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Abstract 
 

This work surrounds the characterization of fullerene soot subjected to an in situ 

thermomechanical process where transformations and evolution towards the synthesis of 

diamond, carbon nanotubes, carbon nano-onions, graphene-like, and graphitic carbon 

nano particles occurred.  The motivation behind this work was the discovery of the 

mechanism that promotes the synthesis of complex carbon nanostructures.  The fullerene 

soot, a quasi-amorphous matter, is a byproduct obtained from the synthesis of fullerene 

also known as buckminsterfullerene, a molecule composed of 60 atoms of carbon 

forming a soccer-ball shape with an atom in each corner (Holister, 2003).  Transition 

metals, namely iron and nickel, were added due to their inherit catalytic character in order 

to enhance the synthesis of various carbon nanostructures.  Mechanical milling over 

varied times demonstrated that this was the best method to record a transformation of the 

fullerene soot into a more complex graphene-like, graphitic carbon, and nanostructured 

diamond.  The characterizations methods include: Raman spectroscopy, x-ray diffraction 

(XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), 

and High Resolution Transmission Electron Microscopy (HRTEM).  In addition, 

applying heat treatments or spark plasma sintering processes to the milled products 

further solidified the conclusion of complex structures found within the samples.  The 

results shall demonstrate that by employing a readily and commercially available 

mechanical process, a material with outstanding characteristics can be produced by using 

byproducts of an already stable process.  The resulting material from this project can be 

of great structural value.  
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1.0 Introduction 
 

Fullerenes, discovered by Harry Kroto, Robert Curl, and Richard Smalley in 1985 

by vaporizing graphite with a laser (Harris, 1999), found in samples of soot have become 

the central topic for many projects involving the use of carbon nanostructures.  The most 

popular Fullerene is a carbon molecule containing 60 atoms structured in a spherical 

fashion.  Fullerene opened a new era in strengthening materials.  The mechanical 

properties gained from integrating a spherically fashioned structure into ordinary steel 

material may far outweigh the usual expensive process that takes place currently to 

elevate the mechanical properties.  Current synthesis of complex nanostructures has 

reached mechanical property limits that nearly two decades ago were unattainable 

(Harris, 1999).  Different evaporation methods have reported the successful synthesis of 

advanced functional carbon structures (Harris, 1999; Kratschmer, Lamb, Fostiropoulos, 

& Huffman, 1990a; Kroto, Heath, Obrien, Curl, & Smalley, 1985).  

Mechanical properties of fullerene material may be found in public domains as 

experimentally measured.  This work looks into the idea of using the fullerene soot 

material, purchased commercially, and transforming it into a material that may surpass 

the mechanical expectations of some commercial materials used in structural 

applications.  The processing methods in this work are also commercial including 

sonication and mechanical milling.   

Cost effectiveness to synthesize a material with superior structural strength is key 

to lowering weight and costs.  Carbon based materials can, perhaps, be used to engineer 

the world’s next super structures, improve an already viable process, or have an impact 
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on existing industries in terms of lowering annual maintenance costs.  Although this 

present work is far from commercially viable, the outlook should be explored.  

Mechanical milling was used to transform the purchased material into other carbon 

structures and even going further this worked looked at the as milled material after heat 

treatments and sintering were applied.  Transition elements, namely iron (Fe) and nickels 

(Ni), were used to assist the synthesis of effective reinforcements.  Spark plasma 

sintering was used because it is an effective method to consolidate powder in short times 

and relatively low temperatures (Shen, Zhang, Sun, Zhu, & McCartney, 2006).  Material 

characterization was performed using Raman spectroscopy, x-ray diffraction (XRD), and 

transmission electron microscopy (TEM), high resolution transmission electron 

microscopy (HRTEM), and scanning electron microscopy (SEM).  Mechanical testing 

was carried out by nano indentation. 

1.1 Project Purpose 
 

Finding a cost effective mechanical means to produce complex carbon structures is 

the main driving force behind the motivation of this project.  Most researchers evaporate 

carbon to accomplish this; instead, this work proposes solid state methods to synthesize 

carbon nanostructures in-situ.  The intention is to take advantage of the low efficiency in 

current synthesis methods and use their byproduct that can be 2-3 orders of magnitude 

cheaper than the pristine quality product.    In addition, this gives the possibility of 

developing a technology for mass production of complex carbon structures that could be 

used for industrial applications.  These carbon nanostructures are effective 

reinforcements for structural composites.  Research groups have formed around the 

nanotechnology world and are always looking for ways to use newly synthesized 
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materials (Nanotech, 2012).  Carbon nano onions and nanotubes have become the most 

common area of study for carbon materials nanomaterials (Banhart & Ajayan, 1996; Ci, 

Ryu, Jin-Phillipp, & Rühle, 2006; Deng, Wang, Zhang, & Li, 2007; Díaz Barriga Arceo 

et al., 2007; YH, Shenderova, Hu, Padgett, & Brenner, 2006).  Figure 1a shows an 

examples image of a nanotube that has been found within this project and Figure 1b 

shows an example of a giant nano onion that has been found within this work as well.  

Current objectives for advanced carbon nano structures has been in the area of their 

applications such as medical, reinforcement, biological, electrical etc., (Garibay-Febles et 

al., 2000; Perea-López et al., 2011; Umemoto, Masuyama, & Raviprasad, 1997). 

     

Figure 1 – a) Nanotube, b) Giant nano onion 

Current research does not document that some of this in-situ transformation is 

possible.  The nearest attempt can be found in the work of Zhang, Zhu, and McCartney’s 

production of diamond structure with low pressure (Shen et al., 2006) using a spark 

plasma sintering process from purchased carbon nanotube material.  The base material 

into this process was fullerene material.  The current project went one step back and used 

a byproduct of the fullerene manufacturing process, the soot that can be up to 200 times 

b) a) 
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cheaper that pure nanotubes.  Using the soot, we have demonstrated the production of 

carbon nanotube synthesis and delivered more than expected.  While the expected 

primary product was a diamond lattice; this project also discovered nano-onions, 

graphene layers, graphitic carbon, nanotubes (single and multi-walled) among other 

structures.   

1.2 Buckminsterfullerene Soot 

 
The Buckminsterfullerene soot was the remaining product after performing other 

experiments involved with finding mechanisms that synthesized long-chain carbon 

molecules.  These molecules were first found in interstellar space and circumstellar shells 

by using laser irradiation on graphite (Kroto et al., 1985) at Rice University in the 

summer of 1985.  The carbon structures found contained exactly sixty atoms (C60) that 

form a spherical shaped molecule, affectionately known as the buckyball.  This carbon 

molecule was named after Buckminster Fuller, an architect known for the geodesic dome 

design introduced in the 1940’s (Holister, 2003).  Holister, Román, and Harper went on 

to say that these fullerenes are synthesized “naturally in small amounts through fires and 

lightning strikes.”  The Rice University group could not synthesize enough material with 

their process to perform any additional experiments due to the nano scale of the material. 

 Commercial production of the fullerene soot was soon on the market after 

Kratschmer and Huffman produced the material with nearly 100% C60 atoms by 

evaporating graphite rods in a helium atmosphere of ~100 Torr (~2 psi) and purified it by 

chemical means (Kratschmer et al., 1990a).  The material for this project was purchased 

from SES Research a common vendor specializing in carbon nanostructures.  Current 

methods are capable of synthesizing carbon structures with pentagons, hexagons, and 
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octagons (Terrones, 2003). 

 The buckyball, as described, is a spherically shaped structure that resembles a 

soccer ball.  Current research shows that these buckyballs are large enough in diameter to 

house a single atom from any element known; this is a subject for scientific research in 

where these structures could be used for medical carriers or nuclear waste carriers in that 

these structures can be placed under 3000 atmospheres and bounce back to their original 

shape (Holister, 2003).  Figure 2a represents a computer simulated model of a buckyball 

and is directly compared to Figure 2b which is of course an image of a soccer ball.  

Comparing these two images one can see the interlaced structure of hexagons and 

pentagons.  This construction produced the Nobel Prize to Smalley and his group of 

researchers for their discovery (Aldersey-Williams, 1995).  The C60 consists of 12 

pentagons and 20 hexagons and form a truncated dodecahedron. 

a) 

 

b) 

 

(Chemistry, 2012) (Nanoage, 2012) 

 
Figure 2 - Structural comparison; a) Fullerene, C60 and b) Soccer ball 
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1.3 Soot 

Black and solid, soot is a byproduct of many combustion processes.  Soot can be 

found in exhaust from diesel engines or any other incomplete combustion of 

hydrocarbons.  Mostly carbon, 80 percent or better, and consists of agglomerated 

particles that contain both amorphous and crystalline domains.  Fullerene soot is 

produced as a byproduct, every gram of C60 generates another 14.5 grams of soot that is 

the byproduct and there is no current use for this material. 

This project explored the synthesis of a carbon based material and for this reason 

we must talk about basic ordinary carbon soot and not get the results confused.  

Importance must be made when working with carbon based materials with regards to the 

results from characterization techniques.  For example Raman spectroscopy, the graphitic 

band is found ~1350 cm-1 (Sadezky, Muckenhuber, Grothe, Niessner, & Pöschl, 2005) 

and is typically amorphous carbon material.  The Raman spectra for nanodiamond is 

located at ~1332 cm-1 and it has been suggested that there may be four other related 

peaks; 1150, 1350, 1480, and 1550 cm-1  (Ferrari & Robertson, 2004).  The 1350 cm-1 and 

1550 cm-1 are amorphous carbon as mentioned and are called the D and G peaks 

respectively. 

1.4 Objectives of this Project 

The overall objective of this report was to identify a cost effective measure to 

produce, from commercially available fullerene soot, nanostructures that can offer higher 

mechanical properties.  Some of these structures include diamond, graphene, fullerene, 

and graphitic carbon among others.  This objective was planned through the synthesis of 

the fullerene soot, raw material, via a mechanical mill, sonication, spark plasma sintering, 
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and heat treatment activities.  The objective is demonstrated by means of characterization 

including: Raman spectroscopy, x-ray diffraction, scanning electron microscopy, 

transmission electron microscopy, and x-ray photoelectron spectroscopy.  Our approach 

consisted of the following activities. 

Mechanical Milling: 

• Synthesize samples varying both milling times and transition metal 

percentage amounts; we will refer to these samples as the “as milled” 

material samples 

• Using the as-milled samples; synthesize additional samples that were 

sintered while varying the sintering temperature 

• Using the as-milled samples; synthesize additional samples that were heat 

treated while varying the temperature and using a helium atmosphere of 2 

psi. 

Synthesis: 

• Study the effect of mechanical milling over varied times and with varied 

amount of transitional metals 

• Study the effect of the as-milled samples over varied temperatures using a 

spark plasma sintering process 

• Study the effect of the as-milled samples over varied temperatures using a 

heat treatment process 

Characterization and testing: 

• Identify the different phases present in the as-milled, sintered, and heat 

treated material samples 
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• Identify the grain size of the phases encountered with that of known 

diamond material 

• Determine the atomic spacing and other characteristics of the samples 

• Selected samples were mechanically tested by means of micro hardness and 

atomic force microscopy 

1.5 Outline of this Report 

Chapter 1 introduces the project base material from an historical perspective.  The 

chapter continues to describe the project in greater detail along with the purpose of the 

project.  Chapter 1 ends with objectives and project approach. 

Chapter 2 provides greater granularity to the materials and methods used in this 

research. 

Chapter 3 reveals the methodology employed and contains a simple narrative of 

each step in the process. 

Chapter 4 presents the results from the experiments and continues with the 

analysis of the results. 

Chapter 5 concludes the project into a brief discussion for future work this 

research project provides.  
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2.0 Material and Methods  

The following section shall describe the materials and methods used in this 

research project to synthesize the project material.  The discussion will continue with a 

brief description of the tools that were used to characterize the material samples.  The 

material synthesis discussion will begin with the mechanical milling process followed by 

sintering and then the heat treatment process.  Continuing, this section shall describe and 

discuss the theory behind the characterization protocols for the methods used.  This 

section shall conclude with a brief technical description of the material synthesized for 

this project. 

2.1 Mechanical Milling 

Mechanical milling / alloying is a near room temperature process that utilizes two 

or more fresh powders that when introduced to a reactant material results in a solid state 

reaction between the fresh powders.  This project used a catalyst material (Fe or Ni) and 

the purchased fullerene soot as the fresh powders.  Milling produces materials which are 

under conventional methods (casting or melting) difficult to produce (Gilman & 

Benjamin, 1983).  Ball milling has become the predominant metallurgical method used to 

produce alloys over the past three decades by means of a reduction in grain sizes 

particularly at the nanoscale, which is considered to be less than 100nm in size 

(Suryanarayana, Ivanov, & Boldyrev, 2001).  This method is known to produce or 

manufacture materials with enhanced physical and mechanical properties (El-

Eskandarany, 2001). 

Ball milling is a high energy process that utilizes spherical shaped materials of 

differing diameters and a containing vial in order to produce the solid state reaction.  This 
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reaction occurs with the vial secured in a SPEX mill (described below) containing the 

balls and the powders.  When the machine turns and rotates the secured vial nearly one 

thousand times a second, 5 cm in height, and nearly 1200 rpm while motioning a figure 8 

the balls impact the material against the vial resulting in a velocity nearing 5 m/s 

(Suryanarayana, 2001).  The morphology of the material transforms when the balls 

collide.  This collision is one of magnificent force that starts by flattening the material 

causing the material to work harder to maintain its original structure.  This primary 

process involves significant solid state cold welding, fracturing and rewelding 

(Suryanarayana et al., 2001).  The material at this point is heavily deformed but not 

transformed just yet.  Upon further milling time the materials begin to cold weld together 

into layered structures, but reduce the ductility.  The layered structures, after even more 

milling time, begin to deform and fracture.  The process continues with greater milling 

time leading to an interdiffusional reaction at the clean and fresh surfaces of the layered 

material to form the final alloy (El-Eskandarany, 2001). 

 The present work utilized the high energy SPEX mill to reduce the grain size of 

100% fullerene soot.  Controlling milling times to study the effect on the as-purchased 

fullerene soot due to the milling times was the primary importance, so care was taken to 

avoid alloying.  This project also used two additional transitional metals, Iron (Fe) and 

Nickel (Ni), as a catalyst during heat treatments or sintering to produce more metal 

mixtures for this report.  Fe and Ni are known for their catalytic nature so these were 

chosen for milling with the as-purchased fullerene soot.  In selected cases the transitional 

metals were removed from a hand full of promising samples by washing the material in 

Nitric acid (HNO3), a popular treatment to extract the catalyst.  This was conducted to 
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properly characterize the carbon nanostructure peaks as mentioned earlier and to make 

very clear the results produced for this report. 

The equipment used for the milling operation is depicted in Figure 3 below.  The 

particular SPEX mill that was used is a Model 8000M manufactured by SPEX 

SamplePrep.  The SPEX mill has the capacity to produce samples from 0.2 to 10grams.  

The steel milling balls that were used have a ratio of 3:1 (ratio of ball sizes to one 

another) with the largest being 0.25 inches in diameter and were used to mill the raw 

material for this project, fullerene soot.  The milling times per sample can be retrieved 

from Table 1.  The temperature was controlled during the milling operation with a K type 

thermocouple and is reported that the temperature after milling never exceeded 100°C.  

Controlling the temperature was accomplished by waiting 1.5 hours between milling 

operations allowing the temperature to adequately cool.  Figure 3 also provides an 

enlarged inset to envision the milling / mixing mechanism.  The milling operations 

produced approximately 1-2gms per material sample. 

 

Figure 3 - High energy mill (SPEX) 
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2.1.1 Sample Preparation 

Samples for the initial milling activities were prepared using commercially 

available Fullerene Soot.  The fullerene soot is the byproduct after the extraction of 

fullerene (C60/70) and contains less than 1 wt% of fullerene (C60/70).  This fullerene soot 

was purchased from SES Research Company.  The samples were mixed in weight 

percentages with transitional metals Iron (Fe) and Nickel (Ni) ranging from 1 to 50 

weight percent (wt%).  1g of soot was added to all samples.  The samples were then 

milled using a SPEX 8000M mixer / mill for a range of times that were 0.5, 2, 10, 20, and 

50 hours and the transitional metal weight percentages were 1, 5, 30, and 50 weight 

percent.  Table 1 shows a complete list of the milled samples, their respective transitional 

metal element mixtures, and milling times.  Additional samples were produced using just 

the fullerene soot and milled for the times mentioned above.  Secondarily, a select few 

samples were either sintered or heat treated as described previously. Table 2 and Table 3 

present the respective sample information. 

Table 1 - Milling sample preparation 

Milled Sample Key 

Sample 
No. 

Weight 
Percentage  

(%) 

Transitional 
Element 

Input 

Milling Time 
(hrs) 

1 1 Ni 50 

2 1 Ni 10 

3 1 Ni 20 

4 1 Ni 0.5 

5 1 Ni 2 

6 1 Ni  
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Milled Sample Key 

Sample 
No. 

Weight 
Percentage  

(%) 

Transitional 
Element 

Input 

Milling Time 
(hrs) 

7 5 Ni 0.5 

8 5 Ni 2 

9 5 Ni 20 

10 5 Ni 50 

11 30 Ni 0.5 

12 30 Ni 2 

13 30 Ni 10 

14 30 Ni 20 

15 30 Ni 50 

16 50 Ni 0.5 

17 50 Ni 2 

18 5 Ni 10 

19 50 Ni 10 

20 50 Ni 20 

21 50 Ni 50 

22 50 Ni  
23 1 Fe 0.5 

24 1 Fe 2 

25 1 Fe 10 

26 1 Fe 20 

27 5 Fe 0.5 

28 5 Fe 2 

29 5 Fe 10 

30 5 Fe 20 

31 5 Fe 50 
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Milled Sample Key 

Sample 
No. 

Weight 
Percentage  

(%) 

Transitional 
Element 

Input 

Milling Time 
(hrs) 

32 30 Fe 0.5 

33 30 Fe 2 

34 30 Fe 10 

35 30 Fe 20 

36 30 Fe 50 

37 50 Fe 0.5 

38 50 Fe 2 

39 50 Fe 10 

40 50 Fe 20 

41 50 Fe 50 

42 N/A N/A 0.5 

43 N/A N/A 2 

44 N/A N/A 10 

45 N/A N/A 20 

46 N/A N/A 50 
 

2.2 Sintering 

Conventional sintering relies on elevated temperatures and long holding times as 

shown in Figure 4.  The conventional method has been taken over by recently developed 

technologies such as the Spark Plasma Sintering (SPS) method which is a more efficient 

method.  SPS consolidates powders using temperature and pressure while passing direct 

electric current through the sample.  Although the SPS method implies the use of plasma 

for the sintering process, Chen, Anselmi-Tamburini, Garay, Groza, and Munir report that 

there is no evidence of plasma being formed during this process (Chen, Anselmi-
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Tamburini, Garay, Groza, & Munir, 2005). Powders can be either conductive or 

nonconductive, although the sintering die is made out of graphite and is conductive, that 

when introduced to a pulsed DC current creates a consolidation reaction, sintering.   

 

Figure 4 - Conventional sintering versus SPS 

The main benefit gained from a process of this nature is a considerable time 

savings versus the conventional method along with the ability to retain nanostructures 

within the material ("Spark Plasma Sintering (SPS/DCS),").  Figure 5 below depicts the 

SPS process. 
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Figure 5 - SPS process overview 

The SPS process uses axial force while applying a pulsed DC current through the 

upper and lower dies and the material itself.  The temperature is monitored by an optical 

pyrometer and is classified as a low temperature sintering process in which the 

temperatures range from 200-2400°C.  Traditional sintering utilizes temperatures that are 

several hundred degrees higher (Aalund, 2009).  SPS was developed during the 1960 to 

1970 timeframe but due to patenting and copyright protections the method was not used 

widely.  Patents expired during the 1990’s which started to attract researchers to the 

method due to the time saving in preparing samples along with the ability to control the 

process which in turn controlled grain growth and structure of the material.  Current SPS 

technology can generate near net shape parts (manufacturing and production technique 

which reduces the need for surface finishing) for manufacturing which reduces the 

manufacturing time, given the fact that the parts are made from powder products.  This 

project utilized the SPS process to generate material samples for analysis.  The base 
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material was the as-milled samples previously described.  The equipment used for the 

SPS process is shown in Figure 6. 

a) b) 

 
 

  

c) d) 

Figure 6 – SPS equipment and associated components 

Figure 6a) shows a graphite die and punches, 6b) shows the SPS stage, 6c) show the 

optical pyrometer temperature probe, and 6d) is the SPS chamber.  SPS samples for this 
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project returned as hard discs, Figure 7, roughly one half inch in diameter and 

approximately one eighth inches thick although there were many that were much thinner 

as the process sometimes leaks the powders during the process. 

 

Figure 7 - Typical sintered product; a) Sample number 28, b) Sample number 22 

 

2.2.1 Sample Preparation 

The raw material for the SPS process was the as-milled samples.  These samples 

were placed in the SPS machine and 100 MPa (~14,500 psi) of uniaxial pressure was 

applied.  The samples were heated to 600 and 1500°C at a rate of 140°C/s for 60 seconds.  

Table 2 shows the samples that were sintered with respect to pressure and temperature. 

Table 2 - SPS sample preparation 

Sintered Sample Key 

Sample 
No. 

Milling 
Time 
(hrs) 

Milled Sample 
- Percentage  

(%) 
Element 

Sintering 
Temp 
(°C) 

1 20 100 Soot 600 

2 0.5 100 Soot 600 

3 0.5 100 Soot 1500 

4 2 100 Soot 1500 
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Sintered Sample Key 

Sample 
No. 

Milling 
Time 
(hrs) 

Milled Sample 
- Percentage  

(%) 
Element 

Sintering 
Temp 
(°C) 

5 10 100 Soot 600 

6 20 100 Soot 1500 

7 10 100 Soot 1500 

8 2 100 Soot 600 

9 10 1 Fe 600 

10 20 50 Fe 1500 

11 0.5 1 Fe 600 

12 2 50 Ni 1500 

13 0.5 50 Fe 600 

14 50 1 Ni 600 

15 50 50 Fe 1500 

16 0.5 30 Ni 600 

17 2 1 Ni 1500 

18 0.5 50 Ni 600 

19 50 5 Ni 1500 

20 10 50 Fe 600 

21 2 50 Fe 1500 

22 2 1 Fe 1500 

23 50 100 Soot 600 

24 50 50 Ni 600 

25 0.5 5 Ni 600 

26 10 50 Ni 600 

27 10 1 Ni 600 

28 0.5 1 Ni 600 

29 50 1 Ni 1500 
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Sintered Sample Key 

Sample 
No. 

Milling 
Time 
(hrs) 

Milled Sample 
- Percentage  

(%) 
Element 

Sintering 
Temp 
(°C) 

30 50 100 Soot 1500 

31 20 1 Fe 1500 

32 50 50 Ni 1500 

33 20 50 Ni 1500 

34 20 1 Ni 1500 
 

2.3 Heat Treatment 

 

Heat treatment in the traditional sense relates the structure of a material to 

temperatures and cooling rates in order to arrive at a particular material property.  

Properties may include hardness, strength, ductility, toughness, and elasticity to mention 

a few.  These properties revolve around the physical work that goes into the heat 

treatment process without changing the atomic structure, meaning the atom arrangement 

of the material.  Heat treatment processes could also change the chemical aspects or the 

atomic order (lattice) of the material.  This process called, allotropy, is the mechanism 

that this current work employed to transform the raw material into carbon nanostructures 

such as nanotubes, giant onions, graphene, and graphene-like particles.  Temperature 

control is how the phase transformations occur during a heat treatment process (Semiatin 

& Stutz, 1986).  This project utilized the heat treatment process to further enhance 

material samples for analysis and comparison.  The raw material was the as-milled 

samples previously described.  The heat treatment process equipment that was used for 

this research is depicted in Figure 8.  This research utilized a protective helium 
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atmosphere at ~100 Torr (2 psi).  The setup also included a thermal analysis system to 

better control and monitor temperatures. 

 

Figure 8 - Thermally controlled heat treatment process setup 

2.3.1 Sample Preparation 

Samples for the heat treatment process included the as-milled samples as the raw 

material.  Samples were placed into the chamber and pressurized with helium to ~100 

Torr (2 psi).  The samples were heated to 643, 900, 990, and 1500°C and allowed to bake 

for 10 minutes.  Table 3 summarizes the samples and the respective heat treatments. 

Table 3 - Heat treatment sample preparation 

Heat Treated Sample Key 

Sample No. 
Milling 
Time 
(hrs) 

Milled 
Sample 

Percentage  
(%) 

Element 

Heat 
Treatment 

Temp 
(°C) 

1 0.5 1 Ni 900 

2 2 1 Ni 900 

3 20 1 Ni 900 
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Heat Treated Sample Key 

Sample No. 
Milling 
Time 
(hrs) 

Milled 
Sample 

Percentage  
(%) 

Element 

Heat 
Treatment 

Temp 
(°C) 

4 50 1 Ni 900 

5 0.5 5 Ni 900 

6 2 5 Ni 900 

7 20 5 Ni 900 

8 50 5 Ni 900 

9 0.5 30 Ni 900 

10 2 30 Ni 900 

11 20 30 Ni 900 

12 50 30 Ni 900 

13 0.5 50 Ni 900 

14 2 50 Ni 900 

15 20 50 Ni 900 

16 50 50 Ni 900 

17 0.25 N/A N/A 643 

18 0.25 N/A N/A 643 

19 0.75 N/A N/A 990 

20 0.25 N/A N/A 990 
 

2.4 X-Ray Diffraction 

X-ray diffraction (XRD) was one of the characterization tools used for this 

research.  The powder diffraction method was used for this characterization exercise.  

XRD allows a researcher to identify a crystalline structure utilizing x-rays that diffract in 

a similar fashion as described by the Bragg’s Law (Eq. 1) with their incident beam.  The 
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angle will be particular to a specific material structure.  The angle can then be compared 

to a known structure to determine its identity.  The comparison data is housed within the 

International Center of Diffraction Data and is distributed via a database to subscribers.  

XRD data can be used for a multitude of applications from constituent determination, d 

spacing that can be used to determine the crystalline structure and lattice parameter.  Eq. 

2 is used to calculate the lattice parameter.  XRD data has been used in this research to 

identify the components of the samples, grain size determination, and d spacing 

(Nuffield, 1966). 

XRD machines operate basically in the same fashion utilizing an x-ray source.  The 

x-rays, while moving through 90° of freedom physically along with the sample, strike a 

sample, if the atomic planes (interplanar distance) of the atoms are arranged in a 

symmetrical pattern and obey the structure factor in complete synchronization with the 

source x-ray beams a constructive interference occurs (Kennedy & Thorley, 1999) and is 

measured by a detector.  The structure factor is given in Eq. 3.  The angles are recorded 

as twice the angle such that the complete angular measurement is 0° through 180°.  

Bragg’s law demonstrates how to use the angular measurement to determine the d 

spacing (Eq. 1) between atomic planes.  Once the d spacing is determined this value can 

then be applied to obtain the lattice parameters of the crystalline structure.  Figure 9, 

below, demonstrates the Bragg’s Law and Equation 1 illustrates the equation. 

 
𝒏𝝀 = 𝟐𝒅𝒔𝒊𝒏𝜽 (Eq. 1) 

Where: 

d is the interplanar spacing 

Ѳ is Bragg’s angle 
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λ is the incident beam wavelength 

n is an integer 

 

𝒂 = 𝒅 √𝒉𝟐 + 𝒌𝟐 + 𝒍𝟐  (Eq. 2) 

Where: 

h, k, and l are miller indices 

 

𝑭𝒌 = 𝒇�𝟏 + 𝒆−𝝅𝒊(𝒉+𝒌+𝒍)� 

𝑭𝒌 = 𝒇�𝟏 + (−𝟏)(𝒉+𝒌+𝒍)� (Eq. 3) 

Where: 

Fk is the structure factor 

 

 

Figure 9 - Bragg's Law demonstrated (Thornton & Rex, 1993) 

Figure 10 shows the Siemens D5000 Diffractometer that was used for this research.  The 

parameters shown in Table 4 were used to operate the Siemens D5000 X-Ray 

Diffractometer. 
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Figure 10 - Siemens D5000 X-Ray Diffractometer (Savio, 2011) 

Table 4 - Siemens D5000 X-Ray Diffractometer operating parameters 

Parameter Value 
Voltage 30V 

Current 40A 

Diffraction Angle 10° - 100° 

Exposure Time .03s for 1° 

Cu tube with (λ) 0.154nm 
 

2.4.1 Determining Grain Size 

Equation 4, Scherrer’s equation, was used to calculate the grain size with the 

associated material.  Scherrer’s equation is known to be applicable to nano scale particles 

that are less that ~0.1 µm.  Figure 11 outlines the data needed from an XRD collection in 
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order to evaluate Scherrer’s equation.  Origin 8.0 was used to determine the maximum 

and half width maximum height for which were input values to Scherrer’s equation. 

 

Figure 11 - Scherrer's Equation components 

𝝉 =  𝑲𝝀
𝜷𝒄𝒐𝒔𝜽

  (Eq. 4) 

Where: 

K is the shape factor; 0.9 

Ѳ is Bragg’s angle 

λ is the incident beam wavelength; 0.154nm 

β is the full width half maximum 

τ is the grain size 
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2.5 Raman Spectroscopy 

 

Raman spectroscopy is a characterization technique used in this project to aid in the 

bonding configuration and spatial distribution of the atoms.  Raman spectroscopy is used 

to determine the vibrational frequency change when a monochromatic light strikes a 

molecule with its own vibrational states (Larkin, 2011).  The monochromatic light source 

for this project was generated from a laser.  The laser light interaction with the existing 

molecular system will cause a change or shift in the energy within the laser photons.  

Once this interaction takes place the final energy level of the original system may have 

changed in order to keep balance within the system.  A final energy level that is less than 

the original energy level is called a Stokes shift and an Anti-Stokes shift leaves the 

system with more energy than the original system.  These shifts have been documented 

for single wall carbon nanotubes (Brown et al., 2000).  This shift is named after Sir C. V. 

Raman who developed the technique to measure this shift (Gardiner, 1989).  Raman won 

the Nobel Prize in physics for this discovery in 1930. 

Application of Raman spectroscopy ranges from the security industry to medical 

usages.  Due to the newer hand held spectrometers on the market with much quicker 

processing and built in imaging hardware and software, Raman spectroscopy is a widely 

used proven tool for characterization.  The following condensed list conveys a few uses 

of the Raman spectrometer in practice today: 

• Metallurgical advanced analysis in a condensed timeframe (B&W, 2012) 

• Real time analysis of explosive detection at airports (Steinfeld & 

Wormhoudt, 1998) 

• Real time analysis of drug crimes (de Veij et al., 2007) 
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• Real time analysis of anesthesia gas mixture monitoring (Wagenen, 

Westenskow, Benner, Gregonis, & Coleman, 1986) 

The Horiba/Xplora Raman Spectrometer, shown in Figure 12, was used for this 

research project.  The parameters shown in Table 5 were used to operate the Horiba 

Raman Spectrometer and LabSpec 5 as its operating software. 

 

Figure 12 - a) Horiba/Xplora Raman Spectrometer, b) Dedicated computer (Savio, 2011) 

 

Table 5 - Horiba/Xplora Raman Spectrometer operating parameters 

Parameter Value 

Laser Solid state Nd: YAG laser – 
532nm, 638nm, and 735nm 

Exposure Time Automatic 

Optical Zoom 10x, 100x 
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2.6 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) was used as an aid to reveal further 

information on a few select samples.  TEM utilizes a beam of electrons that pass through 

a nanometric thickness sample.  The electrons interact with the sample and an image is 

presented, magnified, and captured.  Current technology captures the images on a closed 

circuit optical device and saved to a computer hard drive. The magnification on TEM is 

much greater than that of light emitting characterization tools.  Standard TEM equipment 

most commonly limits at ~0.2nm (Kane & Sternheim, 1978).  The resolution for the 

TEM (Fig. 14) facility at University of Houston is approximately 2Å. 

This project, with great cooperation from  H.A. Calderon, Ph.D from Departamento 

de Ciencia de Materiales, ESFM-IPN, Mexico, was able to incorporate results from the 

Transmission Electron Aberration-Corrected Microscope (TEAM) located in the 

Lawrence Berkeley National Laboratory in Berkeley California (LBNL).  Figure 13 

shows an image of this outstanding microscope.  The resolution available with this 

microscope, achieved in 2008, is 0.05nm classifying it as the highest known resolution on 

a TEM.  TEM can be operated in several modes including: bright field, dark field, 

diffraction, and high resolution (HRTEM).  In the present work bright field, diffraction, 

and HRTEM were used.  Results obtained from the HRTEM reveal atomic patterns and 

lattices.  These images can then be measured for interplanar distances that when 

compared to documented examples provides positive proof of the crystal structure.  The 

analysis of the HRTEM images were achieved using DigitalMicrograph™ ver 3.7.1 by 

Gatan Software Team. 
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Figure 14 depicts the TEM that was used to collect initial results located on the 

University of Houston (UH) campus.  The parameters shown in Table 6 were used to 

operate the TEM at UH.  A select few samples were prepared and sent for HRTEM 

processing at the above mentioned LBNL. 

 

Figure 13 - TEAM 0.5 microscope Lawrence Berkeley National Lab (Quirós, 2009) 

 
Figure 14 - UH TEM facility – 0.2nm resolution 
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Table 6 - TEM microscopy operating parameters 

Parameter Value 
Resolution UH – 0.2nm, LBNL – 0.05nm 

Exposure Time Automatic 

Vacuumed chamber 10-5 Pa 

2.7 Scanning Electron Microscope 

Surface characterization using a scanning electron microscope (Semiatin & Stutz) 

was employed as part of this project.  SEM is a surface scanning tool that allows the 

researcher the ability to look into the microstructure of the material.  Passing electrons 

through a group of lenses focuses the beam in a particular area on the sample.  Figure 15 

illustrates the process underlying SEM microscopy. 
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Figure 15 - SEM process illustration ("SEM2," 2010) 

The electrons energize the sample and emits a signal that is the captured forming an 

image for later analysis.  The images generated with this technology are three 

dimensional allowing a great deal of resolution.  Magnification for an SEM can be 10 to 

500,000x magnification (Smith & Dent, 2005) and is usually provided in µm or nm.  

SEM can be used to capture the topography with secondary electrons of the sample as 

discussed, but it can also be used to analyze composition with backscattering electrons.  

The SEM used in this research was mainly utilized to capture topography images at 

various magnifications. 

Figure 16 shows the SEM equipment that was used for this research.  The 

parameters shown in Table 7 were used to operate the SEM at UH. 
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Figure 16 - LEO scanning electron microscope, UH electrical engineering. 

Table 7 - SEM microscopy operating parameters 

Parameter Value 
Resolution ~1.5 nm 

Accelerating Voltage 15.00 kV 

Vacuumed chamber Helium – 2 x 10-5 Torr 

Magnifications 500 – 300,000x 

2.8 X-Ray Photoelectron Spectroscopy 

X-Ray Photoelectron Spectroscopy is the science of detecting and analyzing 

photoelectrons generated by a radiation source and whose energy levels are greater than 

their binding energies.  The source of radiation is where this technology splits into two 

main categories, ultraviolet and x-ray.  Ultraviolet photoelectron spectroscopy 

concentrates on the ionization of valance electrons and x-ray photoelectron spectroscopy 

enhances the process with greater detail by providing the analysis on the ionize core 

electrons and take them away from the molecule (O'Connor, Sexton, & Smart, 2003).  

35 



Through the use of the XPS tool researches can also determine the following (Hollander 

& Jolly, 1970): 

• Chemical state of each present element 

• Quantity of each element at each state 

• Spatial distribution of the material 

• If whether the material present is a thin film and if so, measure thickness, 

uniformity, chemical composition 

This research project utilized the x-ray radiation source and so x-ray 

photoelectron spectroscopy (XPS) was another characterization technique to analyze a 

select few of the project samples.  XPS as mentioned is a surface analysis technique that 

basically measures the binding energy of the electrons.  The analysis concentrates on the 

ejection of an atom from a core level by an x-ray photon of energy; text books use the 

nomenclature hv to describe the source photon.  Taking the original kinetic energy, Ek, 

and the work of the spectrometer, W, into account a simple equation controls the output 

data – the binding energy, Eb. 

 
𝑬𝒃 = 𝒉𝒗 − 𝑬𝑲 −  𝑾 (Eq. 5) 
 
 

Energy is analyzed by an electron spectrometer and the data is gathered and processed via 

a computer control station.  The binding energy is the parameter that positively identifies 

the electron, its parent element, and atomic energy level (Watts & Wolstenholme, 2003).  

Figure 17 depicts the process. 
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Figure 17 - XPS process illustration (Swamy, 2010) 

 
The x-ray photoelectron spectroscopy (XPS) was conducted on a Physical 

Electronics XPS Instrument Model 5700.  The XPS was operated via monochromatic Al-

Kα X-ray source (1486.6 eV) at 350 W.  The analyzed area, collection solid cone and take 

off angle were set at 800 µm, 5° and 45° respectively.  A pass energy of 11.75 eV was 

used to obtain a resolution of 0.51 eV or better.  The XPS was conducted in a vacuum 

below 5x10-9 torr.  The data analysis was conducted on MultipakTM software and the 

Shirley background subtraction routine had been applied throughout.  The radiation 

source, sample, and electron energy analyzer are all contained with an ultra high vacuum 

(UHV) environment. 

Figure 18 shows the XPS equipment that was used for this research.  The 

parameters shown in Table 8 were used to operate the XPS at UH. 
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Figure 18 - X-Ray Photoelectron Spectrometer (Savio, 2011) 

Table 8 - XPS spectrometer operating parameters 

Parameter Value 
Power 200W 

X-ray angle 45° 

Survey time 5 min 

Vacuum UHV 

2.9 Materials 

Table 4 identifies the materials used for this research project and is presented as a 

detailed list.  Item 1, the Fullerene soot, was the raw material for this project along with 

Item 3 and Item 4, Iron and Nickel respectively.  Item 2 was used to wash any Iron or 

Nickel from the samples that were taken to the XPS spectrometer for analysis.  Item 5 

was used for the heat treatment environment with a ~2 psi atmosphere. 
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Table 9 - Materials used on project 

Item 
No. 

Material Description Vendor 

1 Fullerene 
Soot 

C60/70 – Fullerene Soot SES Research 

2 Nitric Acid HNO3 
EMD Chemicals 

Inc.(MFG) 

3 Iron Carbonyl-Iron Powder; 
99.5% (RT) 

Fluka Analytical 

4 Nickel 
Ni Powder, APS 3-7 
microns; Apparent 

density 1.8-2.7 g/cm3 

Alfa Aesar 
(MFG) 

5 Helium Gas Std Supply 
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3.0 Project Methods and Process 
 

An overview of the project methodology is presented below in Figure 19.  The 

project used the mechanical milling process as its core process in order to generate 

material for the two secondary processes, spark plasma sintering and heat treatment.  

Sample preparation was considered important for this project such that samples were 

segregated from one another and clearly labeled as the project progressed.  The resultant 

raw data from this project was also considered important and clearly labeled and 

cataloged for future reference.  The project then exercised the various characterization 

tools and techniques mentioned previously to compare the results to known data.  Figure 

19 depicts a flow diagram with the analysis and testing conducted throughout this 

research work. 
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Figure 19 - Research flow diagram 

3.1 XRD Data Collection 

The Siemens D5000 Powder Diffractometer was used in this research project.  

The raw data obtained from this tool illustrates an intensity plotted against an angle of 

2Ѳ.  This project used this data for grain size determination and lattice parameter 

calculations.  The XRD data was also used to identify planes within the material. 

3.2 Raman Spectroscopy Data Collection 

 The Horiba Raman Spectrometer with its built in optical system was used in this 

research project.  The raw data obtained from this tool illustrates a spectrum of intensity 

plotted against a shift in energy levels.  The shift is plotted in units of 1/cm.  The shift 
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• Micro Hardness Testing 
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represents a vibrational energy level, allowing the user to identify the molecule present.  

The data collected from this tool was used to show a synthesis taking place throughout a 

family of samples.  Family of samples refers to the same content within the sample but 

different milling times.  Samples that were sintered were prepared by sanding and 

polishing to obtain a smooth surface for better Raman spectroscopy results. 

3.3 Transmission Electron Spectroscopy Data Collection 

A select few samples that were initially characterized as having diamond 

crystalline structure with the Raman Spectroscopy and XRD results were prepared and 

processed through the TEAM-0.5 equipment at the Lawrence Berkley National 

Laboratory.  Samples analyzed at UH include the raw soot and heat treated.  The samples 

for these activities were washed with Nitric Acid in order to remove any Fe or Ni that 

was remaining in the samples.  The raw data that was collected resides in the form of 

images taken at an ultra high resolution (0.05 nm).  The TEAM-0.5 microscope has the 

ability to move through the planes of the material and as such can capture the images of 

several planes, this leads to the total size of the molecules under investigation. 

3.4 Scanning Electron Microscopy Data Collection 

The samples that were selected to be analyzed utilizing the scanning electron 

microscope were the milled and sintered conditions to observe their morphology and 

microstructure as having a crystalline structure of diamond. 

3.5 Data Analysis Methods 

The XRD, Raman, and XPS data was analyzed and presented in Origin 8.0 from 

OriginLab software.  The analyzed data includes: milled samples, sintered samples, and 
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heat treated samples.  The initial graphs used for cursory analysis were housed in 

Microsoft Excel as well.  The project then imported the completed data (from the Raman 

and XRD experiments) into Origin 8.0 for further analysis and comparisons.  Origin 8.0 

was employed to compare families of samples as they relate to milling times, sintering 

effects, and heat treatment effects using the XRD and Raman spectrometer collected data.  

The project also used Origin 8.0 to perform additional statistical analysis such as grain 

sizing and peak identification.  The peak and grain size data were imported back into 

Excel for a quicker way of filtering the data.  Chapter 4 will expound on the results for 

this project using the analyzed data from both Excel and Origin 8.0. 
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Results 
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4.0 Results 

In this chapter we present the results starting with a full description and 

characterization of the raw material for this project.  We then present mechanical milling 

results.  Raman spectrometer results followed by XRD results are presented in their 

respective catalyst groups.  The chapter continues with specific examples of structural 

and molecular bonding information found with the other characterization tools.  The 

other tools (TEM, SEM, and XPS) have been employed to add additional confirmation of 

the results. 

4.1 Fullerene Soot – Raw material 

 

The following sections describe the fullerene soot that this project started with 

further called raw material.  The raw material is shown to be quasi amorphous meaning 

that there is a limited crystallinity or the crystal domains are of short range.  It is 

important to identify the raw material condition such that we have a point of contrast and 

that any change in material structure through thermomechanical processing can be 

recognized.  The raw material, fullerene soot, was purchased commercially through SES 

Research and consisted of a mix of fullerene soot with up to 1 wt % of fullerene that is 

produced primarily by synthesizing fullerene.  The fullerene (C60) is produced by the 

Krätschmer method (Kratschmer, Lamb, Fostiropoulos, & Huffman, 1990b) and the 

remaining material, after separation of the majority of fullerene is what has been used in 

this work.   Table 10 depicts the grain size values and lattice parameters for the raw 

material. 
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Table 10 – Crystalline characteristics of fullerene (Fals, Hadjiev, & Robles Hernández, 
2012; Robles Hernández & Calderon, 2012) 
Crystalline characteristics of materials as determined by XRD results of fullerene, and for the original 
mechanically milled material.  All units in nm. 
 

Commercial Fullerene (nm) 

C60 1.437 

C70 1.924 

Grain Size (nm)  

Soot ~40 

 
 
4.1.1 XRD Spectroscopy 

Figure 20a shows the XRD results of graphite where the presence of the three 

characteristic reflections of graphite can be observed.  The fullerene reflections are also 

present, but almost hidden in the background.  Comparing the ratio among the reflection 

and the background it is evident that the material has limited crystallinity.  The rather 

small C60 reflections, observed at angle of ~10  20° 2θ, in the XRD spectrum of figure 

20b (raw spectrum) imply that C60 is present in the amount indicated and is in agreement 

with the manufacturer’s description (1% wt. C60 + C70).  The C60 and C70 reflections are 

close to one another; therefore, they cannot be resolved clearly.  Figure 20b presents the 

XRD reflections of the milled soot. 
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4.1.2 Raman Spectroscopy 

Raman spectrum were collected from the raw 

material and analyzed using the Horiba/Xplora 

Raman Spectrometer previously mentioned in 

Chapter 2.5.2.  The following figures show the 

material is mostly carbon with no apparent formation 

of any complex nanostructures.  Figure 21 shows a larger scale for the raw material for 

this project. 

Figure 20 – a) Graphite XRD 

Spectrum and b) Milled soot 

XRD spectrum 

a) b) 
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Figure 21 - Raman spectra comparing C60 to raw fullerene soot 

 
The Raman spectrum in Figure 21 shows that the raw material is composed of 

graphitic particles.  The “D” band or disorder band is well resolved and implies that the 

raw material has a large number of defects.  The “G” band is characteristic of graphite or 

graphitic structures.  Both D and G bands are characteristic of graphitic structures.  The 

ratio between reflections and background suggest a nanostructured material.  The 2D 

band shows a low intensity which indicates a low density of graphene present.  Figure 22 

shows the raw material (with no added catalysts) after it has been milled for .5, 2, 10, 20, 

and 50 hours for comparison. 
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Figure 22 - Raman spectra milled soot 
 

4.1.3 Scanning Electron Microscopy 

SEM images were collected for the raw material.  The following images depict 

the carbon particles with “fluffy” appearance typical of material synthesized by an 

evaporation method.  Figure 23a shows the lower magnification and Figure 23b a higher 

magnification image.  The appearance is more evident in the higher magnification.  The 

fullerene soot is composed of micro and nanometric particles agglomerated. 

50 



 

 

Figure 23 - Fullerene soot 

a) 

b) 
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4.1.4 Transmission Electron Microscopy (TEM) 

The TEM images, Figure 24, were taken in high resolution mode, except for the 

selected area electron diffraction pattern (SAEDP).  The SAEDP and the HRTEM are in 

agreement with the XRD results, this means the investigated particles held limited 

crystallinity and are quasi amorphous.  The simulated (FFT) diffraction pattern further 

confirms the above findings. 

  

Figure 24 - Fullerene soot at 500k x zoom 

4.2 Raman Spectroscopy Results 

The following section will report the results from Raman Spectroscopy.  The 

milled samples will be presented first followed by the sintered and heat treated sample 

groups. 

4.2.1 Milled Samples 

Milled sample groups have been graphed with respect to the particular catalyst 

used.  Figure 25 below shows the samples that were milled with Ni followed by Figure 
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26 which contains samples that have been milled with Fe.  The following section shall 

present the particular sample groups’ results individually. 

 
Figure 25 - Samples that were milled with Ni as a catalyst 
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Figure 26 - Samples that were milled with Fe as a catalyst 
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materials that have had the milling times increased in order to capture any change in 

material structure as it relates to milling times. 

The milled samples begin with 0.5 hours of milling and show a D and G band 

peaks.  This is generally expected with carbon based material (Arepalli et al., 2004b).  

Peak intensities shift through the different phases beginning with short milling time 

which promotes welding and the synthesis of graphene followed by graphitic carbon and 

finally diamond.  The Raman spectra for this group seem to lean towards Fe being the 

element that promotes a synthesis to occur most consistently citing Figure 26 with nearly 

all of the samples showing these peaks.  For example, a closer look at samples with Fe as 

a catalyst, Figures 27 - 30; show an intensity for the D and G band peaks at all milling 

times. 

 
Figure 27 - Raman spectra for milled samples w/ 1 wt% Fe 

1000 2000 3000

Milled - 0.5 hrs

Milled - 2 hrs

Milled - 10 hrs

 

 

In
te

ns
ity

 (a
.u

.)

Raman Shift (cm-1)

Milled - 20 hrs

55 



 
Figure 28 - Raman spectra for milled samples w/ 5 wt% Fe 

 
Figure 29 - Raman spectra for milled samples w/ 30 wt% Fe 
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Figure 30 - Raman spectra for milled samples w/ 50 wt% Fe 

Iron Oxide (FeO) has formed as the amount of Fe catalyst increased from 1 wt% to 50 

wt% and has been pointed out within Figure 29 and can also be seen within Figure 30.  

Peaks within Figure 29 and 30 near ~1500 cm-1 and ~2400 cm-1 represent fullerene.   

The Ni groups seem to trend toward an amorphous carbon material after two hours with 

the exception of the sample that contains 50 wt% Ni, Figures 31 - 34. 
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Figure 31 - Raman spectra for milled samples w/ 1 wt% Ni 

 
Figure 32 - Raman spectra for milled samples w/ 5 wt% Ni 
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Figure 33 - Raman spectra for milled samples with 30 wt% Ni 

 
Figure 34 - Raman spectra for milled samples with 50 wt% Ni 
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The milled samples with 50 wt% Ni shows a D and G band peak at 50 hours of 

milling but the intensity is gradually lowered over the milling timeframe.  Further 

investigation into the D and G band peaks are available in Table 6. 

The 2D band peaks are another important characteristic of carbon based material 

and is characteristic of graphene.  Carbon nanotubes (CNT’s) have been associated with 

peaks around 2500 cm-1 (Dresselhaus & Eklund, 1996).  Second order peaks have been 

documented in this range (Antunes et al., 2006).  The milling groups are riddled with this 

peak and show at the lower milling times with the exception of the 50 wt% Ni, 1 wt% Fe, 

5 wt% Fe, and 30 wt% Fe milling samples.  Milling samples with 30 wt% Fe show a 

strong well defined peak in the range, but report a lower intensity in the D and G band 

range. 

The full width half maximum (FWHM) was calculated using the Raman and XRD 

data as previously mentioned.  The parameter is important as this helps in determining 

the grain size. 

Three milling samples measured a diamond peaks at 1334 cm-1.  A synthesis can be 

seen through the incremental milling times.  The milling that contains the 5 wt% Fe 

samples started with 0.5 hours of milling with the D band peak at 1318cm-1 and 

progresses through 1326 cm-1 and at 10 hours of milling the diamond peak at 1334 cm-1 is 

achieved. 
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Table 11 - Raman results from milling groups 

Milling Time  
(hr) 

Sample 
No. 

D band 
(cm-1) 

G band 
(cm-1) 

2D band 
(cm-1) 

5 wt% Fe 

0.5 27 1317.6 1561.2 2659.9 

2 28 1326.6 1567.0 2483.3 

10 29 1334.6 1578.2 2433.3 

20 30 1323.3 1561.2 2433.3 

50 31 1323.3 1568.0 2439.0 
 

5 wt% Ni 

0.5 7 1308.3 1564.4 2634.1 

2 8 1326.7 1569.0 2641.4 

10 18 1334.6 1572.5 2433.3 

20 9 1340.3 1583.8 - 

50 10 - - - 
 

50 wt% Ni 

0.5 16 1323.3 1566.8 2676.9 

2 17 1334.6 1566.8 2682.5 

10 19 1340.3 1561.2 2688.2 

20 20 1340.3 1572.5 - 

50 21 1340.3 1566.8 - 
 

The milling group containing 5 wt% Ni shows a similar synthesis towards nanodiamond.  

This material sample group begins with the D band peak showing at 1308 cm-1 after 0.5 

hours of milling and synthesis at 1334 cm-1 again after 10 hours of milling.  Milling 

samples with 50 wt% Ni demonstrates that by beginning the milling process with a 
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greater amount of catalyst, in this case 50 wt% Ni, that a synthesis may be achieved 

sooner.  This group shows that after 0.5 hours of milling the D band is at 1323 cm-1 

versus the lower Raman shift of 1318 cm-1 and 1308 cm-1 for milling groups containing 5 

wt% Fe and 5 wt% Ni, respectfully.  Following on, the synthesis time is also lower than 

the previously mentioned groups, showing that after 2 hours the D band peak of 1334 cm-

1 is achieved.  Generally many samples within the milling groups resulted in a common 

theme of the D band peak synthesizing toward ~1335 cm-1, the G band peak moving 

toward 1580 cm-1, and the 2D band peaks shifting toward 2660 cm-1.  These shifts are 

important because this is synonymous of graphene-like and graphitic carbon structures 

such as carbon nanotubes.  The 2D peak shifts and final synthesis of ~2660 cm-1 depicts 

the presence of graphitic (sp2) complex carbon structures such as graphitic and nano-

onions.  TEM results, in later section, show these structures for discussion. 

4.2.2 Sintered Samples 

Milled samples have been graphed with respect to the particular catalyst used.  

Figure 35 below shows the samples that were sintered with Ni followed by Figure 36 

which contains samples that have been sintered with Fe.  The following section shall 

present the particular sample groups’ results individually. 
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Figure 35 – Raman spectra for sintered samples that were milled with Ni 
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Figure 36 – Raman spectra for sintered samples that were milled with Fe 

 

The SPS material group generally shows the D, G, and 2D band peaks that were 
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Raman peaks.  This can be seen by comparing both milling and sintered samples 

containing 1 wt% Fe, Figure 37. 

 

Figure 37 - Comparing a) Milled and b) SPS samples with 1 wt% Fe 
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Figure 38 - Raman spectra for SPS samples w/ 1 wt% Fe @ 1500°C 

 

Another example of this is demonstrated between samples that contained 50 wt% 

Ni in the initial milling, Figure 39. 

 

Figure 39 - Comparing a) Milled and b) SPS samples with 50 wt% Ni 
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The SPS samples, Figure 39b, again shows well defined peaks, but the milling 

group demonstrates peaks that are not well defined and with increased milling time the 

material tends toward an amorphous condition.  A well-known method to determine the 

quality of carbon structures is by using the peak intensity ratio, in this case the ratio of the 

D band and the G band, I=IG/ID (Lespade, Marchand, Couzi, & Cruege, 1984).  Figure 

39’s sample that was milled for 2 hours shows the ratio is greater than that of the sample 

that was milled for 50 hours.  This demonstrates that the quality in the 2 hour sample is 

greater.  These SPS samples also show the 2D peak better defined with increased 

intensity.  Further comparing the milling samples with the SPS samples one can see that 

the samples containing 5 wt% Fe before their respective process, the material that was 

milled for 0.5 hours and then sintered virtually had no differences in their comparisons.  

It can be determined that by sintering the milled material the 2D peak becomes 

prominent, Figure 40. 

 

Figure 40 - Comparing a) Milled and b) SPS samples with 5 wt% Ni 
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seems to have better defined the peaks especially the 2D peak versus 600 °C.  Examples 

of this can be seen by comparing SPS samples with 1 wt% Fe and 1 wt% Ni, Figure 41. 

 

 

Figure 41 – Sintering temperature comparison a-c) @600°C and b-d) @1500°C 

  Figure 41a and 41c are SPS samples sintered at 600 °C and 41b and 41d are samples 

sintered at 1500 °C.  The lower temperature of 600 °C report reduced peak intensities.  

Figure 40b shows the same result with the elevated temperature.  The D and G peaks are 

present in both as expected, but the 2D peak is especially well defined in the higher 

sintering temperature.  Specific sintering temperature affects the resultant peaks as 

demonstrated.  Irrespective of the sintering temperature sample groups generally show 

that the milling time has affected the material. 
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The sintered samples showed two groups with interesting results.  These groups 

were synthesized with 1 wt% Fe and 1 wt% Ni.  Table 7 introduces the Raman spectra 

data for the sintered samples along with the Raman data for the associated milled group 

from which the sintered samples were generated from as explained earlier. 

Table 12 - Raman results from sintering groups 

Milling Time  
(hr) 

Sample 
No. 

D band 
(cm-1) 

G band 
(cm-1) 

2D band 
(cm-1) 

Milling – 1 wt% Ni 

0.5 4 1312.0 1565.4 2634.1 

2 5 1312.0 1565.4 2641.4 

10 2 1323.0 1572.7 - 

20 3 1323.0 1576.4 2648.8 

50 1 1332.6 1585.2 - 

Sintered – 1 wt% Ni 

2 17 1330.3 1583.7 2659.8 

50 29 1330.3 1580.1 2663.5 

 

Milling – 1 wt% Fe 

0.5 23 1323.3 1566.8 2676.9 

2 24 1323.3 1561.2 2671.2 

10 25 1334.6 1572.5 2683.9 

20 26 1329.0 1572.5 - 

Sintered – 1 wt% Fe 

2 22 1326.7 1580.1 2652.5 

20 31 1330.3 1580.1 2663.5 
 

Sintering the as-milled samples synthesized complex carbon nano structures as proposed 

and demonstrated by the Raman spectra acquired.  The D, G, and 2D band peaks are 
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located at 1330 cm-1, 1580 cm-1, and 2660 cm-1, respectfully.  Samples that were milled 

with 1 wt% Fe shows the synthesis of a diamond peak at 1334 cm-1, while its sintered 

counterpart shows a better defined G band peak after sintering.  The 2D band peak also 

shows a synthesis of nano carbon structures from its milled counterpart which shows the 

Raman shift of the 2D band toward ~2680 cm-1 indicating an increase in graphene and 

graphitic particles.  Another observation from Table 7 was the samples that were milled 

with 1 wt% Ni and their counterparts versus the 2D band peak.  The 2D peak seems to 

have dissolved during prolonged milling times (50 hours of milling), but when sintered 

the 2D band peak appeared at 2663 cm-1 which shows nanotube behavior.(Arepalli et al., 

2004a).  TEM samples within the SPS material groups are presented in later sections for 

discussion. 

4.2.3 Heat Treated Samples 

Figure 42 below shows the heat treated samples that were sintered with Ni, there 

we no samples heat treated that were milled with Fe.  The following section shall present 

the particular sample groups’ results individually. 
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Figure 42 – Raman Spectra for samples milled with Ni that were heat treated 
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material transformation has occurred.  This section will look into the specifics of the 

transformations later.  Another general observation was the general effect of the HT 

process itself.  The milled sample groups, as stated, generally show that with high milling 

times the material transforms into amorphous material.  After HT the material is 

transforming to Fe3C as observed in Figure 43b (Park, Ostrovski, Zhang, Thomson, & 

Howe, 2001), and the D and G band peaks return well defined.  For example, samples 

milled with 1 wt% Ni that was milled for 50 hours, Figure 43a, its HT group counterpart, 

Figure 43b, demonstrate a well defined D and G peaks. 

 
Figure 43 – Comparison between milled and heat treated samples with 1 wt% Ni 
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Figure 44 - Comparison between milled and heat treated samples with 30 wt% Ni 
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HT groups to the SPS groups the following observations are offered.  The SPS groups 
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group shows peak splits at the D and G bands versus the virtual absence of split peaks 

within the SPS group. 

The heat treated samples that contained 1 wt% Ni shows signs of complex nano 
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Raman spectra data for the heat treated samples along with the Raman data for the 

associated milled group from which the heat treated samples were generated from as 

explained earlier. 
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Table 13 - Raman data from the heat treated material groups 

Milling Time  
(hr) 

Sample 
No. 

D band 
(cm-1) 

G band 
(cm-1) 

2D band 
(cm-1) 

Milling – 5 wt% Ni 

0.5 7 1308.3 1564.4 2634.1 

2 8 1326.7 1569.0 2641.4 

10 18 1334.6 1572.5 2433.3 

20 9 1340.3 1583.8 - 

Heat treatment – 5 wt% Ni 

0.5 5 1310.7 1585.8 2653.5 

2 6 1323.4 1582.2 2641.3 

20 7 1329.0 1585.8 2646.1 

50 8 1325.4 1582.2 2660.8 
 

The data presented suggests that like the SPS process the heat treatment process has 

provided the carbon nanotube material.  Also like the SPS process Raman spectra 

indicates graphitic peaks in the range of ~1580 cm-1 and the D peak ~1330 cm-1, which 

their milled counterparts were unable to achieve.  Only after 50 hours of milling the 

milling sample was able to achieve the respective peaks at the D and G positions, but the 

2D band peak seems to have gone extinct. 

4.3 XRD Results 

The following section will report the results from X-Ray Diffraction (XRD) 

characterization.  The milled samples will be presented first followed by the sintered and 

heat treated sample groups. 
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4.3.1 Milled Samples 

XRD spectra for the milled samples have been graphed with respect to the 

particular catalyst used. Figure 45 below shows the samples that were milled with Ni 

followed by Figure 46 which contains samples that have been milled with Fe.  The 

following section shall present the particular sample groups’ results individually. 

 

Figure 45 – XRD spectra for samples milled with Ni 
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Figure 46 - XRD spectra for samples milled with Fe 

 

Generally the XRD data shows the same result with respect to the particular 

groups.  Meaning within each respective sample group (wt%) the results show to be the 

same as the milling time increased.  The XRD data also confirms earlier Raman data for 

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95100

50%

30%

5%

 

 

In
te

ns
ity

 (a
.u

.)

2θ
Samples milled with Fe (wt%)

1%

Milling
times

76 



the same groups, respectively, that with increased milling time the material tends to 

synthesize towards an amorphous carbon material; Figure 47 shows this clearly. 

 
Figure 47 – XRD spectra demonstrating amorphous material with high milling times 

 

All of the groups show a peak in the neighborhood of 2Ѳ = ~44.  Additionally 

samples that were milled with 1 wt% Ni, 5 wt% Ni, and 5 wt% Fe show a carbon peak 

around 2Ѳ = ~26, Figures 48, 49,and 50 respectively. 

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

 

 
In

te
ns

ity
 (a

.u
.)

2θ

Milled - 0.5 hrs

Milled - 2 hrs

Milled - 10 hrs

Milled - 20 hrs

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

 

 

In
te

ns
ity

 (a
.u

.)

2θ

Milled - 50 hrs

Milled - 20 hrs

Milled - 10 hrs

Milled - 2 hrs

Milled - 0.5 hrs

77 



 
Figure 48 – XRD spectra for milled samples with 1 wt% Ni 

 
Figure 49 - XRD spectra for milled samples with 5 wt% Ni 
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Figure 50 - XRD spectra for milled samples with 5 wt% Fe 

 
Figure 51 - Comparison of HNO3 washing 
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While this peak is apparent at lower milling times, the peak reduces and widens 

with increased milling time and the peak around 2Ѳ = ~44 intensifies and sharpens.  This 

is another synthesis indication.  Figure 51 shows a comparison, for clarity, of a sample 

that has been washed using a sonication bath of HNO3.  This figure shows that the Fe 

content has been washed out as evidenced by a narrowing at 2Ѳ = ~44.  Figure 52 

correlates to the samples that were already shown to have Raman peaks at 1334 cm-1 as 

evidence that a synthesis occurred compared to that of the raw material Raman 

spectroscopy results.   

 
Figure 52 - XRD milled spectra correlating to Raman milled spectra 

 

4.3.2 Sintered Samples 

XRD spectra for the sintered samples have been graphed with respect to the 

particular catalyst used. Figure 53 below shows the samples that were milled with Ni 
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followed by Figure 54 which contains samples that have been milled with Fe.  The 

following section shall present the particular sample groups’ results individually. 

 
Figure 53 - XRD spectra for samples milled with Ni 
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Figure 54 - XRD spectra for samples milled with Fe 

 

Generally all the XRD data for the SPS samples show a carbon peak at 2Ѳ=~26.  

Many groups show a peak at 2Ѳ =~44 which correlates to a diamond peak.  Comparing to 

the as-milled sample group, the SPS samples generally carry the peaks through 
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temperatures, 600 and 1500°C.  Also, the intensity of the peak agrees with the Raman 

data in that with increased milling time the intensities decrease, meaning the material is 

returning to an amorphous condition with prolonged milling times.  Figure 55 

demonstrates this showing that samples that were milled with 1 wt% Fe for 0.5 hrs to 20 

hrs that after 10 hrs the intensities start to diminish along with the XRD results within 

Figure 56 which shows a decrease in intensity after 10 hrs. as well. 

 
Figure 55 - Intensity comparison for Raman SPS sample 

Temperature, again, does not seem to have a straightforward result with this 

project.  Comparing sintering samples with 50 wt% Ni, Figure 56, shows that with 

increased temperature the sample that was milled for 2 hours then sintered at 1500 °C, 

Figure 56b, has well defined peaks at 2Ѳ=~26, and ~44, but the samples that was milled 

for 10 hours then sintered at 600 °C, Figure 56a, show greatly reduced intensities. 
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Figure 56 - XRD spectra for sintered samples with 50 wt% Ni 

This again agrees with the notion that with increased milling time the material 

transforms in an amorphous condition.  Figure 57 correlates to the samples that were 

already shown to have Raman peaks at 1334 cm-1 as evidence that a synthesis occurred 

compared to that of the raw material Raman spectroscopy results. 

 
Figure 57 - XRD of SPS samples with various milling times and Fe and Ni additives 
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4.3.3 Heat Treated Sample Groups 

Generally the HT XRD data results show that the intensities are decreased as the 

milling times increase.  HT samples that were milled with 30 and 50 wt% Ni show this; 

both of these material sample groups have a high transitional metal as their content.  

Looking at HT samples that are the 100% Fullerene soot samples, they show the carbon 

peaks 2Ѳ=~25 with decreasing peaks at ~44, but using the transitional elements one can 

see better defined peaks at 2Ѳ=~44 and ~53 in all the other samples.  Comparing to the 

SPS groups which show the peak at ~25 throughout the sample groups with smaller peaks 

at ~44, generally speaking with the exception of SPS samples that were milled with 50 

wt% Ni which shows an intensive peak at 2Ѳ=~44 and a smaller peak at 2Ѳ=~53. 

The HT XRD data shows that when compared to the SPS group there are more 

peaks at 2Ѳ=~44 and ~53 and in the SPS XRD data there are more peaks at 2Ѳ=~25. 
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Figure 58 - XRD heat treated spectra correlating to Raman milled spectra 

 

Figure 58 correlates to the samples that were already shown to have Raman peaks at 1334 

cm-1 as evidence that a synthesis occurred compared to that of the raw material Raman 

spectroscopy results. 

4.4 Transmission Electron Microscopy Results 

Samples were prepared for TEM and HRTEM analysis as described earlier.  This 

project chose to only send particular samples for TEM and HRTEM analysis due to the 

time constraint in preparing samples and the cost associated with this analysis procedure.  

This report will present the TEM results for discovery and discussion.  All samples that 

were sent for TEM and HRTEM analysis had their respective catalyst removed via a 

HNO3 acid wash. 
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Figure 59 - TEM images of nano carbon structures 

 

Figure 59, above, shows the TEM results from the milling samples containing 30 

wt% Fe and was milled for 50 hours.  The TEM images agree with the Raman spectra for 

this sample in the 2D band peak.  Figure 59a shows SWCNT’s and MWCNT’s, Fig. 59b 

shows graphene layers amid amorphous carbon, Fig. 59c shows graphitic carbon, and 

Fig. 59d shows a complex structure called a nano-onion, circled, and with a graphitic 

a) b) 

c) d) 
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carbon-like fiber (identified with an arrow).  Figure 60, below, shows an HRTEM image 

of a milled sample that contained 5 wt% Fe and that was milled for 10 hours. 

  

Figure 60 - TEM image for 10 hour milled sample 

Clearly the image shows the nanodiamond among amorphous carbon.  Figure 61 shows 

results from the exit wave reconstruction, Fig. 61a, and an enhanced image of same, Fig. 

61b.  Characteristic to diamond structures are the extra carbon atoms present called 

dumbbells and these can be seen in Fig. 61a, shown with an arrow.  The dumbbell 

phenomenon is used for calibration purposes within the image for the TEM (Schamp, 

2012).  Another milled sample containing 5 wt% Ni is presented with its HRTEM images 

in Figure 62.  This sample was milled for 10 hours in the presence of Ni.  Figure 62a 

shows double layer graphene particles and Figure 62b presents multi-layer particles.  In 

addition Figure 63a presents graphene layers and Figure 63b presents a nano-onion with 

their respective characteristic d-spacing measured within the inset. 
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Figure 61 - Exit wave reconstruction from HRTEM 

  

Figure 62 - Graphene layers present in 10 hour milling sample 

 
 

 

Figure 63 - Characteristic d-spacing for graphene 

a) b) 

a) b) 
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4.5 Scanning Electron Microscopy Results 

Samples were prepared for SEM analysis as described earlier.  This project chose to 

only send particular samples for SEM analysis due to the time constraint in reviewing the 

samples in the SEM.  This report will present typical SEM results for discovery and 

discussion. 

4.5.1 Milled Samples 

 

 

Figure 64 - SEM images of milled samples 

Figure 64a and 64b show SEM results for samples that have been milled for 50 hours.  

The milling time for these images agrees with the appearance of large flakes and a more 

conglomerated and dense particle.  Figure 64c and 64d show SEM results for samples 

a) b) 

c) d) 
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that were milled for 20 hours.  These images show to be smaller particles with this 20 hr 

mill time where the particles have not yet begun to conglomerate as the higher milling 

times show.  This is also evident in the density appearance compared to the high milling 

times. 

4.5.2 Sintered Samples 
 

 

 

Figure 65 - SEM images of sintered samples 

Figure 65 shows samples that were all milled for two hours and then sintered at1500 °C.  

The images demonstrate that the material formed a plate-like appearance during the 

limited 2 hr cold welding process.  The image resembles plates where the material was 

a) b) 

c) d) 
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beginning to stretch within the milling crucibles.  Figures 65a and 65b were milled with 1 

wt% Fe while Figures 65c and 65d were milled with 1 wt% Ni.  The samples with Ni 

formed a much better plate which would lead one to believe the Ni made the 

transformation easier.  The Fe samples still appear to be separated particles that are not 

yet transformed into homogenous structure. 

4.5.3 HT Samples 

 

 

Figure 66 - SEM images of heat treated samples 

Figure 66a and 66b show SEM results for samples that have been milled for 0.5 hours 

then heat treated.  The SEM results for these images show amorphous material signified 

by the ball-like appearance that are in agreement with short milling time.  The longer the 

b) 

c) d) 

a) 
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milling time the more a plate like appearance is prominent.  Figure 66c and 66d show 

SEM results for samples that were milled for 20 hours then heat treated.  These images in 

contrast to Figure 66a-b show a more conglomerated particle that is also formed into a 

plate or larger particle.  During the cold weld process the material torn and stretched to 

create a plate-like appearance which we see in these images. 

4.6 X-Ray Photoelectron Microscopy Results 

Samples were prepared for XPS analysis as described earlier.  This project chose to 

only send particular samples for XPS analysis due to the time constraint in reviewing the 

samples in MultiPak, the software.  Table 14 summarizes the results of the XPS results.  

The XPS results are being reported as an understanding that under certain conditions 

these values will and should veer from published data taking into account for machine 

vacuum conditions or environmental effects.  The samples used for XPS analysis have 

had their transitional elements removed as previously stated with a Nitric acid wash.  

Table 14 also reports the milling time, whether the sample was heat treated, and the % 

content reported as well.  For reference the diamond peak should be at position 285.0 

with the full width half height maximum at around 1.06. 

Table 14 - XPS analysis results 

Milling 
Time 
(hrs) 

Process HT 
Temp Position FWHM Content 

% 

20 HT 900 285.10 1.42 22.76 

20 HT 900 285.08 1.33 23.26 

50 HT 900 285.07 1.39 25.15 

50 HT 900 285.14 1.29 20.93 

50 HT 900 285.10 1.34 21.88 
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20 Mill n/a 285.08 1.07 5.42 

50 Mill n/a 285.57 0.67 3.96 

10 Mill n/a 285.02 1.03 19.93 

2 Mill n/a 285.08 1.08 5.65 

20 Mill n/a 285.03 1.77 16.08 

20 Mill n/a 285.19 1.08 14.46 

2 Mill n/a 285.10 1.27 6.57 

10 Mill n/a 284.98 0.98 21.30 

20 Mill n/a 285.22 0.96 9.44 

50 Mill n/a 285.20 1.04 8.43 

20 Mill n/a 284.91 0.99 23.01 

50 Mill n/a 285.07 1.03 13.78 

20 Mill n/a 285.01 1.09 13.95 
 

4.7 Mechanical Property Testing 

A few sintered samples were sent to have the mechanical properties analyzed in an 

effort to better understand the material.  The testing surrounded the hardness, stiffness, 

and modulus properties with the following results. 
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Table 15 - Hardness results of SPS samples 

SPS sample 
description 

Hardness 
(GPa) 

Stiffness 
(µN/nm) 

Modulus 
(GPa) 

Milled f/ 2 hr w/ 1 wt% Ni  
SPS @ 1500°C 

(SPS sample 17) 
0.94 ± 0.09 30.40 ± 1.38 9.99 ± 0.28 

Milled f/ 2 hr w/ 1 wt% Fe 
SPS @ 1500°C 

(SPS sample 22) 
1.04 ± 0.06 33.17 ± 4.20 11.34 ± 1.17 

Milled f/ 20 hr Soot 
SPS @ 1500°C 
(SPS sample 6) 

0.82 ± 0.21 25.27 ± 1.75 7.61 ± 1.01 

Milled f/ 0.5 hr Soot 
SPS @ 1500°C 
(SPS sample 3) 

2.54 ± 0.45 34.72 ± 1.06 18.47 ± 1.47 

Milled f/ 2 hr Soot 
SPS @ 1500°C 
(SPS sample 4) 

2.22 ± 0.28 31.40 ± 1.40 15.64 ± 0.89 

    
Martensite 8.20 ± 0.29 208.88 ± 4.34 200.47 ± 4.61 

 

The results show the material has remarkable elasticity with the indentation on average 

600nm deep and the final depth on average was ~90nm deep.  Uniquely shown in Figure 

66, using such high loads the material shows no damage.  The results between using Ni or 

Fe as transitional elements show to be inconclusive as the results are very close to the 

same.  At the very least the sample with Ni shows the depth to be a little greater that the 

sample that utilized Fe as its transitional element.  Figure 67 shows the images a) before 

and b) after the hardness testing. 
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Figure 67 - SPS sample 22 a) before and b) after hardness testing 

       

Figure 68 - SPS sample 6 a) before and b) after hardness testing 

Martensite is well known for being the hardest phase on steel microstructure and thus 

should demonstrate a lower elasticity.  Appendix Figure D1.1 shows a comparison 

between martensite and SPS sample 3.  Comparing the two samples one can clearly see 

that the difference in elasticity with the martensite sample retaining its indentation versus 

this projects sample achieving a much greater depth and still returning to a pre-

indentation state.  This can be seen in Figure 68 showing the images of a) before and b) 

after the test.  The images show virtually no permanent indentation.  The hardness testing 
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generally shows that all the samples that were sent for this testing has returned a 

favorable result for elasticity. 
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Chapter V 
 

 

Discussion and Conclusion 
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5.0 Discussion 
 

Commercially available Fullerene soot was mixed with a transition element then 

mechanically milled for various times ranging from 0.5 hours to 50 hours.  The milled 

samples were then secondarily processed through either a sintering process or a heat 

treatment process.  The project studied the effects of all three processes for the synthesis 

of complex carbon nanostructures.  Raman and XRD were used to characterize the 

material samples. 

 The project used transitional elements as a catalyst for transformation.  Nickel and 

Iron are well known catalysts for alloying material.  Current research has shown that 

nanotube diameter, growth rate and wall thickness are all affected by using catalysts 

during the alloying process (Huang et al., 2002).  This project has concluded that the 

material has been transformed through a welding process that is taking place within the 

milling activity using the catalysts.  The high energy that the milling process produces 

causes the atoms to first deform followed by a tearing action which is the actual 

transformation taking place.  The raw material soot after 2 hours of milling transformed 

into graphitic particles shown in Figure 69. 
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Figure 69 - HRTEM micrograph of a carbon soot milled sample for 2 h. (a) is the 
morphology of relaxed and highly deformed structures of graphitic carbon. Regions (B-e) 
are zoomed in the respective insets.  The interplanar distances (i‐vi) are: i = 0.335 nm, ii 
= 0.335 nm, iii = 0.226 nm, iv = 0.334 nm, v = 0.373 nm and vi = 0.208 nm. 

This present work shows that Fullerene soot that has been mechanically milled for 10 

hours with either Fe or Ni as catalysts is the best way of achieving nanodiamond 

particles, please see Figure 70. 
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Figure 70 – HRTEM of nanodiamond structures 

Furthermore; using the as-milled samples as the starting material for an SPS process is an 

economical means of creating nanotubes, graphenes, and other complex carbon 

nanostructures.  Raman spectra as presented show sharp peaks with Fullerenes, 

nanotubes, and crystalline carbon and are easily identified (Arepalli et al., 2004a).  As 

explained earlier the sintered samples do not necessarily show that a synthesis of 
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diamond occurred after sintering but clearly shows that the process has an effect on the 

creation of complex carbon nanostructures.  ASTM data for diamond shows that the d-

spacing should be 2.060 Å(Topon, Amornkitbamrung, & Burinprakhon, 2007); the XRD 

data was used to determine grain size using Scherrer’s equation and Bragg’s Law to 

determine the d-spacing of the atomic planes.  The results shows that several samples 

have the d-spacing between 2.055 – 2.069 Å.  Any variation of this measurement can be 

attributed to a shift in atomic planes. 
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5.1 Conclusion 

 

This project used common characterization processes in order to confirm the 

experimental data obtained through the milling, sintering, and heat treatment activities 

described earlier.  The analysis is complete and confirms the data and premise of this 

project in which through the above mentioned processes a synthesis has taken place to 

synthesize complex carbon nanostructures.  The added caveat to this project is the 

confirmation of mechanically milling fullerene soot with some content of a transitional 

element, in this case iron and nickel, that diamond phase is indeed present along with 

graphitic carbon and graphene.  The other complex structures that have been identified 

through these processes are carbon nanotubes (both SWCNT and MWCNT), graphene-

like particles, graphitic layers, and nano-onions.  Figure 71 below highlights a sample of 

the nano-onion found within this work. 

 

Figure 71- Nano-Onion found within project 

The project used commercially available fullerene soot along with various amount 

of iron and nickel, respectively, and then the samples were milled in different proportions 

for various milling times.  The times range from 0.5 hours to 50 hours.  The as-milled 
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samples were then either heat treated or sintered to study the effect of these final 

processes on the synthesis.  All of the samples were then characterized using Raman 

spectroscopy and XRD.  The data obtained was introduced into Origin where the XRD 

data was analyzed to obtain input data to Scherrer’s equation to determine grain size, 

please refer to Appendix E.  The grain size was used to identify possible samples that 

contain the diamond C phase.  The project has concluded that diamond C phase was 

produced with all three processes; milling, SPS, and HT.  The project also determined 

that with extended milling time the material turns amorphous, but when the material 

returns from the HT or SPS process particular characterization peaks for complex carbon 

structures reappear in the results. 

Temperature was studied as part of the SPS process and its effect on the material 

samples.  The project has concluded that temperature influence is inconclusive citing 

several examples earlier showing that lower and higher SPS temperatures result in 

opposite effects within different material groups. 

A select few samples were sent for extended analysis using TEM and HRTEM 

equipment.  These images clearly demonstrate that diamond C phase has been obtained.  

Along with the diamond phase the HRTEM images are in agreement with Raman and 

XRD in the synthesis of complex carbon structures particularly nanotubes and graphene 

layers.  Additionally SEM was employed to provide microstructure images for 

comparison.  These images show diamond particles along with nanotubes.  The project 

pushed further to identify the diamond phase by using XPS technology to demonstrate 

the binding energy of sp1 carbon and complete surface content percentages. 
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The objectives outlined for this project were to explore the possibility of using a 

cost effective method to synthesize complex carbon nanostructures.  This project showed 

that by using mechanical milling, carbon soot can be used to synthesize graphene, and 

diamond at room temperatures and graphitic carbon and carbon nanotubes at elevated 

temperature.  The project successfully performed, recorded, and analyzed the data sets 

obtained and the results are presented.  
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Appendix A - Raman / XRD Milling Results 
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Appendix Figure A.1 - Raman / XRD milling results 
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Appendix B - Raman / XRD Sintered Results 
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Appendix Figure B.1 - Raman / XRD sintered results 
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Appendix C - Raman / XRD Heat Treated Results 
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Appendix Figure C.1 - Raman / XRD heat treated results 
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Appendix D – Mechanical Property Testing Results 

 

 

 

Appendix Figure D.1 – Hardness testing; a) SPS sample 17, b) SPS sample 22, c) SPS 
sample 6, d) SPS sample 3, e) SPS sample 4, f) comparison of martensite and SPS sample 
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Appendix E – Grain Size Calculations for Milled Samples 

 

Grain Size Calc. 
Sample 

No. 

Peak 
Center 

(2θ) 
FWHM β θ Cos θ τ 

1 43.45 1.270189 0.022 21.725 0.929 6.730 
2 43.75 1.396774 0.024 21.875 0.928 6.126 
2 44.95 1.453603 0.025 22.475 0.924 5.912 
3 43.33 1.047339 0.018 21.665 0.929 8.159 
3 44.92 1.689915 0.029 22.460 0.924 5.085 
4 44.68 1.268357 0.022 22.340 0.925 6.769 
5 44.35 2.005034 0.035 22.175 0.926 4.277 
6 44.59 0.92961 0.016 22.295 0.925 9.233 
7 44.68 0.684793 0.012 22.340 0.925 12.537 
8 44.65 0.788 0.014 22.325 0.925 10.897 
9 43.51 1.426125 0.025 21.755 0.929 5.995 
9 44.92 1.779435 0.031 22.460 0.924 4.829 

10 44.56 1.631235 0.028 22.280 0.925 5.261 
11 44.74 0.377388 0.007 22.370 0.925 22.755 
12 44.74 0.578389 0.010 22.370 0.925 14.847 
13 43.54 1.171154 0.020 21.770 0.929 7.301 
14 44.47 1.740746 0.030 22.235 0.926 4.928 
15 44.53 1.424613 0.025 22.265 0.925 6.023 
16 44.77 0.50177 0.009 22.385 0.925 17.116 
17 44.77 0.542951 0.009 22.385 0.925 15.818 
18 44.83 2.243423 0.039 22.415 0.924 3.829 
19 44.56 1.141845 0.020 22.280 0.925 7.516 
20 44.68 1.375641 0.024 22.340 0.925 6.241 
22 44.77 0.498357 0.009 22.385 0.925 17.233 
23 43.54 4.317365 0.075 21.770 0.929 1.981 
23 44.86 1.250733 0.022 22.430 0.924 6.869 
24 44.86 2.646904 0.046 22.430 0.924 3.246 
26 43.21 1.419842 0.025 21.605 0.930 6.016 
27 44.71 0.551266 0.010 22.355 0.925 15.576 
28 43.06 1.027608 0.018 21.530 0.930 8.307 
28 44.74 0.878249 0.015 22.370 0.925 9.778 
29 43.12 1.517671 0.026 21.560 0.930 5.626 
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Grain Size Calc. 
Sample 

No. 

Peak 
Center 

(2θ) 
FWHM β θ Cos θ τ 

31 43.27 4.510209 0.079 21.635 0.930 1.894 
34 44.17 0.9 0.016 22.085 0.927 9.522 
35 43.12 0.913108 0.016 21.560 0.930 9.351 
36 43.27 1.478742 0.026 21.635 0.930 5.777 
39 44.110 1.474 0.026 22.055 0.927 5.814 
40 43.21 1.104771 0.019 21.605 0.930 7.731 
42 44.68 9.542197 0.167 22.340 0.925 0.900 
43 44.500 2.250 0.039 22.250 0.926 3.814 

10_wash 44.77 1.729447 0.030 22.385 0.925 4.966 
12_wash 44.41 10.48492 0.183 22.205 0.926 0.818 
14_wash 44.8 2.332799 0.041 22.400 0.925 3.682 
15_wash 44.77 1.83556 0.032 22.385 0.925 4.679 
18_wash 44.92 2.50986 0.044 22.460 0.924 3.424 
20_wash 44.89 1.397898 0.024 22.445 0.924 6.146 
25_wash 44.95 2.997062 0.052 22.475 0.924 2.867 
26_wash 43.09 3.875726 0.068 21.545 0.930 2.203 

29A_wash 43.24 1.574809 0.027 21.620 0.930 5.424 
31_wash 43.39 1.845716 0.032 21.695 0.929 4.631 
35_wash 43.12 1.301111 0.023 21.560 0.930 6.563 
36_wash 43.27 1.158022 0.020 21.635 0.930 7.377 
40_wash 44.11 0.6 0.010 22.055 0.927 14.280 
6_washed 44.62 1.108917 0.019 22.310 0.925 7.741 

9_wash 43.57 1.524485 0.027 21.785 0.929 5.610 
9_wash 44.95 1.843133 0.032 22.475 0.924 4.663 

Appendix Figure E.1 - XRD derived grain size calculations for milled samples  
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Appendix F – Grain Size Calculations for SPS Samples 

 

Grain Size Calc. 
Sample 

No. 
Peak Center 

(2θ) FWHM β θ Cos θ τ 
1 44.62 2.355339 0.041 22.310 0.925 3.644 
2 44.17 7.931251 0.138 22.085 0.927 1.081 
4 43.87 1.83174 0.032 21.935 0.928 4.674 
5 43.18 2.036767 0.036 21.590 0.930 4.193 
6 45.04 0.924777 0.016 22.520 0.924 9.296 
7 43.15 0.694852 0.012 21.575 0.930 12.290 
8 43.15 7.484107 0.131 21.575 0.930 1.141 
9 43.36 2.996918 0.052 21.680 0.929 2.851 

10 44.98 0.445483 0.008 22.490 0.924 19.293 
11 44.83 4.11393 0.072 22.415 0.924 2.088 
12 44.62 0.446454 0.008 22.310 0.925 19.226 
13 44.92 0.447204 0.008 22.460 0.924 19.215 
14 43.48 0.868718 0.015 21.740 0.929 9.841 
15 45.01 0.460379 0.008 22.505 0.924 18.671 
16 44.71 0.447961 0.008 22.355 0.925 19.168 
17 43.84 0.604515 0.011 21.920 0.928 14.160 
18 44.68 0.436219 0.008 22.340 0.925 19.682 
19 44.17 0.449412 0.008 22.085 0.927 19.069 
20 44.92 1.107645 0.019 22.460 0.924 7.758 
21 44.92 0.460671 0.008 22.460 0.924 18.653 
22 44.98 2.804543 0.049 22.490 0.924 3.065 
23 45.19 1.151996 0.020 22.595 0.923 7.467 
24 44.65 0.802936 0.014 22.325 0.925 10.692 
25 44.65 0.510068 0.009 22.325 0.925 16.830 
26 44.59 0.704767 0.012 22.295 0.925 12.178 
27 44.05 0.59407 0.010 22.025 0.927 14.420 
28 44.62 0.714308 0.012 22.310 0.925 12.017 
30 44.77 0.826449 0.014 22.385 0.925 10.392 
31 43.9 0.523949 0.009 21.950 0.928 16.341 

Appendix Figure F.1 – XRD derived grain size calculations for SPS samples 
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Appendix G – Grain Size Calculations for HT Samples 

 

Grain Size Calc. 
Sample 

No. 

Peak 
Center 

(2θ) 
FWHM β θ Cos θ τ 

1 44.62 2.355339 0.041 22.310 0.925 3.644 
2 44.71 2.307395 0.040 22.355 0.925 3.721 
3 44.02 0.755957 0.013 22.010 0.927 11.331 
4 44.05 0.656895 0.011 22.025 0.927 13.041 
5 44.68 0.59989 0.010 22.340 0.925 14.312 
6 43.69 0.96409 0.017 21.845 0.928 8.874 
7 43.96 0.983473 0.017 21.980 0.927 8.708 
8 44.35 0.61877 0.011 22.175 0.926 13.859 

11 44.38 0.710126 0.012 22.190 0.926 12.077 
12 44.2 0.555228 0.010 22.100 0.927 15.437 
15 44.53 0.71896 0.013 22.265 0.925 11.935 
16 44.56 0.564909 0.010 22.280 0.925 15.192 
17 44.56 5.73454 0.100 22.280 0.925 1.497 
18 44.38 7.244361 0.126 22.190 0.926 1.184 
19 44.68 5.02831 0.088 22.340 0.925 1.707 
21 43.54 0.5661 0.010 21.770 0.929 15.105 
23 44.62 6.20044 0.108 22.310 0.925 1.384 
24 44.08 2.564304 0.045 22.040 0.927 3.341 

11_wash 44.35 0.68818 0.012 22.175 0.926 12.461 
12_wash 44.14 0.586209 0.010 22.070 0.927 14.618 
15_wash 44.5 0.72388 0.013 22.250 0.926 11.853 
16_wash 44.5 0.681504 0.012 22.250 0.926 12.590 
7_wash 43.87 0.89224 0.016 21.935 0.928 9.595 
8_wash 44.29 0.626156 0.011 22.145 0.926 13.693 

Appendix Figure G.1 - XRD derived grain size calculations for HT samples 
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