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ABSTRACT 
 

Characterizing carbon-carbon composite behavior 

across multiple length scales is essential to comprehending 

its macro-scale behavior. This work characterizes a 

graphene-anthracene composite from the nano- to the 

micron-scale with a variety of analytical techniques to 

understand its bulk properties. Three variations of the 

graphene-anthracene composite are prepared by using 

graphene sheets of varied sizes as a filler in an anthracene 

matrix. The graphene materials included 300-800 nm 

reduced graphene oxide, 1-2 µm graphene nano-platelets 

and 2-5 µm graphene. The carbon-carbon composite so 

formed is then characterized at different length scales to 

understand the graphene additives’ influence on the 

composites’ observable macroscopic properties as 

dependent upon the nano- to microstructure – reported here. 

 

Keywords: Carbon, composite, graphitization, graphene, 

anthracene. 

 

1 INTRODUCTION 
 

Composites are multiphase materials in which 

macroscopic properties can be tailored by combining two or 

more phases [1].  Carbon-carbon (C-C) composites are a 

subset consisting of a filler-matrix combination, both being 

forms of the element carbon [2,3]. The composite is 

typically formed after carbonization and graphitization of a 

carbon precursor material [4,5], in this case anthracene, 

impregnated with different sizes of graphene. To make 

better composite materials, it is essential to understand how 

its macroscopic properties are being influenced by additive 

and matrix interactions at the molecular scale as well as at 

an intermediate micron scale [1]. Such multi-scale studies 

to understand materials have been done for a diverse range 

of composites like carbon nanofibres in cement [6], in the 

field of tribology [7],  has biomedical applications in tissue 

engineering [8] and attempts have also been made to 

understand this inter-scale dependence using finite element 

modeling methods, for instance [9]. Thus, understanding 

the building blocks of materials using a bottom up approach 

will help put the materials of interest, C-C composites in 

this case, to good use.  

This work aims to address the effect of filler size on a 

carbon-based filler-matrix combination in C-C composites. 

Nanostructure, for instance, is visualized using transmission 

electron microscopy (TEM), while scanning electron 

microscopy (SEM) enables visualization of filler-matrix 

(graphene-anthracene) interaction at the micron scale. 

Using macroscopic samples, X-ray diffraction (XRD) gives 

an overall picture of the material’s crystallinity, acting as a 

bulk measure to characterize the composite. 

 

2 EXPERIMENTAL METHODOLOGY 
 

The graphene-anthracene composites have been made 

by mixing pre-synthesized graphene sheets of varying X-Y 

dimensions within a matrix of anthracene. The filler 

materials are graphene with X-Y dimensions of (a) 2-5 µm 

graphene sheets, (b) 1-2 µm as graphene nano-platelets 

(GNP) and (c) 300-800 nm as reduced graphene oxide 

(RGO). Each filler material is mixed with laboratory grade 

anthracene in powdered form to achieve a 2.5% by weight 

loading of the filler in the matrix. The mixture was then 

subjected to carbonization under inert at 500°C for 5 hours 

in a pre-heated sand-bath in tubing reactors. This was 

followed by high-temperature graphitization heat treatment 

at 2700°C for one hour in a Centorr Vacuum Industries 

graphitization furnace in an atmosphere of Argon.  

The graphitized composites were then analyzed for their 

nanostructure in a Talos F200X TEM with the sample 

prepared by depositing a few drops of a sonicated solution 

of the composite in methanol on lacey C/Cu 300 mesh 

grids. Samples for SEM were prepared by mounting the 

composite in epoxy and polishing the cured sample to a flat 

surface to have minimum tilt (< 1°) and surface roughness 

(< 100 nm). An FEI Nova NanoSEM 630 is used for 

visualization. XRD was performed on powdered samples 

crushed in a mortar and pestle and mounted in a 

PANalytical Empyrean X-ray Diffractometer. 

 

3 RESULTS AND DISCUSSION 

Anthracene is a graphitizing carbon [10] forming long 

graphitic sheets shown by its nanostructure in Figure 1a. 

Differently sized graphene used as fillers are also shown 

after being subject to the same high-temperature heat 

treatment process as a baseline. TEM micrographs of the 

three different graphene-anthracene composites are shown 

in Figure 2. 

Figure 2 shows that all composites so formed have a 

graphitic structure with evident but somewhat differentiated 

sheet-like arrangements. Figure 2a, for instance, shows the 

graphene-anthracene composite made with 2-5 µm long 

graphene sheets. Consequently, its nanostructure appears to 
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be a stack of carbon sheets with its edges visible due to the 

relative displacement between the graphitic sheets so 

formed. Figure 2c on the other hand shows a more random 

arrangement of the graphitic material with Figure 2b being 

an intermediate between the two. Largely, however, the 

seemingly similar nanostructure with little visual 

differentiation observed via HRTEM will not be telling of 

its macrostructural behavior. Thus, the composites were 

further analyzed by SEM and XRD respectively.  

50 nm a 1 µm b

2 µm c 1 µm d

 
 

Figure 1: TEM micrograph of (a) anthracene only and 

graphene of sizes (b) 2-5 µm, (c) 1-2 µm, (d) 300-800 nm 

after high-temperature heat treatment.  
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Figure 2: TEM micrographs showing nanostructure of (a) 

graphene-anthracene (b) GNP-anthracene and (c) RGO-

anthracene composites. 

SEM images of the three composites show vastly 

contrasting microstructure, not observed by TEM. Figure 3a 

shows the graphene-anthracene composite to have a 

stacked-sheet arrangement thereby supporting its 

corresponding TEM micrograph. This structure has 

multiple planes along which the material can fracture when 

subjected to shear stress, for example. Contrasting its 

microstructure with that of the GNP-anthracene composite 

shown in Figure 3b would then suggest this to be a material 

with higher resistance to shearing. The third composite 

made from RGO-anthracene, both individually graphitizing 

materials yet exhibiting a microstructure akin to crumpled 

paper (Figure 3c), will likely be the most resistant given its 

isotropic nature and consequent uniform distribution of 

stress in the material when subjected to a fracture force. 
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Figure 3: SEM images of (a) graphene-anthracene (b) GNP-

anthracene and (c) RGO-anthracene composites. 

This reasoning of the material’s macroscopic behavior is 

further reinforced by their comparative XRD analysis as 

tabulated in Figure 4. As the size of the graphene filler 

reduces from its largest X-Y dimension of 2-5 µm to the 

smallest 300-800 nm, the composite becomes increasingly 

non-graphitizing and therefore, more representative of a 

hard carbon. This can be seen by the reduction in the (002) 

peak intensity (Figure 4) as well as from the lattice 

parameters and degree of graphitization (g) value [11], 

calculated for the three composites in Table 1. As defined, 

lower the value of g, more graphitizing the material. Hence, 

RGO-anthracene is the least graphitized composite of the 

set followed by GNP-anthracene and graphene-anthracene 

respectively. This is supported by their d-spacing, stack 

height (Lc) and lateral extent (La) with the least graphitizing 

composite having the largest d-spacing, close to that of 

turbostratic graphite (i.e., 3.44 Å) and smallest values of Lc 

and La.  
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Graphene size/ 

Lattice Parameter 

2-5  

µm  

 

1-2  

µm  

 

300-800 

nm 

d002 [Å] 3.347 3.356 3.390 

Lc (using 004) [nm] 24 18 16 

La (using 110) [nm] 89 60 59 

g (Degree of graphitization) 0.01 0.03 0.70 

Table 1. Lattice parameters calculated from XRD analysis. 

2-5 µm Graphene (Regular)

1-2 µm Graphene Nano-platelets (GNP)

300 – 800 nm Reduced Graphene Oxide (RGO)
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Figure 4: XRD showing variation in (002) indicative of 

increasing non-graphitizing nature of the composite based 

on filler size. 

 

The dominant presence of stacked lamellae confirms the 

graphitizing nature of the graphene-anthracene composite 

under study. This observation is consistent across the three 

graphene varieties, where the differently sized graphene 

sheets as additives all lead to graphitized (nano) structure. 

However, SEM and XRD point to the composites being 

graphitized to different degrees, an observation not 

captured via the materials’ nanostructure. XRD gives an 

overall picture of the material’s crystallinity, further 

confirming that the composites differ – attributed to the 

filler size playing a role in determining its macroscopic 

properties. Therefore, to analyze carbon-carbon composites, 

such as the graphene-anthracene composite studied here or 

multiphase composite materials in general, it is essential to 

bring together various characterization techniques to 

address the multiple length scales in order to establish 

structure – property relationships. 

 

4 SUMMARY 
 

All materials are built from the basic building blocks of 

atoms and molecules eventually imparting properties to the 

material that make it useful towards a particular task. 

Composites are multiphase materials and therefore must be 

studied at different length scales from the nano- to micro- 

to macroscopic scale to comprehend the effect of molecular 

interactions on structure and ultimately bulk material 

properties. Here, the effect of the lateral dimension of 

graphene as a filler in a graphene-anthracene C-C 

composite shows a strong dependence in structure across 

length scales, and likely in macroscopic properties, keeping 

all else constant. Results reported here for varied graphene 

additive morhologies demonstrate that interfacial 

interaction directs structure across length scales and therein 

could be used to tailor bulk material properties. 
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