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Abstract: Electrically conducting LaC2/LaB6 ceramic nanocomposites with a low coefficient of linear 

thermal expansion (CTE) were prepared through ceramization of single-source polymeric precursors 

containing La, B, and C. To synthesize such ceramics, phenol formaldehyde (PF) resin was reacted with 

precursors of La and B in various ratios to obtain single-source precursors of boron- and lanthanum-

modified PF (hereafter referred to as B-Lamp). The precursors were characterized using 

thermogravimetry and spectrochemical techniques. The ceramic yield and phase crystallization, such as 

LaC2 and LaB6, were found to be profoundly influenced by the precursor ratio. The phase evolution and 

stability at various temperatures were investigated using X-ray diffraction, Raman spectroscopy, and 

high-resolution transmission electron microscopy, which reveals the presence of B4C as a competing 

phase in addition to the LaC2/LaB6 phases. The pyrolyzed ceramic powder was spark plasma sintered and 

evaluated for its electrical conductivity, which was ~0.56 S/cm, and CTE of 5 × 10
-6

 /°C. 
Keywords: Polymer-derived ceramics, coefficient of linear thermal expansion, lanthanum carbide, and 

lanthanum hexaboride 

 
1. Introduction 
 

Electrically conducting ceramics find applications in various fields, including thermistors, gas 

sensors, electrodes, heating elements, thermoelectric generators, fuel cells, and batteries, and exemplify 

high potential due to their high chemical and thermal stability [1-3]. Also, they exhibit electrical 

conductivity > 10
-2

 S/cm, have high melting points (usually > 1500 °C), and have lower CTE (usually < 6 

x 10
-6

/°C) than many electrically conductive metals. Rare-earth and transition-metal borides and carbides 

fall into this category and are being developed to replace tungsten- or molybdenum-based materials for 

electrical conductivity applications [4]. In which lanthanum dicarbide (LaC2), a very high melting point 

phase is known to show metallic-like electrical conductivity which approaches that of lanthanum (18 

S/cm) itself [5]. Using a single element (lanthanum) to form both the boride and the carbide prevents the 

formation of any intermediate compounds, such as rare-earth zirconates, which are typically observed 

when using multiple metals [6]. 

The synthesis of borides and carbides has been reported using various methods, including solid-state 

reactions, melt electrolysis, metal-gas reactions, combustion synthesis, and carbothermal reduction 

reactions. However, these techniques face challenges in achieving chemical homogeneity, purity, and a 

uniform microstructural composition [3]. These issues can be overcome by using the precursor-derived 

route to synthesize ceramics. The molecular structure of inorganic or organometallic precursors can be 

tailored to get compositions that would otherwise be impossible through conventional routes [7-8]. The 

ease of shaping the polymer to obtain near-net-shaped ceramic products for technological applications is 

also beneficial. In addition, the ceramics can be derived at relatively lower temperatures, making it 

advantageous over other routes described above.  
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Thus, this work aims to synthesize a lanthanum-based ceramic nanocomposite via a polymer-derived 

ceramic (PDC) route, study its phase evolution, and determine its suitability as an electrical conductor. To 

that end, lanthanum acetylacetonate hydrate and phenolic resin are chosen as initial precursors to 

synthesize a single-source precursor (SSP) of lanthanum and carbon. The stabilization of lanthanum 

carbide is facilitated by glassy carbon, which is formed from a phenolic resin [9-11], but this also 

increases the system's carbon content. The presence of free carbon has disadvantages, including poor 

oxidation resistance [12], and lower shear strength. Hence, to reduce the effective free carbon and its 

adverse effects on the system, boron is intentionally added to react with synthesized La and C SSPs, 

offering the following advantages. Boron is a well-known dopant used in glassy carbon, derived from 

phenolic resin, and carbon/carbon composites to enhance oxidation resistance [12-14]. Additionally, it 

was reported earlier that the addition of boron forms intermetallic solid solutions with metal matrix 

ceramic composites, which improve toughness through grain growth retardation, transformation 

toughening, crack impediment, and crack deflection or microcracking mechanisms [15-16]. Furthermore, 

it reduces the final oxygen in the ceramics [17].  Due to the lower formation temperature of boron carbide 

(<1500 °C), the addition of boron contributes to the formation of the boron carbide phase, which exhibits 

good thermoelectric properties, has a high melting point [18-19], and high oxidation resistance [20]. 

Moreover, as an added advantage, LaB6 can be formed, which is known to exhibit excellent electrical 

conductivity owing to the spare electron available after the donation of two electrons to the boron 

sublattice [3,21]. Further, boron carbide acts as a catalyst or reducing agent by lowering the phase-

evolution temperatures of borides and carbides relative to individual reducing agents such as carbon, 

boron, and aluminum [22-23].  

In this work, a novel single-source precursor containing La, B, and C was synthesized for the first time 

via a polymer-derived ceramics route. The composition of the precursors was varied and correlated with 

the phase evolution upon ceramic conversion. The converted ceramic was also spark-plasma sintered to 

form a monolith and evaluated for its coefficient of linear thermal expansion and electrical conductivity. 

 

 

2. Experimental methods 

 

2.1. Materials 

 

Materials used for synthesis of La-B-C precursor were phenol formaldehyde resin (PF) (as 

received from VSSC, Thiruvananthapuram, India, see Table 1), lanthanum acetylacetonate hydrate 

La(CH3COCHCOCH3)3 x H2O, denoted as La(acac)3, (Sigma Aldrich, India), B(OH)3 (99.5%, Sigma 

Aldrich, India), and N, N-dimethyl formaldehyde (DMF) (99.8% purity, Rankem, India) was used as a 

solvent. 

 

Table 1. Specification of phenol formaldehyde resin 

Property Phenolic resin 

Type 

Specific Gravity 

Viscosity at 30 °C (cps) 

Free formaldehyde (%) 

Cure time 

Resol 

1.18-1.20 

600 

0.1 

120 min at 175 °C 

 

 

2.2 Synthesis of lanthanum-modified phenolic formaldehyde resin (Lamp) 

 

PF and La(acac)₃ were dissolved in DMF and reacted at 120 °C for 4 h. The obtained lanthanum-

modified phenol formaldehyde resin was named Lamp. Various Lamp compositions were prepared as 
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listed in Table 2. Beyond Lamp-30 (30 parts per hundred (pph) of La(acac)3 w.r.t. PF), the resin starts 

precipitating out due to steric hindrance. Thus, Lamp-30 was selected as a suitable composition for 

further modification with B(OH)3 to yield a boron-modified Lamp. 

 

Table 2. No. of parts of La(acac)3 used per 100 parts of PF to prepare different compositions of Lamp’s 

S.No No. of parts of PF  

(A) 

No. of parts of 

La(acac)3 (B) 

No. of parts La(acac)3 

per hundred parts of 

PF 

Lanthanum modified 

PF(Lamp) (A + B) 

(pph) 

1 

2 

3 

4 

5 

100 

100 

100 

100 

100 

10 

20 

30 

40 

50 

10  

20 

30 

40 

50 

Lamp-10 

Lamp-20 

Lamp-30 

Lamp-40 

Lamp-50 

 

 

2.3 Synthesis of boron-modified Lamp (B-Lamp) 

Similar to the synthesis of Lamp, B(OH)3 in DMF was reacted with Lamp-30 at 120 °C for 6 h. 

The resultant precursor, i.e., boron and lanthanum-modified PF was named as B-Lamp. Different 

compositions of B-Lamp were synthesized by gradually increasing the molar ratio of B to La, as shown in 

Table 3. 

Table 3. Different molar ratios of B(OH)3 added to the Lamp with respect to La(acac)3 and PF to obtain 

various compositions of B-Lamp’s 

S.No Molar ratio (B:La) Boron modified Lamp 

(B-Lamp) 

Ceramized B-Lamp 

(BLaC) 

1 

2 

3 

4 

5 

6 

7 

1:1 

3:1 

5:1 

7:1 

9:1 

11:1 

13:1 

1B-Lamp 

3B-Lamp 

5B-Lamp 

7B-Lamp 

9B-Lamp 

11B-Lamp 

13B-Lamp 

1BLaC 

3BLaC 

5BLaC 

7BLaC 

9BLaC 

11BLaC 

13BLaC 

 2.4 Ceramic conversion, sintering, and characterization methods 

 

The synthesized Lamp and B-Lamp precursors were cross-linked at 250 °C in an oven for 4h. 

Fourier-transform infrared spectroscopy (FTIR) analysis (Jasco FT/IR-4100) of the crosslinked Lamp and 

B-Lamp polymers was carried out to understand the bonding characteristics of the modified phenolic 

resin. Thermogravimetric analysis (TA SDT Q600) of the crosslinked B-Lamp polymers was performed 

under constant argon flow at a heating rate of 10 °C/min from room temperature to 1000 °C to 

characterize thermal decomposition and ceramic yield. 

The crosslinked polymers were pyrolyzed in a tubular furnace at 1600 °C for 3 h under argon to obtain 

BLaC ceramics. The ceramic powders of 9BLaC were selected, ground to fine powder in a mortar and 

pestle, and sintered using SPS (Dr Sinter SPS-500, Sumitomo Metals, Japan) at 1600 °C and 50 MPa 

pressure for 10 minutes under vacuum. Graphite foils were placed between the powder and die to prevent 

adherence between them. Phenolic resin pyrolyzed in identical conditions does not sinter and remains a 

powder during SPS in these conditions. However, it sinters to maximum density when it is modified with 

a boron precursor, which acts as a sintering aid. The ceramic powders and sintered pellets were subjected 
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to X-ray diffraction (Bruker AXS D8 Discover X-ray Diffractometer) at 30 kV using Cu Kα radiation 

(step scan of 0.075, count time 1 step/sec, and wavelength 0.154 nm) to determine the phases formed 

during heat treatment and sintering. The crystallite size (D) of LaB6 in 9BLaC was measured using 

Scherrer’s equation (Equation 1), assuming the shape of the particles to be spherical, and was found to be 

approximately 53 nm. 

 

 
 

(1) 

Where D is the mean size of the ordered (crystalline) domains, which may be smaller or equal to the grain 

size; K is a dimensionless shape factor, taken as 0.9; λ is the X-ray wavelength; β is the line broadening at 

half the maximum intensity (FWHM) in radians; θ is the Bragg angle. 

The presence of carbon and other ceramic phases was evaluated using Raman spectroscopy recorded with 

an alpha300R confocal Raman microscope with a Nd: YAG laser source with a wavelength of 532 nm. 

The ceramic powders are dispersed in ethanol using ultrasonication and drop cast onto a carbon-coated 

copper grid before being subjected to a high-resolution transmission electron microscope (HR-TEM 

JEOL 3010 with UHR polepiece, LaB6 filament, and Scherrer’s defocus of 0.12 nm). Scanning electron 

micrographs of the cross-section of the pellet were taken using Thermo Fisher Scientific Apreo S field 

emission scanning electron microscope (FESEM) and energy dispersive spectroscopy (EDS) 

(Accelerating voltage 0.5 to 30kV). Electrical I-V resistivity of the sintered pellet with respect to the 

change in temperature was measured using a ZEM 3 (ADVANCE RIKO, Inc.) from 30 °C to 200 °C 

under a vacuum atmosphere. The linear coefficient of thermal expansion was measured using a 

dilatometer (DIL 402 Expedis, Netzsch) from 130 °C to 1550 °C with a heating rate of 10 °C/min under 

an argon atmosphere. 

 

3. Results 

3.1 Spectrochemical characterization of crosslinked Lamp and B-Lamp polymers 

 
Figure 1 (a) shows FT-IR spectra of Lamp resins and PF. In PF, the bands at 3430, 2925, 1610, 

1480, 1390, 1153, and 1045 cm
-1

 represent the O-H, CH2 alkane, C=C aromatic, CH2 methylene bridge, 

OH phenol, C-O stretch, and single stretch C-O vibrations of CH2OH methylene groups, respectively [24-

26]. In Lamp, the band which appears around 3430, 2925, 1640, 1475, 1370, 1200, 1096, 1014, 652 cm
-1

 

are congruous with the O-H, CH2 alkane, C=C, CH2 aliphatic methylene, a phenol hydroxyl group, C-O, 

C-O-C, C-O vibrations of CH2 methylene bridge, and La-O-C stretching, respectively [27-29]. Above 

Lamp-30, precipitation of individual precursors was observed. Thus, Lamp-30 is chosen for further 

modification with a boron precursor.  

 



Journal of Innovative Materials in Extreme 
Conditions  

2026 
Volume 7 
Issue 1 

 

46 Serbian Society for Innovative Materials in Extreme Conditions (SIM-EXTREME), Belgrade, Serbia. 

 

 
Figure 1.  FT-IR spectra of (a)Lamp resins showing the formation of La-O-C bonds, (b)Lamp showing 

the formation of B-O-C bonds between methyl groups of acetylacetonates, unreacted hydroxyl groups of 

Lamp, and B(OH)3. 

 
Figure 1 (b) shows the FT-IR spectra of B-Lamps indicating the formation of B-O-C bands in the range of 

1390 and 1480 cm
-1

. The bands at 3446, 3220, 2916, 1640, 1483, 1390, 1000, and 652 cm
-1

 match CO-H, 

BO-H, CH2 alkane, C=C, C-H vibrations of aliphatic methylene, phenol C-OH, C-H, and La-O-C, 

respectively [30]. From B-Lamp to 11B-Lamp, as the boric acid content increases, the CO-H band 

intensity at 3460 cm
-1 

decreases and broadens towards 3220 cm
-1

, corresponding to the BO-H bands. 

Figure 2 (a) shows the TGA data of crosslinked B-Lamp polymers. With an increase in boron content 

from 1B-Lamp to 11B-Lamp, the ceramic yield also increases. However, the sudden drop in the ceramic 

yield of 13B-Lamp may be attributed to steric hindrance. The yield of 1B-Lamp is ≈ 53 % at 1000 °C, 

which increases to ≈ 62 % in 11B-Lamp. 

 
3.3 Phase evolution studies of BLaC ceramics heat-treated at 1600 °C 

Figure 2 (b) shows the XRDs of BLaC ceramic samples after pyrolysis at 1600 °C in an argon 

atmosphere for 3 h. The following peaks of 2θ values at 21.4, 30.4, 37.9, 43.5, 49.0, 54.0, 63.2, 67.6, and 

71.8 ° corresponds to (100), (110), (111), (200), (210), (211), (220), (221), (310) planes of LaB6 (ICDD 

reference pattern 01-075-1414) [31-33]. In 7BLaC and 9BLaC, the peaks appearing at 2θ 25.6, 26.4, and 

44.5 ° are congruous with (100), (200) planes of LaC2  (ICDD reference pattern 01-089-2255) [34-36]. 

The LaB6 peaks first appear in 3BLaC, and the intensity of the peaks increases up to 9BLaC. 11BLaC 

exhibits peaks of LaB6 with low intensity, but interestingly, it also showed the highest ceramic yield 

during thermogravimetric analysis. 
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Figure 2. (a) TGA graph of B-Lamp preceramic polymers showing the increase in final ceramic yield at 

1000 °C with the increase in boron precursor up to 11B-Lamp. (b) XRD of BLaC series ceramics 

revealing the formation of LaB6 and LaC2 phases in 9BLaC and 11BLaC compositions after pyrolysis at 

1600 °C in an argon atmosphere for 3 h. 

 
3.4 FT-IR analysis of BLaC ceramics 

 

Figure 3 (a) shows the FT-IR of BLaC ceramics pyrolyzed at 1600 °C. The bands which appear 

around 3438, 2930, 1579, 1384, 1087 cm
-1

 correspond to the stretching of B4C [37]. The band at 2930 cm
-

1
 is attributed to the C-H vibrations of the alkane on the aromatic ring [24]. The band at 1579 cm

-1
 

corresponds to the B-C vibrations of the inter-icosahedral C-B-C chains, and the strong peak at 1087 cm
-1 

indicates the icosahedral structure of the B4C [38]. 

 

 
 

Figure 3. (a) FTIR spectrum of BLaC series ceramics heat-treated at 1600 °C showing the B-C-B bands 

at 1087 cm
-1

. (b) Raman spectra of BLaC series ceramics showing bands of crystalline boron carbide at 

481, 531, 730, 1000, 1086 cm
-1

, LaB6 bands at 672, 1128, 1247 cm
-1

. (c) X-ray diffractogram of spark 

plasma sintered 9BLaC pellet showing crystalline phases of LaC2 and LaB6. 

 

3.5 Raman spectra of BLaC ceramics 

 

Figure 3 (b) shows the Raman spectra of the B-LaC ceramics after pyrolysis at 1600 °C. In the 

BLaC ceramics, two specific absorption peaks were observed at 1347 cm
-1

 (D band) and 1589 cm
-1

 (G 
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band), indicating the presence of free carbon in the system. In 7BLaC and 9BLaC, the bands at 672, 1128, 

1247 cm
-1

 are from LaB6 Raman active vibrational modes of T2g, Eg, and A1g, respectively [39-40]. The 

bands at 481, 531, 730, 1000, and 1086 cm
-1

 correspond to stretching vibrations of crystalline C-B-C 

chains, implying the presence of crystalline boron carbide in 5BLaC, 11BLaC, and 13BLaC [41-43]. 

After analyzing the TGA, XRD, FTIR, and Raman spectra of all the BlaC compositions, 9BlaC 

composition with the desired phases was chosen for sintering and further characterization.  

 

3.6 XRD of sintered 9BLaC pellet 

 

Figure 3 (c) shows the XRD data of spark plasma sintered 9BLaC, demonstrating the crystalline 

phases of LaC2 and LaB6. No new phase formation was observed after SPS to consolidate the powders. 

 
 

3.7 Scanning electron microscopy 

 

Figure 4 shows the cross-sectional SEM images of the sintered 9BLaC pellet. Figure 4 (a) shows 

the image in back-scattered mode, in which the brighter region indicates the lanthanum-rich phases like 

LaB6 and LaC2. Figure 4 (c) shows the images in secondary electron mode of the surface topography of 

the pellet. Figure 7 (b) EDAX showing the Kα, Kβ of Lanthanum. Figure 4 (d) EDAX shows the 

distribution of lanthanum in a carbon matrix. There were no pores observed in the SEM images, 

indicating that the ceramic was sintered to maximum density. The density calculated using the water 

displacement method was 2.39 g/cc. 

 

 
 
Figure 4. (a, c) SEM micrographs of 9BLaC ceramic nanocomposite under backscattered and secondary 

electron mode; (b, d) Elemental mapping of lanthanum and boron in a carbon matrix.
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3.8 Microstructural characterization  

Figure 5 shows HR-TEM micrographs of 9BLaC heat-treated at 1600 °C. In 9BLaC, the d 

spacing of 0.41 nm corresponds to LaB6 [44]. The d spacing of 0.34 nm corresponds to LaC2, 

representing the encapsulation of lanthanum in carbon [10]. The d spacing of 0.54 nm in 9BLaC is 

due to the fullerene structure of the carbon. 

 

 
 

Figure 5. HR-TEM micrographs of 9BLaC ceramic nanocomposite reveal the existence of LaB6, 

LaC2, and free carbon (refined with Gatan GMS3 software). 

 
3.9 Electrical properties 

 
Figure 6 (a) shows the change in resistivity of the spark plasma sintered 9BLaC pellet with 

the variation in temperature from 25 °C to 200 °C. The values of resistivity do not change much as the 

temperature increases. The average resistivity offered by the pellet against the flow of electric current 

through it over the range of temperature was found to be 1.34 x 10
-3 

ohms cm. The electrical 

conductivity was found to be 7.46 x 10
4 

S/cm, which is very high when compared with similar 

ceramics such as zirconia (~ 1 x 10
-4

 S/cm) and silicon carbide (~ 1 x 10
-2

 S/cm) [45]. 

 

3.10 Thermal Properties 

 

Figure 6 (b) shows the linear thermal expansion of sintered 9BLaC ceramic. The average 

coefficient of linear thermal expansion is found to be 4.9 x 10
-6

 /°C. The graph was divided into 4 

regions with respect to the change in slope. The CTE of region 1, region 2, region 3, and region 4 are 

4.26 x 10
-6 

/°C, 5.3 x 10
-6 

/°C, 5.6 x 10
-6 

/°C, and 4.1 x 10
-6 

/°C, respectively.  
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Figure 6.  (a) Representing the change in the electrical resistivity with respect to the temperature for 

9BLaC ceramic nanocomposite. (b) The 9BLaC ceramic nanocomposite exhibits a change in 

coefficient of linear thermal expansion as a function of temperature. 

 

4. Discussion 

 

4.1 Bonding characteristics of preceramic polymers Lamp & B-Lamp 

In FT-IR analysis of the synthesized Lamp system (section 2.2), the appearance of La-O-C 

band at 652 cm
-1

 and C-O stretching vibrations of C-O-C band at 1014 cm
-1

 indicates the participation 

of more phenol and methylene hydroxyl groups in the reaction with La(acac)3 [46]. During the 

synthesis of SSPs, with an increase in La(acac)3 content above Lamp-10, reactivity initially increases 

due to the availability of more functional groups, then gradually decreases due to the reduction of 

active functional groups. There is also an increase in the bulkiness of La(acac)3 functional groups 

around the phenolic resin due to steric hindrance, which prevents further reaction, leading to the 

precipitation of excess precursors during the synthesis. Thus, as shown in the results, Lamp-30 was 

selected and modified with boric acid to form B-Lamp precursors. In the FT-IR analysis of B-Lamp, 

the formation of B-O-C bands (section 3.1) is attributed to the reaction of B(OH)3 with the methylene 

groups and leftover phenol hydroxyl of Lamp through a condensation reaction by elimination of water 

molecules [47-49].  

 

4.2 Thermal degradation studies of B-Lamp 

 

As shown in the TGA curve, thermal decomposition of unreacted acetylacetonate groups 

takes place above 250 °C [33]. From B-lamp to 11B-Lamp, the number of B-O-C bonds formed from 

the reaction with La(acac)3 increases beyond 1B-Lamp, the number of unreacted acetylacetonate 

ligands will be less. This results in lesser degradation and higher ceramic yield with an increase in 

boron precursor at 1000 °C. However, in 13B-Lamp, many unreacted precursor molecules remain in 

the system as a result of the steric hindrance effect, which starts to evaporate during curing and heat-

treatment, resulting in a lower ceramic yield. 

 

4.3 Phase evolution studies 

 

XRD analysis of the ceramics heat-treated at 1600 °C gives information on the phase 

evolution with respect to composition. With the increase in boron content from BLaC to 9BLaC, LaB6 

becomes the dominant phase. But in 11BLaC, the relative peak intensity of LaB6 has decreased 

significantly. To understand this anomaly, FTIR and Raman spectra studies were done. FTIR and 

Raman spectra analysis of the ceramic powder samples confirm the presence of boron carbide, which 

was not seen in XRD. The Raman spectra results of BLaC ceramics reflect the phase evolution 
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observed in XRD. In 7BLaC and 9BLaC, where XRD shows intense peaks of LaB6, Raman spectra 

correspondingly showed only crystalline LaB6 bands. However, in 5BLaC and 11BLaC where the 

XRD exhibited LaB6 peaks of low intensity, the Raman spectra show only the bands of boron carbide. 

Several authors have reported that high impact stresses can cause the amorphization of B4C by the 

interaction between B-C-B chain atoms and neighboring icosahedral C-B-C atoms, resulting in the 

distortion of the icosahedral structure [51-52].  

 

Therefore, it can be supposed that the crystallization of LaB6, causes stresses that distort the 

crystalline icosahedron of boron carbide, leading to amorphization. The absence of amorphous boron 

carbide Raman bands (1330 and 1810 cm
-1

) in 7BLaC and 9BLaC confirms that the boron carbide 

does not just remain amorphous, but instead, is consumed towards the crystallization of LaB6 and 

LaC2. The inverse relationship between the amount of LaB6 and boron carbide in XRD and Raman 

spectra implies a reaction where amorphous boron carbide is consumed to facilitate the growth of 

LaB6 crystals. The consumption of B4C also seems to enable the formation of LaC2, which is not seen 

at that same temperature in the corresponding ceramics in the absence of boron (LaC) as shown in 

Figure 7. Also, the compositions below 7BLaC will never undergo structural dissociation because 

there is not enough stoichiometric composition of boron present in the system, which is required for 

the crystallization of LaB6. 

 

 
 

Figure 7. (a) XRD of LaC-30 pph & 9BLaC showing crystallization of LaC2 only after incorporation 

of boron (9BLaC) on heat-treatment of ceramics at the same temperature (1600 °C). (b) X-ray 

diffractograms of 9BLaC heat-treated at different temperatures showing crystallization of LaB6. (c) 

Raman spectra of 9BLaC revealing the phase evolution of boron carbide on heat-treating at different 

temperatures.  

 

To explain this phenomenon further, 9BLaC was selected and heat-treated at 1400 °C, 1500 °C, and 

1600 °C. Figure 12 (a) & (b) shows the XRD and Raman spectra, respectively, for the corresponding 

heat-treatments. For the ceramic heat-treated at 1400 °C, XRD is amorphous, and Raman spectra only 

show D and G bands of carbon. On annealing at 1500 °C, Raman spectra exhibit boron carbide bands, 

while XRD of the ceramic remains amorphous as expected. On further annealing at 1600 °C, XRD 

and Raman spectra confirm the presence of crystalline LaB6. LaC2 is also present but can only be seen 

in XRD since LaC2 is not Raman active. Thus, we have experimental evidence on the amorphization 

of B4C and the subsequent consumption enabling crystallization of LaB6 and LaC2. 

 

4.4 Electronic conduction mechanism of La-B-C ceramic nanocomposite 

 

The electrical conductivity of pure phenolic resin when converted into ceramic 

nanocomposites by heat treating at 1000 °C is 2.5 x 10
2
 S/cm [53]. In electrical conductivity 

measurements of newly synthesized 9BLaC nanocomposites have shown two orders of higher 

electrical conductivity (7.46 x 10
4
 S/cm) when compared to carbon composite [34]. Since the LaB6 is 

the major phase distributed in the fullerene carbon matrix of the 9BLaC ceramic nanocomposite, the 
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electrical conductivity of it is approaching that of pure LaB6, i.e., 6.65 x 10
4
 S/cm, and thus LaB6 

likely to be responsible for the high conductivity of the La-B-C ceramic nanocomposite system.  

 

4.5 Effect of LaC2 on CTE of La-B-C ceramic nanocomposites 

 

The major phases present in the 9BLaC system are LaB6, LaC2, and glassy carbon. Both LaB6 

and glassy carbon retain their phase structure till melting point. However, LaC2 undergoes phase 

transformations with respect to temperature. Below 600 °C, the phase is known as αLaC2, and its 

crystal structure is tetragonal. It transforms into βLaC2 above 1081 °C, which has a cubic structure 

[54] (Section 3.11). Change in compositional homogeneity of LaC2 was responsible for little change 

in CTE from 600 °C to 1081 °C. 

                               La + βLaC2             La2C3                               (2) 

 

LaC2 undergoes a peritectic reaction by reaction with lanthanum above 1415 °C and transforms to 

La2C3 as shown in Equation (2) [55]. Thus, in all four regions, CTE change is mainly controlled by 

the change in composition and phase transformation of LaC2 in 9BLaC ceramic nanocomposite.     

                            

5. Conclusions 

 

In this work, ceramic nanocomposites of La-B-C were developed through a novel route 

derived from single-source precursors. The composition of the ceramic could be finely controlled by 

varying the ratio of La(acac)3 and B(OH)3 with respect to each other and phenolic resin. The reactions 

and the maximum amount of precursor that could react with phenolic resin were determined with the 

help of FTIR of the SSPs. An increase in thermal stability and ceramic yield was observed with the 

increase in B(OH)3 content in the SSPs. Phase evolution studies, conducted through XRD and Raman 

spectroscopy, confirmed the crystallization of LaB6 and LaC2 phases in certain BLaC compositions, as 

well as boron carbide in other compositions. The ceramic composition 9BLaC was chosen for 

sintering and measurement of transport phenomenon due to a high ceramic yield and crystallization of 

desired LaC2 and LaB6 phases. The measured electrical conductivity was 7.46 x 10
4
 S/cm, which is 

very high when compared with other ceramics such as silicon carbide, zirconia, and alumina.  9BLaC 

showed a relatively low CTE of 4.96 x 10
-6

 /°C from room temperature to 1550 °C. The study 

demonstrated a novel pathway for synthesizing a thermally stable and electrically conducting ceramic 

for functional applications. 
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