layer. AlO2
-
 

anions are continuously absorbed on the hercynite film and then sintered into Al2O3 by the 

high-temperature plasma, forming a hercynite-alumina composite coating. The plasma chemical 

reaction of the substrate can provide good adhesive properties and high thermal shock resistance. 

Meanwhile, nanograins and amorphous phase could form due to rapid localized quenching around 

each individual discharge during PEO processing [17,18,23] , which might result in low thermal 

conductivity of the coating[18,19]. The main objectives of the present study are to prepare and 

characterize nanostructured hercynite-alumina composite coatings on ferrous alloys and to study 

both thermal and adhesion properties of the coatings. 
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2. Experimental details 

2.1 Plasma electrolytic aluminating (PEA) and materials characterization  

AISI 4140 alloy steel (0.8-1.1% Cr, 0.75-1% Mn, 0.38-0.43% C, 0.15-0.3% Si, 0.15-0.25% 

Mo, <0.04% S, <0.035% P, and Fe balance) and compacted graphite iron (0.2-1% Mn, 2.5-4% C, 

1-3% Si, <0.25% S, <0.1% P, and Fe balance) samples (Φ25.4 mm ×3 mm) were polished with 

#1200 abrasive paper, rinsed with distilled water and ultrasonically cleaned in ethanol. The sample 

(anode) was immersed in the electrolyte (15-20g/L NaAlO2 as a precursor and 1-5g/L Na3PO4 as a 

buffer dissolved in deionized water, pH=12, Sigma Aldrich) within a stainless-steel vessel 

(cathode). A pulsed (f = 1kHz, duty cycle = 20%) DC power supply was used. After 12s of ramping, 

the current density was kept at 0.15A/cm
2
 for 20 and 40 mins to produce coatings with different 

thicknesses. After removal from the electrolyte, all samples were dried at 60 °C. For simplicity, the 

20-min-treated cast iron samples are named as C1-C3, the 20-min-treated steel samples are named 

as S1-S3, the 40-min-treated iron samples are named as C4-C6 and the 40-min-treated steel 

samples are named as S4-S6. 

The coating deposition process is illustrated schematically in Figure 1. At the beginning, active 

iron ions (Fe
2+

 cations) were released into the electrolyte and combined with aluminate ions (AlO2
-
 

anions) in the electrolyte to form hercynite nanoparticles (FeAl2O4) with negative charges. These 

negatively charged nanoparticles (FeAl2O4)•(OH)
-
 were deposited back to sample surface and form 

the passive layer. Charge build-up causes the voltage to increase. After the voltage reaches the 

dielectric breakdown point, plasma discharges initiate. The plasma sinters the hercynite and 

aluminate into a hard-composite coating. Occasionally, strong discharges penetrate the coating and 

reach the substrate, releasing the iron ions. These iron ions released from the discharge channels 
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are the source of the hercynite phase. A more detailed description of the coating deposition 

mechanism can be found in our previous publication [22]. 

Phase structures of the coatings were determined by X-ray diffraction (XRD, PROTO AXRD), 

using CuKα radiation in scans from 20° to 90°. Phase proportions were determined by profile fitting 

of low-angle amorphous peaks [24]. Estimates of crystallite size were made from peak broadening. 

During calculation of the average grain size, the effect of microstrain on the peak broadening must 

be subtracted by the Williamson–Hall methods [25–27]. The microstructures of the coatings were 

observed by scanning electron microscopy (SEM, FEI Quanta 200 FEG). The adhesive strength of 

the coatings was evaluated by adhesive tensile testing (MTS Criterion Model 430) in which a test 

sample was sandwiched and adhered to a pair of holding tools with epoxy elastomeric wafers 

(FM-1000, Sturbridge Metallurgical Service Inc.). 

2.2 Thermal conductivity measurement  

The thermal conductivities were measured using the experimental setup shown in Figure 2. A 

test sample was aligned between a pair of stainless steel 304 bars (16.2 W/m·K at 100 ℃, National 

Physical Laboratory, UK). The metallic bars and the sample were surrounded by insulation 

material which was encased in a longitudinal aluminum guard shell. The purpose of this design was 

to minimize the radial heat exchange. In addition, a hot plate (Scholar 170, Corning Inc., USA) as 

the heat provider and a water-cooled heat sink were placed at the bottom and the top of the test 

stack, respectively. In order to achieve excellent interfacial contact, the mating faces of the meter 

bars were polished to a 0.03 μm finish and with a small amount (about 0.1 mL) of high conductivity 

silicone-based thermal grease (3.1 W/m·K, Tgrease 880, Laird Technologies, USA) was applied to 

the sample. In this setup, standard grade K-type thermocouples (KTSS-062G-06, Omega 

Engineering Inc., USA) were inserted radially into the meter bars. The output from these 
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thermocouples was recorded by a 16-channel data acquisition system (OM-DAQ-USB-2401, 

Omega Engineering Inc., USA). The thermal resistance associated with the interface and its filling 

paste was measured by using uncoated samples in the same set-up and was found to be repeatable 

and equivalent to a 10±1 μm thickness of paste. The paste layer therefore contributes a predictable 

and repeatable thermal resistance, which was subtracted from the apparent thermal resistance of the 

coated samples to obtain the effective thermal conductivities of the coated samples. 

2.3 Thermal shock tests  

Studies on the working conditions of internal combustion engines have shown that the 

maximum temperature of the pistons would not exceed 370°C[28]. For thermal shock tests in this 

work, the samples were heated up to 425 ℃ in a muffle furnace and then quenched to 20 ℃ in 

distilled water. 425°C was chosen due to the expected operational temperature range and thus to 

ensure the given coating’s success in the potential application as TBC for pistons. Quenching in 

water increases the cyclic thermal stress for accelerated testing. Similar tests have been carried by 

other researchers[29]. After each cycle of thermal shock, the samples were examined by optical 

microscopy to determine if interfacial spallation had occurred. The total number of thermal shock 

cycles is 100 cycles. 

3. Results and discussion 

The coating thickness was measured using scanning electron microscopy (SEM) on polished 

cross-sections and the results are summarized in Table 1. With treatment times of 20 and 40 mins, 

coatings were produced with the PEA process having thicknesses around 40 and 70 μm, 

respectively (see also Figure 3, g and h). Figure 3 also shows the surface morphologies of selected 

samples (i.e. samples S1, S4, C1 and C4). As with a typical PEO coating[16], the PEA composite 

coatings have a porous structure. Some large pores could be found on the surface, which were 
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caused by the intermittent strong discharge events. The average pore size and porosity were 

measured from the SEM images of both the plane surface and cross-sections. The results are 

summarized in Table 2. As the processing time and thus coating thickness increased, the porosity 

and average pore size increased. It is also noted that the coating produced on steel substrates have 

higher porosity and average pore size than those grown on iron substrates. This can be explained by 

more intensive discharge events on the steel samples, which was verified by higher voltages 

reached during the coating process. It is noteworthy that numerous mesopores (100-500 nm) could 

be found in the coatings produced on both substrates, as shown in Figures 3e and f. When the pore 

sizes are comparative to the phonon free mean path, increased phonon scattering could occur at the 

pore surfaces[30]. Therefore, these mesopores are also beneficial for reducing the thermal 

conductivities of the coatings. 

Figure 4 demonstrates the XRD patterns of the coated samples. The peaks at 31.4° and 77.8° 

represent the (220) and (533) planes of FeAl2O4 (JCPDS # 3-0894), while the peaks at 37.0°, 55.9°, 

59.7° and 65.7° confirm the existence of Al2O3 (JCPDS # 46-1212). Therefore, these deposited 

coatings are composites of hercynite and alumina. As demonstrated in the XRD pattern, the relative 

peak intensities between FeAl2O4 and Al2O3 were 0.59:1, 0.74:1, 0.42:1 and 0.32:1 for samples S1, 

C1, S4 and C4 respectively. Compared with 40-min-treated samples (S4 and C4), 20-min-treated 

samples (S1 and C1) have a higher amount of FeAl2O4 phase. This observation can be explained by 

the reduced contribution of the iron substrate to the plasma chemical reaction as the coatings’ 

thicknesses increase. 

There is approximately 35% of amorphous material in these coatings as suggested by profile 

fitting of the low-angle amorphous peak (see example in Figure 4e)[24]: 

           ⁄  (Eq. 1) 
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where   is the amorphous phase portion,    the total area of amorphous peaks,    the total area of 

crystalline phase peaks. Estimates of grain size were made from peak broadening by Williamson–

Hall methods[25–27]: 

      
  

 
        (Eq. 2) 

where   is the average grain size,   the dimensionless shape factor with a typical value of about 

0.9,   the X-ray wavelength,   the line broadening at half the maximum intensity (FWHM),   

the Bragg angle,   the microstrain. By plotting       vs.      , the average grain size could be 

calculated from the intercept and the influence of microstrain could be diminished. It is noted that 

only two distinct peaks could be attributed to FeAl2O4 and the peak at 77.8° is too weak to be 

analyzed, which means the Williamson–Hall method is not applicable for FeAl2O4
 
in this study. 

Therefore, we only calculated the grain sizes for Al2O3. However, it is reasonable to assume that 

FeAl2O4 should have similar grain size with Al2O3 since they experience similar heating and 

cooling conditions. The results are summarized in Table 2. It is noticed that as treatment time 

increased, the average grain size decreased, which is not consistent with other reports [23]. This 

contradiction can be explained by the peak broadening due to the presence of an amorphous phase 

[31]. For 20-min-treated samples, the amorphous phase percentages are estimated to be 31.6% for 

the iron-based substrate C1 and 32.1% for the steel-based substrate S1. On the other hand, the 

amorphous phase percentages are estimated to be 36.5% and 37.3% for the equivalent 

40-min-treated samples (C4 and S4 respectively). The higher amount of amorphous phase could 

contribute more to the peak broadening. Therefore, the calculated average grain sizes of 

40-min-treated samples are slightly lower than those of 20-min-treated samples. Nevertheless, the 

Williamson–Hall method provided a good approximation of the average grain size in our coatings. 
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Figure 5a illustrates temperature-time profiles for measurement of a given sample’s thermal 

conductivity. T1-T6 represent the measured temperatures at different locations (from bottom to top) 

of the two stainless steel bars when a steady-state was reached. Linear fitting was conducted based 

on T1-T3 and T4-T6 to calculate the steady-state heat flux  ̇ with: 

 ̇        ̇    ̇               (Eq. 3) 

where kr is the thermal conductivity of the stainless-steel bars (16.2 W/m·K, stainless steel 304), 

   and    the temperature gradients of the bottom and top bars, respectively. For all thermal 

conductivity measurements, the difference between    and    was smaller than 8%, which 

indicates the unidirectional heat transfer condition was well satisfied.  

After linear extrapolation to the sample surfaces and subtracting the temperature difference 

across the filling paste layers, the temperature difference across the sample could be obtained, as 

shown in Figure 5b. Then the effective thermal conductivity of the sample      could be 

calculated as: 

      ̇     ⁄  (Eq. 4) 

where δx and δT are thickness of the sample and temperature difference across the sample, 

respectively.  

Then the thermal conductivity of the composite coating Kc could be calculated by: 

      ⁄       ⁄      ⁄  (Eq. 5) 

where ts and tc are the thickness of substrate and coating, respectively; Ks the thermal conductivity 

of a given substrate, which was pre-measured, using the same method above, as 44 W/m·K and 46 

W/m·K for AISI 4140 alloy steel and compacted graphite iron, respectively. These values are in 
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good agreement with reported data [32,33]. It is worth pointing out that the uncertainty of the 

system was estimated to be 9%, which mainly arose from possible cross-sectional area 

mismatching or misalignment between the stainless steel bars and test sample, non-uniformity of 

coating thickness, reliability of temperature measurement, and non-uniform heat flux. 

The effective thermal conductivities of the coated samples and the calculated thermal 

conductivities of the coatings were plotted in Figure 5c and d. It has been demonstrated that the 

effective thermal conductivities of the coated samples were reduced to 12-14 W/m·K with a 40 μm 

coating and 8-10 W/m·K with a 70 μm coating. The thermal conductivities were 0.486±0.025 

W/m·K for coatings on steels and 0.533±0.013 W/m·K for coatings on irons, which both are 

considerably lower than the thermal conductivities of dense alumina and dense hercynite.  

In the simplest theoretical models, the thermal conductivity could be predicted as [34]: 

              (Eq. 6) 

where λeff is the effective thermal conductivity, φ the porosity and λ0 the thermal conductivity of 

dense material. Therefore, the thermal conductivity would decrease as the porosity increases. 

Meanwhile, higher amount of FeAl2O4 content would also reduce the thermal conductivity since 

hercynite has a lower thermal conductivity than alumina. However, the composition of FeAl2O4 

crystalline phase and the porosity cannot account for such low thermal conductivities measured, 

which are almost two orders of magnitude lower than the bulk values. Therefore, other factors 

might play more significant roles in reducing the thermal conductivities.  

Curran and co-workers [19] have reported a low value (~0.5 W/m·K) for mullite-rich PEO coatings 

on aluminum alloys and attributed this low value to the presence of amorphous phases together 

with nanograins. Amorphous materials also significantly reduce the thermal conductivity. It 
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follows that the thermal conductivity of amorphous alumina can be ~0.1 W/m·K[18]. The 

combination of amorphous phases (approximately 35%) and nanocrystalline grains (average size 

around 40 nm) have been reported to result in thermal conductivity values as low as 0.2-0.8 W/m·K 

[18], which are broadly consistent with the measured values presented here. Another possible 

contribution comes from the strong phonon scattering at the surface of mesopores [30]. As shown 

in Figure 3e and f, numerous mesopores could be found in the coatings, which can also contribute 

to the low thermal conductivities. However, it is very difficult to distinguish the relative 

contribution of mesopores from the contribution of the amorphous phase and nanocrystalline 

grains on the low thermal conductivity values. Transmission Electron Microscopy (TEM) 

characterization on the shape and distribution of each component (amorphous phase, 

nanocrystalline grains and mesopores) might help to quantify the influence of each individual 

component. Nevertheless, it is evident from the results presented here that the amorphous phase, 

nanocrystalline grains and mesopores together contribute synergistically to the measured low 

thermal conductivities. 

It is worth noting that all these micro-structural features (amorphous phase, nanocrystalline 

grains and mesopores) come from the plasma electrolysis process. Nie and co-workers [23] used 

TEM to investigate Al2O3 coatings fabricated using plasma electrolysis. They have found an 

amorphous plus nanocrystalline inner layer and a nanocrystalline intermediate layer in the coating. 

During the process, the coating materials were continuously melted by the hot plasma core and 

then quenched by adjacent cold electrolyte, leading to grain refinement and formation of 

amorphous materials. 

Before proving useful as thermal barrier coatings for automotive engines, the coatings must 

have good adhesive strength to the substrates and high resistance to thermal shock induced 
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spallation. Figure 6a demonstrates the setup of adhesive tensile test. A single-side coated sample 

was sandwiched and adhered with a pair of holding tools with epoxy elastomeric wafers (FM-1000, 

Sturbridge Metallurgical Service Inc.). After the tensile test, adhesive failure occurred at the 

interface between the cast iron and glue film on the uncoated backside, with the coated side still 

well attached with the holding tool, as illustrated in Figure 6c. Previous research highlights the 

strong influence of the surface morphology on the bonding behavior between the coating and the 

glue film. The works show that this is due to mechanical interlocking by flow of molten polymers 

into open pores, cracks and cavities [35,36]. The bonding between the coating and the glue film is 

increased due to mechanical interlocking. Depending on bonding at the coating interface or binding 

strength within the coating, the failure locations can be at the coating/substrate interface (adhesion 

strength) or inside the coating (cohesion strength). We have also observed this glue-filling process 

during our experiments. Since no adhesive or cohesive failure for the coating was observed during 

the test, we are thus able to say that the coating has a good bonding strength and cohesion strength 

due to the topologies of the developed coatings. 

Figure 7a-d demonstrate the optical images of samples S3, S6, C3 and C6 during and after the 

thermal shock tests. For all four samples, no interfacial spallation was found after 100 cycles of 

thermal shock testing. The SEM images of sample C6 (Figure 7e-g) demonstrate that the porous 

structure was retained after the thermal shock tests. Although some small surface cracks were 

formed (red arrows in Figure 7f and g), no crack was observed at the interface between the coating 

and substrate. This supports the observation that spallation was not observed after the thermal 

shock testing. 

Traditional TBCs deposition technologies, like PVD and thermal spray, are usually 

―line-of-sight‖ processes, which means it is difficult to deal with parts with complex shapes. The 
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high cost of facilities and process control may be another obstacle for mass production in the 

automotive sector. On the contrary, the PEA is a non-line-of-sight process with relatively low cost 

[37]. Considering the coatings’ thermal barrier behavior is comparative with traditional TBCs, it 

can be concluded that this PEA technology might be useful for TBC applications in the automotive 

industry. 

4. Conclusions 

In this work, a FeAl2O4-Al2O3 composite coating was successfully prepared on AISI 4140 alloy 

steel and compacted graphite iron by the plasma electrolytic aluminating process. The coatings 

have good adhesion strength (>60 MPa) and low thermal conductivity (~0.5 W/m·K). Scanning 

electron microscope (SEM) observations reveal that the coating has numerous mesopores. X-ray 

diffraction (XRD) analysis shows that the coating mainly consists of nanocrystalline (~ 40nm) 

α-Al2O3 and hercynite (FeAl2O4), and amorphous materials (~ 35%). These amorphous phases, 

nanocrystalline grains and mesopores significantly decreased the thermal conductivities. The 

hercynite phase indicated that the substrate is directly involved in the PEA reaction and thus the 

coating had a metallurgical bonding to the substrate, which could account for high adhesive 

strength of the coating. No interfacial spallation was observed in the coatings after 100 cycles of 

thermal shock testing, indicating that these coatings have excellent thermal shock resistance. 

Therefore, PEA process might be a promising method for mass production of thermal barrier 

coatings for automotive applications.  
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List of Tables 

Table 1. Sample number, corresponding to PEA treatment time and substrate type (see also section 

2.1) and the average (± standard deviation) of the resulting coating thicknesses and thermal 

conductivities 

Table 2. Surface Porosity, cross-sectional porosity, average pore size and average grain sizes for 

samples S1, S4, C1 and C4 
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Captions of Figures 

Figure 1. Illustration of the coating deposition process. 

Figure 2. Experimental setup for thermal conductivity measurement. 

Figure 3. SEM plain view of selected samples (a) S1, (b) S4, (c) C1, and (d) C4. High 

magnification SEM images of selected samples (e) S1 and (f) C1 showing the existence of 

mesopores. Cross-sectional SEM images of selected samples (g) S1 and (h) S4.  

Figure 4. XRD patterns of selected samples(a) S1, (b) S4, (c) C1 and (d) C4. (e) Illustration of peak 

fitting at low angle for estimation of amorphous materials and grain size.  

Figure 5. (a) Temperature-time profile for a thermal conductivity measurement; (b) A typical 

steady-state thermal profile for coated ferrous metals; (c) Measured effective thermal 

conductivities of the coated ferrous metal samples; (d) Calculated thermal conductivities of the 

composite coatings. 

Figure 6. (a) Illustration of the adhesive tensile test; (b) A typical tensile curves of single-side 

coated cast iron sample; (c) Fracture surfaces after tensile test showing adhesive failure on the 

uncoated side. 

Figure 7. Optical images of selected samples (a) C3, (b) C6, (c) S3 and (d) S6 after 1, 25, 50 and 

100 cycles (left to right) of thermal shock tests. (e) and (g) (plain views) and (f) (cross-section) are 

SEM images of selected sample C6 after 100 cycles of thermal shock test. Red arrows in (f) and (g) 

indicate the formation of small cracks after thermal shock test in the coating. The coupons in figure 

a-d have diameters of 25.4 mm. 
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Table 1 

Sample NO. Thickness (μm) Thermal conductivity (W/m·K) 

S1 39±2.6 0.50±0.01 

S2 41±2.1 0.48±0.02 

S3 40±1.9 0.50±0.01 

S4 72±5.2 0.46±0.02 

S5 76±4.8 0.51±0.02 

S6 73±3.6 0.48±0.01 

C1 40±3.5 0.54±0.02 

C2 39±3.1 0.54±0.01 

C3 42±2.7 0.55±0.02 

C4 70±5.8 0.52±0.01 

C5 68±5.5 0.53±0.01 

C6 71±4.9 0.53±0.02 
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Table 2 

Sample NO. Surface porosity Sectional porosity Average pore size Average grain size 

S1 9.5% 9.8% 9.23 μm 42.6 nm 

S4 11.8% 12.5% 13.85 μm 41.3 nm 

C1 7.3% 7.4% 5.8 μm 43.2 nm 

C4 8.7% 8.9% 12.7 μm 40.9 nm 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Highlights 

 FeAl2O4/Al2O3 composite ceramic coatings on ferrous metals are obtained by PEA process. 

 Coatings have superior adhesion (>60 MPa) and low thermal conductivity (~0.5 W/mK). 

 Coatings seem intact after thermal shock tests (425 °C to 20 °C water for 100 times) 
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