
Selection of our books indexed in the Book Citation Index 

in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 

For more information visit www.intechopen.com

Open access books available

Countries delivered to Contributors from top 500 universities

International  authors and editors

Our authors are among the

most cited scientists

Downloads

We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

12.2%

185,000 200M

TOP 1%154

6,900



1

Chapter

Polyimide-Derived Graphite Films 
with High Thermal Conductivity
Guanming Yuan and Zhengwei Cui

Abstract

Nowadays, polyimide-derived graphite films with high thermal conductivity 
have been increasingly applied in many cutting-edge fields needing thermal man-
agement, such as highly integrated microelectronics and wireless communication 
technologies. This chapter first introduces a variety of functional graphite films 
with high thermal conductivity of 500–2000 W/m K in the planar direction, then 
provides the preparation technology (including lab-scale preparation and industrial 
production) and quality control strategy of high-thermal-conductivity graphite 
films, which are derived from a special polymer- polyimide (PI) by carbonization 
and graphitization treatments through a suitable molding press in a vacuum fur-
nace. The morphology, microstructure and physical properties as well as the micro-
structural evolution and transformation mechanism of PI films during the whole 
process of high-temperature treatment are comprehensively introduced. The nature 
of PI precursor (e.g., the molecular structure and planar molecular orientation) and 
preparation technics (e.g., heat-treatment temperature and molding pressure) are 
critical factors influencing their final physical properties. Currently challenged by 
the emerging of graphene-based graphite films, the latest developments and future 
prospects of various PI-derived carbons and composites (beyond films) with high 
thermal conductivity have been summarized at the end. This chapter may shed light 
on a promising and versatile utilization of PI-derived functional carbon materials 
for advanced thermal management.

Keywords: polyimide, graphite film, preparation, structure, property, high thermal 
conductivity, thermal management

1. Introduction

Highly oriented graphite film has excellent electrical and thermal conductivity 
properties, and is an ideal material indispensable for the development of mod-
ern science and technology. It has a very broad application prospect in thermal 
management field such as modern microelectronic packaging-integration and 5 G 
wireless communication technologies. In the early 1960s, scientists had used high-
temperature pyrolysis deposition technology to prepare highly oriented pyrolytic 
graphite (HOPG), however, the material needs to be prepared at high temperature 
(up to 3400-3600°C) and high pressure (10 MPa), the production cycle is long and 
the production cost is high. Thus, the wide application of such material is subject 
to certain restrictions [1]. Subsequently, Japanese scientists had initially discovered 
that polyimide (PI) film with a golden appearance as shown in Figure 1a did not 
melt during the carbonization process and maintained the original film shape, 
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after high-temperature (2800-3200°C) graphitization treatment, a highly oriented 
graphite film with a structure close to single crystal graphite can be obtained [3, 4]. 
Nowadays, PI developed as a thermoresistant polymer has been widely used in 
different fields, for instance, aromatic PI is often employed as an excellent carbo-
naceous precursor to prepare various carbon materials with different morphologies 
(e.g., fiber, film, foam and block) [2]. This is because aromatic PI has many advan-
tages such as wide range of well-defined molecular structure as shown in Figure 1b, 
relatively high crystallinity and carbon yield.

Recently, PI-derived graphite films with high thermal conductivity in the 
planar direction ranging in 500–1900 W/m K have been successfully produced 
and practically applied in heat dissipation of many microelectronic devices as 
shown in Figure 2a. This is attributed to the extensive research on the composition, 
structure and properties of PI polymer film and related high-temperature heat 
treatment process have been conducted to improve the thermal conductivity of 
resultant graphite films and reduce the production cost [2–13]. It is well-known that 
the thermal conductivity of graphite films is greatly affected by many factors (the 
quality of PI film precursor, film thickness and heat treatment temperature, etc.). 
In addition, the microstructural evolution and transformation mechanism [4, 6, 12] 
of PI polymer during high-temperature heat treatment, the capability of forming 
an ordered graphite structure and the relevant control strategy need to be further 
understood. This will make the application of graphite films for thermal manage-
ment move forward [2, 4, 11].

2. Diverse graphite films with high thermal conductivity

Generally, high-thermal-conductivity graphite films can be divided into two 
main types (natural graphite-derived and artificial synthetic films) and several 

Figure 1. 
(a) Optical appearance and (b) a molecular repeating unit of Kapton PI film [2].

Figure 2. 
(a) Wide heat-dissipation application of PI-derived graphite films in advanced microelectronics and  
(b) a variety of graphite films classified by different precursors.
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subdivided categories as shown in Figure 2b according to different raw materials: 
oriented pyrolytic graphite sheet, flexible graphite sheet, graphene-based graphite 
film, PI-derived graphite film and other carbonaceous precursor derivative.

HOPG sheet refers to polycrystalline graphite film with a high bulk density of 
~2.20 g/cm3 and highly oriented graphene layers stacking along the c-axis direction, 
similar to single crystal graphite as shown in Figure 3 [14]. Its room-temperature 
thermal conductivity along the a-axis direction of the graphite sheet reaches up 
to 1600–2000 W/m K [15]. Recently, through a facile and feasible chemical vapor 
deposition on transition metal substrates, the prepared graphite films possess a high 
thermal conductivity of 600–1570 W/m K [16, 17].

Flexible graphite sheet is prepared by using natural flake graphite as raw mate-
rial through several procedures as follows. Firstly, strong acidification treatment for 
chemical intercalation, then washing, drying and high-temperature expansion to 
obtain high-expanded graphite worms, and finally calendering and pressing treat-
ment processes. The thermal conductivity of flexible graphite sheet can be adjusted 
in the range of 200–600 W/m K according to the bulk density and sheet thickness 
[18, 19]. Because this material does not require high-temperature graphitization and 
the preparation process is simple, the production cost is relatively low, and it can be 
used not only as a high-temperature sealing material, but also as a heat dissipation 
pad for the interface between electronic devices and heat sinks. In addition, the 
thin graphite sheet has a certain degree of flexibility and can be bent and rolled for 
storage as shown in Figure 4, which accelerates its low-cost industrial production. 
However, the mechanical properties of flexible graphite sheet decrease with the 
increase of thickness. So it is suitable for fields where material strength, toughness 
and flexural properties are not very high.

Figure 3. 
(a) Electron channeling pattern and (b) SEM image of HOPG [14].

Figure 4. 
Optical photographs of (a) flexible graphite sheet rolled for store in Nihon carbon and (b) GrafTech graphite 
sheet production line.
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PI graphite film with high crystallinity and preferred orientation is similar to 
HOPG as shown in Figure 5 and has a high thermal conductivity up to 1900 W/m K 
in the planar direction [2]. The thermal conductivity of the pyrolytic graphite 
sheets developed by Panasonic Industry is reported to be 700-1950 W/m K accord-
ing to their bulk densities (0.85–2.13 g/cm3) and sheet thicknesses (0.10–0.01 mm) 
[20]. Obviously, the thermal conductivity of graphite sheets is greatly affected by 
its bulk density, thickness and pyrolysis process. As a rule, the greater the thickness 
is, the lower the thermal conductivity is.

Recently, there has been numerous studies on making graphene or its precursor 
(e.g., graphene oxide and reduced graphene oxide) into graphite films as shown in 
Figure 6a [21–23]. This extensive research greatly improves the thermal conductiv-
ity of graphene-based films up to 2000 W/m K and promotes their various applica-
tions [23]. Although the production cost of large-area high-quality graphene films 
with high thermal conductivity is still high at this stage, the large-scale fabrication 
in science and industry is rising [21, 22].

3. Preparation technology of graphite films

3.1 Lab-scale preparation

At present, a batch-scale preparation method, i.e., multi-sheet carbonization 
by laminated molding in a small-sized vacuum induction furnace as shown in 
Figure 7a, is generally adopted to prepare sheet-like PI-derived graphite films 
with different sizes. However, this method shows obvious disadvantages such as 
relatively high production cost, low preparation efficiency, and particularly large 
energy consumption. Moreover, the size of the films is limited by the graphite 

Figure 6. 
(a) Optical photograph of large-scale preparation of graphene laminated films [21] and (b) the schematic of 
film fabrication process [22].

Figure 5. 
(a) Optical photograph and (b) microscopic image of PI-derived thermal pyrolytic graphite sheet (PGS) 
produced by Panasonic Industry [20].
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mold (which needs to repeatedly endure severe condition under high temperature 
and high pressure) and the size of the heat treatment furnace.

3.2 Industrial production

In general, the industrial production of PI-derived graphite films is carried out 
in multiple sets of large-sized vacuum induction furnace. The emerging advanced 
rolling-carbonization technology, i.e., directly performing carbonization-graphi-
tization treatment on the roll-shaped organic PI films, could obtain a roll-shaped 
graphite films with a large size as shown in Figure 7b by controlling the heat 
treatment process of tightly rolled films. This technology can significantly improve 
the production efficiency of graphite films, reduce the production cost and improve 
their mechanical properties.

3.3 New fabrication technology

With the rapid development of graphene and graphene-based materials 
throughout the world, some new methods, new processes and new technologies 
[21, 22, 24–27], such as molecular welding, molecular assembling, flow coating and 
centrifugal casting, as shown in Figures 6b and 8, have been increasingly developed 
to fabricate graphene-based graphite films with high thermal conductivity for 
thermal management application. This will surely provide some reference for the 
preparation strategy of PI-derived graphite films. It is possible to take advantage of 
continuous high-temperature carbonization technology as shown in Figure 8b to 
fabricate large-scale PI-derived graphite films at a low cost in the future.

Figure 7. 
Optical photographs of (a) a lab-scale vacuum induction furnace and (b) roll-shaped graphite film prepared 
from PI film.

Figure 8. 
Schematics of producing graphene-derived films by different methods (a) the continuous centrifugal casting 
[26] and (b) the pressurized roll-based production by Joule heating [27].
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4. Morphology, structure and properties of PI-derived graphite films

The uniform PI raw film (DuPont Kapton) with a golden color shrinks signifi-
cantly after 1000°C carbonization and 3000°C graphitization under proper pres-
sure in a vacuum furnace, and the shrinkage rate in the planar direction is about 
15% × 15%. The color of the film changes from yellow to black and gray as shown in 
Figure 9a–c, the carbonized and graphitized samples are brittle and flexible (can 
be bent at a certain angle >90o at many times), respectively. The molding-press and 
its pressing strength on the PI films have an important role on the final quality of 
resultant graphite films as shown in Figure 9d–f.

As shown in Figure 10, the surface of 1000°C-carbonized carbon films (with 
a thickness of 50 μm for the raw film) is smooth and the thickness is still uniform, 
the internals of carbon films exhibit an amorphous carbon structure. After 2000°C 
graphitization, a local chaotic layered structure can be observed in the cross-
section of the films [28]. When the graphitization temperature reaches 2400°C, the 
cross-section of the films presents a more uniformly oriented layered structure, 
and as the graphitization temperature further increases up to 3000°C, the layered 
structure becomes more flatted and ordered, and the graphite-like crystal structure 
is nearly perfect.

The thickness and the nature of the PI films have a significant impact on the 
capability of forming a graphite-like crystal structure. As shown in Figure 11a–c, 
the PI film with a thickness of 50 μm completely forms a graphite-like layered 
structure with high crystallinity, and the degree of preferred orientation of the 
graphene layers is high. The PI films with thicknesses of 75 and 100 μm display a 
partial graphite-like layered structure and nearly amorphous structure with low 
crystallinity and poor crystalline orientation, respectively. Some small holes appear 
on the cross-section of graphite film, which may be related to the removal of non-
carbon elements during the high-temperature graphitization process. Moreover, the 
nature of PI films (e.g., the variety of polymer constituent and molecular structure 

Figure 9. 
Optical photographs of (a) PI raw film, its (b, d and e) 1000°C-carbonized and (c and f) 
3000°C-graphitizatized samples made by various molding-press treatments ((b and c) suitable pressure; (d) no 
pressure; (e) insufficient pressure; and (f) excessive pressure).
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in various PI films produced by different manufacturers) is very critical to prepare 
highly oriented graphite films, which has been demonstrated in Figure 11d–f.

The PI laminated sample with a good graphite-like crystal structure as shown in 
Figure 12 could be prepared by a hot-press method at 2400°C under a certain pres-
sure. It has a uniformly layered structure in the cross-section, and the stacking of PI 
films is regular and orderly. The PI monolayer film inside the laminated sample still 
maintains its complete sheet-like structure, which is conducive to the high efficient 
conduction of heat in the two-dimensional direction of the plane. The PI-derived 
laminates can be used as a bulk thermally conductive material to further expand the 
application field of graphite films, but the controllable preparation of such large-
size and ultra-thick bulk materials (e.g., blocks) is still difficult [4].

It can be seen from the XRD patterns as shown in Figure 13a–c that the PI raw 
film has a certain degree of orientation owing to the arrangement of aromatic 
molecules. With the rise of heat treatment temperature, the intensity of diffraction 
peak of the (002) crystal plane of the PI sample continues to increase. Meanwhile, 
the microcrystallite accumulation height (Lc) and graphitization degree (g) 
listed in Table 1 increase step by step. After 3000°C graphitization, the interlayer 
spacing d002 (0.336 nm) is close to the theoretical value of single crystal graphite 
(0.3354 nm). The ratio of the two peaks (D and G) as shown in Figure 13d gradu-
ally decreases, especially the D peak of 2400°C-graphitized sample completely 
disappears, which indicates that a three-dimensional ordered graphite structure 
forms in the graphite film, the content of amorphous carbon and structural defects 

Figure 10. 
(a–c) PLM and (d–i) SEM images of the transversal section of PI films heat-treated at different temperatures 
((a, d and g) 1000; (b, e and h) 2400; and (c, f and i) 3000°C), (g–i) are high magnification images of (d–f), 
respectively, and the top right inset in i is the corresponding enlargement.
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is very low, and the graphite crystalline size is large [29]. It is worth noting that the 
microcrystalline size and g of graphite films are affected significantly by the nature 
(e.g., the extent of biaxial stretching on the original film) and thickness of PI films. 
The microcrystals in the thick graphite films grow and crystallize slowly, and their 
preferred orientation is relatively low. As a comparison, the graphite films made 
from other brand PI show an amorphous structure after graphitization at 3000°C, 
their microcrystals are small and disordered. The higher the heat-treatment tem-
perature is, the easier the structural transformation completes. Graphitization 
treatment results in the better growth and crystallization of graphite microcrystals 
and the preferable orientation of graphene layers in the graphite films.

Figure 14a shows the room-temperature electrical resistivities of the Kapton PI 
films after heat treatment at different temperatures. It can be seen that the electri-
cal resistivities of the PI films decrease significantly with the increase of the heat 
treatment temperature, indicating that the electrical conductivities increase rapidly. 
The PI film is a polymer insulating material and its volume electrical resistivity is as 
high as 1016 Ω cm. After 1000°C carbonization treatment, the electrical resistivity 

Figure 11. 
SEM images of the transversal section of 3000°C-graphitized films derived from Kapton PI films with different 
thicknesses of ((a) 50, (b) 75, (c) 100 μm) and other brand PI film with a thickness of 50 μm at different 
enlargements (d–f).

Figure 12. 
(a) PLM and (b and c) SEM images of the transversal section of PI film-stacked block made by a suitable 
molding-press treatment at 2400°C.
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reduces by 18 orders of magnitude, to about 54.6 μΩ m, because the PI film has 
undergone structural changes at this time, most of the heteroatoms are eliminated, 
and the carbon content increases significantly. At this stage, a local hexagonal-
like carbon layer structure forms in the interior of carbon film. The electrical 
resistivities of the graphitized samples at 2000 and 2800°C are 5.5 and 0.82 μΩ m, 
respectively. The decline is not very large due to the fact that the conductive path in 
PI film has been formed around 2000°C. Further graphitization is only to improve 
its three-dimensional ordered structure with highly preferred orientation as shown 
in Figure 10. The electrical resistivity of the 3000°C-graphitized PI film is as low as 
0.48 μΩ m, which is very close to the theoretical electrical resistivity of single crys-
tal graphite (0.4 μΩ m) in the planar direction [30]. With the rise of heat treatment 

Figure 13. 
(a–c) XRD patterns and (d) Raman spectra of various PI films ((a, b and d) Kapton; (c) other brand) heat-
treated at different temperatures.

Sample 2θ002/o d002/nm Lc/nm g/%

PI raw film 25.94 0.343 2.03 10

PI-1000°C-50 μm 24.37 0.365 3.06 —

PI-2000°C-50 μm 26.12 0.341 5.63 34

PI-2400°C-50 μm 26.44 0.338 39.83 70

PI-2800°C-50 μm 26.50 0.337 50.95 82

PI-3000°C-50 μm 26.56 0.336 65.94 93

PI-3000°C-100 μm 26.33 0.338 49.71 70

PI-3000°C-50 μma 26.22 0.340 12.42 47

PI-3000°C-225μma 26.01 0.342 5.63 23

Single crystal graphite 26.58 0.3354 >100 100

aOther brand PI film.

Table 1. 
Microcrystalline parameters of various PI films heat-treated at different temperatures.
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temperature, the g of PI films continues to increase as listed in Table 1, and its 
internal graphene layered structure with highly preferred orientation is conducive 
to the transmission of electrons [2, 4].

From the above discussion on the morphology and microstructure of the PI 
films heat-treated at different temperatures, a microstructural change model 
from PI polymer to ordered graphite at each stage is shown in Figure 14b [6]. The 
heat-treatment process can be roughly divided into four stages: the first stage (500-
1000°C), the second stage (1000-2000°C), the third stage (2000-2400°C) and the 
fourth stage (2400-3000°C). The whole process reflects that the internal structure 
of the PI film gradually changes from a disorderly amorphous structure to a highly 
crystalline graphite structure as the heat treatment temperature progresses [4].

According to the relevant empirical formulas [31], the thermal conductivity of 
3000°C-graphitized graphite films (with a thickness of ca. 25 μm) is calculated to 
be 1143 W/m K. Measured by a laser thermal conductivity meter (NETZSCH LFA 
457), its room-temperature thermal diffusion coefficient is ~700 mm2/s, and the 
corresponding thermal conductivity is measured to be 994 W/m K (the bulk den-
sity and specific heat are about 2.0 g/cm3 and 0.71 J/g K, respectively). This excel-
lent conduction performance is attributed to the highly ordered three-dimensional 
graphite structure of this film material.

5. Influencing factors on thermal conductivity of graphite films

It is well-known to all that the high-thermal-conductivity of carbon materials 
comes from the strong C—C covalent bonding between carbon atoms and the 
highly ordered graphite structure stacked by graphene layers and mainly results 
from the anharmonic vibration of the elastic lattice (i.e., the mutual interaction 
of phonons) to transfer heat [32]. Single crystal graphite has a hexagonal network 
layered structure and an anisotropic thermal conductivity, as shown in Figure 15a, 
its thermal conductivity along the a-axis direction (as high as 2000 W/m K) is much 
greater than that along the c-axis direction [33]. However, for carbon materials with 
a disordered graphite structure, the graphene layers with different sizes are stacked 
randomly, a lower thermal conductivity will yield unexpectedly. There are many 
critical factors governing the heat-dissipation performance of graphene-assembling 
carbon materials, such as microcrystalline size, crystalline orientation, structural 
defects (e.g., vacancies and substitution) and wrinkle deformation in graphene 
layers as shown in Figure 15b [34].

Figure 14. 
(a) Room-temperature electrical resistivities of PI films heat-treated at different temperatures in the planar 
direction and (b) micro-structural evolution and transformation mechanism model from PI polymer to ordered 
graphite film during high-temperature treatment reproduced from [6].
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Usually, organic carbonaceous compounds are used as raw materials to prepare 
carbon materials. Under low temperature at about 300-1000°C, the component 
containing H, O, N and other non-C elements in organic compounds is gradually 
decomposed, and C-containing aromatic molecules continue to cyclize and aroma-
tize, which forms C-rich material (i.e., carbon material), and finally through the 
graphitization process up to 3000°C, pure C material, i.e., graphite material can be 
obtained. Most of the chemical reactions during the carbonization of precursors are 
accompanied by the evolution of various gases—different hydrocarbons, carbon 
oxides, and H2 [35]. It is important to timely remove the pyrolytic gases from the 
stress-stacked PI films in the highly sealed furnace. The conversion from PI polymer 
film to graphite film is a typical process of solid phase carbonization. Its promi-
nent characteristic is the similarity in morphology (and shape) of raw material 
and final product without experiencing a fusion process, which is different from 
that of liquid phase carbonization [36]. Therefore, selecting proper carbonaceous 
precursors (e.g. Kapton PI film) and appropriate heat treatment process (e.g., high 
temperature graphitization under a suitable pressure and duly degassing treatment) 
to control the growth, accumulation and orientation of graphite microcrystals 
inside the carbon materials as shown in Figure 16a [37], are essential for obtaining 
graphite films with high thermal conductivity.

As a result, the thermal conductivity of graphite films mainly depends on the 
nature of the polymer films and their capability of forming an ordered graphite 
structure through high-temperature heat treatment as diagramed in Figure 16b. 
There are three mainly important conditions for obtaining graphite films with high 
thermal conductivity as follows [2, 4, 7, 28]. Firstly, high carbon content in the large 

Figure 15. 
(a) Crystal structure of perfect graphite with anisotropic thermal conductivity reproduced from [33] and  
(b) key factors determining heat dissipation of graphene-assembling film materials [34].

Figure 16. 
(a) Marsh-Griffiths model of carbonization-graphitization process on a carbonaceous precursor [37] and  
(b) a diagram of quality control strategy for high-thermal-conductivity graphite films.
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molecules and high carbon yield after carbonization treatment. Secondly, the quality 
of polymer films (e.g., the constituents and structure of aromatic molecules, high 
molecular planarity and suitable stiffness as well as molecular orientation degree 
through the role of biaxial stretching treatment, appropriate film thickness). Thirdly, 
heat treatment process control (e.g., heating treatment procedure, molding-press 
condition, non-carbon elements escape, and final graphitization temperature).

6.  Latest developments of PI-derived carbons with high thermal 
conductivity

6.1 Modification of PI precursor to improve the flexibility of graphite films

There is no denying that the PI-derived graphite films with high thermal 
conductivity after graphitization treatment have a certain degree of brittleness as 
shown in Figure 17a due to their high stiffness (modulus) and high crystallinity and 
crystalline orientation, which undoubtedly limits their wide applications. It is dif-
ficult to achieve high thermal conductivity and ideal mechanical properties for the 
graphite films (e.g., internally contradictory indices like high modulus (associating 
with thermal conductivity) and high flexibility are hardly satisfied simultaneously) 
except a few reports such as Refs [2, 11, 39, 40]. Nowadays, the modification by 
doping of PI precursor with graphene (and graphene oxide) and other precursors 
(e.g., polyacrylonitrile) is a good strategy to improve the flexibility of graphite films 
with high thermal conductivity [38, 41–43] as shown in Figure 17b. It is interesting 
to note that various striking cranes with good flexibility as shown in Figure 18 made 
with different raw materials by different methods and processes have been success-
fully prepared [2, 19, 38, 43].

6.2 Versatile forms of PI-derived carbons

Recently, many new forms of PI-derived carbons (including carbon fibers, 
carbon foams, carbon aerogels and carbon blocks as shown in Figure 19, which 
are beyond graphite films) with a feature of high thermal conductivity have been 
fabricated [44–51]. This extensive and intensive research on PI polymer will expand 
its application areas. Especially, ultrathick graphene film with a high thickness up 
to 200 μm while retaining a high thermal conductivity of 1200 W/m K has been 
achieved [52], which will stimulate the preparation of ultrathick (e.g., millimeter-
scale) PI-derived graphite films or large graphite blocks.

Figure 17. 
Optical photographs of (a) highly-oriented PI-derived graphite thin sheet with improved manual handling 
[11] and (b) superflexible (bending, curling, enwinding, twisting, and knotting) graphene films [38].
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6.3 PI-derived composite materials

It is well accepted that graphene-based carbon films as thermal management 
materials can boost the heat-dissipation performance of film materials in the 
planar direction [21–23, 32–34, 38–41, 53, 54]. Through new functional composite 
technologies (e.g., chemical interaction as shown in Figure 20a [53], and modifica-
tion treatment through doping or hybridizing with other carbonaceous precursors 
(graphene, carbon nanotube, etc.) and non-carbon fillers such as BN) [53–56], the 
thermal conductivity and mechanical flexibility of resultant graphite films can be 
both enhanced. Furthermore, in the through-plane direction, a superhigh thermal 
conductivity up to 150 W/m K can be obtained by novel structure design as shown in 
Figure 20b [54]. This affords carbon materials with a feature of three-dimensional 

Figure 18. 
Optical photographs of evolutional crane made of a PI film (a) and after carbonization (b) and 
graphitization (c) treatments showing good shape-retention and flexibility [2] and (b) various cranes derived 
from superfoldable graphene film (d) [38], polyacrylonitrile-derived graphite film (e) [43] and flexible 
graphite sheet (f) [19].

Figure 19. 
(a–e) SEM images of various PI-derived carbons with high thermal conductivity ((a) carbon nanofibers [44], 
(b) carbon microfibers [45], (c) carbon bubbles [46], (d) carbon foams [47], (e) carbon aerogels [48]) and 
(f) optical photograph of highly oriented graphite blocks prepared from PI [49].
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high thermal conductivity (it is beyond the traditional graphite materials with high 
thermal conductivity only in the planar direction [32]), which will further promote 
the wide practical applications of carbon materials in thermal management [22, 23, 
53–55, 57–59].

7. Conclusions

In a lab-scale study, the Kapton PI-derived graphite films (with a thickness 
of 50 μm for raw film) show a three-dimensional ordered structure consisting of 
graphene layers with highly preferred orientation and prefect graphite crystals 
after graphitization at 3000°C. Their electrical resistivity and thermal conductiv-
ity at room temperature in the planar direction are 0.48 μΩ m and ~ 1000 W/m K, 
respectively. The nature of PI precursor (the molecular structure, planar molecular 
orientation and film thickness, etc.) and preparation technics (e.g., heat-treatment 
temperature and molding pressure) have a critical influence on the final conduction 
performance of graphite films.

In the early time, limited by preparation technology, the thickness of PI-derived 
graphite films were mainly 20–50 μm, and their thermal conductivity in the planar 
direction was mostly 300–1000 W/m K. With the continuous improvement of 
production technology, high-thermal-conductivity graphite film products become 
more abundant, and some are even industrialized. The 10 μm-thin graphite films 
can approach a high thermal conductivity of 1900 W/m K. Currently, the thickest 
product (derived from graphene) is about 200 μm, and its thermal conductivity 
could reach about 1200 W/m K. However, there is still no breakthrough in the 
preparation of millimeter-thick graphite films and PI-derived graphite blocks with 
large sizes. In the future, as the application range widens, the market demand for 
high-thermal-conductivity graphite films will be more diversified, and the diverse 
products will also be developed in the direction of wider thickness and higher 
thermal conductivity.

The emerging modification treatment and composite technology provide a 
promising strategy not only to improve the comprehensive performance (e.g., high 
thermal conductivity and good mechanical flexibility) of PI-derived graphite films 
but also to prepare a variety of new forms of PI-derived carbon materials with 
high thermal conductivity. Furthermore, polymer-derived carbon materials with a 
significant feature of three-dimensional high thermal conductivity can be achieved 
by novel structure design.

At present, high-thermal-conductivity graphite films have been widely used in 
smart phones, successfully solving the heat dissipation problem of various elec-
tronic products. In the near future, with the development of miniaturization and 
thinning of electronics, high-thermal-conductivity graphite films and other carbon 
composites with good flexibility will be promisingly used in the field of thermal 

Figure 20. 
(a) A diagram of preparing composite films through the covalent bonding between graphene oxide and PI [53] 
and (b) a 3-D hybridized structure of composite carbon film made with graphene oxide and PI [54].
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