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Abstract: Biomorphic ceramic materials have potential high-temperature applications, 

owing to their low density, good corrosion resistance and excellent shape capability, but 

achieving both high specific strength and excellent thermal oxidation resistance is 

challenging. In this report, shaddock peel-derived C-SiC-SiO2 composites were 

successfully prepared by the polymer precursor infiltration (PPI) technique with an 

optimized heating program. The composites prepared at 1600 ℃ exhibit the highest 

compressive strength (~ 14.0 MPa) and specific strength (~ 1.5 × 107 N·m/kg), while 

those sintered at 1200 ℃ exhibit the highest bending strength (~ 27.4 MPa). The 

composites exhibit good thermal oxidation resistance (up to 1400 ℃) with a low weight 

loss ratio (<0.11 g/cm3), moreover, the compressive strength of the composites sintered 

at 1200 ℃ after thermal oxidation at 1400 ℃ surprisingly increased from 11.6 ± 2.7 
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MPa to 21.5 ± 3.5 MPa. The PPI technique provides a viable route to introduce Si 

source into natural materials and the shaddock peel-derived C-SiC-SiO2 composites are 

light materials with high strength and excellent high-temperature thermal oxidation 

resistance. 

Keywords: shaddock peel, polycarbosilane, composites, strength, high-temperature 

oxidation resistance 

1. Introduction 

Recently, a new class of biomorphic ceramics have attracted a lot of attention in 

structural design to produce biomorphic ceramic composites [1-3]. Natural materials-

derived structural ceramics have potential high-temperature applications (i.e. aerospace 

materials, heat storage materials, high-temperature gas/liquid filters etc.), owing to their 

high-temperature oxidation resistance, low density, excellent corrosion resistance and 

complex shape capability [1, 4, 5]. A lot of natural materials have been explored for 

producing structural ceramics, such as pine [6], oak [7], birch [8], iroko [9], bamboo 

[10], beech [11], balsa [12], sipomahogany [13] and coir fiberboard [14]. However, the 

cellular pore structures of these natural materials significantly restrict the infiltration of 

a second material to produce a biomorphic ceramic with uniform microstructure and 

high strength. Exploring natural materials with interconnected pore structures could 

potentially improve the infiltration efficiency and produce biomorphic ceramics with 

high strength. Shaddock peel, for example, has a three-dimensional interconnected pore 

structure (pore size: 300 ~ 500 μm, porosity: ~ 85%), which would be beneficial to 

infiltrate another material into the original structure. Most research focus on infiltrating 

the second materials into carbonized wood (bulk or powder biochar), leading to extra 

pyrolysis process before infiltration and the separation between slurry and template [6, 

7, 15-17]. It would be beneficial to infiltrate the second material directly into 

uncarbonized wood, in order to shorten process and avoid macro-cracks. Another 

benefit of using a material like shaddock peel is the fact that it could be easily shaped 

into relatively complex shapes before the infiltration and is a cheap waste substrate. 
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The objective of this work is to obtain a shaddock peel-derived ceramic 

composites with both high specific strength and high-temperature (up to 1400 ℃) 

thermal oxidation resistance. The introduction of a Si source in the shaddock peel offers 

the possibility to obtain a porous SiC ceramic during the high-temperature heat 

treatment in an inert atmosphere. Several infiltration techniques have been developed 

for producing biomorphic SiC ceramics derived from natural materials, including 

chemical vapor infiltration (CVI), melt infiltration (MI), sol-gel infiltration (Sol-gel), 

slurry infiltration (SI), polymer precursor infiltration (PPI) and molten salt infiltration 

(MSI) [1, 5, 9, 10, 18-21]. The mechanical properties of wood-derived biomorphic SiC 

prepared only by MI were reported, while the comprehensive mechanical properties of 

those produced by CVI, Sol-gel and SI were barely reported, probably owing to their 

inhomogeneous microstructures. Compared with the methods above, the polymer 

precursor infiltration (PPI) technique has some advantages such as low sintering 

temperature, simple production process and the ability to completely retain the original 

structure of natural materials [15, 22, 23]. The production of wood-derived SiC 

ceramics usually requires more than 5 repeated infiltration steps which can last for 9 

hours per each step [11]. However, the use of shaddock peel as template could reduce 

the number of infiltrations and shorten the whole processing time.  

Another additional problem arising in the production of wood-derived ceramics, 

is the formation of macro-cracks due to the rapid change of water content during the 

heating process, which negatively affect the mechanical properties of ceramics [24, 25]. 

The heating profile significantly affects the microstructure and mechanical properties 

of the polycarbosilane (PCS)-derived SiC in the SiCf/SiC composites but limited 

amount of research was found investigating the effect of heating profiles on the 

microstructures of biomorphic ceramics [26, 27]. 

Wood has good room-temperature mechanical properties with the compressive 

strength reaching up to ~ 47 MPa and bending strength reaching up to ~ 79 MPa, while 

the wood-derived C-SiC composites were reported to have compressive strength of ~ 

12 MPa in the radial direction and ~ 25 MPa in the axial direction, and bending strength 
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of 16 ~ 42 MPa [13, 24, 28, 29]. Few research about the high-temperature oxidation 

resistance of biomorphic ceramics has been reported.   

In this work, shaddock peel-derived biomorphic C-SiC-SiO2 composites were 

produced by polymer precursor infiltration and sintered under a general heating 

program and an optimized heating program. Effects of each infiltration cycle and 

heating program on the microstructures of the biomorphic composites were investigated 

thoroughly. The compressive strength, bending strength and thermal oxidation 

resistance (500 ~ 1400 ℃) of the biomorphic C-SiC-SiO2 composites were evaluated 

in details. The compressive strength and bending strength of the biomorphic C-SiC-

SiO2 composites after oxidation at 1400 ℃ were also evaluated, for the first time. More 

importantly, the strengthening mechanisms of the self-healing during the thermal 

oxidation at 1400 ℃ were proposed and further confirmed by SEM. 

2. Experimental procedure 

2.1 Material preparation 

Shaddock peel (from Meizhou, Guangdong, China) was dried at 80 ℃ for 24h, 

and the polycarbosilane (PCS)-xylene solution was prepared by mixing polycarbosilane 

with molecular weight between 1200 and 1500 (China Fujianliya Xin Material Co., 

LTD.) and xylene (Shanghai Maclin Bio-chemical Technology Co., LTD.) with a mass 

ratio of 1:2 at room temperature. The dried shaddock peel was placed in the prepared 

polycarbosilane (PCS)-xylene solution and vacuum-infiltrated for 5 mins. The 

infiltrated samples were taken out and dried for 10h in an oven at 120 ℃ to fully remove 

the residual xylene solvent. The vacuum infiltration-drying process was repeated for 3 

times to ensure efficient infiltration of PCS. The mass of the infiltrated samples was 

measured after each infiltration cycle. Finally, the shaddock peel/PCS composites were 

sintered in an Ar-rich atmosphere (99.1% Ar + 0.9% O2) under the general heating 

program-1 and the optimized heating program-2 (as shown in the insets in Fig. 3b and 

c) to obtain the biomorphic C-SiC-SiO2 composites derived from shaddock peel. Fig. 

1a shows the whole preparation process of the shaddock peel-derived C-SiC-SiO2 

composites. Fig. 1b shows the physical dimension of the samples. Finally, C-SiC-SiO2 
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composites were oxidized at 500 ~ 1400 ℃ for 45 mins and characterized. 

 

 

Fig. 1(a) Preparation process of the biomorphic C-SiC-SiO2 composites derived from shaddock peel. 

(b) the physical dimension of the samples. 

 

2.2 Characterization 

Thermogravimetric analysis (TGA) was used to determine the weight loss during 

the heat treatment (from 100 ℃ to 1000 ℃) with a heating rate of 5 ℃/min in flowing 

N2. The microstructure of the samples was investigated by inspect-F scanning electron 

microscope (SEM, Hillsboro, OR). X-ray diffraction (XRD) analysis was used to detect 

the phases in the samples using Cu Kα radiation (Malvern Panalytical-Empyrean 

ALPHA1, England). The computed tomography scanner (CT, YXLON FF35) was used 

to investigate the tomography of the composites. Intelligent oxygen analyzer 

(Hangzhou Jiachang Electronic Technology Co., LTD., China) was used to test the 

oxygen content in the atmosphere of the furnace. Universal testing machine (Jinan 

metus testing technology-CMT5000 Co., LTD., China) was used to test the mechanical 

properties of C-SiC-SiO2 composites, including three-point bending test (span: 16 mm; 

the radius of header and base: 5 mm, 23 mm × 10.5 mm × 6 mm), compression test (10 

mm × 10 mm × 5 mm), and anti-oxidation performance test (10 mm × 10 mm × 5 mm). 
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3. Results and discussions 

3.1 Effect of infiltration times on the weight gain rate of composites 

Fig. 2a-d show the microstructures of the shaddock peel after different infiltration-

drying cycles. The shaddock peel exhibits uniform, nearly hexagonal and reticular 

macropores, as shown in Fig. 2a. The shaddock peel presents a natural three-

dimensional interconnected pore structure that allows the following PCS to quickly and 

evenly infiltrate into the peel. It takes 9h for each infiltration and at least 5 infiltrations 

to prepare the biomorphic pine-derived ceramic by sol-gel infiltration [30], while it 

takes only 5 mins for each infiltration and infiltrations to prepare the shaddock peel-

derived ceramic by polymer precursor infiltration.  

As shown in Fig. 2b, PCS was uniformly and continuously attached to the 

shaddock peel. Fig. 2c exhibits more PCS attached to the shaddock peel after the second 

infiltration, while it fully filled the shaddock peel after the third infiltration, as shown 

in Fig. 2d. The PCS can be easily attached to the shaddock peel, owing to the hydrogen 

bonds of PCS and between PCS (-Si-H) and cellulose (-O-H), while it was difficult to 

infiltrate PCS into the carbonized shaddock peel (as shown in supplementary Fig. S1), 

probably because PCS has higher wettability on shaddock peel, instead of carbon [31]. 

An indicator of the infiltration efficiency is the weight gain rate (WGR, wt.%) after 

infiltration in Fig. 2e. The weight gain rate for each cycle is calculated using the 

following Eq. (1). 

WGR = wb - wa
wa

 × 100%                      (1) 

Where wa: weight of the shaddock peel before infiltration (g); wb: weight of 

shaddock peel after infiltration (g). Each shaddock peel has the same length, width and 

height. 

As shown in Fig. 2e, the highest weight gain rate of shaddock peel after single 

infiltration-drying cycle is 252.4 wt.%, and the total weight gain rate of shaddock peel 

after three infiltration-drying cycles is 540.9 wt.%. The weight gain of pine derived 

carbon template after the third infiltration of SiO2 gel was only 77 wt.%, which was not 

enough to fully convert carbon to SiC [32]. However, the weight gain rate of the dried 
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shaddock peel is up to 540.9%, indicating that PCS was efficiently infiltrated into the 

shaddock peel to form SiC by polymer precursor infiltration. 

Fig. 2f shows that the shaddock peel has the highest weight gain rate of 540.9 wt.%, 

compared with pine, oak, ayous and iroko (338.0 ~ 166.7 wt.%) [28, 29, 33], thus PCS-

xylene solution can be easily infiltrated into the shaddock peel. 

 

 
 

Fig. 2 SEM micrographs of shaddock peel (a), and composites after infiltration for 1 time (b), 2 

times (c) and 3 times (d). (e) WGR of shaddock peel after infiltration. (f) Comparison of WGR of 

infiltrated shaddock peel with other natural materials. 
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3.2 Effect of heating program on the microstructures of composites 

Fig. 3a shows the TG/DTG curves of PCS/shaddock peel composites. The 

cellulose, hemicellulose and lignin in the shaddock peel and polycarbosilane were 

decomposed gradually during the pyrolysis from 200 to 800°C. The released gas (i.e. 

H2O, CH4) could cause pores and cracks in SiC matrix (Fig. 3a), so properly controlling 

the heating program is vital to reduce the pores and cracks. As shown in Fig. 3a, the 

weight loss of 14.2% at 200 ~ 400 °C was mainly caused by the decomposition of 

cellulose and hemicellulose from the shaddock peel. The weight loss of 4.6% at 400 ~ 

600 °C was mainly caused by the decomposition of lignin and PCS. The weight loss of 

8.9% at 600 ~ 800 °C was mainly caused by the decomposition of PCS [34, 35]. In 

order to complete the conversion of PCS to SiC, PCS was generally pyrolyzed, 

accompanied by the release of a large number of small molecule gases (i.e. H2, CH4, 

etc.) at 520 ~ 800 ℃ [36]. The weight loss of PCS/shaddock peel composites tends to 

be constant at 800 ~ 1000°C. Based on the TG/DTG curve of PCS/shaddock peel 

composites, the heating program was optimized to shorten the processing time and 

reduce microcracks (Fig. 3c). A heating rate of 5 ℃/min was used in the temperature 

range from 25 ℃ to 200 ℃. A slow heating rate of 1 ℃/min was used in the temperature 

ranges of both 200 ~ 400 ℃ and 600 ~ 800 ℃ to release the gas (i.e. H2, CH4, H2O, 

etc.) from the sample body very slowly. A heating rate of 2 ℃/min was used in the 

temperature range from 400 ℃ to 600 ℃ to continue releasing the gas slowly. In the 

range of 800 ℃ to the sintering temperature (1200 ~ 1600 ℃), the heating rate can be 

increased to 5 ℃/min to shorten the processing time, and the duration time of sintering 

was 120 mins. The inorganic transformation of PCS was complete at 800 ~ 1200 ℃, 

and β-SiC crystallization began to occur [23]. The crystallization degree of SiC was 

further improved above 1200 ℃ [23], so the sintering temperature was set as 1200 ℃, 

1400 ℃ and 1600 ℃. Finally, the samples were cooled down to 50 ℃ with a cooling 

rate of 2 ℃/min. Slow heating/cooling rates (1 ℃/min and 2 ℃/min) were used to 

efficiently reduce cracks in the samples by avoiding a rapid release of the gases and the 
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shrinkage of different phases caused by the rapid cooling (>2 ℃/min). For comparison, 

the heating program-1 commonly used in existing studies was used to sinter the 

composites using a heating rate of 5 ℃/min and a cooling rate of 2 ℃/min. 

Fig. 3b shows the microstructure of the C-SiC-SiO2 composites sintered at 1200 ℃ 

by the heating program-1. Macro-cracks are evident in the composites, owing to a large 

amount of gas (i.e. CH4, H2, etc.) released from the polycarbosilane and shaddock peel 

during the pyrolysis process. Fig. 3c shows the microstructure of the C-SiC-SiO2 

composites sintered at 1200 ℃ by the optimized heating program-2. Few cracks are 

observed in the composites, because the slower heating rate allows the gases to be 

released slower. 

 

 

 

Fig. 3(a) TG and DTG curves of the PCS/shaddock peel composites, (b) SEM micrographs of the 

C-SiC-SiO2 composites sintered by the heating program-1 (inset: general heating program-1) and 

(c) SEM micrographs of the C-SiC-SiO2 composites sintered by the optimized heating program-2 

(inset: optimized heating program-2). 
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3.3 Effect of sintering temperature on the phase and shrinkage of composites 

Fig. 4 shows the XRD patterns of composites sintered at different temperatures 

(1200 ℃, 1400 ℃ and 1600 ℃) using the optimized heating program-2, where the 

peaks of SiC, SiO2 and C are observed in all composites, confirming the successful 

conversion of PCS in trace oxygen-containing (~ 0.9 vol.%) environment. The strongest 

peak of SiO2 is observed at 2θ = 21.8°, corresponding to the (101) crystal plane of the 

SiO2. The peaks at 2θ = 36.2°, 2θ = 61.2°, 2θ = 71.8° correspond to the (111), (220), 

(311) crystal planes of the SiC. The peaks at 2θ = 27.6° correspond to the (111) crystal 

planes of carbon. All composites show the sharp peaks of SiO2 and carbon indicating 

the existence of crystalline SiO2 and carbon. The composites sintered at 1200 ℃ show 

the weak peaks of SiC, suggesting it is present in small amount. The composites sintered 

at 1400 ℃ show three broad peaks of SiC, indicating a poor crystallinity. The 

composites sintered at 1600 ℃ show sharp peaks of SiC, indicating a good crystallinity. 

To sum up, a small amount of SiC can be generated when the composites are 

sintered at 1200 ℃. The crystallinity of SiC in sintered composites increases with the 

sintering temperature increasing from 1200 ℃ to 1600 ℃. Due to the existence of 

oxygen (O2: ~ 0.9%) in the sintering atmosphere and oxygen atoms from the shaddock 

peel and PCS, Si-H in polycarbosilane could react with oxygen in the sintering process 

to generate Si-O-H or Si-O-Si, thus forming SiO2 phase [36]. 
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Fig. 4 XRD patterns of the C-SiC-SiO2 composites sintered at different temperatures (1200 ℃, 

1400 ℃ and 1600 ℃). 

Fig. 5a shows the drying shrinkage and sintering shrinkage of the sample (18 mm 

× 18 mm × 8 mm) in different directions (length, width and height), which shows the 

uniform shrinkage of the samples in the three directions. Fig. 5b shows the summary of 

shrinkage (Direction: L) of biomorphic composites derived from natural materials. The 

shrinkage of the shaddock peel-derived composites sintered at 1200 ℃, 1400 ℃ and 

1600 ℃ is lower than that of the composites derived from untreated wood (such as 

birch [22], oak [33] and coir [14]), and it is similar to that of the extracted pine [6, 15] 

derived composites. 
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Fig. 5 (a) Drying shrinkage and sintering shrinkage of samples in different directions (length, width 

and height), (b) Summary of shrinkage (Direction: L) of biomorphic composites derived from 

natural materials. 

 

3.4 Phase distribution of composites 

Fig. 6a-d and i-l show the overall view of the shaddock peel-derived biomorphic 

C-SiC-SiO2 composite sintered at 1400 ℃, including pores (blue), SiC-SiO2 (grey) and 

carbon (red). A uniform distribution of SiC-SiO2 and pores is observed in the 

composites, indicating that PCS was efficiently and evenly infiltrated into the shaddock 

peel (supplementary Fig. S2). Fig. 6e-h show the X-ray computed tomography (CT) of 
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a virtual slice (located at yellow square in Fig. 6a) in the composites showing pores 

(blue), SiC-SiO2 (yellow) and carbon (red). While circular holes derived from shaddock 

peel and few cracks are observed in the slice (Fig. 6f), the SiC-SiO2 phases were evenly 

distributed on the shaddock peel-derived carbon (Fig. 6g) and the template was retained 

and closely bonded with SiC-SiO2 (Fig. 6h). Fig. 6m shows the distance from the top 

surface for each slice versus the volume fraction of pore, carbon and SiC-SiO2 phase in 

the composite. The distributions of pores, carbon and SiC-SiO2 were determined from 

the X-ray computed tomography (CT) virtual slices and the volume fraction of each 

phase was calculated from each virtual slice. The volume fraction of pore, carbon and 

SiC-SiO2 exhibit only slight fluctuations with the increase of the distance (the distance 

was calculated along the direction of blue arrow (f) in Fig. 6i, 2000 ~ 20000 μm) from 

the top surface, indicating a uniform distribution of pores, carbon and SiC-SiO2 phase 

in the whole composite. Fig. 6m exhibits the highest volume fraction (70% ± 5%) of 

the SiC-SiO2 phase in each CT slice, and relatively lower volume fraction of carbon 

(volume fraction: 20% ± 5%) and pores (volume fraction: 10% ± 5%) in each CT slice, 

further indicating the high efficiency of infiltration of PCS into shaddock peel. 
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Fig. 6 X-ray computed-tomography of the shaddock peel-derived biomorphic C-SiC-SiO2 

composite sintered at 1400 ℃. (a-d, i-l) Overall view of composite showing pores (blue), SiC-SiO2 

(grey) and carbon (red). (e-h) X-ray computed tomography (CT) of a virtual slice (located at 

yellow square in Fig. 6a) in composite showing pores (blue), SiC-SiO2 (yellow) and carbon (red). 

(m) Distance (along the direction of blue arrow (f) in Fig. 6i) from top surface versus volume 

fraction of pore, carbon and SiC-SiO2 phase in the composite.  

 

3.5 Mechanical properties of the composites 

The compressive strength and bending strength of all composites sintered at 

1200 ℃, 1400 ℃ and 1600 ℃ were evaluated in details. Fig. 7a shows the force-

displacement curves in a compression test of the sintered composites at 1200 ℃, 1400 ℃ 

and 1600 ℃. Fig. 7b shows the force-displacement curves in a bending test of sintered 

composites at 1200 ℃, 1400 ℃ and 1600 ℃. Supplementary Fig. S3 shows the surface 

morphology of the C-SiC-SiO2 composites (sintered at 1200 ℃) after the bending test. 

All composites sintered at 1200 ℃, 1400 ℃ and 1600 ℃ exhibit the typical zigzag 

curve as shown in Fig. 7a and b, because the composites are porous and brittle ceramics, 

in good agreement with Fig. 8a, d and g. Fig. 7c shows the maximum compressive 

strength, bending strength and specific strength of the composites sintered at 1200 ℃, 

1400 ℃ and 1600 ℃. The composites sintered at 1600 ℃ exhibit the highest 

compressive strength of ~ 14.0 MPa, owing to the highest crystallinity of SiC formed 

in the composites (as shown in Fig. 4). The composites sintered at 1400 ℃ exhibit the 

lowest compressive strength of ~ 3.5 MPa, owing to the poor crystallinity of SiC formed 

in the composites (as shown in Fig. 4). The composites sintered at 1200 ℃ exhibit a 

higher compressive strength of ~ 11.6 MPa than the composites sintered at 1400 ℃, 

owing to the well-bonded interface (as shown in Fig. 8a b c) between C and SiC/SiO2. 

The composites sintered at 1200 ℃ exhibit the highest bending strength of ~ 27.4 

MPa, owing to the well-bonded interface between C and SiC/SiO2 (as shown in Fig. 8b) 

and the uniform shrinkage in length, width and height (as shown in Fig. 5a), while the 
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composites sintered at 1400 ℃ exhibit a decreased bending strength of ~ 19.5 MPa, 

owing to the partially split interface between C and SiC/SiO2 (as shown in Fig. 8e). The 

composites sintered at 1600 ℃ exhibit the lowest bending strength of ~ 7.4 MPa, owing 

to the gap between C and SiC/SiO2 (as shown in Fig. 8h). 

Fig. 7c shows the composites sintered at 1200 ℃ exhibit the highest specific 

strength of 0.8 × 107 N·m/kg, while the composites sintered at 1400 ℃ exhibit the 

lowest specific strength of 0.3 × 107 N·m/kg. The composites sintered at 1600 ℃ 

exhibit a higher specific strength of 1.5 × 107 N·m/kg than the composites sintered at 

1400 ℃.  

Fig. 7d shows the comparison of different properties of the C-SiC-SiO2 composites 

derived from natural materials, including bending strength, compressive strength and 

density. The biomorphic C-SiC-SiO2 composites derived from shaddock peel have 

similar compressive strength (~ 14.0 MPa) compared to biomorphic SiC derived from 

pine (12 ~ 25 MPa), iroko tree (16 ~ 22 MPa) and red oak (26 ~ 84 MPa) [28]. The 

biomorphic C-SiC-SiO2 composites derived from shaddock peel have similar bending 

strength (~ 27 MPa) to biomorphic SiC derived from pine (16 ~ 42 MPa) [24, 29]. The 

axial bending strength (70 MPa) of the sipo-derived biomorphic SiC decreased by 4.1% 

compared with that of sipo charcoal (~ 73 MPa) [13], while the bending strength of the 

C-SiC-SiO2 composites significantly increased by 20 fold, compared with the original 

shaddock peel.  

The density (~ 1.0 g/cm3) of the shaddock peel-derived C-SiC-SiO2 composites 

was lower than those derived from pine (~ 1.4 g/cm3), iroko tree (~ 1.7 g/cm3) and red 

oak (~ 1.8 g/cm3) [28] The specific strength of the composites was calculated by 

dividing the compressive strength by density. The shaddock peel-derived C-SiC-SiO2 

composites exhibit the much higher specific strength of 1.5 × 107 N·m/kg than the 

biomorphic SiC derived from ayous (0.9 × 107 N·m/kg) and iroko tree (1.3 × 107 

N·m/kg) [28]. 

Fig. 7e shows the diagram of bending test and compression test of composites 

sintered at 1200 ~ 1600℃, which is based on the interface bonding in Fig. 8. The 
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influence of interface bonding on the bending strength of the composites is greater than 

that of the crystallinity of the sample on the bending strength, and the influence of the 

crystallinity of the sample on the compression strength is greater than that of the 

interface bonding of the composites on the compression strength, owing to the different 

stress of compression test and bending test. Some small blocks with good crystallinity 

have supporting effect in the compression test. The crack in the bending test, usually 

extends at the poor interface bonding. 

To sum up, the shaddock peel-derived biomorphic C-SiC-SiO2 composites 

sintered at 1600 ℃ have the highest compressive strength of ~ 14.0 MPa and highest 

specific strength of ~ 1.5 × 107 N·m/kg, owing to the good crystallinity of SiC. The 

bending strength of the shaddock peel-derived C-SiC-SiO2 composites decreased from 

~ 27.4 MPa to ~ 7.4 MPa, with the sintering temperature increasing from 1200 ℃ to 

1600 ℃. The shaddock peel-derived composites sintered at 1200 ℃ have the highest 

bending strength of ~ 27.4 MPa, owing to the well-bonded interface between C and 

SiC/SiO2 and the uniform shrinkage in length, width and height. 
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Fig. 7 (a) Force-displacement curves of C-SiC-SiO2 composites sintered at 1200 ℃, 1400 ℃ and 

1600 ℃ in compression tests, (b) Force-displacement curves of C-SiC-SiO2 composites sintered at 
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1200 ℃, 1400 ℃ and 1600 ℃ in bending tests, (c) Bar chart of bending strength, compressive 

strength and specific strength of shaddock peel-derived biomorphic C-SiC-SiO2 composites sintered 

at 1200 ~ 1600 ℃ and (d) Summary of properties (i.e. density, compressive strength and bending 

strength) of biomorphic composites derived from natural materials, (e) the diagram of bending test 

and compression test of composites sintered at 1200 ~ 1600 ℃. 

 

Fig. 8a-c, d-f and g-i are the cross-sections of the shaddock peel-derived 

biomorphic C-SiC-SiO2 composites sintered at 1200 ℃, 1400 ℃ and 1600 ℃, 

respectively, after bending strength test. The unique three-dimensional interconnected 

structure of the C-SiC-SiO2 composites was retained (as shown in the yellow dotted 

circles in Fig. 8a and supplementary Fig. S4), owing to the PCS evenly distributed on 

the shaddock peel. The dark part in Fig. 8f is carbon formed by the pyrolysis of 

shaddock peel, in good agreement with the EDS-mapping in inset. The C-SiC-SiO2 

composites sintered at 1200 ℃ have a closely bonded interface between C and SiC/SiO2 

(as shown in Fig. 8b and c) and the uniform shrinkage in length, width and height (as 

shown in Fig. 5a), leading to the outstanding bending strength of ~ 27.4 MPa (Fig. 7c). 

The C-SiC-SiO2 composites sintered at 1400 ℃ have a partially separated interface 

between C and SiC/SiO2 (as shown in Fig. 8e and f), leading to the decreased bending 

strength of ~ 19.5 MPa (Fig. 7c). The C-SiC-SiO2 composites sintered at 1600 ℃ have 

a gap between C and SiC/SiO2 (as shown in Fig. 8h and i), leading to the obviously 

decreased bending strength of ~ 7.4 MPa (Fig. 7c).  

Compared with other composites, the composites sintered at 1600 ℃ show higher 

compressive strength (14.0 MPa) but lower bending strength (7.4 MPa), probably 

resulting from the calcium (as shown in Fig. 9e, spot.3: Ca: 0.65%) diffusion into 

SiC/SiO2 matrix to form calcium and silicon solid solution at high temperature 

(≥1200 ℃). However, the calcium content in shaddock peel is low, and only a small 

amount of calcium diffused into SiC matrix, which can only locally strengthen the 

SiC/SiO2 matrix. 
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Fig. 8 The cross-sections of the shaddock peel-derived biomorphic C-SiC-SiO2 composites sintered 

at 1200 ℃ (a-c) 1400 ℃ (d-f) and 1600 ℃ (g-i). The inset in (f) is the EDS-mapping of the 

composites corresponding to (f). 

  

3.6 High-temperature oxidation behavior of the composites 
Fig. 9a shows the surface morphology of the C-SiC-SiO2 composites before and 

after 45 mins oxidation at 500 ~ 1400 ℃. Some white filaments can be observed on the 

surface of all composites after oxidation at 500 ~ 1400 ℃. The white filaments become 

more obvious with the oxidation temperature increasing from 500 to 1400 ℃, owing to 

the oxidation of carbonized shaddock peel. The C-SiC-SiO2 composites sintered at 

1600 ℃ appear partially white at room temperature because those have been oxidized 

during the sintering process. Fig. 9b is the weight loss (It is calculated by dividing the 

lost weight of the sample by the sample volume) curve of the C-SiC-SiO2 composites 

after oxidation at 500 ~ 1400 ℃. All C-SiC-SiO2 composites sintered at 1200 ℃, 1400 ℃ 

and 1600 ℃ exhibit a relatively low weight loss (<0.11 g/cm3) after oxidation at 

1400 ℃, indicating good thermal oxidation resistance (500-1400 ℃) [37-40]. The C-
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SiC-SiO2 composites sintered at 1200 ℃ show the highest weight loss of 0.11 g/cm3, 

after oxidation at 500 ~ 1400 ℃. The weight loss of the oxidized C-SiC-SiO2 

composites sintered at 1600 ℃ is the lowest with ~ 0.05 g/cm3. The weight changes of 

the oxidized C-SiC-SiO2 composites were mainly caused by the oxidation of 

carbonized shaddock peel and the formation of SiO2. Fig. 9c shows the density of the 

C-SiO-SiO2 composites before and after oxidation at 500 ~ 1400 ℃. The density of the 

composites increased slightly after oxidation above 800℃ (the green dotted box), 

owing to the increase of Si-O-C and SiO2. Fig. 9d shows the SEM of the C-SiO-SiO2 

composite sintered at 1200 ℃ before (left) and after (right) oxidation at 1400 ℃, Si-O-

C and SiO2 coatings were observed on the oxidized surface of the composite. Fig. 9e 

are the compressive strength and XRD of composites sintered at 1200 ℃ before and 

after oxidation at 1400 ℃, respectively. The compressive strength (21.5 MPa) of the C-

SiC-SiO2 composites after oxidation at 1400 ℃ was increased by 85.4%, compared 

with the unoxidized C-SiC-SiO2 composites (11.6 MPa). As shown in Fig. 9f, the 

characteristic peak of SiC after oxidation is sharper than that before oxidation, 

indicating that the crystallinity of SiC increases during the oxidation process. Fig. 9g is 

the SEM micrographs and EDS of the composites after oxidation at 1400 ℃. The Si-

O-C and SiO2 coating (supplementary Fig. S5) (spot.1: Si: 26.65%, O: 64.8%, C: 8.55%; 

spot.2: Si: 27.57%, O: 65.53%, C: 6.84%) can be clearly observed on the SiC/SiO2 

surface (spot.4: Si: 27.16%, O: 60.70%, C: 12.13%) of the composites, indicating the 

oxygen diffusing into the matrix to form SiO2 during thermal oxidation. Fig. 9g shows 

the mechanism of strengthening during thermal oxidation process. Two strengthening 

mechanisms were proposed to explain the increased compressive strength of the 

composites after oxidation at 1400 ℃, as below: 1. The glassy Si-O-C phase generated 

at 1400 ℃ can viscously flow to fill the micro-cracks in the SiC/SiO2 matrix, as shown 

in Fig. 9h. 2. The oxygen molecules can diffuse into the ceramic matrix, and the formed 

SiO2 might grow along the interface to fill the microcracks [41, 42], as shown in Fig. 

9h. 
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Fig. 9 (a) the surface morphology of the C-SiC-SiO2 composites before and after oxidation at 500 

~ 1400 ℃ (b) the weight loss curves of the composites after oxidation at 500 ~ 1400 ℃ (c) density 

of the C-SiO-SiO2 composites before and after oxidation at 500 ~ 1400 ℃ (d) SEM of the C-SiO-

SiO2 composite sintered at 1200 ℃ before (left) and after (right) oxidation at 1400 ℃ (e) the 

compressive strength of the C-SiO-SiO2 composites sintered at 1200 ℃ before and after oxidation 

at 1400 ℃ (f) XRD patterns of the C-SiO-SiO2 composites sintered at 1200 ℃ before and after 

oxidation at 1400 ℃ (g) SEM and EDS of the oxidized composites and (h) the proposed 

strengthening mechanisms of the C-SiC-SiO2 composites during the thermal oxidation at 1400 ℃. 

 

4. Conclusions 
The shaddock peel-derived bulk C-SiC-SiO2 composites were obtained by 

introducing PCS into a shaddock peel, using polymer precursor infiltration (PPI). The 

unique three-dimensional interconnected structure of the shaddock peel is beneficial to 

easily infiltrate PCS, leading to a weight gain rate of up to 541%. The heating program 

was optimized according to TGA to successfully prepare the bulk C-SiC-SiO2 

composites with few cracks, low density (0.96 g/cm3) and uniform microstructure 

(uniformly distributed C/SiC/SiO2 and pores). The mechanical properties of the 

composites were significantly affected by the C/SiC/SiO2 interfacial bonding and SiC 

crystallinity. The composites sintered at 1600 ℃ have the highest compressive strength 

of ~ 14.0 MPa and highest specific strength of ~ 1.5 × 107 N·m/kg, owing to the good 

crystallinity of SiC. The bending strength of the C-SiC-SiO2 composites decreased from 

~ 27.4 MPa to ~ 7.4 MPa, with the sintering temperature increasing from 1200 ℃ to 

1600 ℃. The composites sintered at 1200 ℃ have the highest bending strength of ~ 

27.4 MPa, owing to the well-bonded interface between C and SiC/SiO2. The thermal 

oxidation of the composites mainly includes the oxidation of carbon and SiC, and the 

weight loss of all composites is less than 0.11 g/cm3, showing outstanding thermal 

stability. The compressive strength (~ 21.5 MPa) of the composites (sintered at 1200 ℃) 

after oxidation at 1400 ℃ increased by 85.3%, compared with those (~ 11.6 MPa) 

before oxidation. The proposed strengthening mechanisms of the composites during the 
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thermal oxidation at 1400 ℃ were further confirmed by SEM, indicating the micro-

cracks in the SiC/SiO2 matrix might be filled by the formed Si-O-C phase and SiO2 

phase. The shaddock peel-derived C-SiC-SiO2 composites are the light material with 

high strength and excellent high-temperature thermal oxidation resistance. The benefits 

of using shaddock peel to produce composites with high specific strength, are to both 

easily make complex-shaped materials and reuse the waste. 
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