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A B S T R A C T   

The process of creating a porous metal-ceramic material based on Ni-Al alloy and gadolinium-doped cerium 
oxide (CGO) using the thermal explosion method has been investigated. This study aims to analyze the effect of 
CGO on the thermal explosion parameters and the architecture of the resulting Ni-Al-CGO materials. In this 
regard, the influence of adding CGO powder to the Ni-Al system on the synthesis process and structure formation 
during controlled heat loss thermal explosion has been studied. Dependencies of temperature and time char-
acteristics of the thermal explosion on initial parameters have been measured. It has been demonstrated that the 
concentration of CGO in the initial mixture and heat dissipation from the sample significantly affect the rate of 
the exothermic reaction. The phase composition of the obtained porous materials, depending on the CGO content 
and the temperature of subsequent vacuum annealing, was analyzed using X-ray diffraction. The chemical 
composition and microstructure of the synthesis products were examined through electron microscopy and 
energy-dispersive X-ray spectroscopy. The possibility of forming metal-ceramic composites with a porosity of 
60–65 % for use as supporting substrates for solid oxide fuel cells with a NiO/CGO anode has been shown. An 
anodic layer of NiO/CGO was applied to a metal-ceramic base of the composition (Ni+25 %Al)+5 %CGO using 
screen printing, which was then annealed in an air atmosphere at 1300 ◦C and reduced at 900 ◦C in a hydrogen 
atmosphere. The dilatometric method determined that adding 40 wt.% Cr to a mixture of Ni-Al powders reduces 
the average coefficient of thermal expansion of the new material.   

1. Introduction 

Environmental pollutants due to the combustion of fossil fuels in 
conventional thermal power plants necessitate employment of alterna-
tive technologies and systems with low carbon emission for electricity 
generation. An interest in the novel and alternative sources of energy is 
sharply growing in the world [1]. Fuel cells are among the alternative 
clean energy technologies for power production with variety of appli-
cations, such as hybrid vehicles [1], unmanned aerial vehicle [2,3] and 
power generation in remote areas [4], with several advantages including 
high efficiency and possibility of operation independent from fossil fuels 
[5]. Fuel cell is an electrochemical technology, similar to battery, which 
produce electricity by exploitation of a chemical reaction. In contrast to 
battery, the required chemical for power generation are externally 
provided. In the majority of the cases, hydrogen and oxygen are the 

reactants of fuel cells [6]. Aside from stand-alone systems, it is possible 
to integrate fuel cells with other technologies for power generation [7]. 
There are different types of fuel cells with their own characteristics and 
operating principles such as proton exchange membrane fuel cell [8,9], 
solid oxide fuel cell (SOFC) [10], phosphoric acid fuel cell [11] etc. 
SOFC is one of the main types of fuel cells. These types of fuel cells have 
some advantages such as flexibility. Most fossil fuels, in both liquid and 
gaseous states, can in principle be applied as SOFC fuel for producing 
electricity. Despite the great potential of SOFC for meeting the chal-
lenges of future demand of energy, development of these types of fuel 
cells into commercial product is challenging [12]. These types of fuel 
cells have considerable potential to be integrated with different systems 
and technologies [13,14] or being used as stand-alone system for power 
generation. 

An SOFC has three main components namely a porous cathode, a 
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porous anode, and a dense electrolyte [15]. This kind of fuel cell is a 
solid-state converter of energy which is applied for direct conversion of 
fuels chemical energy into electricity via electrochemical reactions. 
SOFCs have not been developed for large-scale applications till now and 
their main constraints are lifetime and cost. The new design of the metal 
support has leads to possibility of improvement of an individual cell 
mechanical resistance, increment of battery thermal shock resistance 
and decrement in the SOFC system cost. As a consequence, 
metal-supported solid oxide fuel cells (MS-SOFCs) have received atten-
tion [16]. In comparison with the conventional ceramic-supported ar-
chitectures, MS-SOFCs have some advantages like quick start-up, low 
cost, manufacturability and simplicity of sealing [17,18]. One of the 
promising areas for the use of porous metals is their use in MS-SOFCs 
[19]. Metal support structures have attracted much attention due to 
the possibility of rapid start-up, increased reliability, and resistance to 
thermal cycling compared to traditional SOFC, which use ceramic 
electrodes or electrolyte as a support base [20]. In addition, the transi-
tion to a design where a porous metal plate serves as a supporting base, 
and the electrolyte and electrodes are presented in the form of thin films, 
can reduce the cost of fuel cells [21]. 

The SOFC design on a supporting metal base is considered the most 
promising from the point of view of the possibility of reducing the 
thickness of the functional layers of the fuel cell, and as a result, 
reducing operating temperatures, increasing its reliability and dura-
bility. The supporting metal base is capable of providing the fuel cell 
with greater mechanical strength compared to cells on a supporting 
electrode or electrolyte, and therefore this design is attractive for use in 
mobile autonomous power plants. The presence of a rigid support allows 
the remaining electrochemically active layers of the fuel cell (electrodes 
and electrolyte) to be formed in the form of thin films. In this case, their 
thickness can be reduced to such a value that it is sufficient only to 
ensure the electrochemical function of the layer. But in practice, the 
thickness of the functional elements of a fuel cell is determined by the 
method of their formation. In a SOFC design with a supporting metal 
base, the formation of layers of an electrochemically active cell occurs 
on the surface of a porous and, as a rule, highly corrosion-resistant steel 
support [22,23]. 

For this, various powder technologies are used, such as slip casting, 
screen printing, sol-gel method and others that require high- 
temperature sintering. However, the use of these methods is associ-
ated with a number of difficulties. First of all, this concerns the oxidation 
of the metal base during the sintering of the anode layer, and as a result, 
a significant drop in its electrical conductivity and a decrease in the 
efficiency of SOFC in general. Therefore, a number of stringent re-
quirements are imposed on materials intended for the manufacture of 
metal bases. First, such a material must have a coefficient of thermal 
expansion (CTE) close to the CTE of the remaining functional layers of 
the fuel cell to prevent mechanical destruction of the cell during thermal 
cycling from room to operating temperature of the SOFC. Secondly, the 
pore structure of the substrate material must ensure free access of re-
agents to the working zone and removal of reaction products from it, be 
resistant to a redox atmosphere, and also have chemical stability at 
SOFC operating temperatures [24,25]. 

The most commonly used metal substrate materials are Crofer 22 
APU steel, as well as a small range of special iron-chromium steels 
produced by traditional metallurgical methods of sintering metal pow-
ders. A significant disadvantage of such materials is the presence of 
chromium in them, which, as a result of long-term operation of the fuel 
cell at SOFC operating temperatures (about 800 ◦C), is capable of 
diffusing to the anode surface with the formation of compounds such as 
Cr2O3, which destroy the anode and worsen its electrochemical char-
acteristics [26,27]. To prevent this unwanted diffusion, barrier layers 
are formed on the surface of porous metal plates [28]. The purpose of 
such a barrier layer is to prevent mutual diffusion of the materials of the 
metal substrate and the anode layer. In addition, the barrier layer must 
be electrically conductive and not impede the gas flow, be close to the 

other layers of the CTE fuel cell, and also be mechanically and chemi-
cally resistant to the operating conditions of the SOFC. Spinels [29] or 
composites such as La0.6Sr0.2Ca0.2CrO3 [30], CeO2 and Ce0.8Gd0.2O2 
[31] are used as effective diffusion barrier layers. 

In most cases, stainless steels are commonly used to create support-
ing metallic substrates for SOFCs because they have a CTE close to the 
CTE of other components in the fuel cell and exhibit high oxidation 
resistance [31,32]. However, at high temperatures, a reaction occurs 
between iron (Fe) and chromium (Cr) from the metallic substrate, as 
well as nickel (Ni) from the anode, leading to a reduction in the catalytic 
activity of the latter [33]. To address this issue, diffusion barrier layers 
are applied between the metallic substrate and the anode [34,35]. 
Another approach to prevent the interaction of chromium with nickel 
involves using nickel-based metallic substrates [36], bimetallic com-
pounds such as Ni-Fe [37,38], or Ni-Al [39]. 

To reduce the CTE of Ni-Al, the incorporation of a substance with a 
low CTE into the material is possible. In the study [40], various ceramic 
materials, such as ZrO2, ZrO2-SiO2, Al2TiO5, Al2O3, and an unspecified 
oxide XO2, were used as additives to Ni-Al [41]. It was experimentally 
established that adding an inert oxide XO2 in the volume of 35–40 % 
reduces the CTE of the resulting composite to the level of 12 × 10− 6 K–1 

[42]. 
This study analyzed the impact of CGO on the parameters of thermal 

explosion and the structure of the resulting Ni-Al-CGO materials. CGO, 
with its high ionic conductivity (9.50⋅10− 3 S/cm at 500 ◦C), is consid-
ered a potential electrolyte for SOFCs operating at temperatures below 
700 ◦C [43]. In addition to high ionic conductivity, solid electrolytes 
based on CeO2 are characterized by the absence of phase transitions in 
the temperature range from room temperature to the melting point. 
Their catalytic activity towards the direct oxidation of hydrocarbon fuel 
and chemical stability towards various electrode materials emphasize 
their promising application in SOFCs. 

2. Methodology 

The materials used in this study are presented in Table 1. Powder 
mixtures were prepared using a turbula mixer, and the composition of 
the mixture was selected according to the following ratio: 

(1 − x)⋅([1 − y]Ni+ yAl) + xCGO (1) 

Compositions with mass concentrations of CGO in the range x = 0–30 
% and mass concentration of aluminum in a mixture with nickel without 
taking into account the mass of CGO y = 25 % were studied. To simplify 
the recording of the composition, further in the text terms (1–x) and 
(1–y) will not be given, that is, the composition 75 %(75 %Ni+25 %Al)+
25 %CGO will be written as (Ni+25 %Al)+25 %CGO. 

The initial compressed sample was placed between two flat heat- 
removing stainless steel plates 5 mm thick. The pressing pressure of 
the plates to the sample PF = 0.18 MPa was set using a special press. The 
sample, clamped in the plates, was placed in an electric furnace in an 
argon environment (purity 99.999 %, pressure 0.10 MPa) and heated at 
a constant rate of 20 K/min. The sample temperature was controlled 
using a tungsten-rhenium thermocouple with a junction diameter of 0.1 
mm, located near the sample surface. The thermocouple signal through 
the data acquisition system was recorded on a PC at a data acquisition 
rate of 250 Hz. After the synthesis, the resulting materials were cooled 
inside an electric furnace to room temperature in an argon environment 
(Fig. 1). 

Table 1 
Properties of the original reagent powders.  

Powder Particle size (µm) Purity (%) Source 

Ni 3–7 99.8 Sigma-Aldrich 
AI 60 99.9 Sigma-Aldrich 
CGO 0.10–0.50 99.9 Sigma-Aldrich  
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In order to determine the effect of annealing on the structure and 
composition of materials synthesized in the process of thermal explo-
sion, they were heat treated in a vacuum furnace under conditions of 
heating and cooling at a rate of 10 K/min and holding at temperatures of 
900–1200 ◦C for 2 h. In this case, the residual air pressure in the furnace 
was 10− 2 Pa. 

3. Results and discussion 

3.1. Temperature dynamics of a thermal explosion 

The standard stages of changing the temperature of a sample during 
a thermal explosion are presented in Fig. 2. In the first stage (stage 1), 
external heating of the sample at a constant rate is used to initiate a 
thermal explosion. At the second stage (stage 2), a rapid, almost linear 
increase in temperature occurs at a rate of 102–104 K/s, followed by a 
slowdown and reaching a maximum value. At this stage, an exothermic 
reaction of the mixture components actively occurs, in which the rate of 
heat release exceeds the rate of its transfer from the sample to the plates. 
After completion of the second stage, the cooling stage begins, charac-
terized by a strong slowdown in the reaction, when heat transfer exceeds 

the rate of heat release in the sample. 
By processing the thermogram data, the following thermal charac-

teristics of the thermal explosion process were determined: 

1. The temperature of the onset of a thermal explosion Te is the tem-
perature at the conventional boundary of the intervals d2T/dt2 =
0 and d2T/dt2 ˃˃ 0.  

2. Maximum process temperature Tm – temperature at point dT/dt = 0.  
3. Thermal explosion amplitude ΔТ = Тm – Тe.  
4. Duration of thermal explosion Δt – time of temperature change from 

Te to Tm. 

From the conducted experiments, it has been revealed that for 
samples with a thickness of 1 mm and a composition of Ni+25 %Al, a 
thermal explosion is observed only with the introduction of CGO up to 
15 %. With the addition of 25 % CGO, no exothermic reaction is regis-
tered on the thermogram, and the sintering of the sample does not occur. 
In the case of samples with a thickness of 20 mm, synthesis is achieved 
for a composition with a higher content of the ceramic additive, namely 
(Ni+25 %Al)+25 %CGO. This is attributed to the minimal heat losses of 
the sample during the thermal explosion process, where the heat release 
rate exceeds the dynamics of heat dissipation. 

The thermal explosion in thin samples occurs at a temperature 
around 600 ◦C. The amplitude of the thermal explosion decreases from 
90 to 60 ◦C, and the duration of the explosion significantly increases 
with an increase in CGO concentration (Fig. 3, Table 2). In massive 
samples, a similar process exhibits a higher explosive preheating (up to 
1300–1330 ◦C) and shorter duration (Fig. 4, Table 2). The onset tem-
perature of the thermal explosion decreases to 570–510 ◦C, with the 
magnitude of the explosive preheating remaining almost unchanged 
upon the addition of CGO. This indicates the involvement of CGO in the 
exothermic chemical transformations of the system, as otherwise, a 
decrease in ΔT would be expected. 

The most probable primary sources of heat release during the ther-
mal explosion are the synthesis reactions of intermetallic alloys and the 
reduction of cerium oxide. These reactions occur concurrently in the Ni- 
Al and CeO2 subsystems with aluminum according to the following gross 
schemes: 

n1Ni + n2Al→m1NiAl + m2Ni3Al + H1, (2) 

Fig. 1. Schematic diagram of thermal explosion reaction setup.  

Fig. 2. Typical thermogram of the synthesis process in the mode of a mitigated 
thermal explosion. 
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c1CeO2 + c2Al→d1CeAl2 + d2Al2O3 + H2, (3)  

where n, m, c, d are the molar stoichiometric coefficients of the initial 
components and elements of the reaction, H1, H2 are the specific thermal 
effects of the reactions. 

Thermal effects can be calculated using the formulas: 

H1 =
∑

i
mi⋅ΔH0′

i −
∑

i
ni⋅ΔH0

i , (4)  

H2 =
∑

i
ci⋅ΔH0′

i −
∑

i
di⋅ΔH0

i (5)  

Here are the standard molar enthalpies of formation of the initial com-
ponents and reaction products. 

Taking into account the material balance of elements in reactions (2) 
and (3) and the possible variation in the ratio of the initial components 
in the Ni-Al and CeO2-Al subsystems, calculation using formulas (4–5) 
shows that H1≤ 0.9 kJ/g, and H2 ≤ 0.7 kJ/g. It follows that the thermal 
effects of both reactions are comparable. It can be assumed that during a 
thermal explosion, the products of reactions (2) and (3) undergo further 
chemical transformations of the type and others. 

Fig. 3. Thermal explosion parameters of samples 1 mm thick: a – Ni+25 %Al, b – (Ni+25 %Al)+5 %CGO, c – (Ni+25 %Al)+15 %CGO.  

Table 2 
Parameters of thermal explosion of samples.  

Sample size Compound Thermal explosion parameters 

ΔT, оС Δt, s Te, 
оС 

Thickness 1mm Ni+25 %Al 90 0.30 595 
(Ni+25 %Al)+5 %CGO 65 14.6 600 
(Ni+25 %Al)+15 %CGO 60 26.7 610 

Thickness 20 mm Ni+25 %Al 1330 2,8 570 
(Ni+25 %Al)+5%CGO 1320 3,2 560 
(Ni+25 %Al)+15 %CGO 1310 7,3 530 
(Ni+25 %Al)+25 %CGO 1305 8,2 510  
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3.2. Phase composition and microstructure of synthesized materials 

The phase composition of the synthesis products was analyzed 
depending on the content of CGO in the initial mixture and the 

temperature of subsequent annealing in a vacuum. The analysis results 
are presented in Table 3, Figs. 5 and 6. 

According to the results of X-ray phase analysis, the synthesized 
compositions with CGO addition consist of a composite of phases: 

Fig. 4. Thermal explosion parameters of samples 20 mm thick: a – Ni+25 %Al, b – (Ni+25 %Al)+5 %CGO, c – (Ni+25 %Al)+15 %CGO, d – (Ni +25 %Al)+25 
%CGO. 

Table 3 
Phase composition of synthesized materials.  

N◦ Compound Annealing Ni Ni2Al3 NiAl Ni3Al CGO CeAlO3 

1 Ni+25 %Al No 30 25 27 25 – – 
2 (Ni+25 %Al) + 5 % CGO No 35 40 12 15 5 – 
3 (Ni+25 %Al) + 15 % CGO No 45 36 15 16 7 – 
4 (Ni+25 %Al) + 25 % CGO No 55 33 14 14 16 – 
5 Ni+25 %Al No – – 70 30 – – 
6 (Ni+25 %Al) + 15 % CGO No 38 – 30 35 8 5 
7 (Ni+25 %Al) + 15 % CGO No – 60 32 – – 13  
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Ni2Al3, NiAl, Ni3Al, Ni, and CGO. In this case, the synthesized material is 
also a porous skeleton consisting of welded composite particles. With the 
addition of 5 % CGO, the particles in the synthesis products also have a 
core structure with three layers: the inner layer is Ni, the intermediate 
layer is Ni3Al, and the outer layer is NiAl. Moreover, according to X-ray 
microanalysis data, both outer layers contain traces of cerium. For the 
composition with 15 % CGO, such a layered structure is not observed 
along the entire perimeter of the nickel cores. This may indicate insuf-
ficient wettability of nickel particles surrounded by tiny CGO particles 
by the aluminum melt that is formed during the heating process. This is 

also confirmed by the detected slowdown of exothermic reactions dur-
ing the thermal explosion (Fig. 5). 

Annealing materials with CGO addition at 900 ◦C does not allow 
achieving the equilibrium composition of synthesis products due to the 
presence of a significant amount of unreacted nickel, in addition to 
intermetallic and oxide phases (sample N◦6, Table 3). 

Vacuum annealing at a temperature of 1200 ◦C allowed obtaining a 
material with an equilibrium composition, including intermetallic 
phases NiAl and Ni2Al3 (sample N◦7, Table 3). An interesting observa-
tion is the detection of the perovskite-type phase CeAlO3. According to 

Fig. 5. Phase composition of 1 mm thick samples synthesized in the thermal explosion mode: 1 – composition Ni+25 %Al, 2 – composition (Ni+25 %Al) + 5 % CGO, 
3 – composition (Ni+25 %Al) + 15 % CGO, 4 – composition (Ni+25 %Al) + 25 % CGO. 

Fig. 6. Phase composition of samples (Ni+25 %Al) + 15 % CGO 1 mm thick: 1 – after synthesis in thermal explosion mode, 2 – after synthesis and annealing at a 
temperature of 900 ◦C, 3 – after synthesis and annealing at a temperature 1200 ◦C. 
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literature data, the formation of the perovskite-type phase CeAlO3 
during sintering of cerium oxide and aluminum powder typically occurs 
at temperatures significantly higher than 1200 ◦C [33]. Most likely, this 
phase is formed due to the oxidation of intermetallics CexAly, which are 
formed during reaction (3). This conclusion is supported by the fact that 
when the synthesized samples were extracted from the reactor or sam-
ples after vacuum annealing, cooled to room temperature, they were 
observed to heat significantly upon contact with the atmospheric air. 
This heating is likely associated with the rapid oxidation of intermetallic 
phases formed during the synthesis and heat treatment of materials, 
such as the CeAl2 phase (Fig. 6). 

It was found that the composition of the synthesized materials differs 
significantly from the composition corresponding to the equilibrium 
state, as determined by the phase diagram of the Ni-Al system [31]. This 
occurs due to incomplete chemical conversion of the starting reagents 
during the thermal explosion process. Carrying out vacuum annealing of 
the synthesized material at a temperature of 900 ◦C for one hour makes 
it possible to bring its composition closer to equilibrium (sample N◦5, 
Table 3). Increasing the holding time does not affect the concentration of 
the constituent phases for samples without the addition of CGO. 

The structure of the synthesis products of the Ni+25 %Al system is 
depicted in Fig. 7. The obtained material exhibits a porous structure 
formed by fused composite particles. Based on the phase diagram of the 
Ni-Al system, the chemical composition of the outer layer may consist of 
intermetallics such as Ni2Al3, NiAl, or their mixtures. The composition of 
the middle layer includes NiAl, Ni3Al, or their combinations, while the 
core consists of a nickel-based solid solution. The sizes of the 

microcomposite particles in the synthesized products correspond to the 
nickel particles in the initial mixture. It can be assumed that during the 
thermal explosion, microcomposites form due to the capillary distribu-
tion of molten aluminum on the surface of nickel particles, followed by 
the reaction diffusion of components. The presence of round pores in the 
synthesized material indicates the action of capillary distribution cor-
responding to the original aluminum particles in both shape and size. 

3.3. Formation of a NiO/CGO anode on the surface of a porous metal- 
ceramic base 

On the metal bases of SOFCs, anode and electrolyte layers are 
formed, as a rule, using powder methods (screen printing, dipping or 
centrifugation, etc.), the final stage of which is high-temperature sin-
tering of the applied layers [25]. In this case, sintering is carried out 
either in a reducing atmosphere (Ar/4 %H2) [44], so as not to oxidize the 
metal base (Fe/Cr), or in an air atmosphere with subsequent reduction of 
the nickel-containing anode in a hydrogen atmosphere [35]. The latter 
approach has been used, for example, in the case of Ni-Fe alloy metal 
substrates. 

In this work, we chose the same approach for sintering the anode 
layer, since the high Ni content in the starting material guarantees the 
preservation of the conductivity of the base after oxidation and subse-
quent reduction. An anodic layer of NiO/CGO was applied to a metal- 
ceramic base of the composition (Ni+25 %Al)+5 %CGO using screen 
printing, which was then annealed in an air atmosphere at 1300 ◦C and 
reduced at 900 ◦C in a hydrogen atmosphere. Fig. 8 shows the 

Fig. 7. Images of the synthesized composition product structures: a - Ni+25 %Al, b - (Ni+25 %Al)+5 %CGO, c - (Ni+25 %Al)+15 %CGO.  
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microstructure of a metal-ceramic base with a NiO/CGO anodic layer 
about 20 μm thick sintered on its surface. After application, the anodic 
paste penetrates the surface of the porous material, which ensures good 
contact and adhesion to the base material after sintering. The anodic 
layer after sintering and reduction is a fairly smooth surface with a 
uniform nanoporous structure (pore size several hundred nanometers), 
on which a layer of CGO electrolyte can then be formed. X-ray phase 
analysis showed that after firing in an air atmosphere and reduction in 
hydrogen, the following changes occur in the phase composition of the 
metal-ceramic base: the content of the NiAl, Ni3Al phases decreases and 
a thermodynamically stable α-Al2O3 phase appears. Since the content of 
conductive phases in the material remains high, the conductivity of the 
metal-ceramic base practically does not decrease. 

3.4. Dilatometric measurements of the coefficient of thermal expansion of 
Ni-Ai and CGO composition 

Fig. 9 shows the results of dilatometric studies of Ni-Al substrates in 
the temperature range from 30 to 1100 ◦C. The image shows that the 
temperature dependence of elongation dL/L for Ni-Al alloy is almost 

linear. The average coefficient of thermal expansion (CTE), determined 
on the basis of dilatometric measurements, is 14 × 10− 6 K–1 over the 
temperature range from 700 to 900 ◦C. The measured value exceeds the 
CTE of SOFC layers (10–12 × 10− 6 K–1). However, research has shown 
that adding ceramic powder or refractory metal powder with a low co-
efficient of thermal expansion to the raw material mixture of Ni and Al 
powders can reduce the average CTE of the new material. For example, 
with the addition of 40 wt.% Cr (the CTE of pure Cr is 6.2 × 10− 6 K–1), 
the temperature dependence of the relative elongation dL/L of the Ni- 
Al+Cr sample agrees well with the same dependence for the Crofer 22 
APU alloy samples. The CTE of Crofer 22 APU alloy is known to be 11 ×
10− 6 K–1, and this material is widely used for the manufacture of SOFC 
carrier base [45]. Reducing the CTE of Ni-Al wafers by adding ceramic 
oxide powder has also been used in other studies [46]. The CTE was 
shown to be about 12 × 10− 6 K–1 when using 30 % and 40 % ceramic 
oxide powder. One of the main advantages of large volume ceramic 
oxide powder is that the oxide powder physically dilutes the nickel 
aluminide combustion synthesis reaction, which prevents the develop-
ment of a high-speed reaction front while maintaining dimensional 
stability of the part. 

Fig. 8. Images of a chip of a (Ni+25 %Al)+5 %CGO base with a NiO/CGO anode (a) and the surface of a NiO/CGO anode sintered at 1300 ◦C in air and reduced at 
900 ◦C in a hydrogen atmosphere (b). 

Fig. 9. Dependence of relative elongation on temperature for various SOFC materials.  
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4. Conclusion 

In this work, we investigated the formation of a new metal-ceramic 
composite based on intermetallic compounds of the Ni-Al system and 
ceramics made of gadolinium-doped cerium oxide for use as a sup-
porting base for medium-temperature solid oxide fuel cells with a NiO/ 
CGO anode and a CGO electrolyte. The formation of porous metal- 
ceramics was carried out using the thermal explosion method. It has 
been shown that when synthesizing samples 1 mm thick under condi-
tions of good heat removal (using heat-removing plates), adding up to 
15 % CGO powder to the Ni+25 %Al system significantly reduces the 
intensity of the exothermic reaction. At a CGO concentration of more 
than 15 %, no exothermic reaction was observed. 

When synthesizing samples 20 mm thick under conditions of poor 
heat removal from the reaction zone, the maximum process temperature 
Tm increased significantly (up to 1330 ◦C) and was practically inde-
pendent of the CGO concentration. The synthesis product of the Ni + 25 
%Al system was a porous material of sintered granules with a three-layer 
structure consisting of a core (nickel-based solid solution) surrounded by 
two layers of intermetallic compounds with different aluminum con-
tents. When CGO was added to the initial mixture, the three-layer 
structure of the granule was maintained, and the CGO particles were 
dissolved in the middle and outer layers of the sintered granules. 

X-ray phase analysis showed that the synthesized compositions with 
the addition of CGO consist of a composition of phases: Ni2Al3, NiAl, 
Ni3Al, Ni and CGO. To bring the composition to an equilibrium state, the 
samples were vacuum annealed at a temperature of 1300 ◦C. The 
resulting material of the composition (Ni+25 %Al)+5 %CGO was used 
to form a two-layer structure of a metal-ceramic base - NiO/CGO anode 
of a solid oxide fuel cell. The latter was formed by screen printing fol-
lowed by sintering in an air atmosphere and reduction in a hydrogen 
atmosphere. Vacuum annealing at a temperature of 1200 ◦C made it 
possible to obtain a material with an equilibrium composition, including 
intermetallic phases NiAl and Ni2Al3. Of interest is the discovery of the 
perovskite-type phase CeAlO3. Carrying out vacuum annealing of the 
synthesized material at a temperature of 900 ◦C for one hour makes it 
possible to bring its composition closer to equilibrium. Increasing the 
holding time does not affect the concentration of the constituent phases 
for samples without the addition of CGO. The presence of oxide ceramics 
CGO and Al2O3 in the metal-ceramic base will lead to a decrease in the 
coefficient of thermal expansion of the Ni-Al system and its better cor-
respondence to the CTE of SOFC layers (10–12 × 10− 6 K–1). The dila-
tometric method determined that adding 40 wt.% Cr to a mixture of Ni- 
Al powders reduces the average coefficient of thermal expansion of the 
new material. 
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