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Abstract: Carbon/carbon (C/C) composites 

are ideal materials for electromagnetic inter-

ference (EMI) shielding and thermal manage-

ment in the aerospace field because of their 

low density. However, traditional C/C com-

posites primarily rely on repeated densifica-

tion to increase their EMI shielding effective-

ness (SE), which not only increases density 

but also involves lengthy preparation cycles. 

We have constructed a unidirectional (1D) 

C/C composite using a matrix of mesophase 

pitch-derived carbon and graphite flakes, re-

inforced with mesophase pitch-based carbon 

fibers. Using a one-step consolidation pro-

cess produced by spontaneous assembly dur- 
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ing heating, the open pores and a continuous conductive network give the composite an EMI SE of up to 83.97 dB in the 

8.2–12.4 GHz (X-band). The material also has a thermal conductivity of 191.84 W·m−1·K−1 and an electrical conductivity of 

6.50 × 104 S·m−1 along the fiber direction, together with a flexural strength exceeding 100 MPa, while having a bulk density of 

only 1.01 g·cm−3. This work therefore presents a short-cycle fabrication strategy for low-density C/C composites that integrate 

high EMI SE, efficient thermal management, and good mechanical properties. 

Key words: Carbon/carbon (C/C) composites； Mesophase pitch； Electromagnetic interference (EMI) shielding； Thermal 

conductivity；Electrical conductivity 

 

1 Introduction 

The rapid advancement of emerging technolo-

gies, including fifth-generation (5G) mobile commu-

nications, artificial intelligence (AI), the Internet of 

Things (IoT), and new energy vehicles, is propelling 

an evolution in electronic devices toward higher 

power density, greater integration, and miniaturiza-

tion[1–2]. This trend, however, results in significant 

heat accumulation and continuously rising thermal 

flux density during the operation of devices, while 

electromagnetic interference (EMI) has also become 

increasingly severe[3–6]. Traditional single-function 

materials, which often provide only limited shielding 

capabilities, fail to meet these stringent multifunction- 

al requirements. Therefore, creating structurally integ-

rated composites that simultaneously offer excellent 

EMI shielding effectiveness (SE), efficient thermal 

management, and mechanical reliability has become a 

vital research goal, key to advancing next-generation 

electronics. 

Owing to their lightweight nature, excellent cor-

rosion resistance, and ability to withstand high tem-

peratures, carbon-based materials stand out among 
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mainstream EMI shielding options such as metals and 

conductive polymers. This makes them particularly 

suitable for weight-sensitive applications including 

satellites, aerospace vehicles, and automobiles, where 

their low density offers a distinct advantage. 

However, conventional carbon materials (e.g., carbon 

foams[7] and aerogels[8]) often suffer from poor mech-

anical properties, limiting their application as structur-

al components. To address this issue, carbon/carbon 

(C/C) composites reinforced with high-strength car-

bon fibers have gained prominence. These compos-

ites exhibit exceptional properties, including high-

temperature resistance, high specific strength, and 

high specific modulus[9–11]. Notably, after high-tem-

perature graphitization, C/C composites exhibit metal-

like thermal and electronic conductivity[12–14]. Conven-

tional fabrication processes for C/C composites, in-

cluding multi-cycle chemical vapor infiltration 

(CVI)[15], polymer infiltration and pyrolysis (PIP)[16], 

and high-temperature hot pressing[17], achieve EMI 

shielding primarily through surface reflection. This 

mechanism depends critically on forming continuous 

conductive networks on the material surface, which 

requires substantial increases in bulk density. For in-

stance, Xue et al. reported an exceptional EMI SE of 

～80 dB in the X-band for C/C composites, achieved 

at a bulk density of 1.85 g·cm−3 by repeated CVI and 

PIP densification followed by 3000 °C graphitiza-

tion[18]. However, this reliance on high-density con-

struction fundamentally conflicts with the essential re-

quirements for lightweight advanced materials. Fur-

thermore, these conventional techniques are inher-

ently plagued by prolonged processing cycles and 

substantial energy consumption. These drawbacks 

severely restrict their use in cost-sensitive, high-

volume applications, creating a significant bottleneck 

for meeting the rapid innovation demands of the mod-

ern electronics industry[19–20]. 

Research has shown that porous structures signi-

ficantly enhance EMI SE through improved imped-

ance matching, which boosts the shielding effective-

ness of absorption, and extensive internal scattering 

that promotes wave attenuation[21–23]. Building on this 

principle, this study employed mesophase pitch as the 

binder in C/C composites, primarily owing to its ex-

cellent fluidity during thermal processing and its capa-

city to form a porous carbon structure after carboniza-

tion[24]. Compared to most of resin polymers, meso-

phase pitch offers higher carbon yield and superior 

graphitization potential[25]. However, during the car-

bonization process, the volatilization of components 

within the pitch can cause expansion, resulting in un-

desirable density reduction and degradation of mech-

anical property[26]. Incorporating fillers such as car-

bon black, needle coke, and graphite flakes can pro-

mote cross-linking of the pitch and effectively sup-

press this expansion[17,27–28]. Among these options, 

graphite flakes were selected as the optimal filler in 

this work due to their exceptionally high in-plane 

thermal and electronic conductivity[29]. Furthermore, 

mesophase pitch-based carbon fibers act as the rein-

forcement, forming continuous thermally and electric-

ally conductive networks while providing robust 

structural support throughout the composite. During 

heat treatment, a stable porous structure spontan-

eously forms through the combined supporting roles 

of the carbon fibers and graphite flakes, along with the 

binding action of pitch. This synergy effect success-

fully consolidates the traditional multi-step densifica-

tion into a single-step process. 

Our study demonstrates that the mesophase pitch 

to graphite flake weight ratio (P:G) in the carbon mat-

rix precursor plays a critical role in determining the 

microstructural characteristics and properties of the 

composites. When the P∶G ratio is 9∶1, the fabric-

ated C/C composite maintains a low density of 

1.01 g·cm−3 while displaying exceptional integrated 

performance,  including  an  X-band  EMI  SE of 

83.97 dB, a thermal conductivity of 191.84 W·m−1·K−1 

and an electronic conductivity of 6.50×104 S·m−1 in 

the X-direction, along with a flexural strength of 

103.99 MPa. This research establishes an innovative 

approach for rapid fabrication of low-density, high-

performance C/C composites and highlights their 

promising potential as multifunctional EMI shielding 

materials in satellites, aerospace vehicles, and auto- 
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mobiles engineering applications. 

 

2 Experimental 

2.1 Material preparation 

The fabrication process of the C/C composites is 

illustrated in Fig. 1. Initially, mesophase pitch powder 

(granule of diameter < 75 μm, with a softening point 

of about 300 °C and carbon yield of about 70%, sup-

plied by Shaanxi Tiance New Material Technology 

Co. Ltd., Shaanxi, China) and graphite flakes (gran- 

prepared with mesophase pitch powder to graphite 

flake weight ratios of 9∶1, 8∶2, 7∶3, and 6∶4, are 

designated as C/C-1, C/C-2, C/C-3, and C/C-4, re-

spectively. The carbon fiber volume fraction for all 

composites is determined to be approximately 20% 

based on calculation. 

2.2 Characterization 

The porosity and bulk density were determined 

using the Archimedes method with the water impreg-

nation. The open porosity Popen of the samples is cal- 

ule of diameter < 48 μm, high purified flake 99%, culated using Eq. (1): m − m  
Popen = 

2 3 

(1) 
supplied by Zhudun Metal Materials Co. Ltd., Hebei, 

China) were mixed at a specified mass ratio. Anhyd- where m1 

m2 − m1 

is the saturated sample weight when sub- 

rous ethanol was added as the solvent at a 1∶1 

weight ratio (solvent to solids), followed by the drop-

wise addition of a 10% methylcellulose (MC) aqueous 

solution (as thickening agent) and a 5% polyethylene 

merged in water, m2 is the saturated weight (assumed 

that all pores are filled with water), and m3 is the dry 

weight of the sample. With reference to the density of 

water (ρ0 ), the sample density (ρ) was calculated ac- 

glycol (PEG) solution (as dispersing agent). A homo-

geneous slurry was subsequently obtained by wet ball 

cording to Eq. (2): 

ρ = ρ0 
  m3 

m2−m1 
(2) 

milling the mixture for 8 h. The slurry was uniformly 

coated onto mesophase pitch-based carbon fibers (TC-

20, supplied by Shaanxi Tiance New Material Tech-

nology Co.) to produce a 1D carbon fabric, which was 

then dried. The dried fabric was cut and stacked into a 

preform. This preform was then carbonized at 

1000 °C with a holding time of 2 h, followed by 

graphitization at 3150 °C for 40 min, to yield the fi-

nal C/C composites. The C/C composites matrices, 

The microstructure of the C/C composites was 

characterized using scanning electron microscopy 

(SEM, FEI VERIOS 460). Phase composition was 

analyzed by X-ray diffraction (XRD, Bruker D8 AD-

VANCE). Raman spectroscopy was performed using 

a Raman spectrometer with a 532 nm excitation laser, 

sampling the pitch carbon surrounding the carbon 

fibers within the XY plane. Electrical conductivity was 

determined by a four-point probe method (FT-340, 

MC PEG 

Ball-milling 
Carbon fiber 

 Mesophase pitch 8 h 

 Graphite flake 

 
 
 
 
 
 
 

Slurry 

 
 
 
 
 

 
C/C composite 

preform 

 
 

 
 
 
 

 
C/C composite 

3150 oC 
 

 
Graphitization 
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Carbonization 

 
Press 

0.1 MPa 

Fig. 1  The fabrication procedure and photographs of C/C composites 
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Rooko Intelligent Technology, China). Mechanical 

properties were evaluated on a UTM6103 universal 

testing machine at a loading rate of 0.5 mm·min−1 us-

ing specimens sized 3 mm × 4 mm × 36 mm. Thermal 

conductivity was measured at room temperature via 

the laser flash method (LFA 447, NETZSCH, Ger-

many). Temperature distribution was monitored and 

recorded using an infrared camera (Fotric 250, 

Beijing, China). EMI SE was characterized with a 

vector network analyzer (N5244B, Keysight, USA), 

with the C/C composites samples cut into dimensions 

of 22.84 mm × 10.13 mm × 2 mm for the measure-

ment. 

3 Results and discussion 

3.1 Microstructures of C/C composites 

Fig. 2(a-d) display optical images of carbon 

matrices prepared with different P∶G ratios. At 9∶1, 

the matrix shows a loose structure due to the expan-

sion of mesophase pitch during carbonization caused 

by its volatility, which generates extensive pores and 

cracks. As illustrated in Fig. 2(b-d), increasing the 

graphite flake proportion effectively suppresses pitch 

expansion, improves carbon yield, and fills voids[30−31], 

leading to compact matrix structures at P∶G ratios of 

7∶3 and 6∶4. 

Fig. 2(e-h) further demonstrates the governing 

role of graphite flake proportion in the matrix densi-

fication. With increasing flake content, the structure 

progressively transforms from an initially porous mor-

phology to a densely consolidated state. The bulk 

density and open porosity of the carbon matrices are 

shown in Table S1. As the P∶G ratio decreases, the 

bulk density gradually increases while the open poros-

ity gradually decreases. As observed in Fig. 2(g-h), 

when the P∶G ratios were 7∶3 and 6∶4, the in-

creased graphite flake content promoted pitch cross-

linking, significantly reducing open porosity and mi-

crocracks. Under these conditions, mesophase pitch 

acts as an efficient binder, integrating the graphite 

flakes into a coherent monolith with a well-developed 

dense microstructure. 

Fig. 3(b-i) displays the microstructure of the C/C 

 

  
 

 

Fig. 2 (a-d) Optical images and (e-h) SEM images of the carbon matrix 

with different P∶G ratios. (a, e) 9∶1, (b, f) 8∶2, 

(c, g) 7∶3, and (d, h) 6∶4 

 

composites, revealing pronounced structural aniso-

tropy. In the XY plane of C/C-1, the carbon fibers are 

highly ordered, with a highly oriented pitch carbon 

layer forming around them. This ordered structure res-

ults from the templating effect of the aligned carbon 

fibers, which guide the planar macromolecules of 

mesophase pitch to orient parallel to the fiber axis, 

thereby establishing a long-range ordered architecture, 

the resulting ordered carbon layer significantly en-

hances both the thermal and electrical conductivity of 

the composites[32]. However, as observed in 

Fig. 3(c-e), the fiber distribution becomes progress-

ively more disordered. This trend occurs because the 

reduced mesophase pitch binder proportion weakens 

the bonding between fiber bundles, impeding their 

collective alignment into a uniform orientation. Con-

currently, the distribution of ordered pitch carbon lay-

ers around the fibers becomes disordered, forming 

randomly oriented domains that disrupt the long-range 

structural order. 

(a) 

5 mm 

(b) 

5 mm 
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Fig. 3 (a) Schematic of C/C composites orientation and optical images. (b-i) SEM images on the (b-e) XY- and (f-i) XZ-planes of the C/C composites: 

(b, f) C/C-1, (c, g) C/C-2, (d, h) C/C-3, (e, i) C/C-4. (j) XRD patterns and (k) Raman spectra of the C/C composites 

As shown in Fig. 3(f-i), the interlaminar trans-

ition zone in the XZ plane is composed of pitch car- 

composites were calculated according to the Eq. 

(3)[34]: 

bon and graphite flakes. In C/C-1, this region exhibits 

numerous cracks and voids. As the graphite propor- 
g = 

 d002 − 0.3440  

0.3354 − 0.3440 
(3) 

tion increases, these defects are significantly reduced 

because the voids and cracks left by the pyrolytic vo-

latilization of the pitch are effectively filled[30]. This 

leads to a substantial improvement in the degree of 

densification along the Z direction. 

As shown in Fig. 3j, the XRD patterns of all 4 

C/C composites exhibit strong diffraction peak at 

26.5°, which is attributed to the interplanar spacing 

d002 of graphite, indicating that the composites formed 

a well-developed graphitized structure after graphitiz- 

ation[33]. The graphitization degrees (g) of the C/C 

where 0.3354 (nm) is the interlayer spacing of ideal 

graphite crystals, 0.3340 (nm) corresponds to that of 

fully amorphous carbon, and d002 denotes the meas-

ured average interlayer spacing of the (002) plane. 

The value of d002 was obtained from X-ray diffraction 

(XRD) patterns using Bragg’s law[34]: 

d = 
λ 

(4) 
002 2 sin θ 

where λ is the X-ray wavelength and θ is the diffrac-

tion angle of the (002) peak. Calculations indicated 

graphitization degrees of 85.6%, 81.7%, 80.2% and 

78.5% for C/C-1, C/C-2, C/C-3 and C/C-4, respect- 

(a) 

Z 
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ively. The highest value for C/C-1 corresponds to its 

largest grain size, smallest interlayer spacing, and 

most ordered crystal plane arrangement. With a de-

creasing P∶G ratio in the matrix, the grain size is re-

duced and the interlayer spacing gradually increases, 

leading to a corresponding decline in the graphitiza-

tion degree. The dominant factor here is the steric 

hindrance imposed by the graphite flakes, which dis-

rupts the ordered alignment of the surrounding meso-

phase pitch molecules during heat treatment. This re-

striction inhibits the complete polymerization and ori-

entation of the pitch molecules, consequently sup-

pressing the growth and perfection of graphite crys-

tals[35–37]. 

The Raman spectra (Fig. 3k) show 2 characterist-

ic peaks near 1360 and 1580 cm−1 for all samples, cor-

responding to the D band of disordered carbon struc-

tures and the G band of graphitic lattice structures, re-

spectively. The G band is generally regarded as an in-

trinsic characteristic peak of natural graphite. The in-

tensity ratio of ID/IG (denoted as the R value) is com- 

monly used to evaluate the graphitization degree of 

the materials, where a lower R value indicates a high-

er graphitization degree[38]. Fig. 3k shows a gradual in-

crease in the R value as the proportion of graphite 

flakes in the matrix rises, indicating a decreasing in 

the graphitization. The Raman spectroscopy results, 

combined with XRD analysis and the progressively 

disordered arrangement of pitch carbon around the 

fibers observed in the XY plane (Fig. 3(b–e)), collect-

ively confirm that a higher graphite flake content im-

pedes the ordered alignment of the carbon matrix dur-

ing graphitization, leading to a lower graphitization 

degree. 

The bulk density and open porosity of the C/C 

composites with different matrix ratios are summar-

ized in Table S2. All composites exhibited bulk dens-

ities below 1.10 g·cm−3. A decrease in the P∶G ratio 

of the matrix leads to an increase in bulk density and a 

concurrent decrease in open porosity from 33.02% to 

24.55%. This trend was attributed to the increased 

proportion of graphite flake filler, which effectively 

inhibited matrix expansion and filled voids and 

cracks, thereby preserving the structural integrity[39]. 

3.2 Thermal conductivity of C/C composites 

The thermal conductivities of the C/C compos-

ites with different matrix ratios along the X, Y, and Z 

directions are shown in Fig. 4(a–c). All samples ex-

hibit the highest thermal conductivity along the X dir-

ection, whereas the values in the Y and Z directions 

are relatively lower. According to the Debye model[40], 

the thermal conductivity (λ) of C/C composites re-

lated to the phonon mean free path (L) can be de-

scribed by the following Eq. (5): 
1 

λ = 
3 

C · V · L (5) 

where C represents the volumetric heat capacity and V 

denotes the propagation velocity of phonons. At room 

temperature, both C and V remain constant, and there-

fore the thermal conductivity of C/C composites are 

primarily determined by the magnitude of L. The 

thermal conduction mechanism is schematically 

shown in Fig. 4d, along the X-direction, the highly ori-

ented continuous carbon fibers and their surrounding 

ordered pitch carbon layers establish a well-aligned 

lattice structure following graphitization, which signi-

ficantly extends the L[41]. In contrast, the L is markedly 

shortened in the Y and Z directions due to the pres-

ence of numerous interfacial gaps and voids, as evid-

enced by the microstructure of the composites 

(Fig. 3(b–i)). As a result, the thermal conductivity of 

C/C composites exhibits strong anisotropy. 

As the P∶G ratio decreases in the C/C compos-

ites matrices, the composites exhibit distinctly differ-

ent trends in thermal conductivity along different dir-

ections. Specifically, the thermal conductivity along 

the X direction decreases. This reduction is primarily 

attributed to the increased graphite flake content dis-

rupting the continuous thermal conduction pathways 

formed by ordered pitch carbon (Fig. 4d). Further-

more, the microstructure of the composites reveals a 

progressive transition from ordered to disordered 

alignment of the carbon fibers (Fig. 3(b–e)). Collect-

ively, these factors shorten the L, ultimately reducing 

the thermal conductivity along this direction. 

In contrast, the thermal conductivity in the Y and 

Z directions exhibited a continuous upward trend as 
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Fig. 4 (a-c) Thermal conductivity along the X, Y, and Z directions, respectively. (d) Thermal conduction mechanism schematic in C/C composites. (e) Top sur-

face temperature versus heating time. (f) Sample positioning on the heater. (g) Infrared thermal images showing temperature distribution 

the P∶G ratio decreased (Fig. 4(b-c)). In the heat 

transfer behavior of composite materials, when the 

filler is the primary component for thermal conduc-

tion, thermal conductivity typically increases gradu-

ally with filler content. The critical point at which the 

fillers begin to contact each other and form a continu-

ous conductive network is defined as the percolation 

threshold[42]. This transition is characterized by a 

marked shift from a gradual rise to a sharp surge in 

thermal conductivity. In C/C composites, graphite 

flakes serve as highly thermally conductive fillers 

along the Y and Z directions, whereas the porous pitch 

carbon contributes minimally to thermal conductivity 

in these directions. Thermal conductivity in these dir-

ections increases with the flake content. When the 

P∶G ratio reaches 6∶4, the thermal conductivity in 

the Z direction rises sharply to 7.02 W·m−1·K−1, indic-

ating that the graphite flakes have reached the percola-

tion threshold. At this ratio, the flakes form mutual 

contacts that establish a continuous network, signific-

antly extending the L and thereby enhancing heat 

transfer. 

To evaluate the temperature distribution and 

thermal dissipation performance of the composites, 

strip-shaped samples with different matrix ratios were 

vertically placed on a heater (Fig. 4f). The surface 
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temperature evolution during heating was recorded us-

ing an infrared thermal camera, where red and blue re-

gions in the thermal images represent high- and low-

temperature zones, respectively. The temperature vari-

ation at the top surface of the samples over time is 

plotted in Fig. 4e, while the temperature distributions 

at 0, 10, 20 and 30 s after the onset of heating are 

shown in Fig. 4g. The results reveal rapid upward 

thermal diffusion, with rates consistent with the 

thermal conductivity trends of the samples, further 

confirming the reliability of the thermal conductivity 

measurements. 

3.3 Electronic conductivity of C/C composites 

The electronic conductivity of C/C composites 

with different matrix ratios along various directions is 

presented in Fig. 5. The conductivity is governed by 

the combined effects of electron migration along 

fibers and ordered pitch carbon layers, charge transfer 

between adjacent fibers, and electron hopping at de-

fects[18]. The highest conductivity is observed in the X 

direction, where continuous carbon fibers and pitch 

carbon form long-range conductive pathways that fa-

cilitate efficient electron migration. However, as the 

P∶G ratio in the matrix decreases, the conductivity in 

this direction is reduced. This decline is caused by a 

reduction in the continuous conductive pathways 

provided by ordered pitch carbon, coupled with an in-

crease in heterogeneous interfaces introduced by the 

graphite flakes, which collectively impede electron 

migration. 

As shown in Fig. 5(b-c), the electronic conduct-

ivities in the Y and Z directions are significantly lower 

than that in the X direction, primarily due to the resist-

ance encountered by electrons when traveling between 

fiber bundles and through porous regions in the mat-

rix. However, both the Y- and Z-direction conductivit-

ies increase markedly as the P∶G ratio in the matrix 

decreases. This enhancement is attributed to 2 mech-

anisms: (1) the two-dimensional (2D) graphite flakes, 

with their high intrinsic in-plane conductivity, form 

conductive bridges that connect adjacent fibers, 

thereby facilitating inter-fiber charge transport 

(Fig. 3(b-i)). (2) The increased graphite flakes sub-

stantially improve the compactness in the Z direction 

(Fig. 3(f-i)), which reduces the population of voids 

and cracks, lowers the electrical resistance, and con-

sequently boosts conductivity. 

3.4 Mechanical properties of C/C composites 

Flexural performance tests were conducted along 

the X-direction on C/C composites with different mat-

rix ratios, with the results presented in Fig. 6a. The 

flexural strength initially increases and then decreases 

with a decreasing P∶G ratio in the matrix. The stress-

strain curve of the C/C composites (Fig. 6b) exhibit a 

characteristic stepwise decline, indicative of pseudo-

ductile fracture behavior. In C/C composites, the frac-

ture behavior is governed by the carbon fibers, the 

matrix, and their interfacial interactions. An optimal 

interface should be strong enough to transfer stress yet 

sufficiently weak to enable controlled debonding and 

fiber pull-out, thereby improving both the strength 

utilization of the fibers and the overall composite 

strength[43]. Fracture surface analysis (Fig. 6(c–f)) re-

veals distinct morphological evolution across the 

samples. C/C-1 shows a remarkably smooth fracture 

surface, indicating an excessively strong interfacial 

bond. In this case, cracks propagate directly through 

the fibers[44], resulting in early failure and poor flexur- 
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al performance. Although C/C-2 also exhibits a relat-

ively clean fracture, the reduced P∶G ratio allows 

well-dispersed graphite flakes to deflect cracks 

slightly[45], leading to a marginal improvement in flex-

ural strength. 

In C/C-3, a further decrease in the P∶G ratio 

progressively replaces the originally strong fiber/mat-

rix interface with weaker fiber/graphite and 

graphite/matrix interfaces. These interfaces are cap-

able of enabling effective stress transfer while allow-

ing the pull-out and delamination of fibers[46] (Fig. 6e), 

which contributes to the highest flexural strength of 

131.84 MPa. 

However, in C/C-4, the increased graphite flake 

content coupled with reduced pitch binder results in 

graphite-rich regions and poor matrix bonding. This 

leads to extended fiber pull-out without effective load 

sharing, ultimately causing a slight decline in flexural 

strength. 

3.5 EMI shielding properties of C/C composites 

As shown in Fig. 7, C/C composites demonstrate 

strongly anisotropic EMI shielding performance in the 

X-band under electromagnetic wave (EMW) incid-

ence normal to different planes. The evaluation of 

EMI shielding materials relies on the concept of SE, 

which is exactly the total shielding effectiveness 

(SE ). It can be determined by Eq.(6)[47], according to 

Schelkunoff's shielding theory. 

SET = SER + SEA + SEM (6) 

where SER, SEA and SEM denote the SE due to reflec- 
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tion, absorption, and multiple reflections, respectively. 

For the cases where the SET values greater than 15 

dB[48], SE can be disregarded, leading to the simpli-

fied form of Eq. (7): 

SET = SER + SEA (7) 

SER and SEA can be calculated from the reflection 

coefficient (R), absorption coefficient (A), and trans-

mission coefficient (T)[49]: 

SE = 10 log

( 
 1  

) 

(8) 

SEA = 10 log

( 
1   

) 

(9) 

where the coefficients R, T and A are calculated from 

the S-parameters, where S11, S22, S12 and S21 represent 

input reflection, output reflection, reverse transmis-

sion, and forward transmission, respectively, using the 

following relations[50]: 

R = |S 11|2 = |S 22|2 (10) 

T = |S 12|2 = |S 21|2 (11) 

1 = R + T + A (12) 

A schematic of the shielding mechanism is 

provided in Fig. 7a. When EMW are incident on the 

surface, strong interaction with mobile electrons leads 

to significant energy loss by reflection. The residual 

waves that enter the material undergo repeated reflec-

tions among fiber bundles and at fiber–matrix inter-

faces. This multi-reflection process effectively pro-

longs the propagation path and enhances electromag-

netic energy dissipation[51]. At the microscopic scale, 

EMW are subjected to continuous reflection and scat-

tering between graphite flakes and pitch carbon, lead-

ing to progressive energy attenuation. Concurrently, 

charge accumulation at the heterogeneous interfaces 

establishes an asymmetric distribution and induces in-

terfacial polarization relaxation, thereby dissipating 

electromagnetic energy as polarization loss. In paral- 
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lel, the conductive network composed of carbon fibers 

and pitch carbon gives rise to significant conductive 

loss[52]. As shown in Fig. 7(e–g), the SE of all four 

samples exceeds the SER, indicating that the dominant 

EMI shielding mechanism in the composites is ab-

sorption rather than reflection. This behavior further 

confirms that the C/C composites fabricated by pres-

sureless carbonization enhance the SET primarily 

through the elevation of SEA. Furthermore, EMI SE 

exhibits multiple variations with frequency, which can 

be attributed to the heterogeneous distribution of elec-

tromagnetic field strength within the composites[53]. 

When EMW are incident on the XY plane 

(Fig. 7(b, e)), the composites achieve its highest EMI 

SE. In sample C/C-1, the maximum SET  reaches 

83.97 dB, equivalent to 99.999 999% attenuation of 

incident EMW, indicating near-total blocking of the 

electromagnetic energy. This exceptional perform-

ance originates from the porous structure resulting 

from the pressureless carbonization process and the 

high in-plane electronic conductivity ascribed to 

graphitization treatment[54]. The gradual decrease in 

SET with a lower P∶G ratio is primarily due to 2 

factors: reduced electronic conductivity along the X 

direction and decreased porosity in the C/C compos-

ites. These changes adversely affect the SER and SEA, 

respectively, resulting in a decrease in the SET. 

When EMW is incident on the XZ plane 

(Fig. 7(c, f)), the SET initially increases and then de-

creases as the P∶G ratio decreases. The initial rise in 

SET is attributed to enhanced electronic conductivity 

along the Y direction. Notably, at a P∶G ratio of 

7∶3, sample C/C-3 achieves the highest SET value of 

53.66 dB, despite exhibiting a lower SER compared to 

other samples. This performance is due to a substan-

tial increase in the SEA, which reaches 41.83 dB. The 

pronounced enhancement stems from multiple reflec-

tions within the porous structure and scattering at het-

erogeneous interfaces, which collectively enable 

multi-scale EMW attenuation[55–57]. These mechan-

isms demonstrate the capability of the composites to 

convert electromagnetic energy into thermal energy. 

However, when the P∶G ratio further decreases from 

7∶3 to 6∶4, it is accompanied by a reduction in 

porosity, which leads to a significant drop in the SEA 

value. These results confirm that moderate porosity 

levels are more conducive to improving the EMI 

shielding performance of C/C composites. 

For EMW incident on the YZ plane (Fig. 7(d, g)), 

the SET shows a consistent increase with decreasing 

P∶G ratio in the matrix. This improvement is mainly 

attributed to the enhanced SER, resulting from the 

combined effect of elevated electronic conductivity 

along the Y and Z directions and improved densifica-

tion within the plane, which collectively strengthen 

the EMW reflection at the surface. 

Table 1 compares the EMI shielding perform-

ance and density of the rapidly prepared C/C compos-

ites through pressureless carbonization with previous 

studies. Benefiting from the synergistic effect of its 

porous structure and highly conductive network, the 

C/C composite developed in this work achieves excel-

lent EMI shielding performance alongside a low-dens-

ity profile. 

4 Conclusions 

In summary, this study demonstrates a rapid fab-

rication route for low-density C/C composites with 

high EMI SE by pressureless carbonization. The influ-

ence of the matrix composition on the structural and 

properties of the composites was systematically in-

vestigated. Results indicate that although a reduced 

P:G ratio enhances densification, it also disrupts the 

ordered microstructure, resulting in distinct property 

changes along different material directions. All com-

posites exhibited a bulk density below 1.10 g·cm−3. 

Sample C/C-1 showed exceptional directional con-

ductive performance, with X-direction thermal con-

ductivity  and  electronic  conductivity  reaching 

191.84 W·m−1·K−1 and 6.50×104 S·m−1, respectively. 

However, both properties decreased with further re-

duction in the P∶G ratio. In contrast, the thermal and 

electronic conductivities along the Y and Z directions, 

although lower than those in the X direction, im-

proved significantly with a decreasing P∶G ratio, at-

tributable to continuous lateral conduction pathways 

formed by graphite flakes and densification effects. 
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Table 1 Comparison of EMI shielding performance and density among reported lightweight, high-performance structural-functional composites 
 

Material Frequency/GHz EMI SE/dB Density/g·cm−3 Refs. 

C/C-1 8.2-12.4 83.97 1.01 This work 

C/C-2 8.2-12.4 69.81 1.05 This work 

C/C-3 8.2-12.4 61.79 1.08 This work 

C/C-4 8.2-12.4 49.34 1.09 This work 

C/C 8.2-12.4 ～80 1.85 [18] 

SiCNW-C/C 8.2-12.4 60.50 1.70 [58] 

CNT–C/C 8.2-12.4 75.20 0.93 [59] 

C/SiC-Ti3SiC2 8.2-12.4 41.00 2.42 [60] 

Cf/SiC 8.2-12.4 42.70 1.39 [61] 

SiC/C–SiC 8.2-12.4 28.00 1.21 [62] 

RGO/CNTs-SiCN 8.2-12.4 67.20 / [63] 

SiC nanoribbons-C/C 8.2-12.4 23.86 / [64] 

3D graphene-CNT-SiC 8.2-12.4 29.30 / [65] 

 

Mechanically, all composites exhibited flexural 

strengths exceeding 100 MPa, confirming structural 

robustness, with optimal graphite flake content fur-

ther enhancing mechanical performance. X-band EMI 

shielding tests revealed that the synergy between a 

porous structure and high electronic conductivity res- 
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ulted in outstanding EMI shielding performance, with 

C/C-1 achieving a SE of 83.97 dB under XY-plane 

EMW incidence. It was also confirmed that an appro-

priate porosity level further enhances the SE. This 

work provides an innovative strategy for the short-

cycle fabrication of lightweight C/C composites that 

integrate excellent EMI shielding, high thermal con-

ductivity and robust mechanical strength, showing 

great promise for applications in integrated thermal 

management and EMI protection. 
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