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HIGHLIGHTS

• Carbon fiber (CF) scaffolds with horizontally aligned, diagonally aligned and vertically aligned structure were fabricated via magnetic 
field-assisted Tetris-style stacking and carbonization process.

• The obtained CF scaffolds/ polydimethylsiloxane composites showed ultrahigh thermal conductivity (above 40 W  m−1  K−1) in the 
fiber alignment direction.

• Fibers with different alignment direction can be combined by multiple stacking and carbonization process, allowing for the efficient 
heat transfer along customized paths.

ABSTRACT As the miniaturization of electronic devices and 
complication of electronic packaging, there are growing demands 
for thermal interfacial materials with enhanced thermal conduc-
tivity and the capability to direct the heat toward heat sink for 
highly efficient heat dissipation. Pitch-based carbon fiber (CF) 
with ultrahigh axial thermal conductivity and aspect ratios exhib-
its great potential for developing thermally conductive compos-
ites as TIMs. However, it is still hard to fabricate composites 
with aligned carbon fiber in a general approach to fully utilize its 
excellent axial thermal conductivity in specific direction. Here, 
three types of CF scaffolds with different oriented structure were 
developed via magnetic field-assisted Tetris-style stacking and 
carbonization process. By regulating the magnetic field direc-
tion and initial stacking density, the self-supporting CF scaffolds 
with horizontally aligned (HCS), diagonally aligned and vertically aligned (VCS) fibers were constructed. After embedding the polydi-
methylsiloxane (PDMS), the three composites exhibited unique heat transfer properties, and the HCS/PDMS and VCS/PDMS composites 
presented a high thermal conductivity of 42.18 and 45.01 W  m−1  K−1 in fiber alignment direction, respectively, which were about 209 
and 224 times higher than that of PDMS. The excellent thermal conductivity is mainly ascribed that the oriented CF scaffolds construct 
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effective phonon transport pathway in the matrix. In addition, fishbone-shaped CF scaffold was also produced by multiple stacking and 
carbonization process, and the prepared composites exhibited a controlled heat transfer path, which can allow more versatility in the design 
of thermal management system.

KEYWORDS Carbon fiber; Magnetic field; Thermal management; Thermally conductive composites

1 Introduction

With the development of electronic devices toward minia-
turization, integration and high-power consumption, highly 
efficient heat dissipation has drawn increasing attention in 
the past few years to diminish the heat accumulation during 
device operation [1, 2]. Consequently, thermal management 
systems are ingeniously designed into electronic devices to 
facilitate the heat transfer to the outside and avoid work-
ing under overheating condition. As an important part of 
thermal management system, thermal interfacial materials 
(TIMs) are used for filling the gaps between metal-plate heat 
sink and heat generator to reduce thermal contact resist-
ance and solve the interfacial heat transfer problem [3–5]. 
However, the thermal conductivity of conventional TIMs 
made by traditional blending process is hard to exceed 10 W 
 m−1  K−1 even at the filler content greater than 60 wt%. The 
poor enhancing efficiency will inevitably increase the den-
sity and the compress modulus of TIMs, which is harmful 
to the performance of TIMs in practical application [6–10]. 
Therefore, TIMs with enhanced thermal conductivity and 
the capability to direct the heat toward heat sink for highly 
efficient heat dissipation are urgently required, due to the 
dramatic increase in heat flux and the miniaturization of 
electronic devices. Furthermore, facing with the complica-
tion of electronic packaging, electronic components become 
more closely arranged and are vulnerable to the thermal 
interference from adjacent components. The limited space 
of the device may make the design of thermal management 
system beyond the traditional configuration of vertical heat 
transfer, which causes the need for TIMs with tunable heat 
transfer direction to optimize the cooling structure [11, 12].

According to the phonon heat transfer mechanism, the 
thermal conductivity of TIMs can be generally improved by 
incorporating fillers with high intrinsic thermal conductivity 
such as carbon nanotube (CNT) [13–17], graphite [18–20] 
and graphene nanoplatelet (GNP) [21–24], to construct 
effective phonon transport pathways in the matrix. Beside 
the above fillers, Pitch-based carbon fiber (CF), as one of the 
best candidates for TIMs, has not only ultra-high thermal 

conductivity in the axial direction (reach 1200 W  m−1  K−1), 
but also high aspect ratios and sub-micron length, which 
allow CF to be more easily aligned and interconnected to 
form continuous heat transfer paths with reduced filler-filler 
interfaces in heat transfer direction. Due to the anisotropic 
properties of CF, lots of strategies have been developed to 
construct orientation structure by applying electric field 
[25–27], magnetic field [28–31], flow field [32–34] and 
templates [35–40] for making full use of its axial thermal 
conductivity. For example, Kenji et al. [27] prepared a verti-
cally aligned CF structure via electrostatic flocking, and the 
obtained TIMs showed high through-plane thermal conduc-
tivity of 23.3 W  m−1  K−1 with a filler loading of 13.2 wt%. 
Zhang et al. [41] constructed vertically aligned CF in PDMS 
using specially designed squeezing mold. The thermal con-
ductivity of the composites reached 38 W  m−1  K−1 with the 
loading of 24 vol% CF and 47 vol%  Al2O3. Lin et al. [36] 
fabricated oriented CF/PDMS composites by pre-arranging 
the fibers before impregnating the matrix. The through-
plane thermal conductivity of the composites was 34.94 W 
 m−1  K−1 at the fiber content of 44.46 wt%. In particular, 
because of the anisotropic magnetic susceptibility [42, 43], 
CF can be oriented in magnetic field without the modifica-
tion of magnetic particles, showing attractive features with 
simplicity, safety, and high efficiency. Miao et al. [31] used 
superconducting magnet to orient CF in PDMS at a mag-
netic field strength of 9 T. The aligned CF in the thickness 
direction resulted in high through-plane thermal conductiv-
ity of 26.49 W  m−1  K−1. However, in this case, very high 
magnetic field strength is necessary to generate sufficient 
magnetic torque for CF to overcome the resistance of hydro-
dynamic torque exerted by surrounding viscous medium. 
Thus, limited by special mold and equipment, it is still hard 
to construct aligned structure of CF in the sheet by a general 
method to fully utilize its excellent axial thermal conductiv-
ity for application as TIMs.

As the miniaturization of electronic devices and the 
complexity of electronic packaging make the design of 
cooling structure more difficult, the need for high ther-
mal conductivity of TIMs is not limited to the thickness 
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direction. TIMs with tunable thermally conductive direc-
tion are able to regulate the heat transfer paths, which 
allows more versatility in the design of thermal manage-
ment system [12]. Although most of strategies can achieve 
the orientation of fillers in varied direction, the control of 
filler orientation and the combination of fillers with differ-
ent orientation direction for regulating heat transfer paths 
are rarely studied. Therefore, it is a challenge to develop 
TIMs with both high thermal conductivity and controlled 
heat transfer paths to cope with the rapidly evolving elec-
tronic devices.

In this work, we proposed a route for producing novel CF 
scaffolds with oriented and tightly stacked structure via com-
mercial permanent magnets-assisted Tetris-style stacking 
and carbonization process. By regulating the magnetic field 
direction and initial stacking density, three self-supporting 
CF scaffolds with horizontally aligned (HCS), diagonally 
aligned (DCS) and vertically aligned (VCS) fibers were fab-
ricated. After embedding polydimethylsiloxane (PDMS), the 
resultant HCS/PDMS and VCS/PDMS composites exhib-
ited ultrahigh thermal conductivity of 42.18 and 45.01 W 
 m−1  K−1 in the fiber alignment direction, separately, showing 
excellent directional heat transfer capability resulted from 
highly ordered and continuous CF skeleton. Furthermore, 
fishbone-shaped CF scaffold (FCS) was also prepared by this 
method, and the obtained FCS/PDMS can direct heat toward 
the copper plate in the same plane as the heat source. Our 
strategy provides insight into CF-based thermal pad, which 
could diversify the design of thermal management system.

2  Experiment

2.1  Materials

Pitch-based CF (XN-100-25 M) with axial thermal con-
ductivity of 900 W  m−1  K−1 was obtained from Nippon 
Graphite Fiber Corporation, and the average length and 
diameter are 250 and 10 μm (Fig. S1), respectively. PDMS 
(Sylgard 184) was purchased from Dow Corning Co., Ltd. 
Resole phenolic resin (FB resin, Boron-modified) was 
obtained from Tianyu High-Temperature Resin Materi-
als Co., Ltd. Ethanol and Ethyl acetate were supplied by 
Chengdu Chron Chemical Co., Ltd. All chemicals were of 
analytical reagent grade and used directly.

2.2  Preparation of CF Scaffolds

The schematic of preparation process can be seen in Fig. 1. 
Certain amount of resole phenolic resins was dissolved in 
5 g ethanol to form resin solution under stirring for 30 min. 
CF with different contents was then added to the solution 
and stirred for 15 min to disperse them well. The concentra-
tion of CF in resin solution was varied from 5 to 10 wt%, and 
the mass ratios of CF and resole phenolic resin were 10:2 
constantly. After mixing, the suspension was poured into a 
polystyrene dish (diameter: 33 mm) forming a liquid height 
of about 10 mm and immediately moved to the magnetic 
field generated by two commercially available NdFeB mag-
nets (length × width × thickness: 46 mm × 46 mm × 22 mm). 
Due to the anisotropic susceptibility, CF was aligned along 
the magnetic field during deposition process and land hori-
zontally or vertically on the bottom of the dish. Especially 
for VCS, once all CFs have settled to the bottom, the mag-
nets and dish were put on a vibrating platform and exerted 
horizontal vibration with frequency of 25 Hz and amplitude 
of 0.5 mm for 1 min to make fibers tightly packed.

Subsequently, the mixture was dried at room temperature 
for 48 h in the magnetic field to remove the solvent, during 
which the resins will precipitate and bond the closely packed 
fibers together. Finally, the shaped CF/resin preforms were 
cured at 180 °C for 3 h, followed by the carbonization at 
1000 °C in nitrogen atmosphere for 1 h to obtain a series of 
CF scaffolds. The HCS-x, DCS-x and VCS-x were used to 
name prepared scaffolds with different contents of CF, where 
x is the concentration of CF in solution. For example, VCS-7 
was prepared by using the suspension with CF concentration 
of 7 wt%. The CF scaffold without magnetic field effect were 
also made to compare, which was named as CS-x.

Especially, FCS was prepared by multiple stacking and 
carbonization process with different magnetic field direction 
(Fig. S2). First, horizontal magnetic field was adopted, and 
the HCS/resin preform was produced and cured at 180 °C for 
3 h using the same way as above. Then, the cured HCS/resin 
was placed on the bottom of vessel and VCS/resin preform 
was formed on its surface under the vertical magnetic field. 
To prevent ethanol from dissolving the resin and destroy-
ing the orientation structure, the VCS/HCS/resin preform 
was cured again and VCS/resin preform was produced on 
the other surface following the same step. After curing and 
carbonization process, FCS with a three-layer structure was 
finally prepared.
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2.3  Preparation of CF Scaffolds/PDMS Composites

The CS/PDMS, HCS/PDMS, DCS/PDMS, VCS/PDMS 
and FCS/PDMS composites were fabricated by the infil-
tration of PDMS into permeable CF scaffolds with the 
assistance of vacuum. Initially, PDMS prepolymer, cur-
ing agent and ethyl acetate were mixed together with the 
weight ratio of 30:1:3. Then, the mixture was injected into 
the prepared CF scaffolds and place the samples in vacuum 
oven for more than 4 h to remove their air bubbles at room 
temperature. Finally, the samples were cured at 80 °C for 
6 h and polished to obtain CF scaffolds/PDMS composites.

2.4  Characterization

Various methods were introduced to investigate the micro-
morphology of CF scaffolds and composites. Scanning elec-
tron microscope (SEM, JEOL JSM-5900LV, Japan) was used 
to observe the microstructure of CF, CF scaffolds and CF 
scaffolds/PDMS composites. Microcomputed tomography 
(Micro-CT, ZEISS Xradia 520 Versa, Germany) was used 
to reconstruct the 3D microstructure of CF scaffolds at a 
resolution of 2 μm. X-ray diffraction (XRD) and Raman 
spectroscopy were used to determine the integrity of crystal 
lattices in carbon fibers. XRD patterns were obtained by 
diffractometer (Rigaku Ultima IV, Japan) using a Cu Kα 

Fig. 1  Schematic illustrating the fabrication process of the oriented CF scaffolds with the corresponding structural change for each step
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radiation (λ = 0.15406 nm) at 40 kV and 100 mV, 2θ from 
10° to 90°. Raman spectroscopy was provided by micro-
Raman spectrometer (Renishaw inVia Reflex, UK) with 
He–Ne laser excited at 532 nm. Thermal diffusivity (α) of 
composites was measured by laser flash apparatus (LFA, 
Netzsch LFA 467, Germany) in the nitrogen atmosphere 
from 25 to 100 °C. Specific heat capacity (Cp) was obtained 
by differential scanning calorimetry (DSC, TA Q20, USA) 
with a heating rate of 20 °C  min−1 from − 5 to 130 °C under 
nitrogen. The thermal conductivity (k) can be calculated by 
the equation: k = α × Cp × ρ, where ρ is the density of sam-
ple determined by the water displacement method. Infrared 
images were captured by using an infrared camera (FLIR 
T620, USA). Thermogravimetric analysis (TGA) of CF, 
PDMS and CF scaffolds/PDMS composites was carried out 
from 30 to 800 °C with a heating rate of 10 °C  min−1 under 
nitrogen atmosphere to calculate the filler content in com-
posites. The apparent viscosity of resin/ethanol solutions 
with different concentrations was measured by a rotational 
rheometer (Anton Paar MCR302, Austria) in the shear rate 
range of 1 to 100  s−1.

3  Results and Discussion

3.1  Preparation and Structural Characterization of CF 
Scaffolds

Figure 1 schematically shows our strategy for the develop-
ment of CF scaffolds, with the corresponding structural 
change for each step of fabrication process. In the first proce-
dure, well-dispersed suspensions, consisting of CF and phe-
nolic resin/ethanol solution, were immediately transferred to 
a parallel magnetic field generated by two NdFeB magnets. 
Due to the difference of magnetic susceptibility in axial and 
radical directions, CF will align along the magnetic field 
direction when the generated magnetic torque larger than 
the hydrodynamic torque exerted by surrounding solution. 
According to the formula (1) [44, 45],

the alignment relaxation time (τ) is a function of viscos-
ity (η), vacuum magnetic permeability (μ0), aspect ratios 
(D), anisotropic magnetic susceptibility (χa) and magnetic 
field strength (B). Once the τ is smaller than the deposi-
tion time (t), CF can finish the orientation and maintain the 

(1)� =
6 ⋅ �

0
⋅ �

F(D) ⋅ �
a
⋅ B2

direction to land the bottom of the dish. For predicting the 
τ, parameters (D = 25, χa = 8.9 ×  10–6 [44]) were brought into 
the equation and the curve of τ versus η is shown in Fig. S3a. 
As viscosity increases from 1 to 5 mPa s, the τ rises from 
0.6 to 2 s under the magnetic strength of about 0.3 T. To 
access the feasibility, macro-camera was applied to record 
this procedure (Video S1 and Fig. S3c). When the suspen-
sion of 10 mm height was placed on a magnet, CF com-
pleted the turning in about 2 s as indicated by yellow arrow 
and then deposited to the bottom in an aligned position like 
the I-shaped Mino in Tetris. It can be seen that the time 
required for orientation was in accordance with the predicted 
τ and much less than 20 s, which is the time for most of CF 
to complete the deposition. Thus, almost all of the CF can 
be oriented in the deposition process at a low magnet field 
strength, which create a basis for preparation of CF scaffolds 
with oriented structure.

Subsequently as solvent evaporating, the resins gradu-
ally precipitated on the surface of the fibers and bonded 
them together to fix the stacked orientation structure (Fig. 
S4). However, after the deposition, vertically aligned CF 
was loosely stacked and there were large gaps between 
the fibers. So, the CF will inevitably fall over by gravity 
and rearranged at a certain angle as solvent diminishing. 
To enhance the initial stacking density and avoid dump-
ing, horizontal vibration was adopted after the deposition 
and the gaps between the fibers were reduced via local 
displacement of CF. The height of CF stacked on the bot-
tom was decreased clearly after the vibration illustrated 
in Fig. S5, indicating that the fibers were closely stacked 
and orderly aligned. As the precipitated resin bonding fib-
ers, the preformed CF/resin scaffolds were cured and then 
placed between two ceramic plates with fixed thickness 
for high-temperature treatment at 1000 °C to carbonize the 
resin. During the carbonization, the samples were limited 
in the thickness direction to avoid warping. Consequently, 
controlling the magnetic field direction and initial stacking 
density, three CF scaffolds with HCS, diagonally aligned 
and vertically aligned structure were obtained.

As mentioned above, magnetic field and vibration are 
two critical steps in constructing an oriented CF scaffold, 
which serves to orient CF and densify the deposited fib-
ers, respectively. For comparison, the CF scaffolds with-
out magnetic field and vibration were also prepared. The 
macro-photographs and SEM images of the four CF scaf-
folds are exhibited in Fig. 2a–h. As shown in the pho-
tographs, all CF scaffolds demonstrated good integrity 
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and can be self-supporting after 1000 °C carbonization 
treatment. The CS and HCS exhibited a bright surface 
while the surfaces of DCS and VCS were dull, where the 
surface of VCS was nearly black and showed light–trap-
ping properties (Fig. 2a-d). The distinct response to light 
can be ascribed to the difference in surface morphology. 
Morphological analysis was performed using SEM, and 
it can be observed that CF in HCS, DCS and VCS dem-
onstrated remarkable alignment with different orientation 
angle in the presence of magnetic field, while the fibers 
in CS were randomly arranged after natural settlement 
(Figs. 2a, e and S6a, e). In HCS, as horizontally aligned 
along the direction of magnetic field, CF was parallel to 
each other and tightly piled together forming masonry-like 
structure (Fig. 2b, f). For DCS, vertically aligned fibers 
dumped by gravity during the molding process, show-
ing oriented structure with an inclination of 40°–60° in 

vertical direction. But for VCS, fibers showed forest-like 
structure and almost vertically aligned with little incli-
nation as illustrated in cross-sectional images (Fig. 2h). 
Because of compact stacking of CF after the vibration, the 
dumping was suppressed during solvent evaporation and 
the fibers can be held up by bunching with adjacent fibers 
to maintain vertical alignment (Fig. S6d, h). Accordingly, 
the light arriving at the VCS surface entered the spaces 
between the neighboring fibers and was absorbed after 
multiple reflections. Photothermal properties of the CF 
scaffolds also reflected the morphological difference, and 
it can be seen in Fig. S7 that VCS showed the fastest heat-
ing rate and the equilibrium temperature reached 90 °C at 
the light density of 100 mW  cm−2, which was about 18 °C 
higher than that of the CS and HCS.

Additionally, the effect of fiber concentrations on CF scaf-
folds was also studied and the corresponding SEM images 

Fig. 2  Macro-photographs and SEM images of surfaces and cross sections of prepared CF scaffolds: a, e SC-5, b, g HCS-7, c, f DCS-7 and d, 
h VCS-7. i Thickness and j bulk density of CF scaffolds varied with the fiber concentration in suspension during preparation. k XRD patterns of 
the surface of CF scaffolds and l the corresponding ratio ƒ of I(100)/(I(100) + I(002)) in different samples. m Schematic of angle φ between the fiber 
axial and the through-plane direction. Micro-CT pictures and statistical results of φ in CF scaffolds: n, o DCS and p, q VCS
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can be seen in Fig. S8. As the increment of CF concentra-
tion, the structure and bulk density of CF scaffolds showed 
little change while the thickness increased apparently 
(Fig. 2i, j). Due to the closely packing of CF, the thickness of 
HCS, DCS and VCS were similar at the same fiber concen-
trations and much smaller than that of CS, which had large 
space between randomly distributed fibers. This was also 
evidenced by the difference in bulk density and the scaffolds 
with tightly stacked structure showed higher bulk density. 
However, there were some unoriented fibers at the bottom 
of DCS-10. Because of the special hindrance of fiber align-
ment in highly concentrated suspension and compression 
of upper fibers after solvent evaporation, it was hard for the 
fibers at the bottom to maintain the oriented arrangement, 
which could be the reason for the formation of the morphol-
ogy in DCS-10.

Considering the ultrahigh axial thermal conductivity of 
CF, through-plane thermal conductivity of composites was 
significantly influenced by orientation of fibers. The degree 
of orientation in the through-plane direction was qualita-
tively characterized by XRD due to the different diffraction 
patterns of CF obtained from the surface and cross section 
[46, 47]. As shown in Fig. 2k, i, the XRD patterns of CF 
scaffolds in surface scan were obtained and normalized. 
Sharp diffraction peaks observed at about 26.42°, 42.74°, 
44.32°, 54.30° and 77.48° can be indexed to the correspond-
ing lattice plane of (002), (100), (101), (004) and (110), 
respectively. There were significant difference in the diffrac-
tion patterns of the scaffolds with different fiber alignment, 
and the greater difference in the diffraction peaks between 
the two directions means the better orientation in vertical 
direction. The ratio f of I(100)/(I(100) + I(002)) was calculated, 
and it can be seen that the VCS showed a higher value than 
that of DCS, reflecting greater fiber alignment in vertical 
direction. For better visualizing the fiber orientation, micro-
CT was performed to quantitatively describe the alignment 
of CF in DCS and VCS. The angle φ between the fiber axial 
and the through-plane direction (z axis) was introduced to 
indicate the degree of orientation (Fig. 2m). The values of 
φ were expressed by color and the individual fibers with 
matching color as shown in Fig. 2n, p and o, q exhibited the 
distribution of φ. A cold color (purple) indicated smaller 
value of φ, whereas a warm color (red) indicated a larger 
angle. It can be observed that most of fibers in DCS were 
green and the value of φ was in the range of 30°–50°, while 

the fibers in VCS were mainly blue, indicating that vertical 
orientation of fibers was well maintained after the vibration.

3.2  Thermal Conductivity of CF Scaffolds/PDMS 
Composites

Based on the interconnected and permeable structure with 
several orderly aligned CF stacked in the specific direc-
tion, the HCS, DCS and VCS are expected to be favorable 
thermal conductive fillers to develop TIMs with enhanced 
thermal conductivity and directional heat transfer capabil-
ity for highly efficient heat dissipation in electronic pack-
aging. Accordingly, CF scaffolds/PDMS composites were 
prepared by vacuum-assisted infiltration of PDMS, and the 
contribution of CF scaffolds with different structure on the 
heat transfer capability of composites was investigated. Fig-
ures 3a and S9 illustrate the macro-photographs and cross-
sectional SEM images of as-prepared CF scaffolds/PDMS. 
It can be observed that PDMS filled in the gaps of between 
the fibers, and all scaffolds can keep their characteristic 
structure after incorporating with PDMS due to their good 
structural stability. Since CF scaffolds with different stacked 
structure showed varied bulk density, the volume fraction 
of CF scaffolds in composites was determined based on the 
TGA analysis (Fig. S10 and Table S1). The filler contents 
of HCS/PDMS, DCS/PDMS and VCS/PDMS were in the 
range of 26.6–29.7 vol%, while that of SC/PDMS was about 
14.3 vol%.

The through-plane (kthrough-plane) and in-plane (kin-plane) 
thermal conductivity of composites were evaluated using 
the laser flash technique, and detailed parameters can be 
found in Table S2. Figure 3b shows the thermal conductiv-
ity of different composites, and it can be seen that PDMS 
filled with VCS showed relatively high thermal conduc-
tivity in the through-plane direction. The kthrough-plane 
and kin-plane of VCS-7/PDMS reached 45.01 and 3.9 W 
 m−1   K−1, respectively, demonstrating high anisotropy 
ratio (kthrough-plane/kin-plane) of 11.54 due to the vertically 
aligned and interconnected structure of VCS. The verti-
cally aligned fibers can form thermal transfer pathway in 
the thickness direction, allowing for more efficient heat 
transfer compared to SC-5/PDMS with random distrib-
uted fibers (2.18 W  m−1  K−1). In contrast, because of the 
diagonal arrangement of fibers, the DCS-7/PDMS had a 
reduced kthrough-plane and increased kin-plane of 37.81 and 
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6.97 W  m−1  K−1, respectively, exhibiting lower anisot-
ropy ratio of 5.42. It is worth noting that the anisotropy 
ratio of DCS-10/PDMS was lowest among the DCS-filled 
composites, which can be ascribed to the existence of 
unoriented fibers at the bottom of DCS-10. Especially, due 
to the unidirectional arrangement of fibers in the plane, 
HCS-7/PDMS was cut into 2 mm wide sheets along the 
direction perpendicular to fiber orientation and stacked in 
the holder to determine the thermal conductivity (k∥) in 
fiber alignment direction. As illustrated in Fig. 3c, HCS-7/
PDMS showed excellent thermal properties along fiber 
alignment direction, yielding a k∥ of 42.18 W  m−1  K−1, 

which was comparable to the kthrough-plane of VCS-7/PDMS. 
Furthermore, environmental temperature-dependent ther-
mal conductivity of CF scaffolds/PDMS composites is also 
investigated in Fig. 3d. As temperature raised gradually 
from 25 to 100 °C, thermal conductivity of all composites 
increased slightly and then decreased, presenting negligi-
ble change in thermal properties. The thermal conductivity 
of VCS-7/PDMS and HCS-7/PDMS at 100 °C can remain 
higher than 40 W  m−1  K−1, indicating the excellent heat 
transfer performance in the practical device operation tem-
perature range.

Fig. 3  a Photographs and cross-sectional SEM images of VCS-7/PDMS. b Through-plane and in-plane thermal conductivity of CF scaffolds/
PDMS. c Thermal conductivity of HCS-7/PDMS in the direction of fiber alignment and its vertical direction. d Environmental temperature-
dependent thermal conductivity of CF scaffolds/PDMS. e Infrared thermal images and f the corresponding temperature curves versus heating 
time of PDMS, CS-5/PDMS, DCS-10 and VCS-10. g Schematic of the simulation models and h the calculated transient temperature distribution 
for CS/PDMS, HCS/PDMS, DCS/PDMS and VCS/PDMS. i Comparison of thermal conductivity of our CF scaffolds/PDMS with previously 
reported thermally conductive composites [12, 20, 27–29, 31–37, 41, 48–57]
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To visualize the difference in heat transfer performance in 
the through-plane direction caused by CF scaffolds structure, 
PDMS, CS-5/PDMS, DCS-10/PDMS, VCS-10/PDMS with 
the same thickness of 1 mm were placed on a heating plate 
(65 °C), and the surface temperature was monitored using 
an infrared thermal-imaging camera. The thermographic 
images and temperature curves varying with time are shown 
in Fig. 3e, f. A series of infrared images are exhibited after 
heating for 5, 10, 20, 30, 60 and 90 s, respectively. As the 
heating time increased, the color of infrared images became 
brighter gradually. The surface temperature of VCS-10/
PDMS increased rapidly, which showed largest slope in 
temperature curves among all samples. After heating for 
60 s, the surface temperature of VCS-10/PDMS raised to 
62.1 °C while it was 59.5 and 60.2 °C for PDMS and CS-5/
PDMS, respectively. The fast temperature rising rate and 
high equilibrium temperature of VCS-10/PDMS indicated 
that VCS can construct highly efficient heat transfer paths 
in the thickness direction.

In addition, to further demonstrate the efficient heat trans-
fer of VCS in the thickness direction compared to other CF 
scaffolds, the transient thermal response of the different 
structure was simulated via finite element analysis. The 
simulation models are shown in Fig. 3g, and more detailed 
information about the parameter settings can be found in 
Fig. S11 and Table S3. The initial temperature of system was 
25 °C and continuous temperature load of 50 °C was applied 
to the bottom of the models, which generated unidirectional 
heat conduction across the models along the through-plane 
direction. The temperature profiles at the top side of mod-
ules were recorded to evaluate the heat transfer capability 
at the same thermal response time. The simulated results at 
varied thermal response time are shown in Fig. 3h. It can 
be seen from the temperature contour that the CF formed 
an effective heat transfer path in PDMS, and the heat was 
conducted rapidly along the axial direction of fibers. Owing 
to the vertically arranged structure and high fiber contents, 
the average temperature at the top side of VCS/PDMS was 
46.84 °C at 0.005 s, which was much larger than that of the 
CS/PDMS (25.31 °C) and HCS/PDMS (25.00 °C). Although 
DCS/PDMS had the same filler contents, its average tem-
perature at the top side (36.78 °C) was lower than that of the 
VCS/PDMS, because the fibers were arranged diagonally 
and the heat transfer paths from the bottom to the top were 
extended. In short, simulation results demonstrated that the 
orderly aligned and interlinked fibers in vertical direction 

are crucial for VCS/PDMS in achieving outstanding thermal 
conductivity and directional heat transfer capability in the 
thickness direction. It is worth noting that the VCS-7/PDMS 
and DCS-7/PDMS presented high through-plane thermal 
conductivity compared to the reported composites with ori-
ented or framework structure, which indicated the significant 
advantage of our aligned and interconnected CF scaffolds in 
forming efficient heat transfer paths (Fig. 3i and Table S4).

3.3  Thermal Management Performance of CF 
Scaffolds/PDMS Composites

To investigate and compare the cooling performance in real 
cases, an evaluation system consisting of ceramic heater, 
heat sink, TIM and substrate was built to simulate the heat 
dissipation process in electronic components. As seen in 
Fig. 4a, PDMS, SC-5/PDMS, DCS-7/PDMS and VCS-7/
PDMS with the same bond line thickness of 800 μm and 
lateral size of Φ25.4 mm were placed between the ceramic 
heater (20 W, 16 mm × 16 mm × 2 mm) and heat sink. The 
heat sink was connected to a forced air-cooling system to 
extract the generated heat. In Fig. 4b, the heating was turned 
on at 120 s and then the temperature increased sharply in a 
short time. After the temperature reached the equilibrium, 
the heating was turned off at 720 s to cool down the heater. 
It is observed that the steady-state temperature of the heater 
with PDMS, SC-5/PDMS, DCS-7/PDMS and VCS-7/
PDMS after heating 600 s was 138.6, 95.8, 72.3 and 64.1 °C, 
respectively, and the corresponding infrared thermal images 
are displayed in Fig. 4c. The great decrease in temperature 
revealed that the use of VCS-7/PDMS demonstrated greater 
cooling efficiency compared to others.

Considering the miniaturization of electronic devices 
and the complexity of electronic packaging, TIMs with 
tunable heat transfer path could make the design of ther-
mal management system more flexible. The efficient heat 
transfer on the customized paths can be realized by com-
bining CF with different alignment direction, since the 
prepared CF scaffolds with oriented structure reveal excel-
lent directional heat transfer capability in fiber alignment 
direction. Here, fishbone-shaped CF scaffolds (FCS) with 
the combination of vertically and horizontally aligned 
CF was prepared by multiple stacking and carboniza-
tion process, its cross-sectional morphology can be seen 
in Fig. 5a. To confirm the turning of heat transfer paths, 
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Fig. 4  a Schematic configuration of the thermal management performance evaluation system. b Temperature variation of the ceramic heater as 
function of the heating time. c Infrared thermal photographs of surface temperature of ceramic heater at different times

Fig. 5  a Photograph and SEM image of prepared FCS. b Schematic of four cases designed to prove the directional heat transfer capability of 
FCS/PDMS. c Temperature evolution of ceramic heater and copper plate for commercial thermal pad, FCS/PDMS and FCS/PDMS-P in case I 
and case II. Temperature curves of ceramic heaters for commercial thermal pad and FCS/PDMS in d case I & case III and e case III & case IV
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ceramic heater (0.4 W, 7 mm × 5 mm × 1.2 mm) and cop-
per plate (10 mm × 10 mm × 1.2 mm) were used as heat 
source and heat sink, respectively, and four cases, as 
illustrated in Fig. 5b, were designed to compare the cool-
ing effect of the FCS/PDMS, FCS/PDMS-P and the com-
mercial thermal pad (5 W  m−1  K−1) with the same size of 
27 mm × 12 mm × 1.8 mm. In the cases I and II, single heat 
source was set on the left of the upper surface of TIMs, 
while an additional copper plate was provided on the right 
of upper surface in case II. In particular, the line connecting 
the heater and copper plate was parallel to the horizontally 
arranged fibers in FCS/PDMS, while the line was perpen-
dicular to the horizontally arranged fibers in FCS/PDMS-P. 
The temperature of ceramic heaters (T1 and T2) and copper 
plate (Tcu) was measured by using a thermocouple. From 
the recorded temperature curves (Fig. 5c), it is observed that 
the TCu for FCS/PDMS shows faster raising rate and higher 
value than that of the commercial thermal pad and FCS/
PDMS-P. And the T1 difference for FCS/PDMS between 

case I and case II reaches 2.4 °C, which is much higher than 
that for commercial thermal pad (0.3 °C) and FCS/PDMS-P 
(0.9 °C), indicating that FCS/PDMS shows better cooling 
effect due to the efficient heat transfer along the tuned paths. 
As for the two heat sources arranged on the upper and lower 
surface in case III, the temperature of heat source increased 
distinctly because of the inevitable thermal interference. 
However, compared to commercial thermal pad, FCS/PDMS 
shows smaller increment of the T1 between case I and case 
III (Fig. 5d). It is believed that the horizontally aligned fibers 
in the middle of FCS/PDMS have small thermal conductiv-
ity and tend to transfer the heat in a horizontal direction, 
which can weaken the thermal interference between the top 
and bottom heat sources. Moreover, after setting the cop-
per plates in case IV, the FCS/PDMS also exhibits superior 
cooling effect with obvious drop in temperature compared 
to commercial thermal pad (Fig. 5e). For case I, infrared 
thermal-imaging camera were carried out to visualize the 
variation of surface temperature of TIMs. As the ceramic 

Fig. 6  a Infrared thermal photographs of surface temperature of commercial thermal pad, FCS/PDMS and FCS/PDMS-P after heating 120 s. b 
Transient temperature distribution of commercial thermal pad, FCS/PDMS and FCS/PDMS-P calculated by finite element analysis. c Schemat-
ics of the tuned heat transfer paths for efficient heat dissipation
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heater was fixed at one end of TIMs, the temperature of 
the other end will gradually increase with heating time. 
After heating 120 s, the surface temperature of FCS/PDMS 
increased obviously and the temperature difference between 
the heater and the other end was 13.6 °C. While the tempera-
ture at the other end of commercial thermal pad and FCS/
PDMS-P were comparable to the ambient temperature, with 
the temperature differences of 22.5 and 24.7 °C, respectively 
(Fig. 6a). In addition, as shown in Figs. 6b and S12, finite 
element analysis was used to simulate the process, and the 
tendency of temperature change in the simulation results was 
consistent with the actual measurement. Thus, through the 
combination of fibers with vertical orientation and horizon-
tal orientation, FCS/PDMS can transfer the heat effectively 
to the copper plate placed in the same plane as the ceramic 
heater along the customized transfer paths (Fig. 6c). The 
customized heat transfer path could also mitigate the thermal 
interference between heat sources to a certain extent, allow-
ing different heat sources to share the same TIM, providing 
versatility for the design of thermal management systems.

4  Conclusions

In summary, toward fully utilizing the excellent axial ther-
mal conductivity of CF for efficient heat dissipation, we 
tailored a highly ordered CF scaffold in PDMS matrix with 
varied alignment direction. By regulating the magnetic 
direction and initial stacking density, three CF scaffolds with 
HCS, DCS and VCS fibers were developed via magnetic 
field-assisted Tetris-style stacking and carbonization pro-
cess. As a result, the resultant HCS-7/PDMS and VCS-7/
PDMS exhibited a high thermal conductivity of 42.18 and 
45.01 W  m−1  K−1 in fiber alignment direction, respectively, 
dramatically enhancing the thermal conductivity of PDMS 
by about 209 and 224 times. In addition, due to the verti-
cally aligned CF forming effective phonon transport pathway 
in the through-plane direction, the VCS-7/PDMS as a TIM 
for cooling the ceramic heater showed the most significant 
reduction in temperature compared to that of other samples. 
Furthermore, combining CF with different alignment direc-
tion could realize the regulation of the heat transfer paths, 
since the thermal conductivity of prepared CF scaffolds with 
oriented structure revealed high anisotropy ratio. Fishbone-
shaped CF scaffold was successfully prepared by multiple 
stacking and carbonization process, and the obtained FCS/

PDMS can effectively direct heat along customized paths, 
which demonstrated more excellent cooling effect compared 
to commercial thermal pad in special scenarios. This work 
provides insights into the construction of CF-based ther-
mally conductive composites, and the proposed strategy is 
relatively more flexible and cost-effective compared to the 
technique ever reported. The tailored CF scaffolds with var-
ied alignment direction could customize the heat transfer 
paths, which diversifies the design of thermal management 
system.

Acknowledgements The authors are grateful for the financial sup-
port by Sichuan Science and Technology Program (2022YFH0090) 
and the Fundamental Research Funds for the Central Universities.

Funding Open access funding provided by Shanghai Jiao Tong 
University.

Conflict of interest The authors declare that they have no known 
competing financial interests or personal relationships that couldhave 
appeared to influence the work reported in this paper.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Supplementary Information The online version contains 
supplementary material available at https:// doi. org/ 10. 1007/ 
s40820- 023- 01119-0.

References

 1. A.L. Moore, L. Shi, Emerging challenges and materials for 
thermal management of electronics. Mater. Today 17(4), 163–
174 (2014). https:// doi. org/ 10. 1016/j. mattod. 2014. 04. 003

 2. K.M. Razeeb, E. Dalton, G.L.W. Cross, A.J. Robinson, Present 
and future thermal interface materials for electronic devices. 
Int. Mater. Rev. 63(1), 1–21 (2017). https:// doi. org/ 10. 1080/ 
09506 608. 2017. 12966 05

 3. J. Hansson, T.M.J. Nilsson, L. Ye, J. Liu, Novel nanostruc-
tured thermal interface materials: A review. Int. Mater. Rev. 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-023-01119-0
https://doi.org/10.1007/s40820-023-01119-0
https://doi.org/10.1016/j.mattod.2014.04.003
https://doi.org/10.1080/09506608.2017.1296605
https://doi.org/10.1080/09506608.2017.1296605


Nano-Micro Lett.          (2023) 15:146  Page 13 of 15   146 

1 3

63(1), 22–45 (2017). https:// doi. org/ 10. 1080/ 09506 608. 
2017. 13010 14

 4. H.Y. Chen, V.V. Ginzburg, J. Yang, Y.F. Yang, W. Liu et al., 
Thermal conductivity of polymer-based composites: Fun-
damentals and applications. Prog. Polym. Sci. 59, 41–85 
(2016). https:// doi. org/ 10. 1016/j. progp olyms ci. 2016. 03. 001

 5. S. Yu, X. Shen, J.K. Kim, Beyond homogeneous dispersion: 
Oriented conductive fillers for high kappa nanocomposites. 
Mater. Horiz. 8(11), 3009–3042 (2021). https:// doi. org/ 10. 
1039/ d1mh0 0907a

 6. Q.W. Yan, F.E. Alam, J.Y. Gao, W. Dai, X. Tan et al., Soft 
and self-adhesive thermal interface materials based on ver-
tically aligned, covalently bonded graphene nanowalls for 
efficient microelectronic cooling. Adv. Funct. Mater. 31(36), 
2104062 (2021). https:// doi. org/ 10. 1002/ adfm. 20210 4062

 7. W. Dai, L. Lv, T. Ma, X. Wang, J. Ying et al., Multiscale 
structural modulation of anisotropic graphene framework 
for polymer composites achieving highly efficient thermal 
energy management. Adv. Sci. 8(7), 2003734 (2021). https:// 
doi. org/ 10. 1002/ advs. 20200 3734

 8. J.F. Ying, X. Tan, L. Lv, X.Z. Wang, J.Y. Gao et al., Tailor-
ing highly ordered graphene framework in epoxy for high-
performance polymer-based heat dissipation plates. ACS Nano 
15(8), 12922–12934 (2021). https:// doi. org/ 10. 1021/ acsna no. 
1c013 32

 9. M.C. Vu, W.K. Choi, S.G. Lee, P.J. Park, D.H. Kim et al., High 
thermal conductivity enhancement of polymer composites 
with vertically aligned silicon carbide sheet scaffolds. ACS 
Appl. Mater. Interfaces 12(20), 23388–23398 (2020). https:// 
doi. org/ 10. 1021/ acsami. 0c024 21

 10. Y. Han, K. Ruan, J. Gu, Multifunctional thermally conductive 
composite films based on fungal tree-like heterostructured sil-
ver nanowires@boron nitride nanosheets and aramid nanofib-
ers. Angew. Chem. Int. Ed. 62(5), e202216093 (2023). https:// 
doi. org/ 10. 1002/ anie. 20221 6093

 11. Y. Zhang, C. Lei, K. Wu, Q. Fu, Fully organic bulk polymer 
with metallic thermal conductivity and tunable thermal path-
ways. Adv. Sci. 8(14), e2004821 (2021). https:// doi. org/ 10. 
1002/ advs. 20200 4821

 12. H. He, W. Peng, J. Liu, X.Y. Chan, S. Liu et al., Microstruc-
tured bn composites with internally designed high thermal 
conductivity paths for 3d electronic packaging. Adv. Mater. 
34(38), e2205120 (2022). https:// doi. org/ 10. 1002/ adma. 20220 
5120

 13. H. Yu, Y. Feng, C. Chen, Z. Zhang, Y. Cai et al., Thermally 
conductive, self-healing, and elastic polyimide@vertically 
aligned carbon nanotubes composite as smart thermal inter-
face material. Carbon 179, 348–357 (2021). https:// doi. org/ 10. 
1016/j. carbon. 2021. 04. 055

 14. Z.G. Wang, Y.L. Yang, Z.L. Zheng, R.T. Lan, K. Dai et al., 
Achieving excellent thermally conductive and electromagnetic 
shielding performance by nondestructive functionalization and 
oriented arrangement of carbon nanotubes in composite films. 
Compos. Sci. Technol. 194, 108190 (2020). https:// doi. org/ 10. 
1016/j. comps citech. 2020. 108190

 15. T. Kim, S. Kim, E. Kim, T. Kim, J. Cho et al., High-tempera-
ture skin softening materials overcoming the trade-off between 
thermal conductivity and thermal contact resistance. Small 
17(38), e2102128 (2021). https:// doi. org/ 10. 1002/ smll. 20210 
2128

 16. Y. Zhang, S. Yang, Q. Zhang, Z. Ma, Y. Guo et al., Construct-
ing interconnected asymmetric conductive network in tpu 
fibrous film: Achieving low-reflection electromagnetic inter-
ference shielding and surperior thermal conductivity. Carbon 
206, 37–44 (2023). https:// doi. org/ 10. 1016/j. carbon. 2023. 01. 
043

 17. J. Chen, J.M. Zhu, Q.Z. Li, H. Wu, S.Y. Guo et al., Construct-
ing 3d interconnected cnts network in pa6 composites with 
well-dispersed uhmwpe for excellent tribological and heat 
dissipation properties. Compos. B: Eng. 246, 110252 (2022). 
https:// doi. org/ 10. 1016/j. compo sitesb. 2022. 110252

 18. X. Zhang, J. Zhang, L. Xia, C. Li, J. Wang et al., Simple and 
consecutive melt extrusion method to fabricate thermally con-
ductive composites with highly oriented boron nitrides. ACS 
Appl. Mater. Interfaces 9(27), 22977–22984 (2017). https:// 
doi. org/ 10. 1021/ acsami. 7b058 66

 19. X.M. Zhang, J.J. Zhang, C.H. Li, J.F. Wang, L.C. Xia 
et al., Endowing the high efficiency thermally conductive 
and electrically insulating composites with excellent anti-
static property through selectively multilayered distribution 
of diverse functional fillers. Chem. Eng. J. 328, 609–618 
(2017). https:// doi. org/ 10. 1016/j. cej. 2017. 07. 087

 20. F. Zhang, D.H. Ren, Y.H. Zhang, L.Q. Huang, Y.X. Sun 
et  al., Production of highly-oriented graphite monoliths 
with high thermal conductivity. Chem. Eng. J. 431, 134102 
(2022). https:// doi. org/ 10. 1016/j. cej. 2021. 134102

 21. Y.H. Zhang, W. Wang, F. Zhang, L.Q. Huang, K. Dai et al., 
Micro-diamond assisted bidirectional tuning of thermal 
conductivity in multifunctional graphene nanoplatelets/
nanofibrillated cellulose films. Carbon 189, 265–275 (2022). 
https:// doi. org/ 10. 1016/j. carbon. 2021. 12. 067

 22. H. Yu, C. Chen, J. Sun, H. Zhang, Y. Feng et al., Highly 
thermally conductive polymer/graphene composites with 
rapid room-temperature self-healing capacity. Nano-
Micro Lett. 14(1), 135 (2022). https:// doi. org/ 10. 1007/ 
s40820- 022- 00882-w

 23. Y. Chen, X. Hou, M. Liao, W. Dai, Z. Wang et al., Con-
structing a “pea-pod-like” alumina-graphene binary archi-
tecture for enhancing thermal conductivity of epoxy com-
posite. Chem. Eng. J. 381, 122690 (2020). https:// doi. org/ 
10. 1016/j. cej. 2019. 122690

 24. P. Liu, X. Li, P. Min, X. Chang, C. Shu et al., 3D lamellar-
structured graphene aerogels for thermal interface compos-
ites with high through-plane thermal conductivity and frac-
ture toughness. Nano-Micro Lett. 13(1), 22 (2020). https:// 
doi. org/ 10. 1007/ s40820- 020- 00548-5

 25. T.X. Ji, Y.Y. Feng, M.M. Qin, S.W. Li, F. Zhang et  al., 
Thermal conductive and flexible silastic composite based 
on a hierarchical framework of aligned carbon fibers-carbon 
nanotubes. Carbon 131, 149–159 (2018). https:// doi. org/ 10. 
1016/j. carbon. 2018. 02. 002

https://doi.org/10.1080/09506608.2017.1301014
https://doi.org/10.1080/09506608.2017.1301014
https://doi.org/10.1016/j.progpolymsci.2016.03.001
https://doi.org/10.1039/d1mh00907a
https://doi.org/10.1039/d1mh00907a
https://doi.org/10.1002/adfm.202104062
https://doi.org/10.1002/advs.202003734
https://doi.org/10.1002/advs.202003734
https://doi.org/10.1021/acsnano.1c01332
https://doi.org/10.1021/acsnano.1c01332
https://doi.org/10.1021/acsami.0c02421
https://doi.org/10.1021/acsami.0c02421
https://doi.org/10.1002/anie.202216093
https://doi.org/10.1002/anie.202216093
https://doi.org/10.1002/advs.202004821
https://doi.org/10.1002/advs.202004821
https://doi.org/10.1002/adma.202205120
https://doi.org/10.1002/adma.202205120
https://doi.org/10.1016/j.carbon.2021.04.055
https://doi.org/10.1016/j.carbon.2021.04.055
https://doi.org/10.1016/j.compscitech.2020.108190
https://doi.org/10.1016/j.compscitech.2020.108190
https://doi.org/10.1002/smll.202102128
https://doi.org/10.1002/smll.202102128
https://doi.org/10.1016/j.carbon.2023.01.043
https://doi.org/10.1016/j.carbon.2023.01.043
https://doi.org/10.1016/j.compositesb.2022.110252
https://doi.org/10.1021/acsami.7b05866
https://doi.org/10.1021/acsami.7b05866
https://doi.org/10.1016/j.cej.2017.07.087
https://doi.org/10.1016/j.cej.2021.134102
https://doi.org/10.1016/j.carbon.2021.12.067
https://doi.org/10.1007/s40820-022-00882-w
https://doi.org/10.1007/s40820-022-00882-w
https://doi.org/10.1016/j.cej.2019.122690
https://doi.org/10.1016/j.cej.2019.122690
https://doi.org/10.1007/s40820-020-00548-5
https://doi.org/10.1007/s40820-020-00548-5
https://doi.org/10.1016/j.carbon.2018.02.002
https://doi.org/10.1016/j.carbon.2018.02.002


 Nano-Micro Lett.          (2023) 15:146   146  Page 14 of 15

https://doi.org/10.1007/s40820-023-01119-0© The authors

 26. Z.F. Yu, S. Wei, J.D. Guo, Fabrication of aligned carbon-
fiber/polymer tims using electrostatic flocking method. J. 
Mater. Sci. -Mater. El. 30(11), 10233–10243 (2019). https:// 
doi. org/ 10. 1007/ s10854- 019- 01360-7

 27. K. Uetani, S. Ata, S. Tomonoh, T. Yamada, M. Yumura 
et al., Elastomeric thermal interface materials with high 
through-plane thermal conductivity from carbon fiber fill-
ers vertically aligned by electrostatic flocking. Adv. Mater. 
26(33), 5857–5862 (2014). https:// doi. org/ 10. 1002/ adma. 
20140 1736

 28. D.L. Ding, R.Y. Huang, X. Wang, S.Y. Zhang, Y. Wu et al., 
Thermally conductive silicone rubber composites with verti-
cally oriented carbon fibers: A new perspective on the heat 
conduction mechanism. Chem. Eng. J. 441, 136104 (2022). 
https:// doi. org/ 10. 1016/j. cej. 2022. 136104

 29. X. Zhang, S. Zhou, B. Xie, W. Lan, Y. Fan et al., Thermal 
interface materials with sufficiently vertically aligned and 
interconnected nickel-coated carbon fibers under high fill-
ing loads made via preset-magnetic-field method. Compos. 
Sci. Technol. 213, 108922 (2021). https:// doi. org/ 10. 1016/j. 
comps citech. 2021. 108922

 30. X.L. Hu, M. Huang, N.Z. Kong, F. Han, R.X. Tan et al., 
Enhancing the electrical insulation of highly thermally 
conductive carbon fiber powders by sic ceramic coating for 
efficient thermal interface materials. Compos. B: Eng. 227, 
109398 (2021). https:// doi. org/ 10. 1016/j. compo sitesb. 2021. 
109398

 31. Q. Wu, W.J. Li, C. Liu, Y.W. Xu, G.G. Li et al., Carbon fiber 
reinforced elastomeric thermal interface materials for space-
craft. Carbon 187, 432–438 (2022). https:// doi. org/ 10. 1016/j. 
carbon. 2021. 11. 039

 32. G. Zhang, S. Xue, F. Chen, Q. Fu, An efficient thermal inter-
face material with anisotropy orientation and high through-
plane thermal conductivity. Compos. Sci. Technol. 231, 
109784 (2023). https:// doi. org/ 10. 1016/j. comps citech. 2022. 
109784

 33. M.H. Li, Z. Ali, X.Z. Wei, L.H. Li, G.C. Song et al., Stress 
induced carbon fiber orientation for enhanced thermal con-
ductivity of epoxy composites. Compos. B. Eng. 208, 108599 
(2021). https:// doi. org/ 10. 1016/j. compo sitesb. 2020. 108599

 34. X.F. Zhang, B. Xie, S.L. Zhou, X. Yang, Y.W. Fan et al., Radi-
ally oriented functional thermal materials prepared by flow 
field-driven self-assembly strategy. Nano Energy 104, 107986 
(2022). https:// doi. org/ 10. 1016/j. nanoen. 2022. 107986

 35. J. Li, Z. Ye, P. Mo, Y. Pang, E. Gao et al., Compliance-tunable 
thermal interface materials based on vertically oriented car-
bon fiber arrays for high-performance thermal management. 
Compos. Sci. Technol. 234, 109948 (2023). https:// doi. org/ 10. 
1016/j. comps citech. 2023. 109948

 36. Z. Zhang, J. Wang, J. Shang, Y. Xu, Y.J. Wan et al., A through‐
thickness arrayed carbon fibers elastomer with horizontal seg-
regated magnetic network for highly efficient thermal man-
agement and electromagnetic wave absorption. Small 19(4), 
e2205716 (2022). https:// doi. org/ 10. 1002/ smll. 20220 5716

 37. X. Hou, Y.P. Chen, W. Dai, Z.W. Wang, H. Li et al., Highly 
thermal conductive polymer composites via constructing 

micro-phragmites communis structured carbon fibers. Chem. 
Eng. J. 375, 121921 (2019). https:// doi. org/ 10. 1016/j. cej. 2019. 
121921

 38. J.K. Ma, T.Y. Shang, L.L. Ren, Y.M. Yao, T. Zhang et al., 
Through-plane assembly of carbon fibers into 3d skeleton 
achieving enhanced thermal conductivity of a thermal inter-
face material. Chem. Eng. J. 380, 122550 (2020). https:// doi. 
org/ 10. 1016/j. cej. 2019. 122550

 39. M. Li, L. Li, Y. Qin, X. Wei, X. Kong et al., Crystallization 
induced realignment of carbon fibers in a phase change mate-
rial to achieve exceptional thermal transportation properties. 
J. Mater. Chem. A 10(2), 593–601 (2022). https:// doi. org/ 10. 
1039/ d1ta0 9056a

 40. B. Wu, J.J. Li, X. Li, G. Qian, P. Chen et al., Gravity driven 
ice-templated oriental arrangement of functional carbon fibers 
for high in-plane thermal conductivity. Compos. Part A Appl. 
Sci. Manuf. 150, 106623 (2021). https:// doi. org/ 10. 1016/j. 
compo sitesa. 2021. 106623

 41. R.Y. Huang, D.L. Ding, X.X. Guo, C.J. Liu, X.H. Li et al., 
Improving through-plane thermal conductivity of pdms-based 
composites using highly oriented carbon fibers bridged by 
al2o3 particles. Compos. Sci. Technol. 230, 109717 (2022). 
https:// doi. org/ 10. 1016/j. comps citech. 2022. 109717

 42. M. Yamato, T. Kimura, Magnetic processing of diamagnetic 
materials. Polymers 12(7), 1491 (2020). https:// doi. org/ 10. 
3390/ polym 12071 491

 43. M.J. Matthews, M.S. Dresselhaus, G. Dresselhaus, M. Endo, 
Y. Nishimura et al., Magnetic alignment of mesophase pitch-
based carbon fibers. Appl. Phys. Lett. 69(3), 430–432 (1996). 
https:// doi. org/ 10. 1063/1. 118084

 44. M. Yamato, H. Aoki, T. Kimura, I. Yamamoto, F. Ishikawa 
et al., Determination of anisotropic diamagnetic susceptibility 
of polymeric fibers suspended in liquid. Jpn. J. Appl. Phys. 
40(4a), 2237–2240 (2001). https:// doi. org/ 10. 1143/ Jjap. 40. 
2237

 45. T. Kimura, M. Yamato, W. Koshimizu, M. Koike, T. Kawai, 
Magnetic orientation of polymer fibers in suspension. Lang-
muir 16(2), 858–861 (2000). https:// doi. org/ 10. 1021/ la990 
761j

 46. H. Wu, D. Huang, C. Ye, T. Ouyang, S.P. Zhu et al., Engineer-
ing microstructure toward split-free mesophase pitch-based 
carbon fibers. J. Mater. Sci. 57(4), 2411–2423 (2022). https:// 
doi. org/ 10. 1007/ s10853- 021- 06770-9

 47. M. Tanimoto, T. Yamagata, K. Miyata, S. Ando, Anisotropic 
thermal diffusivity of hexagonal boron nitride-filled polyimide 
films: Effects of filler particle size, aggregation, orientation, 
and polymer chain rigidity. ACS Appl. Mater. Interfaces 5(10), 
4374–4382 (2013). https:// doi. org/ 10. 1021/ am400 615z

 48. Q. Wu, J. Miao, W. Li, Q. Yang, Y. Huang et al., High-per-
formance thermal interface materials with magnetic aligned 
carbon fibers. Materials 15(3), 735 (2022). https:// doi. org/ 10. 
3390/ ma150 30735

 49. Z. Jiang, T. Ouyang, L. Ding, W. Li, W.W. Li et al., 3D self-
bonded porous graphite fiber monolith for phase change mate-
rial composite with high thermal conductivity. Chem. Eng. J. 
438, 135496 (2022). https:// doi. org/ 10. 1016/j. cej. 2022. 135496

https://doi.org/10.1007/s10854-019-01360-7
https://doi.org/10.1007/s10854-019-01360-7
https://doi.org/10.1002/adma.201401736
https://doi.org/10.1002/adma.201401736
https://doi.org/10.1016/j.cej.2022.136104
https://doi.org/10.1016/j.compscitech.2021.108922
https://doi.org/10.1016/j.compscitech.2021.108922
https://doi.org/10.1016/j.compositesb.2021.109398
https://doi.org/10.1016/j.compositesb.2021.109398
https://doi.org/10.1016/j.carbon.2021.11.039
https://doi.org/10.1016/j.carbon.2021.11.039
https://doi.org/10.1016/j.compscitech.2022.109784
https://doi.org/10.1016/j.compscitech.2022.109784
https://doi.org/10.1016/j.compositesb.2020.108599
https://doi.org/10.1016/j.nanoen.2022.107986
https://doi.org/10.1016/j.compscitech.2023.109948
https://doi.org/10.1016/j.compscitech.2023.109948
https://doi.org/10.1002/smll.202205716
https://doi.org/10.1016/j.cej.2019.121921
https://doi.org/10.1016/j.cej.2019.121921
https://doi.org/10.1016/j.cej.2019.122550
https://doi.org/10.1016/j.cej.2019.122550
https://doi.org/10.1039/d1ta09056a
https://doi.org/10.1039/d1ta09056a
https://doi.org/10.1016/j.compositesa.2021.106623
https://doi.org/10.1016/j.compositesa.2021.106623
https://doi.org/10.1016/j.compscitech.2022.109717
https://doi.org/10.3390/polym12071491
https://doi.org/10.3390/polym12071491
https://doi.org/10.1063/1.118084
https://doi.org/10.1143/Jjap.40.2237
https://doi.org/10.1143/Jjap.40.2237
https://doi.org/10.1021/la990761j
https://doi.org/10.1021/la990761j
https://doi.org/10.1007/s10853-021-06770-9
https://doi.org/10.1007/s10853-021-06770-9
https://doi.org/10.1021/am400615z
https://doi.org/10.3390/ma15030735
https://doi.org/10.3390/ma15030735
https://doi.org/10.1016/j.cej.2022.135496


Nano-Micro Lett.          (2023) 15:146  Page 15 of 15   146 

1 3

 50. J.X. Zeng, Z.Q. Chen, M.X. Li, Y.X. Guo, J. Xu et al., Carbon 
aerogel with high thermal conductivity enabled by shrinkage 
control. Chem. Mater. 34(20), 9172–9181 (2022). https:// doi. 
org/ 10. 1021/ acs. chemm ater. 2c021 33

 51. M. Li, J. Liu, S. Pan, J. Zhang, Y. Liu et al., Highly oriented 
graphite aerogel fabricated by confined liquid-phase expansion 
for anisotropically thermally conductive epoxy composites. 
ACS Appl. Mater. Interfaces 12(24), 27476–27484 (2020). 
https:// doi. org/ 10. 1021/ acsami. 0c021 51

 52. X.N. Zhou, S.S. Xu, Z.Y. Wang, L.C. Hao, Z.Q. Shi et al., 
Wood-derived, vertically aligned, and densely interconnected 
3d sic frameworks for anisotropically highly thermoconductive 
polymer composites. Adv. Sci. 9(7), e2103592 (2022). https:// 
doi. org/ 10. 1002/ advs. 20210 3592

 53. Y. Cui, Z. Qin, H. Wu, M. Li, Y. Hu, Flexible thermal interface 
based on self-assembled boron arsenide for high-performance 
thermal management. Nat. Commun. 12(1), 1284 (2021). 
https:// doi. org/ 10. 1038/ s41467- 021- 21531-7

 54. C. Guo, L. He, Y. Yao, W. Lin, Y. Zhang et  al., Bifunc-
tional liquid metals allow electrical insulating phase change 

materials to dual-mode thermal manage the li-ion batteries. 
Nano-Micro Lett. 14(1), 202 (2022). https:// doi. org/ 10. 1007/ 
s40820- 022- 00947-w

 55. X.W. Xu, R.C. Hu, M.Y. Chen, J.F. Dong, B. Xiao et al., 
3D boron nitride foam filled epoxy composites with signifi-
cantly enhanced thermal conductivity by a facial and scalable 
approach. Chem. Eng. J. 397, 125447 (2020). https:// doi. org/ 
10. 1016/j. cej. 2020. 125447

 56. Z.L. Wei, W.Q. Xie, B.Z. Ge, Z.J. Zhang, W.L. Yang et al., 
Enhanced thermal conductivity of epoxy composites by 
constructing aluminum nitride honeycomb reinforcements. 
Compos. Sci. Technol. 199, 108304 (2020). https:// doi. org/ 
10. 1016/j. comps citech. 2020. 108304

 57. Y. Yao, Z. Ye, F. Huang, X. Zeng, T. Zhang et al., Achiev-
ing significant thermal conductivity enhancement via an ice-
templated and sintered bn-sic skeleton. ACS Appl. Mater. 
Interfaces 12(2), 2892–2902 (2020). https:// doi. org/ 10. 1021/ 
acsami. 9b192 80

https://doi.org/10.1021/acs.chemmater.2c02133
https://doi.org/10.1021/acs.chemmater.2c02133
https://doi.org/10.1021/acsami.0c02151
https://doi.org/10.1002/advs.202103592
https://doi.org/10.1002/advs.202103592
https://doi.org/10.1038/s41467-021-21531-7
https://doi.org/10.1007/s40820-022-00947-w
https://doi.org/10.1007/s40820-022-00947-w
https://doi.org/10.1016/j.cej.2020.125447
https://doi.org/10.1016/j.cej.2020.125447
https://doi.org/10.1016/j.compscitech.2020.108304
https://doi.org/10.1016/j.compscitech.2020.108304
https://doi.org/10.1021/acsami.9b19280
https://doi.org/10.1021/acsami.9b19280

	Tetris-Style Stacking Process to Tailor the Orientation of Carbon Fiber Scaffolds for Efficient Heat Dissipation
	Highlights
	Abstract 
	1 Introduction
	2 Experiment
	2.1 Materials
	2.2 Preparation of CF Scaffolds
	2.3 Preparation of CF ScaffoldsPDMS Composites
	2.4 Characterization

	3 Results and Discussion
	3.1 Preparation and Structural Characterization of CF Scaffolds
	3.2 Thermal Conductivity of CF ScaffoldsPDMS Composites
	3.3 Thermal Management Performance of CF ScaffoldsPDMS Composites

	4 Conclusions
	Acknowledgements 
	Anchor 16
	References


