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Abstract. Performance enhancement of gas turbines is a main issue for the aircraft industry. 

Over many years, a large part of the effort has been focused on the development of more 

insulating Thermal Barrier Coatings (TBCs). In this study, Yttria Stabilized Zirconia (YSZ) 

columnar structures are processed by Suspension Plasma Spraying (SPS). These structures 

have already demonstrated abilities to get improved thermal lifetime, similarly to standard YSZ 

TBCs performed by EB-PVD. Thermal diffusivity measurements coupled with differential 
scanning calorimetry analysis are performed from room temperature up to 1100 °C, first, on 

HastelloyX substrates and then, on bilayers including a SPS YSZ coating. Results show an 

effective thermal conductivity for YSZ performed by SPS lower than 1 W.m-1K-1 whereas EB-

PVD YSZ coatings exhibit a value of 1.5 W.m-1K-1. 

 

1.  Introduction 

Thermal barrier coatings (TBCs) are widely used in order to prevent thermal degradation and 

oxidation of metal components of gas turbines such as blades or guide vanes. Over the past decade, 
one of the main purposes for gas turbine enhancement has been to increase operating temperatures 

with more insulating TBCs [1]. 

 
Until now, TBCs are mainly composed of Yttria Stabilized Zirconia (YSZ). YSZ layers are commonly 

carried out using the Electron Beam Physical Vapor Deposition process (EB-PVD) that leads to a 

columnar microstructure [2]. The coefficient of thermal expansion (CTE) mismatch between YSZ and 

metal substrates involves thermally induced stresses. However, the stress accommodation behavior of 
columns offers high thermal compliance and induces high lifetime for such TBCs. The main 

shortcoming is columnar microstructure comes with heat conduction paths that lead to relatively high 

values of thermal conductivity, around 1.5 W.m-1.K-1 [1]. 
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Recent studies have shown that Suspension Plasma Spraying (SPS) provides microstructures including 

multi-scaled porosity [3]. Small particles (from a few nanometers to 5 µm) are injected through a 

plasma jet using a liquid carrier medium (water, ethanol,…) to be accelerated and melted in order to 

spread them over a metal substrate [4]. This technique is the result of the development of Atmospheric 
Plasma Spraying (APS) where particles > 5 µm are commonly injected using a carrier gas. Decreasing 

the size of injected particles for SPS compared to the APS process allows to reach new coating build-

up and new microstructures far from the typical lamellar one of APS. Particularly, SPS allows to reach 
columnar microstructures [5,6]. This specific microstructure is directly linked to the reduction in size 

of sprayed materials [5] and has been identified as promising for TBC enhancement showing some 

improved properties in terms of thermal lifetime [6]. 

 
The aim of this work is to investigate thermal properties of SPS columnar structures from room 

temperature up to 1100°C. Process parameters are optimized to obtain a high uniformity in size of 

columns in the top surface of the coatings, as described in a previous study [7]. The effective thermal 
conductivity is determined using thermal diffusivity and specific heat capacity experimental 

measurements for both substrate and the SPS coating. A bilayer model including heat losses is used to 

estimate thermal diffusivity from flash experiments. Differential scanning calorimetry (DSC) allows 
the measurement of the specific heat capacity. 

2.  Coating production and microstructure analysis 

YSZ ethanol-based suspensions, with 7 wt % Y2O3 and medium particle diameters lower than 300 nm, 

are purchased from Treibacher Industrie AG. Coatings are carried out onto Hastelloy X substrates with 
an aluminized NiAl bond coat. In order to improve adhesion of the YSZ layer, a thin Thermally 

Grown Oxide (TGO) layer of Al2O3 is obtained by the bond coat oxidation with a heat treatment at 

1100°C for 1 h. 
 

A F4-VB type plasma torch with a 6 mm internal diameter nozzle (Oerlikon-MetcoTM, Wohlen, 

Switzerland) is used to perform YSZ coatings. Coatings are achieved into a ventilated booth 

maintained at atmospheric pressure and substrate cooling is ensured by compressed air and liquid CO2 
spraying. Suspension is stored and stirred into a pressurized vessel and injected radially through a 

nozzle into the plasma jet. An illustration of the SPS process is given in Figure 1. Spraying conditions, 

described in Table 1, leading to an optimized columnar structure as described elsewhere [7]. 
 

Table 1. Spraying parameters 
 

 Spraying  

condition 

Plasma gas mixture Ar/He/H2 

Plasma enthalpy (kJ/g) 2.2  107 
Power (kW) 32.2 

Plasma mass gas rate (g/s) 1.5 

Standoff distance (mm) 50 
Suspension feed rate (g/min) 25 

Torch linear speed (m/s) 1.5 
 

 
Figure 1. Illustration of the SPS process 

during deposition of YSZ on a metallic 
substrate 

 

Microstructures are observed using Scanning Electron Microscopy (SEM) on a Leo 435VPi 

microscope. The coating density, 𝜌c, is estimated by image analysis of SEM cross-section using 
ImageJ software. SEM images are converted into binary images for porosity measurement. Then the 

value of 𝜌c is calculated using equation (1) where P is the porosity and 𝜌YSZ the theoretical value of 

YSZ bulk density taken as 6053 kg.m-3 from literature [8]. Error on porosity is estimated at 5 % of the 
measurement. 

Suspension 
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and vaporization of solvent

Heating and acceleration

of particles
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Nanoparticles
(100 - 400 m/s) Metallic substrate

in rotation
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𝜌𝑐 = 𝜌𝑌𝑆𝑍(1 − 𝑃)                                                                   (1) 

3.  Characterization methods of thermal properties 

3.1.  Thermal diffusivity 

3.1.1.  Methodology and devices. High temperature thermal diffusivity measurements are achieved on 

a high temperature experimental bench developed at LEMTA. Samples are placed into a temperature 

controlled tubular furnace heating from room temperature up to 1100 °C under air. Flash is performed 
using an impulse 300 µs Quantel laser allowing to deliver an energy of 50 J at the wavelength of 

1053 nm. The impulse presents a Gaussian temporal shape allowing to consider for the model 

described in the present study the excitation source as a Dirac response for the flow. The evolution of 

the rear face temperature is recorded using a highly sensitive cooled matrix infrared InSb detector 
[1.5 – 5.5 µm] Cedip® Titanium SC7000. YSZ, and moreover plasma sprayed YSZ, presents a semi-

transparency behaviour for the detection wavelength [9,10,11]. In order to overcome the semi-

transparency of YSZ in infrared wavelength, a thin layer of graphite (around 10-20 µm) is applied to 
the surface of SPS coatings. Thus, heat transfers considered totally neglected radiation contribution 

leading to the effective thermal conductivity estimation.  As the SPS YSZ layer is coated on a metallic 

substrate, heat equation needs to be solved considering the sample as bilayer in order to perform a 

numerical estimation of the thermal properties of the SPS layer. Two measurements are necessary to 
achieve the thermal diffusivity measurement of the YSZ coating. First, the substrate is characterized 

uncoated in order to estimate the value of its thermal diffusivity. Then, a second measurement of the 

bilayer sample (substrate and YSZ) is performed to estimate the SPS coating thermal diffusivity 
knowing the thermal properties of the substrate material. 

3.1.2.  Model. The numerical reconstruction of thermograms is done by solving the heat equation in 

Laplace’s space using thermal quadrupole method as described by Maillet et al.  [12]. The heat equation 
can be written in Laplace’s space using equation (2) 

 

Φ(𝑧, 𝑝) =  − 𝜆 𝑆 
𝑑Θ(𝑧,𝑝)

𝑑𝑧
       and       𝜆 = 𝛼 𝜌 𝐶𝑝                                          (2) 

In equation (2), S represents the illuminated surface, λ the thermal conductivity, α is the thermal 

diffusivity, ρ, the layer density, Cp, the heat capacity and Φ(z,p) and Θ(z,p) are the Laplace transforms 

of the heat flow  and the temperature T, respectively. The two Laplace transforms can be expressed 

by the following equations (3) and (4), where t represents the time and p the Laplace variable. 
 

Θ(𝑧, 𝑝) = ∫ 𝑇(𝑧, 𝑡) exp(−𝑝𝑡) 𝑑𝑡
∞

0
    (3)                 and             Φ(𝑧, 𝑝) = ∫ 𝜑(𝑧, 𝑡) exp(−𝑝𝑡) 𝑑𝑡

∞

0
    (4) 

 
By considering heat losses h, which are the same on both sides of the sample of thickness e 

(h = hz=0 = hz=e), and a unique source of energy at z = 0 typed q0, equation (1) can be solved using the 

two following limit conditions (equations (5) and (6)). 

 

𝜑𝑧=0 =
𝜕𝑇

𝜕𝑧
|

𝑧=0
= 𝑞0 − ℎ𝑆(𝑇0 − 𝑇∞)     (5)             and                   𝜑𝑧=𝑒 =

𝜕𝑇

𝜕𝑧
|

𝑧=𝑒
= ℎ𝑆(𝑇𝑒 − 𝑇∞)    (6) 

The solution is given using the quadrupole formalism in the Figure 2. Subscripts s and c correspond to 

the responses of the substrate and the coating, respectively. The expression of the Laplace temperature 

on the rear face Θe(z,p) is expressed in equation (7) 
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Θ𝑒(𝑧, 𝑝) =
1

𝐴+𝐵 ℎ+𝐶 ℎ2                                                        (7) 

Where:  𝐴 = 𝐶𝑠𝐴𝑑 + 𝐴𝑠𝐶𝑑   ;   𝐵 = 2𝐴𝑠𝐴𝑑 + 𝐵𝑠𝐶𝑑 + 𝐶𝑠𝐵𝑑  ;   𝐶 = 𝐴𝑠𝐵𝑑 + 𝐵𝑠𝐴𝑑 

 

 
Figure 2. Equivalent electric representation obtained by quadrupole method. It describes 

the experimental setup in the Laplace’s space. 

 

By using De Hoog algorithm [13], a numerical inversion is performed in order to reconstruct 

thermograms in time. Values of 𝛼, 𝜌Cp and λ are then adjusted in order to fit the most exactly possible 

to the experimental curve using least square method [14,15]. Sensitivities of the fitting parameters to 

numerical inversion is calculated using the contrast method [16]. This method is illustrated by Figure 4 

(a) where the contrast curve is obtained by deducting the bilayer response to the uncoated substrate 
response. Sensibilities to parameter K1 (thermal diffusivity ratio) and K3 (heat capacity ratio) is then 

calculated, and can expressed by following equations (8). As shown in Figure 4 (b), only K1 is sensible 

to the De Hoog inversion allowing to only make an accurate estimation of the thermal diffusivity of 
the coating. For this reason, K3 is fixed during estimation in order to ensure a good accuracy of the 

estimation of thermal diffusivity of the coating. Heat capacity is obtained using differential scanning 

calorimetry (DSC) and the coating density by image analysis. 

 

𝐾1 =
𝑒𝑐

𝑒𝑠
√

𝛼𝑠

𝛼𝑐
 and 𝐾3 =

𝑒𝑐𝜌𝑐𝐶𝑝𝑐

𝑒𝑠𝜌𝑠𝐶𝑝𝑠
                                             (8) 

 

 
Figure 4. Contrast curve between uncoated substrate and the bilayer sample (a) and sensitivities to 

contrast coefficient K1 and K3 (b) 
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3.2.  Specific heat capacity 

Differential scanning calorimetry (DSC) is used for measurement of specific heat capacity Cp of the 

substrate and the SPS coating. A Setaram Micro Sc3 is used to performed DSC analysis at room 

temperature. A Setaram 96 Lineevo DSC device is used to performed high temperature measurements 
from 200°C up to 1100 °C. The powder obtained from a delaminated YSZ coating is used for the 

estimation of the heat capacity of coating. Errors represent 5 % of the measurements. 

 

4.  Results and discussion 

4.1.  Description of microstructure 

A typical SPS columnar structure is produced similar to those observed elsewhere [5,6]. It is 

characterized by columns separated by inter-columnar voids as shown in Figure 5. Columnar features 
developing a typical cauliflower shape can be noticed on the top surface. This specific microstructure 

is assumed to be linked to the used nanosized of the particles. As described by Van Every et al. [5], 

smallest particles could follow the plasma jet and reach a lateral velocity close to the substrate. Indeed, 
the reduced standoff distance required in SPS enhances the plasma flow deviation close to the 

substrate resulting in a high deviation of the nanosized particles in the vicinity of the substrate. It leads 

to a normal and lateral expansion of SPS coatings onto the substrate asperities. The obtained columnar 
structure presents a high void content of 25 % (intra and intercolumnar), leading to a coating density 

of 4514 kg.m-3. 

 

 
Figure 5. SEM pictures of SPS coating on cross section (a) and top view (b). 

4.2.  Thermal properties 

Measured specific heat capacities of HX substrate and YSZ SPS coating are plotted in Figure 6. 
Results are compared to literature values [8,17]. It appears that a good reliability is obtained for both 

materials. The experimental values of the present study, for which errors are estimated around 5 % of 

the measured value, can be used for the estimation of the thermal diffusivity. In order to ensure a good 

accuracy for the thermal diffusivity during the numerical reconstruction, Cp and  provided by DSC 

and image analysis, are kept constant and are not used as variable parameters. Mainly the thermal 
diffusivity and heat losses are considered in the least square estimation. 

 

Thermal diffusivity estimation and thermal conductivity calculation of HX substrate are given in 
Figure 7 (a) and (b) respectively. Experimental values from the estimation of thermal diffusivities are 

consistent with reported studies [18]. The addition of the NiAl aluminized bond coat and the formation 

of a thin Al2O3 film do not strongly affect thermal properties compared to the pure Hastelloy X 
substrate. In fact, the layer of NiAl (around 30-50 µm) represent a negligible thickness compared to 

the global thickness of the substrate (1.2 mm) and not contribute to thermal properties. Thermal 

conductivity evolves almost linearly from 10.9 W.m-1K-1 at room temperature to 37 W.m-1K-1 at 

1100 °C as shown on Figure 7 (b). Experimental values are then used to estimate the thermal 
diffusivity and the conductivity of the SPS YSZ coating in the bilayer system.  

 

50 µm

Cauliflowers

Inter-columnar voids

50 µm

(a)(a)

Inter-columnar voids

Columnar features (b)
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Figure 6. Evolution of heat capacity using room temperature (RT) and high temperature (HT) devices 

for HX (a) and SPS coating (b). Data extracted from [8,17] 

 

 
Figure 7. Temperature dependency of thermal diffusivity (a) and thermal conductivity (b) 

for HX (a). Literature data for HX diffusivity is extracted from [18] 

 

Figure 8 shows experimental thermograms of the HX/YSZ SPS bilayer sample, recorded using the 
high temperature bench developed at LEMTA, and their numerical reconstruction using the model 

described in the last section. Estimations of thermograms are performed for a thermal response of 

600 ms at each temperature allowing comparisons. The flat profile of residues between experimental 
values and numerical reconstructions, obtained for all the estimations, allows to appreciate the quality 

of the thermal diffusivity estimation and ensures a good reliability of values. Examples are given on 

Figure 8 at 25 °C, 500 °C, 700 °C, 900 °C, 1000 °C and 1100 °C. It is observed that an increase of 
temperature increase contribution of heat losses. Thermograms at 900 °C; 1000 °C and 1100 °C 

presented on Figure 8 illustrated the purpose by the rapid decrease of the signal after reach the 

maximum of intensity close to 300 ms. Results are consistent with the consideration of heat losses for 

the model. 
 

Estimated thermal diffusivity and resultant thermal conductivity are presented in Figure 9 (a) and (b) 

respectively. A relative decrease of thermal diffusivity with respect to temperature is observed in 
Figure 9 (a) which in fact compensate the increase of Cp values for YSZ SPS coating as presented in 

Figure 6 (b). It leads to a quite flat response in temperature for the thermal conductivity of the ceramic 

coating with values calculated between 0.7 ± 0.1 W.m-1K-1 and 0.9 ± 0.1 W.m-1K-1. These thermal 
conductivities are in the same range of reported values (0.7 – 1.2 W.m-1K-1) for similar structures 

obtained by suspension plasma spraying with an axial injection of suspensions [6]. 
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Figure 8. Numerical reconstruction of thermograms of HX/YSZ bilayer at different temperatures. 

 

 
Figure 9. Temperature dependency of thermal diffusivity (a) and thermal 

conductivity (b) for the SPS coating. 

 
In fact, the high content of small pores of SPS coatings is expected to increase phonon scattering, 

leading to a low thermal conductivity. These results, showing a thermal conductivity of SPS coatings 

lower than 1 W.m-1K-1 at 1100 °C, are promising for thermal barrier coating enhancement when 
compared to YSZ coatings performed by EB-PVD (1.4-1.5 at 1100 °C) [1].  

 

Conclusion 

Thermal properties of columnar YSZ coatings produced by suspension plasma spraying are acquired 
from room temperature up to 1100 °C. Differential scanning calorimetry and flash laser techniques are 

employed respectively, to determine specific heat capacity and thermal diffusivity of NiAl aluminized 

Hastelloy X substrate and YSZ coatings. A bilayer model based on Laplace transforms and quadrupole 
formalism including heat losses is used to estimate thermal diffusivity. Residues between experimental 

thermogram and numerical reconstruction ensure reliability of thermal diffusivity values. The thermal 

conductivity of YSZ coating is found to be lower than 1 W.m-1K-1
 from room temperature up to 

1100 °C. This kind of structure seems to be able to meet the requirements of next generations of gas 
turbine engines. 
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The anisotropic SPS columnar structure is also particularly interesting for further thermal diffusivity 

measurements. Using a coupled Laplace and Fourier-cosine transform approach to solve the heat 

equation through the bilayer, the estimation of the in-plane thermal diffusivity, as well as the thermal 

diffusivity in the thickness of the sample, can be achieved using one measurement as described 
elsewhere for a monolayer material [19]. This kind of transforms is illustrated by the following 

equation (8). The use of these transforms induces a system of equations only depending on space 

variables that can also be solved using a quadrupole approach [12].  
 

𝛩(𝛼𝑛, 𝛽𝑚 , 𝑧, 𝑡) = ∫ ∫ ∫ (𝑇(𝑥, 𝑦, 𝑧, 𝑡) − 𝑇∞) 𝑐𝑜𝑠(𝛼𝑛𝑥) 𝑐𝑜𝑠(𝛽𝑚𝑦) 𝑒𝑥𝑝(−𝑝𝑡) 𝑑𝑥
𝑦=𝐿

𝑦=0

𝑥=𝐿

𝑥=0

+∞

𝑡=0
𝑑𝑦     (8) 

 

Even if YSZ semi transparency is supposed to be overcome using a carbon layer, the implementation 
of radiative consideration could greatly enhance the thermal conductivity characterization of these 

kind of TBCs. Indeed, transport scattering coefficient is strongly influenced by the pore radius and 

could be treated as an effect of polydisperse spherical pores in the ceramics [20]. Datas from USAXS 
measurements could be useful for take into account the multi-scaled porosity observed in SPS coatings 

in a model including radiation considerations [3]. 
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