






 

Figure 3.10-3 Transmission Electron Micrograph showing amorphous character and 

tip based growth. 

 

3.11 X-Ray Diffraction Characterization 

X-Ray diffraction is a non-destructive analytical technique used to characterize the 

crystallographic structure of a material. The scattering phenomenon of X-ray diffraction 

is described in Bragg’s law (first formulated by W.L. Bragg) which is given by 

( )θλ sin2dn =        (3.1) 

where n represents the order of diffraction, λ represents the wavelength, d represents the 

distance between crystal planes, and θ  represents the angle of incidence. Figure 3.11-1 

shows a visual schematic of Bragg’s law. 
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Figure 3.11-1: Schematic of X-Rays being diffracted by a crystal illustrating physical 

meaning of variables in Bragg’s law [39] 

 

For this analysis, an XRD diffractometer in the Department of Earth and Planetary 

Sciences at the University of New Mexico was used. It was equipped with a Scintag Pad 

V diffractometer with Data 4 software from MDI, Inc. A Bicron scintillation detector 

with a pyrolitic graphite curved crystal monochromator was used to apply CuKα 

radiation. The Jade 6.5 software was used to analyze the data by using the ICDD 

(International Center for Diffraction Data) database for phase identification.   

 

Figure 3.11-2 shows the diffractogram from the PAN based short chopped fibers with 

CNFs resulting from 90 minute growth. This growth protocol had yielded the most 

uniform growth. The diffractrogram revealed only a weak and rather broad peak for all 

samples near 25.5° 2θ indicating an amorphous or turbostratic carbon structure based on 
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comparison with forms of graphite from in the database. No appreciable signal that 

wasn’t noise was detected for the Pd itself indicating the signal was washed out by the 

carbon signal. Figure 3.11-3 shows the diffractogram of the bare (sizing removed) PAN 

based fibers demonstrating a sharp peak indicating the carbon is highly ordered and of 

good quality from the manufacturer.  

 

 

 

Figure 3.11-2: XRD diffractogram of Carbon Fibers with CNF from 90 minute growth 

protocol 0.5% loading of Pd 
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Figure 3.11-3 XRD diffractogram of bare PAN short chopped carbon fibers 

 

3.12 Temperature Programmed Oxidation 

 Temperature programmed oxidation was used (Netzsch STA 409 PC Luxx) to 

compare the level of graphitization of the parent fiber with filaments. Four samples were 

compared: pan based ‘short’ carbon fibers with filament growth (90 minute deposition 

time) with Palladium removed via the use of aqua regia, pan based ‘short’ carbon fibers 

with the sizing removed,  graphite flakes (e.g. the most graphitic form of carbon), and 

pryolyzed sugar (amorphous carbon).  Figure 3.12-1 shows the TPO curves as weight % 

versus time. Following is detailed descriptions of how each was prepared: 

• Amorphous Carbon:  Carbon from pryolyzed sugar made by heating 

commercially purchased sucrose to 1000 C.  
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• Carbon Fibers (Sizing Removed): Commercially Purchased Pan based Carbon 

Fiber (Toho Tenax) were treated in a tubular furnace at 525 oC in O2 (100 sccm 

flow) for 10 minutes. The treated fibers were removed, rinsed in ethyl alcohol on 

a sieve and dried in air at 100 oC for 1 hour.   

 

• Carbon Fibers with Filaments (Pd. Removed): Prepared by standard process 

with a growth time of 90 minutes (time the sample was exposed to the fuel 

mixture). The sample was placed into a vial and aqua regia (~2 cc) was added. 

Sample was in vial with aqua regia for 34 days. After 34 days, about ¾ of the 

aqua regia was removed from the vial via a dropper into a waste container. Then 

new aqua regia was added via a dropper. This procedure was repeated twice. 

Sample was allowed to sit like this for 1 day. After 1 day, all the aqua regia was 

removed (via a dropper again) from the vial with the sample. Then the vial with 

the sample in it was filled with distilled water. After this step, the water along 

with the fibers was poured onto a funnel to filter the water. With the sample on 

the funnel, it was rinsed 2 more times with distilled water. Then the sample was 

put into a combustion boat (covered in aluminum foil with holes punched in) and 

allowed to dry overnight in air underneath a fume hood.   

 

• Graphite:  Graphite flakes were purchased from Alfa Aesar. The flakes have a 

median diameter of 7-10 micron and are 99% (metals basis). 
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Figure 3.12-1 Comparison of different levels of graphitization of carbon including 

carbon fibers with filaments 

 

     From Figure 3.12-1 it can be seen that as expected the amorphous carbon lost the most 

weight during the treatment. Unexpectedly however the first sample to begin burning was 

the raw PAN based carbon fibers which are not very graphitic in nature [40]. This is 

especially contradictory given that a pure form of graphite (the graphite flakes) was also 

used. This indicates that there is an issue with the burning of both carbon fiber samples 

(with sizing removed and with the CNFs). Another confirmation of this result is that the 

carbon fiber with filament sample did not burn completely which could be due to a large 

number of reasons including that the fibers could have been so tightly packed as to resist 

the oxidation more than normal. 
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CHAPTER 4: CONCLUSIONS AND FUTURE WORK 

 

4.1           Basic Observations about GSD Protocol 

A new procedure has been used to synthesize carbon filaments (nanofibers) on the 

surface of carbon fibers thus producing multi-scale carbon fibers. This procedure serves 

as a relatively low temperature (c.a. 550 °C) and simple alternative to various other 

carbon filament/nanotubes producing methods [21, 22, 24, 25, 27, 30, 31]. Moreover its 

simple relatively inexpensive experimental setup utilizing an ordinary tube furnace is 

readably scalable.  

 

The procedure is derived from a process called Graphitic Structures by Design (GSD) 

where a fuel rich combustion mixture (oxygen and ethylene) at atmospheric pressure 

drives growth of the carbon nanostructures (in this case carbon filaments). The procedure 

uses a metal catalyst (Pd) and results in rapid (>10 microns/hour) growth of the filaments. 

From previous studies of the GSD process [32] it assumed the carbon atoms in the 

filaments are formed from homogenously generated radicals (e.g. CH2) reacting with Pd 

catalyst particles (e.g. CH2 -> C + H2). It is also presumed that the formation of the 

filaments is similar to the ‘root mechanism’ (carbon atoms transporting through or around 

a catalyst particle due to a chemical potential gradient) that is frequently described in 

literature [8, 18, 41]. 
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An unexpected result of the process was the generation of ‘three scale’ carbon materials 

under the right conditions.  That is, carbon materials with three different size 

characteristics were produced:   i) micrometer scale commercial PAN or pitch fibers, ii) a 

layer of ‘long’ submicrometer diameter scale carbon filaments, and iii) a dense layer of 

‘short’  nanometer diameter filaments. Two factors were shown to contribute to whether 

the Pd impregnated fibers had a bimodal distribution: (i) loading of Pd. onto the carbon 

fiber where loadings <0.5% tended to only produce the ‘short’ layer and (ii) growth time 

(i.e.. time when the hydrocarbon is being deposited) where growth times > 35 minutes 

tended to produce the two layer growth. 

 

4.2     Effect of Parameters on Filament Size 

It has been shown that certain parameters have been found to vary the size of the 

filaments produced. For instance, with Pd grown filaments time is the main variable to be 

controlled CNFs (35 minutes already being established as the ‘critical’ transition time 

between one and two layer growth of CNFs). Also ‘activating’ the surface of the parent 

fibers prior to metal catalyst impregnation decreases the size of the filaments produced 

when Pd is used as catalyst. It’s hypothesized that activating the surface of the fiber with 

oxygen groups helps to anchor the metal particles to the point that they do not sinter 

(leading to a homogenous distribution of metal nanoparticles on the parent fiber). This 

point is furthered by SEM micrographs taken of the fibers directly after loading of the 

metal where the metal particles are no longer observable at the SEM scale.  The contrast 

of this is the initial trials of the loading of the metal where the metal completely encased 
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the carbon fibers. Thus improving the engineering by lowering the metal loading needed 

for filament generation also aids in the controlling the size of the filaments produced.  

 

 4.3       Effect of Position in Chamber on CNF Growth 

The Pd trials had shown that there is a clear dependence of CNF growth on the location 

of the sample in the chamber during deposition.. In general the best location for CNF 

generation is closer to the gas outlet downstream from the gas flow while the worst 

results are seen when samples are placed near the gas inlet. Similar results were seen 

before for carbon structure generation in a tube furnace [32]. The cause of these results 

can be traced back to two main parameters (i) the potency of the combustion mixture 

(relating to the gas flow velocity of the mixture along the length of the chamber) and (ii) 

the large temperature gradient along the chamber found in both the furnaces used for 

experiments.  

 

4.4         Effect of substrate on CNF growth 

It has been demonstrated that both PAN and pitch carbon fibers can be used as substrates 

for CNF growth when Pd is used as a catalyst. When run under the same conditions using 

Pd both pitch and PAN fibers produce very similar results as described in section 3.11.  

When Ni is used as a catalyst pitch fibers have produced CNFs but PAN based fibers 

have not. In the cases of the pitch fibers with CNFs it was observed that the fibers 

produced are very brittle and cleave very easily in a person’s hand. The PAN based fibers 

however maintained their ductility even after going through the full procedure albeit 

without successful growth of filaments. Based on the ability to maintain its ductility PAN 
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fibers seem like the natural candidate to be used as a reinforcing component (with CNFs 

grown) in a composite for a structural reinforcement application. 

 

4.5          Effect of Temperature on CNF growth 

It has been demonstrated that with the GSD protocol CNFs can be grown using Palladium 

as a catalyst at a temperature as low as 550°C. This makes the GSD process one of a few 

protocols that can generate a uniform coating of CNFs on a substrate at a temperature 

<600°C.  It should be noted that the CNFs were grown in an ethylene-oxygen 

environment opposed to a ethylene-hydrogen environment like the one used by Downs 

and Baker to generate CNFs at 600°C[42]. Also the GSD process does not use a vacuum 

chamber which is necessary if one is to obtain CNFs at a very low temperature range of 

200-400°C (using dc PECVD vacuum chamber and cobalt colloid) [43]. 

 

4.6          Effect of ‘Enhanced Parameters’ on CNF growth 

A few parameters have been varied on the CNF growth protocols in order to increase the 

likelihood for growth: (i) fuel rich mixture (i.e.… higher gas flow of ethylene), (ii) longer 

growth times and (iii) increase metal loading (1% loading of the catalyst vs. the standard 

0.5%). The second parameter has been shown to increase in longer filaments as 

intuitively expected. It was shown running the deposition of the hydrocarbon for longer 

than 35 minutes results in a secondary layer of CNFs generated. The longest growth time 

ran was 270 minutes which was run for the ultra low loading (0.5%) protocol using 

Palladium. In this case running for longer time allowed for CNFs to be grown that were 

large enough (sub-micron level diameters) to be observable under SEM. Using the ULL 
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at 35 minutes did not result in any SEM observable CNFs. Therefore because the metal 

loading was decreased it, the growth time had to be increased to generate CNFs of the 

same size as those made with the standard loading. 

  

    4.7         Future Work of CNF Growth Protocol 

• For the purpose of scaling up the process for industrial use, the incipient wetting 

protocol will have to be modified. The current protocol has some legitimate 

issues: (i) homogenous distribution of the IWS can not be guaranteed as the 

process is manual and prone to much human error and (ii) the evaporation step 

involves the sample being in a combustion boat which meaning that the entire 

sample is not exposed to air at the same time. It is reasonable to speculate that 

both of these issues could be why often times CNF growth is not homogenous 

throughout the entire fiber (seen throughout the course of the research despite 

numerous changes in the incipient wetting protocol). Sputtering seems a better 

candidate to replace the incipient wetness procedure as it would assure a far more 

homogenous distribution of the catalyst and is also a standard of both industry and 

research involving CNF synthesis. 

• A good study of the process of CNF generation would involve determining the 

absolute minimum conditions needed for CNF growth to occur. These conditions 

include the minimum growth time needed, the minimum fuel mixture (in terms of 

flow rate and number of gases) and the minimum amount of metal loading of the 

catalyst needed. Knowing these conditions would help one to craft a true 

optimization of the protocol where the least amount of material and energy would 
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be used to generate CNFs. Both the role of the growth time and metal loading 

have already been investigated to some degree: (i) it was shown that a metal 

loading of 0.5% could still be used to generated CNFs under the correct 

conditions and (ii) CNFs could be grown in as little as one minute under the 

correct conditions. However the future work proposed would require numerous 

trials to generate enough data to be statistically relevant for one to conclude what 

the optimized repeatable protocol is for this process.  

• For the sake of robustness and optimization of the process, other metals should be 

explored as catalysts for the process. Likely candidates include Fe , Co, and Ni as 

these transition metals have been used often to generate CNFs. Also alloys should 

be considered such as Cu/Ni in order to determine if having an alloy instead of a 

sole catalyst increases the distribution and yield of CNFs generated with the 

process. Further information could also be learned about the chemical nature of 

different metal catalysts during growth such as if burning of the carbon fiber prior 

to catalyst impregnation increases the nucleation sites on the fiber (leading to 

better CNF distribution) for all the chosen metals/alloys or only some.   

 

4.8        Future Application of Research 

The research conducted in this thesis was conducted with the goal to investigate the 

feasibility of growing CNFs on the surface of carbon fibers toward producing hybrid 

reinforcements for novel polymeric composites. This goal has been fulfilled in the scope 

of the work presented. However future work would be to test a composite of the 

multiscale carbon fibers for improved properties of the composite. 
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