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Expanded graphite is one among the widely growing industry in graphite application. Most 

of the research carried in this field are industrial based and patented to commercialize them. 

The expanded graphite has a number of applications which results in the market demand. 

Even though there is a huge demand in the market, the number of producers of expanded 

graphite are less compared to the market demand. This is due to the patents made by the 

leading expanded graphite producers. 

 

This research work gives a detail description of designing a manufacturing process for 

expanded graphite based on the observation from patents and design a continuous production 

line for the manufacturing process. The report covers two important part of the research, 

overall patent analysis and investigation on eight raw materials from different company. 

From the patent analysis the design for manufacturing expanded graphite is completed with 

a line production design and with the analysis from the laboratory experiment the best 

suitable raw material is selected. Based on the overall result, a manufacturing process to 

expand exfoliated graphite is designed and a sample workstation with 50 m X 20 m is 

considered to establish a model line production. Also among all the eight samples, product 

name 9580300 TKL-2 with company Qingdao Xinghe Graphite co., Ltd is selected based on 

the density analysis. 

 

  



 

 

ACKNOWLEDGEMENTS 

 

 

I would like to express my sincere gratitude to my advisor prof. Timo Kärki for believing in 

me and providing me with this thesis opportunity. His continuous guidance, trust and 

motivation made me to complete the project successfully.  

 

I like to give special credits to my mother who supported my entire life. It was her trust on 

me which drives me towards my passion and goal in life. Also, I would like to thank Finland 

for being so kind to me and opening all possible doors to excel in my carrier. I would like to 

thank all my friends in India and in Finland for their continuous support and motivation.  

 

I would like to give credits to a Tamil poet Mahakavi Bharathiyar who inspired me with his 

words pushing and motivating me every day towards my goals and achievements. Finally I 

thank god for being with me in all times. 



4 

 

Table of Contents 

 

ABSTRACT .......................................................................................................................... 2 

ACKNOWLEDGEMENTS ................................................................................................ 3 

1 INTRODUCTION ....................................................................................................... 6 

1.1 Graphite ................................................................................................................. 7 

1.1.1 Graphite structure ...................................................................................... 8 

1.1.2 Properties of Graphite ................................................................................ 9 

1.1.3 Production of graphite ............................................................................. 10 

1.1.4 Consumption of graphite ......................................................................... 12 

1.1.5 Application of graphite ............................................................................ 14 

1.2 Graphite intercalation compounds ....................................................................... 15 

1.2.1 Exfoliated graphite ................................................................................... 16 

1.2.2 Application of expanded graphite ............................................................ 17 

1.3 Background research ............................................................................................ 18 

1.3.1 Patents based on continuous production process ..................................... 18 

1.3.2 Patents based on glass addition ................................................................ 26 

1.4 Objective .............................................................................................................. 27 

1.5 Research problem and question ........................................................................... 27 

2 MATERIAL AND METHODS ................................................................................ 28 

2.1 Manufacturing of expanded graphite ................................................................... 28 

2.1.1 Phase 1: Reactor phase ............................................................................ 29 

2.1.2 Phase 2: Production phase ....................................................................... 30 

2.1.3 Production line ......................................................................................... 31 

2.2 Plant layout .......................................................................................................... 33 

2.3 Laboratory experiment ......................................................................................... 37 

2.3.1 Experiment Aim ....................................................................................... 37 

2.3.2 Experimental procedure ........................................................................... 38 

3 RESULTS ................................................................................................................... 40 

3.1 Experimental results ............................................................................................ 40 

3.2 Overall analysis .................................................................................................... 44 

4 DISCUSSION ............................................................................................................. 49 

5 CONCLUSION .......................................................................................................... 51 



5 

 

6 LIST OF REFERENCES .......................................................................................... 53 

APPENDIXES .................................................................................................................... 56 

APPENDIX 1 ............................................................................................................... 56 

 

 

 

 

  



6 

 

1 INTRODUCTION  

 

 

The need to create a production plant begins with design of the manufacturing process. 

Designing a desired manufacturing process for a specific application with a special raw 

material property is a challenging task. There is maximum probability in production failure 

if anyone of the parameters are not properly balanced with the system. This failure can result 

in incredible loss to the investors and company. In small scale industries to design a 

manufacturing process it is essential to understand the market of their products. Based on 

the market analysis the production capacity of the plant is determined. Basically, designing 

a production plant need clear requirements and guidance from both manufacturing 

technology and market situation.    

 

The main purpose of the master thesis work is to design a manufacturing process to produce 

expanded graphite sheet. Expanded graphite have a number of applications in both domestic 

and industrial field. The challenging part of expanded graphite is to convert the graphite 

particles into expanded graphite sheet. This complex manufacturing process is taken 

understudy and designed stage by stage to achieve the final product. This initial design on 

the manufacturing process will contribute to establish a production setup leading to an 

estimation of a production plant. The entire production process is aimed to be as simple as 

possible to build, so a basic line production process capable to manufacture 150 ton of raw 

materials per year is targeted. The dimensions of the graphite sheet are considered as 

600X550X15 mm with density of 0.06 g/cc. The production plant is considered to be 

designed inside a 50 m X 20 m workspace.  
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1.1 Graphite  

 

Carbon is polymorphic in nature generally exists in three major forms as diamond, graphite 

and fullerenes. Graphite is one among the important forms of carbon. The word graphite is 

derived from an ancient Greek word “Graphein” which means to write. The carbon bonding 

in graphite involve sp2 hybridization also known as trigonal hybridization makes it different 

from diamond (sp3 hybridization). Graphite consists of carbon layer having a covalent and 

metallic bonds within each layer arranged in an AB sequence. A weak van der walls 

interaction as a result from delocalized π-orbital link each carbon layer. This carbon layers 

in graphite structure are known graphene layers. The Figure 1 below represents the graphite 

structure in which within each individual layer atoms are arranged in hexagonal or honey 

comb shaped patterns. (Chung 2002, p. 1475.) 

 

Figure 1. Crystal structure of graphite (Chung 2002). 

 

The in-plane metallic bonding present within the layers make the graphite a electrical and 

thermal conductor. On the other hand, the weak van der Waals forces between the layers 

makes the graphite a poor electrical and thermal conductor perpendicular to the layers this 

perpendicular direction is also known as the C-direction. Due to this reasons graphite is 

anisotropic in nature. (Chung 2002, p. 1475.) 
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1.1.1 Graphite structure  

 

When examined the graphite structure further, the stable hexagonal lattice has a 1.42 Å of 

interatomic distance between carbon-carbon atoms and 3.35 Å of interlayer distance between 

graphene layers. The overall crystal density of graphite is 2.266 g/cm3. Graphite structure 

consists four valance electrons in which only three electrons of carbon form regular covalent 

bonds or σ – bonds. The remaining one electron or π electron reflects between the valence 

bond structures. (Spain 1981, p. 119.)  

 

Figure 2. Crystal structure of graphite (Chung 2016, p. 556). 

 

The arrangement of a standard graphite structure is shown in the Figure 2. The arrangement 

of graphene layer in A-B-A manner is clearly visible. Each carbon atom in the hexagonal 

arrangement has three-covalent bond connected to the nearest carbon atom. The total 

distance between one A-B-A arrangements is 6.70 Å. Transmission electron microscopy, 

neutron diffraction, convergent beam electron diffraction and X-ray diffraction are the 

methods used to study the structure and arrangement of graphite atoms. All the methods are 

mostly research oriented which needs highly professional skills to operate. When there is a 

change in raw materials and process parameters, the microstructure of the graphite possesses 

a major difference. This microstructure property was proposed when the graphite is 

examined with a light microscope level at a magnitude 100 to 500. The structure of graphite 

is thermodynamically more stable form of carbon at atmospheric pressure. (Spain 1981, p. 

119.)  
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1.1.2 Properties of Graphite 

 

Graphite has a unique property of not decreasing the strength when the temperature is 

increased. Graphite materials have a good compressive strength but a low tensile and flexural 

strength. When strength wise compared carbon graphite is much more superior to electro 

graphite. Graphite is brittle in nature by reinforcing it with resins or metals the strength of 

the graphite can be increased. Due to its brittleness, there is a major possibility of slip 

between layers and results in material fracture. In testing ASTM C695 is a standard test used 

to test graphite specimen. The flexural strength of graphite is measured by two methods 

either three-point bending test or four point bending test depending on the American standard 

or European standard. ASTM C651 is a general testing method used to measure the flexural 

strength. Graphite have an ultimate tensile strength of 13-68 MPa depending on its brittle 

nature. Standard test ASTM C565 is used to measure Tensile strength of the material. (Poco 

graphite 2015, p. 15-19.) 

 

Graphite having higher density will have higher strength ratio with improvement in hardness 

and other properties. ASTM C559 is a notable test to measure density of the graphite. In 

addition, Research and development – Analytical services Laboratory instruction (TDI) 

4.1.1.1 (Appendix B) is also used. The Density of the natural graphite material is 2.09-2.23 

g/cm3 and crystal density of the material is 2.266 g/cm3. Porosity is a factor depending on 

density. If a graphite having density of 2.26 g /cm3 is considered, 16% of bulk volume of a 

piece of graphite is either open or close pores. The most widely used method to measure the 

porosity of graphite material is mercury porosimetry. (Poco graphite 2015, p. 8-10.)  

 

Based on the density and porosity of the graphite hardness of the material can be estimated. 

Therefore, when the material has high density the hardness of the material increase due to 

its closely packed structure. Due to graphite’s structure, dynamic hardness measuring 

methods are less capable. In general, there are two methods in ASTM standard to measure 

the hardness of graphite namely C886 Scleroscope hardness method and C748 Rockwell 

hardness method. (Poco graphite 2015, p. 11-13.)  
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1.1.3 Production of graphite  

 

 

Figure 3. Global natural graphite production (Andrew 2016, p. 42). 

 

The Above shown Figure 3 represents the global production of natural graphite in percentage 

by different countries estimated for 2014. Due to the development in the electric cars and 

green technology leading companies focus more towards graphite material. According to the 

research, global production of graphite has increased from 100,000 tons per annum to 1.2 

megatons per annum. This growth estimation is from the early 1900’s to 2014. Among the 

countries, China is the leading producer of graphite in which 67% of the graphite are natural 

graphite in the form of flake and amorphous. (Andrew 2016, p. 42.) 

 

According to the survey, China has a rapid growth in the graphite production making it the 

number one since 2000. Proceeding China countries like India, Brazil, Canada and North 

Korea gives their contribution of 20-27% of the graphite production. Sri Lanka produces a 

high quality vein graphite but their contribution is only 0.5% of the global production. Brazil 

being the second largest producer of graphite produces 90,000 tpa of flake graphite. On the 

other hand, India produces flake graphite between ranges 25,000 tpa to 170,000 tpa. Due to 

China’s electronic economy growth, the demand for graphite is more and they produce more. 

(Andrew 2016, p. 42.)  
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Figure 4. Global graphite production Vs Steel production (Andrew 2016, p. 42). 

 

The above shown Figure 4 is a comparison between global graphite production in tonnes 

and steel production in millions of tonnes. United States geological survey in associated with 

world steel association has estimated from 1995 to 2014 about the production ratio. 

According to the survey, steel production holds an upper hand compared to graphite 

production but when the percentage of increase in graphite production compared to itself 

there is huge development in it. The improvement in alternative battery technology is one of 

the contribution of such a growth in the graphite production. World demand for natural 

graphite can be directly associated with industrial growth. Countries like China, North Korea 

and Brazil are the leading countries in global graphite production and export. On the other 

hand, countries like U.S, China, Germany, Japan and India imports 250,000 tpa 

(approximately) of graphite based on global trade in 2014.  In this import and export market 

of graphite material. China is the leading exporter of graphite in all time. Where U.S is the 

leading importer of graphite with 50,000 tpa to 70,000 tpa over the past 15 years. According 

to the data collected by UN trade it is noted that Sri Lanka has exported 4,000 tpa of vein 

graphite on an over price of 1,600 US$ per ton. (Andrew 2016, p. 43.) 
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Until 2005, the price for the flake graphite remained the same but after 2005 to 2008; there 

was a gradual raise in the price. In 2009 due to GFC (Graphite fiber composite), there was a 

sudden drop and a pause in price growth of natural flake graphite but after the improvement 

in the technology the price of flake graphite hits the maximum during 2011 and 2012. 

Recently, the excess production and market demand makes the price as same as during 2008. 

The price of the flake graphite is based on the size of the graphite particle. The price of the 

flake graphite will be higher if the size of the graphite flake is larger with higher purity. The 

price range for 75-micron product is about 500US$ per ton. Where for big graphite flake 

size of greater than 300 micron diameter and a purity level of 94% the price range of the 

material is 2,000US$ per ton. The flake graphite used in lithium-ion batteries are uncoated 

spherical shaped and they are currently at a price range of 3,000US$ per ton but this price 

has decreased during 2015.  On the other hand, the price of the coated spherical graphite 

price is a bit high compared to uncoated graphite. They have a price range of 7,000 US$ per 

ton. In the production of graphite, there is a risk factor of over production involved in country 

like Chine. (Andrew 2016, p. 43). 

 

1.1.4 Consumption of graphite 

 

According to a survey conducted by USGS (United States geological survey) in 2003 with 

information collected form 79 companies and plants in US. It states that the usage of graphite 

has changed during the past 20 years. This is because graphite has properties more suitable 

for industrial application. Electrical and thermal conductivity, high-thermal resistance, 

inertness and lubricity are some of the notable graphite properties. Due to its properties, 

graphite has applications in batteries, fuel cells, refractories and lubricants. In addition, 

Graphite’s are the primary materials in manufacturing carbon brushes in electric motor. 

Modern technologies implement pure form of graphite’s in friction materials, fuel cell and 

batteries. (Olson 2003, p. 33.1-33.10.) 

 

According to a survey conducted by USGS (United States geological survey) in 2013. There 

is steady growth worldwide in the consumption of graphite. This increase in consumption is 

the result of the improvement in global economy in graphite and an industrial growth in the 

use of graphite. Even though China produced the majority of the graphite in 2012. It is still 

a decrease in production when compared to 2011. This is due to the Chinese government’s 
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environmental policies. On the other hand, the development of high technology application 

like thermal technology and acid-leaching techniques enables the future production of pure 

graphite materials. This development also leads to the development in material aspect like 

carbon fiber composite, electronics foil, friction material and special lubrication application. 

The growth of flexible graphite is high in this particular period of 2013. (Olson 2013, p. 68, 

69.)  

 

According to a survey conducted by USGS (United States geological survey) in 2017. The 

consumption of graphite in 2016 is primary in applications like brake lining, foundry 

operation, lubricants, refractory application and steel making. The import percentage of 

graphite is 70% in flake form and high purity, 29% amorphous and 1% lump and chip 

graphite. During this year, China produced about 66% of world graphite and consumed 35% 

among them. There is decease in graphite production in Canada and increase in Mexico from 

the early 2015. (Olson 2017, p. 74, 75.) 

 

 

Figure 5. Battery and non-battery demand of graphite forecast (O’Driscoll 2016). 

 

The above shown Figure 5 represents the forecast made by United States geological survey 

USGS. The demand for graphite in both battery and non-battery application is estimated for 

25 years. The forecast made is considering 1.7% growth rate per year based on the data 
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collected from 2000 to 2014. The battery grade graphite is the growing economy due to the 

improvement in electrical transportation (green energy). About 65% natural to 35% synthetic 

graphite of a yield about 0.4 tons of battery use graphite per tons of flake graphite. In 

addition, between the years 2015 to 2025. The growth of graphite is estimated to be 250,000 

tpa and among the entire graphite 180,000 tpa is used in the manufacturing of Li-ion 

batteries. (O’Driscoll 2016.) 

 

1.1.5 Application of graphite  

 

 

Figure 6. Application of graphite (O’Driscoll 2016). 

 

The above shown Figure 6 is a research by O’Driscoll represents the percentage of graphite 

used in different application. All data’s collected are from the year 2015. Based on the data 

collected refractories play a major role in graphite application followed by crucibles and 

foundry application. When comparing the application of batteries for the past 5 years it has 

increased from 9% in 2012 to 19% in 2015. According to a survey collected by Benchmark 

Mineral Intelligence, Due to the development in pure electric vehicle and storage market the 

demand for graphite in lithium-ion battery will increase by 200%. Spherical graphite and 

synthetic graphite are 98% used in graphite application it is estimated that by 2020 the 

demand for these graphite will be 250,000 tpa also there is a possibility for the market to 

reach a demand of 400,000 tpa with no supply restrictions. In addition, as a feedstock 

material for this spherical graphite material by 2020 about 360,000 tons of flexible graphite 

is in need which is almost double the size compared to 2015. (O’Driscoll 2016.)  
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1.2 Graphite intercalation compounds  

 

Graphite materials form compounds when reacted with chemicals. This compounds can be 

classifies into three major groups namely intercalation compounds, surface compounds and 

substitutional compounds. When the chemicals meets the graphite’s surface atom there will 

be the formation of surface compounds. In this surface compound formation, the absorption 

occurs on the planar surface. This surface is completely perpendicular to the c-axis and 

carbon plans edge atom. The edge atoms are more active due to the presence of the free 

valance bonds. The intercalation compounds are widely used for industrial application. In 

the intercalation compounds, the chemicals are in the interplanar interstitial sites of the 

graphite crystal. The intercalation compounds are of two types, covalent intercalation 

compound and ionic intercalation compound. In the graphite carbon arrangement, the strong 

σ bonds are within the carbon layers and the weak π bonds are adjacent to the carbon layers. 

In this arrangement the intercalation compounds enters the system and tries to expand the 

interplanar spacing between the carbon layer without completely destroying the graphite 

crystal arrangement. The different type of intercalation compound results in different types 

of bonding between the carbon atoms. (Chung 2016, p. 555, 556.) 

 

 

 

Figure 7. Example of graphite intercalation layers (Enoki et al. 2003).  

 

The above shown Figure 7 represents the arrangement of intercalated graphite material. After 

the intercalation there are exponential stages representing the number of graphite atoms 

entrapped between numbers of intercalated compounds. Most of the intercalation 

arrangement is similar to Figure. The graphene layers and intercalated compound layers are 
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arranged in the sandwich manner. Both the covalent intercalated compounds and Ionic 

intercalated compounds have the same form of structural arrangements. This entrapping of 

intercalation compounds into the graphite lattice planes leads to a category of exfoliated 

graphite flakes.  

 

1.2.1 Exfoliated graphite 

 

When graphite combine with intercalation compounds in presence of heat, the normal 

graphite material expands several hundred times its own volume. This expansion occurs in 

the c-direction of the graphite material, due to the graphite nature and tendency of the 

intercalation vapor the expansion is concentrated in c-direction more. There is a shear force 

created between the graphite layer and intercalation compound making a crack in the layer 

in which the intercalation in entrapped into the graphite material. The exfoliation process of 

graphite can be reversed when the intercalation entrapped in the graphite does not burst along 

with moderate cooling. The exfoliated graphite has a common name warm. This name is due 

to the reverse process, the graphite gets longer in the c-direction. Exfoliated graphite have 

application in biomedical because of its macro porosity. The warm shaped flake graphite are 

compressed together to form a flexible graphite sheet. It is indicated that no specific binder 

is needed for the interlocking of graphite warms. The exfoliated graphite, which burst during 

the intercalation, is more likely preferable one to make flexible graphite sheets. These sheets 

can be formed in any shape and can be easily cut based on requirements. It is commonly 

used in gasket applications and thermal management systems. (Chung 2016, p. 555-557). 

 

 

Figure 8. Expanded worm graphite (Chung 2016, p. 555). 
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1.2.2 Application of expanded graphite  

 

In this section the application of expanded graphite is mentioned with respect to scientific 

research articles. Expanded graphite is used as flame retardant for both research and 

construction application. A research published in 1997 proves that expanded graphite works 

as a flame retardant when added with ethylene-propylene-diene terpolymer. In this research 

it is concluded that the expanded graphite bulk formed after the bonding, acted as a heat 

resistant. (Chuang et al. 1997.)   

 

Expanded graphite is used to improve the thermal conductivity. A research published in 2007 

proves that the addition of expanded graphite and carbon fiber in stearic acid improve the 

thermal conductivity of the acid without further reduction in the latent heat storage capacity 

of the acid. (Karaipekli et al. 2007.) 

 

Expanded graphite is used as catalysts for chemical reactions. A research published in 2009 

proves that thermally expanded graphite combined with bimetallic catalysts exhibits high 

catalytic activity. This high activity of the materials cause synergetic effect to the bimetallic 

reactors enhancing the chemical reaction. (Bian 2009.) 

 

Expanded graphite is used as electrode for multipurpose applications. A research published 

in 2009 proves that expanded graphite is used as matrix material along with acid solutions 

to treat textile waste water. The result concludes that the expanded graphite materials helps 

in degrading organic pollutants in textile waste water. (Kong et al. 2009.) 

 

Expanded graphite is used as an absorbent. A research published in 2017 proves that 

expanded graphite combined with calcium chloride to form absorbent bed with improved 

specifications. The addition of expanded graphite to the system helps to maintain the specific 

cooling power and coefficient of performance in the bed. (Zhang et al. 2017.) In addition to 

this applications expanded graphite have domestic and commercial applications.  
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1.3 Background research  

 

In the case of Exfoliated graphite, maximum number of research is carried towards patent 

making. Most of the patents are either related to a company or an individual with a corporate 

background.  Almost 85% to 95% of the patents are registered under United States patent 

office. The first patent with respect to expanded graphite was published in the year 1915 

followed by that serious of patents are registered until 2017. Over this 102 years the growth, 

development and manufacturing methods for exfoliated graphite as evolved drastically.  

 

1.3.1 Patents based on continuous production process 

 

The first patent considering continuous production process of expanded graphite was 

published in 1968 with patent number 3,404,061 and title Flexible graphite material of 

expanded particles compressed together. In this patent, various possibilities of how expanded 

graphite can be compressed and implemented in application form is discussed. According to 

the claim in the patent, graphite particle expand up to 200 times the original graphite particle 

size with a dimension of 80 times the size of the particle in c direction is compressed in the 

absence of binder with at least one of the surface is embossed and coated with an adhesive. 

A sandwich shaped laminar structure is created with the arrangement of superposed graphite 

sheet layers. A combination of graphite composite with a layer of paper and graphite 

sandwich structure is also manufactured. The expanded graphite used in the patent for 

experiment has a density of 0.0800 g/cc to 2.1945 g/cc and the particles should be able to 

pass through a 200 mesh size. (Pat. US 3404061A 1968.)  

 

The below shown Figure 9 represent the main design of the manufacturing process. The 

particle graphite is treated with oxidizing mediums to form a soggy graphite particles which 

is subjected to water and rinsed well. In a higher thermal environment the oxidized graphite 

particle exfoliate forming expanded graphite. Once the expansion process is done the 

graphite is subjected to a coating of binder or adhesive. The calendaring operation is done at 

the end of the entire manufacturing process to obtain a required end product. An additional 

coating, embossing and lamination is done directly on the flat surface of the flexible graphite 

sheet. (Pat. US 3404061A 1968.) 
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Figure 9. Manufacturing of flexible graphite sheet (Pat. US 3404061A 1968). 

 

Even though the patent claims absence of binder in the process. Some of the examples 

included in the patent have thermosetting synthetic based phenolic resins. In addition, the 

sandwich structured graphite layers are embedded with fiber glass materials to enhance the 

strength of the material. Three basic manufacturing concepts are explained in this patent in 

which the one represented in the below Figure 10 is a feasible model. The production line 

includes a combination of conveyor and adjustable rollers to support the input parameters. 

In addition, there is also a supply to coat chemicals in the out surface of the final product. 

The binder or the bonding agent is mixed with the expanded graphite in before the 

calendaring phase to get an even mixture. Including a heater in the operational phase is 

optional, incase to activate the binder bonds the heater is required. (Pat. US 3404061A 1968.) 

 

Figure 10. Manufacturing of flexible graphite sheet (Pat. US 3404061A 1968).  
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After technical development in the production phase second patent based on the continuous 

production process was published in the year 2002 with patent number US 6,432,336 B1 and 

title Flexible graphite article and method of manufacturing. In the patent, a continuous 

production method imprinting resins are designed. The patent claims that the graphite 

particles are mixed with intercalated compounds to form intercalated graphite. When this 

mixture is subjected to a temperature of minimum 700°C the intercalated graphite expand 

forming exfoliated graphite’s. This particles are compressed to form a continuous coherent 

self-supporting mat of expanded graphite. After the initial compression resins are sprayed 

on the top surface of the continuous graphite mat and passed through a heating section later 

through final compression where the density and the thickness of the material is maintained 

not more than 25.4 mm. In this process, ceramic fiber particles with a length of 0.15 to 1.5 

mm is added along with the intercalated graphite before expansion. (Pat. US 6432336 B1 

2002.) The below shown Figure 11 represent the entire process in a nutshell.  

 

 

Figure 11. Overall manufacturing process of intercalated graphite (Pat. US 6432336 B1 

2002). 
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Based on the above mentioned patent from the year 2002, two more patents with different 

inventor based on the same manufacturing method and implementing different claims were 

published during the years 2005 with patent number US 2005/0189673 A1, title Treatment 

of flexible graphite material and method thereof and 2006 with patent number US 7,108,917 

B2, title Variably impregnated flexible graphite material and method. During the upcoming 

years the application of exfoliated graphite manufacturing was focused towards fuel cell 

application due to the increase in the production of electric vehicles. In the year 2008 a patent 

from inventor Aruna Zhamu developed a manufacturing process for the production 

exfoliated graphite flakes for fuel cell application with a patent number US 2008/0279710 

A1. The Figure 12 below represents the overall idea about the concept of manufacturing.  

 

 

Figure 12. Biaxially compressed manufacturing process (Pat. US 2008/0279710 2008).   
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The patent claims that, using this method electrically conductive material is manufactured. 

The non-expanded graphite particles are mixed with different possible binders like polymer, 

ceramic, metal, glass, etc. This mixture is blended along with expanded graphite flakes from 

3% to 60% by weight. Overall mixture is subjected to a viable temperature for expanding 

the graphite particles. After the expansion stage, the flake graphite along with the mixture of 

binder are compressed with a pressure of 35 Kpa to 345 Mpa. Due to the second expansion 

temperature binders added are activated and when subjected under pressure graphite flakes 

and binders interlock with each other forming a strong composition. In this method the 

compression is done uniaxial, biaxial, and triaxial in order to make the composite with low 

anisotropic nature. (Pat. US 2008/0279710 2008.) 

 

After this unique way of compression method four more patents were developed based on 

the compression technique during the year 2009 and all the four patents are published on the 

same year. The titles of the patent are Method of production less anisotropic flexible graphite 

with patent number US 2009/0057940 A1, Recompressed exfoliated graphite articles with 

patent number US 2009/0061191 A1, Continuous production of exfoliated graphite 

composite compositions and flow field plates with patent number US 2009/0072448 A1 and 

Process for producing laminated exfoliated graphite composite-metal compositions for fuel 

cell bipolar plate applications with patent number US 2009/0151847 A1. The patents have 

common first and second inventors Aruna Zhamu and Jinjun Shi. In all four patents the 

inventors have designed different possible approach towards the entire process of 

manufacturing graphite composite composition for battery application. Each patent the 

approaches have a different change and improvement. As the patents evolve the continuous 

manufacturing process in the patents are also altered based on the end requirements. Some 

of the examples of the continuous manufacturing process is mentioned in the below Figures. 

The end product of the line manufacturing process is a bipolar flexible graphite plate but 

there are many major change in the compression technique. In all the process the flexible 

graphite sheets are either rolled to a winding roller or cut into rectangular or square sheets 

based on the dimensions needed. The flake graphite worms are compressed in more than one 

direction to get better results. Some of the process include separate resin sprayer and 

preheating zone to activate the implemented resins. In two of the process a special roller 

known as embossed roller is used to obtain better results. 
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Figure 13. Continuous line manufacturing (Pat. US 2009/0057940 A1 2009). 

 

 

Figure 14. Continuous line manufacturing (Pat. US 2009/0057940 A1 2009). 
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Figure 15. Continuous line manufacturing with resin impregnate (Pat. US 2009/0072448 A1 

2009). 

 

 

Figure 16. Continuous line manufacturing with resin impregnate (Pat. US 2009/0072448 A1 

2009). 

 

In the progress of the manufacturing concept, most of the manufacturing probabilities based 

on compressing the exfoliated graphite worms are mentioned. Based on these patents a clear 

understanding regarding the continuous manufacturing process is obtained.  
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Figure 17. Continuous line manufacturing with metal composite (Pat. US 2009/0151847 A1 

2009). 

 

Figure 18. Continuous line manufacturing with metal composite and resin impregnate (Pat. 

US 2009/0151847 A1 2009). 
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1.3.2 Patents based on glass addition  

 

The reference of impurities in patents with respect to expanded graphite are focused to add 

strength to the end product. Also, in some cases it helps to withstand an appropriate high 

temperature. Basically, the impurities or additives are mixed with the flake graphite based 

on the end product specification. In cases where performance is not focused, chances of 

adding cheap recycled polymers are high. The addition of glass based impurities in flexible 

graphite application is referred first in 1968 by James H. Shane in patent 3,404,061 with title 

Flexible graphite material of expanded particles compressed together. Further development 

of technology have changed the type of impurities and methods to add them into the flexible 

graphite system. The patent number 5,902,762 in the year 1999 by R.A. Mercuri with the 

title Flexible graphite composite proposed a concept in which glass fibers are embedded with 

the surface of the compressed expanded graphite sheets to improve the permeability of the 

graphite sheet to the resign impregnated in it. It is claimed that glass or ceramic fiber with a 

length of 0.15 to 1.5 mm, capable to withstand 1370°C is embedded into the two planar outer 

surface of the compressed resign coated expanded graphite sheet. This added fibers are 

completely non-reactive to the expanded graphite particles. (Pat. US 5902762 A 1999.)   

 

 

Figure 19. Section of a ceramic embedded graphite sheet (Pat. US 5902762 A 1999).   

 

The above Figure 19 shown above represent the concept of the patent. In which, the ceramic 

or glass fibers are embedded into the expanded graphite sheet. Furthermore, based on the 

same concept two more patterns from the same inventor with patent numbers 5,885,728 and 

6,087,034 are published. All the three patents belongs to UCAR Carbon Technology 

Corporation, Ohio, US.   



27 

 

1.4 Objective 

 

The objective of the research work is to understand the principle of compressing the 

expanded worm graphite into expanded graphite sheets based on which a manufacturing 

process can be designed. The main focus point in the research is construct a line-production 

for manufacturing expanded graphite sheet. In addition, minor details in the manufacturing 

process like binders and additives are also taken under study.  

 

1.5 Research problem and question  

 

The development in green technology with sustainable energy source has made a dramatic 

improvement in the field of battery technology. Expanded graphite’s play a vital role in 

modern high tech batteries and also in other domestic plus industrial application. As a result 

of such technological growth the demand for expanded graphite is increasing every year. 

Even though there is a strong demand in expanded graphite material, the number of expanded 

graphite producers are less. The producers of expanded graphite take this high demand 

market as an advantage control the price rate of expanded graphite. So the demand of the 

product is still not satisfied. This is a huge problem which is taken into account.    

 

Based on the research problem the research questions taken into account are, what is the 

current market survey on expanded graphite, what is the solution to manufacture expanded 

graphite sheets and how can the demand for expanded graphite satisfied. The following are 

the formulated research questions for the research. The scope of the project is limited only 

to acid treated expanded graphite material. The research include qualitative methods and 

also quantitative methods for data collection estimating a possible manufacturing process 

and analyzing the feasibility of a new production plant for expanded graphite. The results 

from the research will benefit small scale industries planning for new production plant to 

manufacture expanded graphite sheet. 
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2 MATERIAL AND METHODS 

 

 

In material and methods, the manufacturing process of expanded graphite is described step 

by step based on the understanding from the background research. The production line for 

manufacturing expanded graphite sheets are described process by process to get a clear view 

about the line-production. Finally, a sample plant layout is designed for certain assumed 

parameters from the production process. Overall from this section an idea of manufacturing 

process and production of expanded graphite can be understood.  

 

2.1 Manufacturing of expanded graphite  

 

The initial stage in manufacturing expanded graphite is to treat the graphite particles with 

acid. Which is otherwise known as exfoliating the unexpanded graphite particles. Based on 

character of the treated acid the nature of exfoliation of graphite particle can be influenced. 

After the exfoliation of graphite is over it is heat treated to expand into warm shaped graphite 

flakes. The expansion ratio of graphite to expanded graphite also depends in nature of the 

treated acid. Finally the expanded warm graphite is processed to sheet form. The below 

shown Figure 20 represents the basic operations in expanded graphite manufacture.  

 

 

Figure 20. Expanded graphite manufacturing process 

 

In the manufacturing of expanded graphite, there are two phases involved. One is the reactor 

phase, where the graphite is mixed with intercalation compounds and expansion process 

takes place. The second phase is production phase where expanded graphite from phase 1 is 

continuously feed into the pressing (calendaring) machine to form flexible sheets of 

expanded graphite.   
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2.1.1 Phase 1: Reactor phase  

 

The reactor phase is the starting point of the entire exfoliation process. The graphite material 

is mixed with intercalation compound and subjected to heat inside the reactor to start the 

expanding process. The temperature of the reactor is maintained as per the requirement. The 

reactor part operates either by external heating process or by internal heating process. Based 

on the patent number US 6,432,336 it is observed that the average temperature for the 

thermal expansion process to expand the acid treated graphite is 800°C for a time period of 

1 minute.  

 

 

Figure 21. Overall view of Phase 1: Expanding process  

 

As the Figure 21 represents the graphite flakes are grinded initially to reduce the size of the 

graphite flakes. The particle of the graphite is reduced to 200-mesh size, which is considered 

as the standard mesh size for exfoliation process according to US patent number 1,137,373. 

The grinded graphite particles are mixed with acids (Intercalation compound) to oxidize. 

Using water, washing process is carried to clean the residue acids from the oxidation process. 

The excess water is removed by drying process where heat leaving a roasting action on 

graphite. In the end, acid treated unexpanded graphite particles are expanded, based on the 

acid ratio added during the exfoliation process. This expanded graphite are worm shaped 

and collected together to perform pressing operation to achieve phase 2. In our research the 

raw material considered from companies are already acid treated, so the phase 1 begins from 

thermal expansion of exfoliated graphite particles. In order to have a complete idea about 

the phase 1 the entire process is explained.  
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2.1.2 Phase 2: Production phase 

 

The Production phase of the expanded graphite is the final phase before the product. After 

the graphite particles are expanded, the worm shaped graphite flakes are collected to a feeder, 

which is connected to a pressing machine with the help of a conveyor belt. The overall 

operational setup is as shown below Figure 22. In some cases the expanded worm shaped 

flake graphite are not collected instated feed directly to the calendaring machine with the 

help of conveyor belts.   

 

 

Figure 22. Overall view of phase 2: Production phase 

 

The Production phase of the expanded graphite has a series of manufacturing process. A belt 

driven conveyor connects all the individual process in an orderly manner. Once the 

expansion of exfoliated graphite production is over, the hopper feeds the stored warm 

graphite to the conveyor leading to a calendaring machine. Here the graphite flakes are 

pressed to form a flat expanded graphite sheet of thickness 15mm. In the end, the long sheet 

from the calendaring machine are cut into desired lengths of dimension 600X550 mm. The 

cut pieces are measured to record the weight and then is further passed to packaging. The 

expanded graphite sheets are handled with care, due to their low mechanical stiffness there 

is a possibility of sheet getting damaged. Two rollers rotating in opposite direction to each 

other perform calendaring of expanded graphite. The distance between the rollers is the 

thickness of the expanded graphite sheet. The example of the calendaring operation is as 

shown in the below Figure 24.  

 

 

Figure 23. Calendaring process (Pat. US 2009/0057940 A1 2009). 
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The arrangement of the calendaring rollers are placed in a measured distance say 15mm. The 

rollers in the calendaring machine are adjusted based on the sheet thickness information. 

Once the thickness of the material is fixed, rollers are adjusted accordingly as represented in 

B of the above Figure 23. The continuous rolling of the belts compress the worm shaped 

expanded graphite flakes and compact the flakes to increase the density forming a sheet. 

After the initial locking of the expanded worm graphite continuous rollers are placed to 

further tighten the expanded graphite resulting in the formation of final product. In the 

manufacturing processes, binder or resin material are added before the pressing processes. 

Normally it is added either before expansion or after expansion process for an evenly spread 

result on the surface of the material. On the other hand, lamination of flexible graphite 

material with resin or additive can be done after the pressing process in the end.  

 

2.1.3 Production line 

 

Based on the manufacture process the production line of the expanded graphite is designed. 

In our research the manufacturing process starts from the expansion of exfoliated graphite 

material from a thermal furnace. So practically, the phase 1 of the project starts from raw 

materials which are acid treated and exfoliated. So the exfoliated graphite is outsourced or 

in other sense the raw material in our project is directly exfoliated graphite. In order to 

proceed the research we have to list companies which provide acid treated exfoliated 

graphite particles in tons and obtain sample from each company to test their behavior. Based 

on the test results one among the companies are selected as our supply of raw materials.  

 

After the selection of raw materials, the equipment in the line next is the thermal furnace. 

The capacity of thermal furnace should be capable to expand exfoliated graphite satisfying 

the calendaring speed of the production line so that the output from the thermal furnace will 

be balanced to feed the input of the calendaring machine. In order to have a clear design on 

the line-production, the thermal expansion furnace and calendaring machine should satisfy 

the production capacity of the plant. The production capacity of the plant to be designed is 

150 tons per year. So the thermal furnace and calendaring machine should be capable to 

process 150 tons of raw material every year. The approach to estimate the machine capacity 

is calculated from backwards. 
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The production capacity is 150 tons per year. From the market analysis Dolfy calendaring 

machine from Suzhou Dolfy M&E Technology co., Ltd. With serious between DCM450-2S 

to DCM650-2S machines are analyzed. All the machines in the serious have a maximum 

calendaring working speed of 12.5 m/min. In our production line the output speed from the 

calendaring machine is considered as an average of 6 m/min. So the thermal furnace should 

be capable to expand the acid treated graphite and feed the expanded graphite to calendaring 

machine. From the market analysis XSG series spin flash dryer from company Changhang 

drying company is analyzed and XGS 8 flash drying system is selected. The flash dryer has 

a barrel diameter of 800mm, wind capacity of 5400-9050 m3/h, 100-300 kg/h of water 

evaporation. Based on the technical parameters of the machine, 250-300 kg of raw material 

can be processed in 1 hour. This output from the thermal expansion produces sufficient 

expanded graphite as input to the calendaring unit. Now the production capacity of the 

expanded graphite manufacturing process is balanced in the line-production.  

 

The designed expanded graphite sheet have a dimension of 600X550X15 mm. So if the 

output of the calendaring machine is 6 m/min than in one hour the capacity of the machine 

is 360 m/hr. From this the length of targeted expanded graphite sheet is 0,600 m so for one 

hour 600 sheets are manufactured and for one day 3600 sheets are manufactured. This is the 

overall analysis of expanded graphite sheets produced for a production capacity of 150 tons 

raw material in one day. The below shown Table 1 represent the overall idea in calculation 

of production capacity. Based on these calculations an idea about the production line can be 

understood. After the initial design in the manufacturing process and calculating the 

production capacity of the process line. The next stage is to design a production layout of 

the manufacturing plant.   

 

Table 1. Estimated production capacity  

Production capacity  150 tons/year  

Calendaring capacity  6 m/min 

Expansion capacity  250-300 kg/h 

Targeted sheet dimension 0,600 m 

Sheet production per hour 600 sheets  

Sheet production per day  3600 sheets  
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2.2 Plant layout 

 

 The line production to manufacture expanded graphite have two main units, the expansion 

unit in which the acid treated graphite particles are subjected to heating and passed to the 

calendaring unit to compress the worm shaped expanded graphite particle into sheet material. 

The complete manufacturing project is designed as located in Finland. With the help of 

sample blue print, measurements of the room in which the entire line production will be 

located is shown in the below Figure 24.  

 

 

Figure 24. Area design from blue print. 

 

The area of the space is in rectangular shape with length 50.3 m2 and breath 20 m2. The 

height of the building is 9 m in middle and 7 m in edges. The roof of the building is not 

uniform so there is a variation in height in middle to corners. Based on the analysis one of 

important part of the production line is the XGS 8 flash drying system this system is the 

starting point of the entire manufacturing process in our research. The Figure 25 below 

represents the overall picture of the flash drying system. There are 11 components in the 

system. They are Blower for air input, heater to heat the incoming air, air distributer to 

separate the incoming hot air, stirrer to make the hot air flow mix, a screw feeder to supply 

exfoliated graphite, a drier to remove vapor and moisture, a sorter pass the expanded graphite 

to cyclone separator where the expanded graphite is separated from hot air, two dust remover 

are used and finally a blower pushes the expanded graphite to calendar.     
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Figure 25. XGS 8 flash drying system (Chunghwadry 2018). 

 

The approximate measurement of line manufacturing is mentioned in the below Figure 26. 

The maximum height of equipment in the manufacturing line is approximately 7 m high and 

length of expansion unit is 17 m with some convenient space between expansion units, the 

calendaring unit is placed with a length of 16 m. In calendaring unit, excluding the conveyor 

belts 6 m is occupied by the rollers. Overall, the complete setup of the planned manufacturing 

line production can be placed in the building targeted in ruokolahti. The outcome material 

handling is one among the challenging task. Due to the low mechanical strength of the 

material, the handling should be done carefully so the storage of the graphite compressed 

graphite plates are placed in a corner with any disturbance causing damage to the plates. 

 

Figure 26. Maximum length and height of the manufacturing line. 
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The production layout of the expanded graphite manufacturing process is as shown in the 

below Figure 27. The plant is designed based on all the required safety regulations. Since 

the height of the room is not uniform throughout the room the arrangement of equipment’s 

are in done in such a way that there are no disturbance to the equipment’s. The thermal 

closed furnace is placed away from the door in order to avoid heat wastage due to air flow 

during the opening and closing of the main door. Since the furnace is operated throughout 

the shift time, no windows are placed next to the thermal furnace avoiding breakage due to 

weather change. All the equipment’s are placed next to the electric power points in order to 

have a sufficient wall space avoiding extension of wires.  

 

The safety equipment’s are placed back to the thermal furnace so that it is convenient to use 

them during the operation near high temperatures. Also an exhaust air way is placed next to 

the furnace to release the exhaust air and maintains moisture control. There are two 

emergency exits placed in two of the corners in the room to provide exit during unsafe 

situations. These emergency exit are placed diagonal to each other to provide more escape 

route. The most important fire safety equipment’s are placed next to the WC which is easily 

accessible from the maintenance room. One long open storage room easy to access is placed 

parallel to the calendaring unit so that when the expanded graphite plates are compressed 

with rollers and cut into required dimensions at the end, workers can immediately transfer 

to storage unit batch by batch. There is a maintenance room located near the other end of the 

room with a huge glass window so that the worker can monitor the furnace without any 

physical contact. 

  



36 

 

 

Figure 27. Factory layout for line production 
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2.3 Laboratory experiment  

 

After various analysis carried from the patents there are conflicts about the addition of binder 

and binder less expanded graphite. In some patents addition of additives are also mentioned. 

Based on the analysis of various patent laboratory experiments are carried on to study about 

the behavior of expanded graphite’s. So, eight different samples of chemically treated 

graphite particles are subject to experimentation. The cost of the chemically treated graphite 

is known, so based on the expansion ratio and density of the expanded graphite the laboratory 

test can be analysis and a conclusion can be made.  

 

2.3.1 Experiment Aim 

 

The aim of the experiment is to find the expansion ratio, mass, volume and density of the 

chemically treated graphite of eight samples. The experiment is carried out in the LUT 

chemical laboratory. Along with the graphite particle sample expansion, based on the 

discussion from the literature review, glass fiber and glass wool are considered to be added 

as an additive in the laboratory setup.  The addition of the additives are consider with four 

ratio. 95% of graphite particle with 5% of glass fiber/ glass wool, 90% of graphite particle 

with 10% of glass fiber/ glass wool, 85% of graphite particle with 15% of glass fiber/ glass 

wool and finally 80% of graphite particle with 20% of glass fiber/ glass wool. All this 

percentage are measured based on weight of the material. The samples subjected under 

testing is as mentioned below. All the samples are treated with acids and ready to exfoliate.  

 

1. LKAB TEG 315 (Swedish company) 

2. LKAB TEG 500 (Swedish company) 

3. Kaisersberg S301 (German company) 

4. Kaisersberg S351 (German company) 

5. H.C. Carbon GmbH Mech pro 1 P 1 (German company) 

6. Qingdao Dongshan graphite Co., Ltd 9850350 (Chinese company)  

7. Qingdao Xinghe graphite Co., Ltd 9580300 TKL – 2 (Chinese company) 

8. Sample X 
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2.3.2 Experimental procedure   

 

Based on the aim of the experiment, the available apparatus from LUT chemistry laboratory 

is utilized for the experimentation. Initially the two additives glass fiber and glass wool are 

subjected to grinding to reduce the size of the material. The expected particle size after the 

grinding process should be less than 1mm. A dry three ball high speed grinder is used for 

reducing the particle size with a grinding time of 40-45min for each sample (glass fiber and 

glass wool). After grinding each material is stored in a separate containers in order to 

differentiate during the experiment. Once the additives are grinded, the furnace is turned on 

and the temperature is set to 800°C. The furnace used for the experiment is a 360° heating 

closed furnace. It takes approximately 1 hour to preheat the furnace. Each sample is taken 

for experiment one by one and five experiments are performed on each sample. 

 

The first sample is taken for experiment. Initially, the amount of graphite particle is 

measured with a measuring tube, 1 ml of the sample is measured and the measured particle 

is weighted using a weight machine. A ceramic pot capable of withstanding high temperature 

is taken and the measured acid treated graphite particle are placed inside the pot. The ceramic 

pot is placed inside the closed furnace at a temperature of 800°C for 1 minute.  

 

 

Figure 28. Before expansion Vs after expansion  
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The above shown Figure 28 represents the behavior of acid treated graphite particle before 

expansion and after expansion. The volume and mass of the particles before expansion are 

calculated and compared with the volume and mass after expansion. Also, with this data the 

density of acid treaded graphite particles before and after expansion can be calculated. After 

testing acid treated graphite sample the entire experiment procedure is repeated for 95% acid 

treated graphite particle and 5% additives, 90% acid treated graphite particle and 10% 

additives. The additives are glass fiber and glass wool. The percentage of material are 

calculated by weight. The weight of 1ml acid treated graphite particle is known so from that 

weight 5% and 10% of weight is subtracted with an addition of same amount of additives 

matching 1ml and weighted again. The experiment is repeated for all samples with 

combination of both the additives.  

 

Once the main experiment is over a special compression test is performed on the expanded 

graphite flakes. For this experiment the acid treated graphite particles are expanded to 

graphite flakes without the presence of any additives. A small plastic cylindrical container 

with a volume of 40ml, 50mm height and 16mm inner radius is taken. Once the graphite 

particles are expanded the graphite flakes are put into the plastic cylindrical container. Initial 

volume of the graphite flakes are 40ml and mass of the graphite flakes are also measured. A 

random glass in cylindrical shape easy to press into the plastic cylindrical container is taken 

and pressure is applied manually until all the graphite flakes are compressed towards the 

bottom layer of the plastic container. After the compression the volume of the pressed 

graphite flakes are measured. The mass remains the same before and after compression and 

based on the initial and final volume the density of the graphite flakes are measured before 

compression and after compression. This manual compression experiment is repeated for all 

the 8 samples and the results are compared to get a clear picture about the density of the 

material. Since the cost of the material are known already based on the density of the 8 eight 

samples the quality of the graphite flakes can also be measured. In addition, based on the 

density and cost analysis the production cost for manufacturing the flexible graphite sheets 

can also be estimated. The coin experiments are done only with pure graphite flakes and 

graphite flakes with additives like glass fiber and glass wool are not considered in the coin 

experiment because of the results from main experiment and considering the fact that 

additives are only used to improve the strength of the material. 
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3 RESULTS  

 

 

The improvement in science and technology have a major impact in development of the 

expanded graphite applications. When the patents are taken into close look it is clearly 

visible that the improvement in battery technology have boosted the growth of graphite as a 

whole. In addition, improvement in the domestic thermal management systems and fire 

retardant materials in construction purpose have made a drastic change in the expanded 

graphite material. On the other hand, with respect to the development of expanded graphite 

and their application, the patents are made industrialized and registered under carbon 

companies. Most of the carbon companies patent all possible ways of manufacturing, 

producing and new applications with respect to expanded worm graphite. Fuel cell 

application is a notable application of expanded graphite. In this section the results from the 

laboratory experiments are analyzed in detail. 

 

3.1 Experimental results 

 

Total number of experiments done for 8 samples are 5 and overall 40 experiments are 

performed. In addition, 8 experiments based on manual compression is carried out with pure 

graphite flakes. Based on the results from first experiment it is clearly found that each sample 

showed three types of expansion as shown in the table 1 below. Other experimented results 

from 8 samples are mentioned in the below Table 2.    

 

Table 2. Laboratory result based on expansion ratio  

Low expansion ratio LKAB TEG 315 

Sample X  

Moderate expansion ratio H.C. Carbon Mech pro 1 P 1  

Qingdao Dongshan graphite Co., Ltd (9850350) 

Qingdao Xinghe graphite Co., Ltd (9580300 TKL – 2) 

High expansion ratio  LKAB TEG 500  

Kaisersberg S301 

Kaisersberg S351 
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The samples when analyzed, it is found that the acid treated graphite particles behaved in 

three manner based on the expansion ratio which is low, high and medium expansion ratio. 

The acid treated graphite particle with low expansion ratio after expansion was heavy with 

high density and also difficult to compress manually. The acid treated graphite particles with 

high expansion ratio was extremely light that the expanded graphite flakes were 

uncontrollable with low density and also difficult to compress manually. In the case of 

moderate expanded ratio the graphite flakes possessed an even behavior in density and were 

easy to compress manually. 

 

In Table 3 below, the overall analysis of the pure graphite and mixture of pure graphite along 

with additives like glass fiber and glass wool are mentioned. The results show that the value 

of individual pure graphite change based on samples. The data from the mixed samples show 

a uniform change with respect to the percentage of impurities added. Also, when the samples 

are closely observed when the percentage of additives increase in the pure expanded graphite 

the graphite property is decreased with respect to an increase in the additive property.      

Overall, the addition of additives like glass fiber and glass wool only helps in the 

improvement of the strength of the graphite flakes but they did not show much difference in 

binding nature of the expanded graphite flakes. When the additives are added in excess the 

quality of graphite flakes are affected and results in poor binding between the flake graphite. 

So based on the result a minimum amount of additives say 5% to 10% based on the economic 

price range are sufficient to improve the strength of the flexible graphite sheets.  

 

The Table 4 below is the result from second test known as coin sample test or manual 

compression test. The expanded graphite is manually compressed and the required data is 

noted down. During the experimentation One among the sample named sample X have a 

low expansion rate so in order to have a better expansion the sample is subjected to 800°C 

for 2 min but the result was as same as under 1 min in the closed furnace. So the results from 

1 min expansion is considered and increasing in time did not result in long graphite flakes.  
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Table 3. Laboratory result of Samples 
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Table 4. Laboratory result of Coin samples 

Name of 

the samples 

Mass 

(g) 

Initial Initial 

height 

Final 

height 

Final Final Initial Final 

Volume 

(ml) 

Volume 

(mm3) 

Volume 

(ml) 

Density 

(g/ml) 

Density 

(g/ml) 

LKAB 

TEG 315 

0,287 40,19 50 5 4019,2 4,0192 0,0071 0,0714 

LKAB 

TEG 500 

0,173 40,19 50 5 4019,2 4,0192 0,0043 0,0430 

Kaisersberg 

S300 

0,141 40,19 50 5 4019,2 4,0192 0,0042 0,0429 

Kaisersberg 

S350 

0,172 40,19 50 5 4019,2 4,0192 0,0042 0,0429 

H.C. 

Carbon  

0,452 40,19 50 7 5626,8 5,6268 0,0112 0,0803 

Qingdao 

Dongshan  

0,330 40,19 50 9 7234,5 7,2345 0,0082 0,0456 

Qingdao 

Xinghe 

0,346 40,19 50 7 5626,8 5,6268 0,0086 0,0615 

Sample X 1,099 40,19 50 13 10449,9 10,449 0,0273 0,1052 

 

The data from the manual compression test for pure graphite flakes are mentioned in Table 

3. The targeted density is 0.06 g/cc. LKAB TEG 315, H.C Carbon and 9580300 TKL-2 are 

the samples showing density which is close to the expected density. The sample 9580300 

TKL-2 have approximately the same density as needed to make the flexible graphite flakes. 

Other samples from the list are either light or heavy to be used in the flexible graphite sheet 

application. The coin shaped manually pressed graphite flakes are examined manually with 

naked eye the binding between the graphite flakes seems satisfying and the material possess 

moderate strength capable to handle it. Based on the observation from the coin sample the 

graphite flakes have an ability to bond together without any alien particles. In addition, the 

bonding between graphite flakes are more spontaneous when it is immediately compressed 

after expanding with a minimum amount of heat in it.  
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3.2 Overall analysis  

 

The samples which are subjected to testing have given a reasonable experimental results. 

Exfoliated graphite treated with acid solutions in different quality behaved in different 

manner. Based on the quality of the material the expansion ratio was influenced. The results 

from the laboratory experiments are divided into three categories based on expansion ratio 

which is high, low and medium expansion ratios. Based on the end application the expansion 

ratio of the worm graphite flakes are selected. In this three categories the flakes with low 

expansion ratio and high expansion ratio did not perform well in the compression coin test. 

So the flake graphite particle with a moderate expansion ratio have a flexible and ease 

compression property. Based on the experimental results graphs are plotted for better 

understanding. In the graphical comparison eight samples tested are compared with each 

other based on their physical property and expansion behavior. The below represented Figure 

29 is the experimental results of the first laboratory work. All the eight samples are subjected 

to expansion with combination of glass fiber and glass wool. 

 

 

Figure 29. Density: Before expansion Vs After expansion Vs no air with constant volume 
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From the Figure 29, the Chines manufacturing company Qingdao Dongshan Graphite co., 

Ltd with product name 9850350 have a density range between before expansion and after 

expansion 0.5375 g/cc to 0.00808 g/cc. It has a moderate expansion ratio. Another Chines 

manufacturing company Qingdao Xinghe Graphite co., Ltd with product name 

9580300TKL-2 have a density range before and after expansion 0.668 g/cc to 0.01047g/cc 

has a moderate expansion ratio. The German manufacturing company H.C. carbon with 

product name mech pro 1 p 1 have a density range before and after expansion 0.6417 g/cc 

to 0.01446 g/cc with a moderate expansion ratio. The German manufacturing company 

Kaisersberg with product name S301 have a density range before expansion and after 

expansion 0.5927 g/cc to 0.00414 g/cc, exfoliated graphite particles have a high expansion 

rate. The same company Kaisersberg with product name S351 has a density ratio before 

expansion and after expansion 0.6108 g/cc to 0.00425g/cc, this product also have the density 

close to the targeted density but unfortunately they possess a high expansion ratio. The 

Swedish manufacturing company LKAB with product name TEG 315 have a density range 

before expansion and after expansion 0.6212 g/cc to 0.00945 g/cc with a low expansion ratio. 

The same company with product name TEG 500 have a density before expansion and after 

expansion 0.645 g/cc to 0.00595 g/cc. All the samples taken for experiment have a standard 

initial volume of 1ml before thermal expansion. 

 

 

Figure 30. Three stages in volume measurement  
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In the Figure 30, volume data from first laboratory experiment is compared in three different 

stages. The initial volume in blue color is constantly taken as 1ml of acid treated graphite 

particle for all the eight samples. This 1 ml of initial volume is expanded under 800°C closed 

thermal furnace for a time period of 1 min. The red color line indicates data of volume after 

expansion. Once the immediate expansion volume is noted the expanded worm graphite’s 

are transferred to another vessel to remove the air gab between the particles. The grey line 

in the graph indicates volume after air is removed. From the graph, three stages in volume 

explains about the three expansion ratio (high expansion ratio, low expansion ratio and 

medium expansion ratio) of acid treated graphite particle. All data in the graph are taken 

from the pure exfoliated graphite particles without any additives. 

 

 

Figure 31. Initial density Vs Final density  
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in different aspect ratio based on industrial quality. The targeted density is approximately 

0.06g/cc, the Chinese sample from Qingdao Dongshan graphite Co., Ltd 9850350 is close to 

the targeted density and German sample H.C. Carbon GmbH Mech pro 1 P 1 is 

approximately close towards the targeted density. 

 

 

Figure 32. Initial mass Vs change in mass 
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values noted from the laboratory experimentation. In the graph the orange line represents the 

change in mass and the blue line represents the initial mass before thermal expansion. On an 

average 10% to 24% of loss in raw material during expansion. The materials with high 

expansion ratio and moderate expansion ratio shows a major loss when compared it with the 

material having low expansion ratio. This can be a result of evaporation of acid solution or 

burning of expanded graphite due to expansion time. When considering the sample with least 

loss in initial mass it has a low expansion ratio. On the other hand, material with high loss 
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The sample from H.C carbon also shows a low loss in initial mass but it has a good expansion 

ratio. So the loss in initial mass of the graphite particle also depends on the quality of raw 

material. Since the initial volume of the taken graphite particle and the time subjected on the 

graphite particle to thermally expand inside the closed thermal heater is constant. The 

laboratory results are considered for further result consideration without any change in the 

data. With further investigation in the sample the accurate reason for the reduction in initial 

mass of the material after thermal expansion can be found. In addition, results from the 

samples which are mixed with glass fiber and glass wool also possess certain loss in mass in 

final level. The losses resembles same when compared with each samples with approximate 

percentage. Since the overall experiment is carried with same quality the result are same as 

expected with each other samples with different additives in different percentage.       

 

Table 5. Change in mass after thermal expansion 

Sample name Mass (g) % loss 

Initial (a) Final (b) (a-b) 

LKAB TEG 315 0,6212 0,5196 0,1016 16,3554 

LKAB TEG 500 0,6450 0,5359 0,1091 16,9147 

Kaisersberg S301 0,5927 0,4466 0,1461 24,6499 

Kaisersberg S351 0,6108 0,4797 0,131 21,4636 

H.C Carbon 0,6417 0,5638 0,0779 12,1396 

Qingdao Dongshan 0,5375 0,4446 0,0929 17,2837 

Qingdao Xinghe 0,6680 0,5445 0,1235 18,4880 

Sample X 0,7770 0,7066 0,0704 9,0604 
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4 DISCUSSION 

 

 

The first patent in 1968 with respect to manufacturing process with patent number 3,404,061 

is the base for all the manufacturing process with respect to expanded graphite. Also, in this 

research work the same patent is fixed as the base design for manufacturing process. Which 

is divided into reactor phase and production phase in the methods used. With the reference 

from the patent number US 6,432,336 B1 base design in manufacturing process is developed 

further with the addition of minor detailing and feature. From patent number US 

2009/0072448 A1 the concept of belt rollers before calendaring process is included in the 

design to have better compressibility. From all the patent analyzed, the manufacturing 

process for expanding exfoliated graphite and compressing it into a finished expanded 

graphite sheet is designed. Based on the manufacturing process, a market analysis is done 

and machine capacity is obtained from reliable companies for an estimated 150 tonnes/year 

capacity.  

 

The next stage in the research is to investigate in raw materials. In order to fix an 

experimental procedure the patent number US 6,432,336 B1 is analyzed and adopted to fit 

the research work. Based on the laboratory experiment analysis two important observation 

is found. One is the mass loss in expanded graphite after thermal expansion and the other 

one is moderate expansion ratio is suitable for compressing the expanded graphite material. 

These minor points are not mentioned in industrial patents and scientific research. In 

addition, the expansion rate of the exfoliated graphite differs with respect to the heating 

method. The best heating method is closed 360° radiation heating for experimental purpose. 

From the laboratory results for expanded graphite mixed with glass fiber and glass wool 

(additives) it resulted only in addition of strength to the compressed expanded graphite as 

mentioned in the patent number 5,902,762 but in further observation the expanded graphite 

losses its property when the additives are added more than 5-6%.   

 

To further analysis about the properties of thermally expanded graphite, according to journal 

article, a review of exfoliated graphite by D.D.L Chung in 2016. It is mentioned that 

increasing in the compactness of expanded graphite sheet with external pressure will result 

in the increase of electrical and thermal conductivity inside the in-plan. This case was clearly 
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observed during the coin experiment. During the initial compacting the thermal conductivity 

of the expanded graphite was less compared to the final coin sample when subjected under 

thermal heat. Also in same journal article it is mentioned that the exfoliated graphite expands 

100 times its original size in C-axis. According to the laboratory observation from our 

research, single expanded worm graphite flake possessed an increase of 100 times its own 

size but the expansion in C-axis is unclear. In a journal article, some useful application of 

expanded graphite: review by Young-shin ko and Won-Chun Oh proved that the expansion 

takes place in C-axis due to continuous oxidation on the acid treated graphite particle. It is 

also verified and proved with SEM tests. Furthermore, in the research many possible 

applications with expanded graphite is mentioned based on actual laboratory results. 

According to the raw material data given by Qingdao Xinghe Graphite co., Ltd for product 

9580300 TKL-2 the expansion ratio is claimed to be 300 times the original volume but 

during the experimentation the expansion ratio for the material is observed to be 80 times 

but the density of the material remain the same in both the cases.  
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5 CONCLUSION 

 

 

Based on the market survey the forecasts clearly predicts that comparing with 2000 to 2025 

the demand for expanded graphite for battery application is 1.5 times more and non-battery 

application is 0.75 times more. Also based on the survey, China is the leading producer in 

expanded graphite which means there are more doors to European market. Recently a 

conference held in Xingshan, China on December 2017, the key speaker Mr. Jiang Yang 

(Vice president of Chinese building material application technology and president of 

Chinese building materials application technology research institute) has quoted “China 

needs 40 million tonnes of fire retardant building materials per annum, which will contain 

5% expandable graphite.” Which means per annum 2 million tonnes of expanded graphite is 

required. This clearly states that there is a strong demand in the expanded graphite industry. 

 

The literature review from patents gives a clear importance of expanded graphite application 

and how companies are patenting each and every single method of exfoliation and expanding 

the acid treated graphite material. The patent review analyzed are used for designing a 

manufacturing process to expand the exfoliated graphite. The expanded graphite 

manufacturing process had a step by step evolution in the process system based on the 

development in technology. The manufacturing process is also depend complete on the end 

application of the expanded graphite material. Based on the end application the 

manufacturing processes is designed and based on the manufacturing process the production 

plant is designed with additional information like plant capacity and other details.  

 

Based on the overall analysis, the demand for the expanded graphite is a key point to enter 

into the market by establishing a production plan. The demand for expanded graphite will 

be growing exponentially and because of the growth the leading companies will increase the 

cost of expanded graphite. For future research, the expanded graphite can be subjected to 

mechanical testing to analysis the properties of the expanded graphite sheet. Generally, 

based on the raw material cost the quality of the final product various, so research on 

additives to improve the quality of final product with cheap raw material can be analyzed. 

In addition, keeping the expanded graphite material as a base a final application like battery 

or thermal management system can be designed and analyzed. Based on the review from 
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scientific articles such physical analysis on expanded graphite is possible. The results will 

provide information about measuring the thermal and electrical conductivity of the expanded 

graphite and calculate the physical strength of the material. Furthermore, depending on the 

end application composites with expanded graphite material is also feasible.     
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APPENDIXES 

 

 

APPENDIX 1 

 

No Year Patent 

no. 

Author Title Key point 

1 1915 

(1913) 

1,137,3

73 

Aylsworth 

J.W., 

Expanded graphite 

and composition 

thereof 

The best binder for general use is 

Phenolic-methylene condensation 

product 

 

2 1916 

(1914) 

1,191,3

83 

Aylsworth 

J.W., 

Expanded graphite The expanded graphite’s are 

roasted in presence of air or gas 

after the production to have 

reduced specific gravity, increase 

bulk or volume. 

 

3 1967 

(1963) 

3,323,8

69 

Olstowski 

F., Tex F. 

Process for 

producing expanded 

graphite  

Preparing expanded graphite with 

low bulk density at relatively low 

expansion temperature  

 

4 1968 

(1963) 

3,404,0

61 

Shane et 

al. 

Flexible graphite 

material of expanded 

particle compressed 

together 

Discussed about possible ways to 

manufacture (continues production) 

expanded graphite. (absence of 

binder) 

 

5 1970 

(1965) 

3,492,1

97 

Olstowski 

F, et al. 

Novel compressed 

cohered graphite 

structures and 

method of preparing 

same 

Discussed about both inorganic and 

organic binder in compression 

process for Expanded Graphite 

 

6 1979 

(1976) 

4,146,4

01 

Yamada et 

al 

 

(Hitachi 

chemical 

company) 

Graphite material 

having 

compressibility and 

recovering property 

and method for 

manufacturing the 

same 

 

A new manufacturing method is 

invented. Aqueous solution of 

aluminum dihydrogen phosphate is 

used as binder 

7 1980 

(1977) 

4,234,6

38 

Yamazoe 

et al 

 

(Nippon 

Carbon 

Co., Ltd.,)  

Composite graphite 

sheets  

Even adding binders to Expanded 

graphite do not have sufficient 

improved rigidity, so metallic cores 

are reinforced. 
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8 1981 

(1979) 

4,244,934 Kondo et al. Process for 

producing 

flexible graphite 

products 

 

(no binder used) 

The graphite particles are 

treated with at least one 

metal salt of a boric acid 

esters of monosaccharides 

and compressed. 

  

9 1983 

(1982) 

EP008748

9 A1 

Hirschvogel .A, et 

al. 

 

(SIGRI GmbH) 

Method of 

producing 

expanded 

graphite 

particles 

 

Method of producing 

expanded graphite flakes by 

intercalation and the use of 

infrared with latest 500 kW / 

m2 to expand a 10 mm thick 

sheet of graphite flakes 

 

10 1990 

(1988) 

4,961,988 Zhu D.X., 

 

(Zhejiang CI XI 

seal material 

factory) 

 

General packing 

of expanded 

graphite  

The Expanded graphite 

flakes are bonded with 

auxiliary materials using 

organic adhesives 

 

11 1992 

(1991) 

5,094,780 Von bonin 

 

(Bayer 

Aktiengesellschaft) 

Intumescent 

moldings  

A kind of molding process 

for preventive fire 

application. Binder used is 

ethylene diamine phosphate. 

 

12 1994 

(1992) 

5,294,300 Kusuyama 

 

(Toyo Tanso) 

Production 

method of 

expanded 

graphite sheet 

and expanded 

graphite 

obtained thereby 

 

Expanded graphite sheet of 

large mechanical strength is 

manufacture with binder and 

reinforcement. 

13 1998 

(1997) 

5,846,459 Mercuri 

 

(UCAR Carbon 

technology) 

Method of 

forming a 

flexible graphite 

sheet with 

decreased 

anisotropy  

  

(No binder used) 

Large particles of expanded 

graphite is blended with 

small particles of expanded 

graphite. Can control the 

graphite performance  
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14 1999 

(1997) 

5,902,762 Mercuri et al. 

 

(UCAR Carbon 

technology) 

Flexible 

graphite 

composite 

 

Expanded graphite sheets are 

embedded with (needle shape 

0,15 to 1,5mm long) ceramic 

fibers and resin (phenolic) is 

applied before calendaring 

 

15 1999 

(1997) 

5,885,728 Mercuri et al. 

 

(UCAR Carbon 

technology) 

Flexible 

graphite 

composite  

Application: Flow field plate in 

fuel cell 

Expanded graphite sheets are 

embedded with (needle shape 

0,15 to 1,5mm long) ceramic 

fibers and resin (phenolic) is 

applied before calendaring 

 

16 1999 

(1997) 

5,981,072 Mercuri et al. 

 

(UCAR Carbon 

technology) 

Oxidation and 

corrosion 

resistant flexible 

graphite 

composite sheet 

and method 

 

Fine particle of expanded 

graphite flakes is mixed with 

fine particles of intercalated 

unexpanded graphite particles 

along with phosphorous and 

compressed. 

 

17 1999 

(1996) 

 

5,882,570 Hayward 

 

(SGL Technic, 

Inc) 

 

Injection 

molding 

graphite 

material and 

thermoplastic 

materials  

 

Application: Heat resistance 

Graphite particles are expanded 

with thermal shock and mixed 

with thermoplastics with 

phenolic resin and injection 

molded. (Recycled expanded 

graphite can be used) 

 

 

18 2000 

(1997) 

6,017,633 Mercuri 

 

(UCAR Carbon 

technology) 

 

Flexible 

graphite 

composite sheet 

and method  

Application: sealing 

Fine particle of expanded 

graphite flakes is mixed with 

fine particles of intercalated 

unexpanded graphite particles 

 

19 2000 

(1998) 

6,037,074 Mercuri et al. 

 

(UCAR Carbon 

technology) 

 

Flexible 

graphite 

composite for 

use in the form 

of a fuel cell 

flow field plate 

Application: Flow field plate 

Thin flexible graphite sheet is 

used to support composite of 

expanded graphite and needle 

shaped ceramic composite. 

(like sandwich) 
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20 2000 

(1998) 

6,087,034 Mercuri et al. 

 

(UCAR Carbon 

technology) 

 

Flexible 

graphite 

composite 

Expanded graphite sheets are 

embedded with (needle shape) 

ceramic fibers with coke 

residue as resin used as 

electrode in electrochemical 

process 

 

21 2000 

(1999) 

6,143,218 Mercuri  

 

(UCAR Carbon 

technology) 

Method of 

forming a 

flexible 

graphite 

composite 

sheet 

(No binder used) 

Fine particle of expanded 

graphite flakes is mixed with 

fine particles of intercalated 

unexpanded graphite particles 

 

22 2002 

(2000) 

US 

6,432,336 

B1 

Mercuri et al. 

 

(Graftech Inc) 

Flexible 

graphite article 

and method of 

manufacturing  

 

Continuous production of 

resin-impregnated flexible 

graphite sheet (with ceramic 

fiber particles) 

 

23 

 

2002 

(2000) 

US 

6,406,612 

B1 

Greinke  

 

(Graftech Inc) 

Expandable 

graphite and 

method 

 

Expanded graphite are 

produced using electrolytic 

intercalation 

 

24 2002 

(2001) 

US 

6,416,815 

B2 

Greinke et al  

 

(Graftech Inc) 

Expandable 

graphite and 

method 

 

High volume of graphite is 

expanded with low temperature 

600*C or below by adding 

organic expansion aid in 

intercalant solution later 

organic reduction agent is used 

to enhance the flakes 

 

25 2004 

(2001) 

US 

6,673,289 

B2 

Reynolds, III et 

al 

Manufacture 

of materials 

from graphite 

particles 

Expanded graphite is recycled 

by grinding and removing the 

resin part. Again blending with 

natural EG particle and 

expanded and finally 

calendared to form sheets 

 

26 2004 

(2002) 

US 

6,673,284 

B2 

Mercuri et al 

 

Advance energy 

technology  

Method of 

making 

flexible 

graphite sheet 

having 

increased 

isotropy  

 

(No binder used) 

Flake size no more than about 

30% by weight +80 mesh 

(moisture no greater than 

1.0%) 
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27 2005 

(2002) 

US 6,886,233 

B2 

Rutherford 

et al. 

 

(EGC 

Enterprises, 

Inc) 

Method for 

decreasing the 

thickness of flexible 

expanded graphite 

sheet 

  

The thickness of the 

expanded graphite sheet is 

reduced by applying surface 

adhered and remove the 

layer with sufficient force  

 

28 2005 

(2004) 

US 

2005/0189673 

A1 

Klug et al Treatment of 

flexible graphite 

material and method 

thereof 

 

Continuous process, 

Flexible graphite sheets are 

rolled with resin-

impregnated and cured to 

improve the structure 

 

29 2005 

(2006) 

EP1512933A2  
 

Guckert W. 

et al 

 

(SGL 

group) 

Heat conduction 

plate made of 

expanded graphite 

and method of 

fabrication thereof  
 

Expanded graphite is used 

without binder. Where the 

EG sheets are placed 

between metal plates for 

thermal management.  

 
 

30 2006 

(2006) 

US 

2006/0231792 

Drzal et al 

 

(Board of 

trustee of 

Michigan 

state 

university) 

Expanded graphite 

and products 

produced therefrom 

 

The expanded graphite is 

manufactured from 

microwave or radio 

frequency waves. Polymer 

and expanded graphite Nano 

platelets are compared.  

 

31 2006 

(2006) 

US 

2006/0241237 

A1 

Drzal et al 

 

(Board of 

trustee of 

Michigan 

state 

university) 

 

Continuous process 

for producing 

exfoliated Nano-

graphite platelets  

 

Continuous expanding 

process of graphite particle 

using microwaves or high 

frequency wave. Examples 

of expanded graphite mixed 

with polymers are present 

 

32 2006 

(2004) 

US 7,108,917 

B2 

Klug 

 

(Advanced 

energy 

technology) 

Variably 

impregnated flexible 

graphite material 

and method 

 

Continuous process, a sheet 

of compressed particles of 

resin impregnated EG with a 

non-uniform resin 

concentration is laminated in 

one surface of the flexible 

graphite sheet. 

 

33 2006 

(2003) 

CN1754079A D·W· 

Crassus 

 

Flexible graphite 

thermal 

management 

devices 

Expanded graphite with 

phenolic resin bonding is 

made as sheet to build a 

thermal management 

system. Graf tech expanded 

sheet is used. A horizontal 

heating unit from China 
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34 2008 

(2007) 

US2008/0258359 

A1 

Zhamu et al. Low-temperature 

method of 

production Nano-

scaled graphene 

platelets and their 

nanocomposites 

 

Nano-graphite platelets 

are manufactured at 

temperature below 

650*C. Mechanically 

sheared and submerged 

in polymer or monomer 

 

35 2008 

(2007) 

 

US 

2008/0149322 

A1 

 

Ottinger et al 

 

(SGL 

Carbon) 

Metal coated 

graphite sheet 

Expanded graphite sheet 

is impregnated with resin 

and coated with metal of 

100 nm thickness. 

 

36 2008 

(2007) 

US 

2008/0279710 

A1 

Zhamu et al. Method of 

producing 

exfoliated graphite 

composite 

compositions for 

fuel cell flow field 

plates 

 

Expandable graphite is 

mixed with non-

expandable binder or 

matrix material. Expose 

the mixture to heat and 

expand. Compress 

between 5 to 50,000 psi 

in 2 direction this 

activates the binder. 

 

37 2008 

(2007) 

US 

2008/0299419 

A1 

Zhamu et al. Laminated 

exfoliated graphite-

metal compositions 

for fuel cell flow 

field plate or 

bipolar plate 

application  

 

Expandable graphite is 

mixed with non-

expandable binder or 

matrix material. Expose 

the mixture to heat were 

it expand and later 

compress. (Keeping a 

metal sheet between two 

graphite sheets) 

 

38 2009 

(2007) 

US 

2009/0028777 

A1 

Zhamu et al. Environmentally 

benign chemical 

oxidation method 

of producing 

graphite 

intercalation 

compound 

exfoliated graphite 

and Nano-scaled 

graphene platelets 

 

Double intercalation 

process takes place 

followed by mechanical 

shearing to produce Nano 

scaled expanded graphite 

platelets which are cheap 

alternative for carbon 

Nano tubes  
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39 2009 

(2007) 

US 

2009/0057940 

A1 

Zhamu et al. Method of 

producing less 

anisotropic 

flexible graphite 

 

Expandable graphite is 

mixed with non-expandable 

binder or matrix material. 

Expose the mixture to heat 

were it expand and later 

compress in one direction 

(0.04 to 350 Mpa) again 

compress in different 

direction 

 

40 2009 

(2007) 

US 

2009/0072448 

A1 

Shi et al Continuous 

production of 

exfoliated 

graphite 

composite 

compositions and 

flow field plates 

 

Expanded graphite flakes are 

mixed with binder or a 

matrix material and 

compressed in 2 directions at 

0.035 to 350 Mpa. There is a 

list of binder or matrix 

material included in the 

patent. 

 

41 2009 

(2008) 

EP2058278A2 Friedrich et 

al. 

 

(SGL 

carbon) 

 

Expanded 

graphite and 

method for its 

production  

Graphite is expanded using 

plasma in pressure range 5 to 

300 Mpa with a list of phase 

transition material 

(Binder/resin) 

 

42 2009 

(2007) 

US 

2009/0061191 

A1 

Zhamu et al. Recompressed 

exfoliated 

graphite  

A recompressed exfoliated 

graphite article comprising a 

mixture of: expanded or 

exfoliated graphite flakes; 

and articles of non-

expandable graphite or 

carbon 

 

43 2009 

(2007) 

US 

2009/0151847 

A1 

Zhamu et al. Process for 

producing 

laminated 

exfoliated 

graphite 

composite-metal 

compositions for 

fuel cell bipolar 

plate applications 

 

Continuous process, metal 

sheet is passed between 

expanded graphite flakes and 

compressed like a sandwich. 

(The flakes are combined 

with non-expandable binder) 

 

44 2013 

(2012) 

US 

2013/0236715 

A1 

Zhamu et al. Graphene oxide 

gel bonded 

graphene 

composite films 

and processes for 

producing same  

Thin film graphene layers 

(Nano platelets) are formed 

using graphene oxide binder. 
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45 2014 

(2012) 

US 

2014/0147648 

A1 

Zhamu et al. Unitary graphene 

layer or graphene 

single crystal  

Graphene  single crystal is 

formed using graphene oxide 

gel 

(expanded research from 

above patent) 

 

 

46 2014 

(2012) 

US 

2014/0154941 

A1 

Zhamu et al. Unitary graphene 

matrix 

composites 

containing carbon 

or graphite fillers  

Exfoliated graphite with 

thickness more than 100nm 

is manufactured from 

graphene oxide gel. Result is 

thermal conductivity greater 

than 1000w/mk 

47 2014 

(2013) 

US 

2014/0242275 

A1 

Zhamu et al. Process for 

producing unitary 

graphene 

materials 

Method to make graphene 

gel which is used to 

manufacture unitary 

graphene materials. 

Discussed about 

binder/adhesives  

 

48 2015 

(2014) 

US 

2015/0218003 

A1 

Zhamu et al. Process for 

producing highly 

oriented graphene 

films  

Graphene platelets are mixed 

with carbon precursor 

polymer and a liquid to form 

slurry. Liquid phase is 

removed forming a precursor 

polymer composite film. 

Finally it’s carbonized in 

high temperature to form 

graphene films. 

  

49 2016 

(2014) 

US 9,359,208 

B2 

Zhamu et al. Production 

process for highly 

conductive 

graphitic films 

Graphene platelets are mixed 

with carbon precursor 

polymer and a liquid to form 

slurry. Liquid phase is 

removed forming a precursor 

polymer composite film. 

Finally it’s carbonized in 

high temperature to form 

graphene films. 

 

50 2017 

(2015) 

US 

2017/0021387 

A1 

Lin et al  Production of 

highly oriented 

graphene oxide 

films and 

graphitic films 

derived therefrom 

 

Manufacturing of graphene 

oxide film using graphene 

oxide gel. The film has 

thermal conductivity at least 

1500 W/mk Other 

mechanical properties are 

also mentioned. 
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51 2017 

(2015) 

US 2017/0162291 

A1 

Zhamu et al Highly 

conducting and 

oriented 

graphene film 

and production 

process 

 

Conductor-bonded 

graphite sheets are 

produced. Graphene 

oxide gel is applied to 

form a wet layer and 

heat treat it (55 to 

3200*C) later the 

formed graphitic film is 

impregnated with 

conductor materials. 

 

52 2017 

(2016) 

WO2017125819A1 Patole .P.S., 

Costa 

P.M.F.J.,  

Expansion and 

exfoliation of 

graphite to form 

graphene  

Graphene is synthesized 

using layers of expanded 

graphite. (Preparation of 

expanded graphite is 

described clearly) 

 

 

 

 


