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Abstract 

Graphene possesses excellent mechanical properties with a tensile strength that 

may exceed 130 GPa, excellent electrical conductivity, and good thermal properties. 

Future nano-composites can leverage many of these material properties in an attempt 

to build designer materials for a broad range of applications. 3-D printing has also seen 

vast improvements in recent years that have allowed many companies and individuals 

to realize rapid prototyping for relatively low capital investment.  This research sought 

to create a graphene reinforced, polymer matrix nano-composite that is viable in 

commercial 3D printer technology, study the effects of ultra-high loading percentages of 

graphene in polymer matrices, and determine the functional upper limit for loading. 

Loadings varied from 5 wt. % to 50 wt. % graphene nanopowder loaded in Acrylonitrile 

Butadiene Styrene (ABS) matrices. Loaded sample were characterized for their 

mechanical properties using three point bending, tensile tests, as well as dynamic 

mechanical analysis.   

Results of this work showed that it is possible to synthesize graphene ABS nano-

composites in loadings up to 50 wt. % utilizing thermal extrusion techniques to produce 

raw stock material designed for a commercial fused deposition modeling (FDM) 3D 

printer. This research showed that with a non-specialized commercial 3D printer it is 

possible to print up to 10 wt. % parts with high quality.  Proper customization to the 

current print head design will enable printing parts up to 50 weight percent. With the 

current 3D printer setup, 5 wt. % percent graphene is found to be the best choice for 
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increasing print stiffness.  5 wt. % graphene 3D printed parts show an increase of 

Young’s Modulus of 146%, along with a decrease of yield strength of 24% and a 

reduction of the percent elongation by 44%. This study proves the feasibility of printing 

parts with graphene as a filler and opens the door for future designer materials to 

expand the 3D print technology capability. 
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Chapter 1 

Introduction 

1.1 3D Printing 

Advancements in additive manufacturing have enabled electro-mechanical 

designers to reduce time, visualize, fit check, and study complex and expensive 

assemblies at a fraction of the cost of traditional prototyping techniques.  With the rapid 

advancement of 3D print technologies one area has consistently lagged behind. Material 

selection has been extremely limited in 3D printer technologies, with direct metal laser 

sintering (DMLS), thermo-set plastics, and UV curable materials dominating the market. 

DMLS printers can still be prohibitively expensive for many companies and research 

institutions, and the typical plastics and UV curable materials used in printers today may 

not possess the required strength for emerging applications. For this reason the 

combination of polymer composites and 3-D printing is a natural progression that could 

have potential to result in high strength rapid prototyping for use in many technical 

applications. This also opens the door for tuning 3-D print materials to specific 

requirements for future use in highly specialized applications.  

3D printing is a relatively new technology that was invented in the late 1980’s by 

researchers in Japan. Though since the early 2000’s, advancements in technology have 

seen 3D printer quality, speed, and ease of use improve rapidly while cost has 

dramatically decreased.  This allows many companies and research groups to obtain 3D 

printers to be used in a wide variety of emerging applications. Most common 3D 
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printers available today utilize thermoplastic filament to build prototypes layer by layer.  

These printers utilize similar basic parts independent of the quality of printer.  These are 

the extruder nozzle where filament is extruded to form the part, the print bed made out 

of glass or a non-reactive material where the filament is deposited, the motors that 

control movement of either the nozzle or bed in x, y, and z directions to control the 

print, and a processor that controls all the parts of the 3D printer.  The extruder nozzle is 

heated to the injection molding temperature for that specific material, while the print 

bed is typically heated to allow parts to adhere better, and to prevent warping of the 

part as it cools. A typical 3D printer setup is shown in the figure 1. 

 

Figure 1 Typical 3D printer setup [32] 
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The most common materials currently used in 3D printing include Acrylonitrile 

Butadiene Styrene (ABS), Polylactic Acid (PLA), Polycarbonate, and Nylon.  These 

filament style printers work by utilizing software to break the designs down into discrete 

layer slices, which are then printed using design specifications set by the user. The 

control parameters are print temperature, print speed, layer height, number of 

perimeters, top and bottom infill pattern, number of solid top and bottom layers, infill 

percentage for non-solid layers, and infill pattern for interior layers. Within solid infill 

patterns are typically concentric or rectilinear patterns, and within rectilinear patterns 

the infill angle can be changed from 0 to 180 degrees. Interior infill patterns typically 

consist of concentric, rectilinear, or honeycomb patterns, where for rectilinear patterns 

infill angle may also be altered from 0 to 180 degrees. Arivazhagan et al. [2] studied the 

effect of infill angle of during prints on parts with rectilinear infill.  This study found that 

the highest strength was achieved at an alternating infill angle of 30 and 60 degrees. All 

of these parameters affect the quality and strength of the part being printed.  3D 

printers work by building parts layer by layer using a small extruder to extrude filament 

to fill in all gaps in the part.  Due to this design, it is impossible for a filament style 3D 

printer to build entirely solid parts.  This can create issues where small voids may be 

created in the geometry that may be too small for the 3D printer to fill in with material.  

This causes many 3D printed parts to be porous and thus not a good comparison to a 

bulk solid material.   
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 Many advanced 3D printers have the ability to print with two materials 

simultaneously utilizing two separate extruder heads.  This allows for the printer to 

create bridges and overhangs in the 3D printed part utilizing the second material as a 

support material. This material can be immersed in a solvent that only reacts with the 

support material and dissolved.    

1.2 Graphene and Graphene Composites 

Graphene consists of sp2 bonded carbon arranged in a single 2-D layer 

honeycomb structure [12], whereas Carbon nanotubes are single layer graphite rolled in 

a tube like structure. Graphene exhibits many qualities that surpass carbon nanotubes 

in the construction of composite materials including less sensitivity to orientation and 

ease of dispersion [17]. Due to carbon nanotubes tubular shape, they can behave similar 

to fiber reinforced composites where strength may vary as a function of loading 

condition. The following figure depicts the microstructural properties of graphene 

versus carbon nanotubes.  
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Figure 2 Graphene versus carbon nanotubes microstructure [33] 

Many techniques have been used to attain graphene including mechanical and 

liquid exfoliation as well as chemical vapor deposition and reduction into reduced 

graphene oxide (RGO) [25, 30].  Because of the strong Van Der Waals forces between 

the carbon atoms, graphene tends to agglomerate or even restack into graphite.  For 

this reason it is vital to functionalize graphene to aid in stability and process ability [30]. 

Functionalization is a process used to prevent the agglomeration of the RGO and allows 

for the use of traditional composite manufacturing techniques including solution 

blending and melt mixing. Functionalization of graphene oxide involves the use of 

covalent or non-covalent chemistry in order to modify the structural architecture or 

intrinsic properties [7]. For these reasons functionalized RGO results in the highest 

quality of composites, although that increase in quality comes with a direct correlation 
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to price.  One of the objectives of this work is to show commercial viability of graphene 

nanocomposites and thus we opted against using large amounts of functionalized RGO. 

That led to the decision to use graphene oxide nanopowder in this research. Although it 

may not possess the exact same characteristics as a functionalized RGO, graphene oxide 

nanopowder was deemed a good replacement as it is easy to obtain and process, cost 

effective and is easy to disperse in typical 3D printing polymers. 

 A polymer nano-composite is a composite material that utilizes nanoscale 

particulate reinforcement within the polymer matrix phase.  It has been demonstrated 

that graphene polymer composites show superior strength to pure polymer materials, 

and can increase mechanical properties at lower loading levels than with traditional 

methods like carbon fibers [1].  For this reason composite materials which use graphene 

have seen considerable interest and could be used to create relatively inexpensive high 

strength parts for use in many applications. Graphene based nano-composites have 

been shown to possess the best properties of both clay and carbon nanotube based 

polymer composites and that functionalized graphene nanoparticles have not seen their 

full potential realized to date [1, 17, 19, 25]. 

Dispersion of graphene in motor oil to use as lubrication has been previously 

studied by Mungse et al. [31] and found that stable dispersion of functionalized RGO 

was possible using sonication and that sonicated mixtures still had high levels of 

dispersion after sitting for extended periods of time. Also Song et al. [15] Showed that 
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stable dispersion of exfoliated graphene nanoplatelets is possible in polar organic 

solvents namely DMF using ultrasonics. Also Song et al. [5] showed that strong 

ultrasonics allow for stable dispersions of expandable graphite (EG) in DMF for greater 

than two months with no sign of any precipitates in the vials. Along with Potts et al. [13] 

they have shown that is possible to fully exfoliate reduced graphene oxide in DMF using 

ultrasonics. Graphene has shown superior properties and workability to carbon 

nanotubes because carbon nanotubes exhibit radically different properties along and 

perpendicular to the axis of the nanotube.  Another significant disadvantage to the use 

of carbon nanotubes in polymer composite is the tendency for the nanotubes to 

agglomerate creating highly uneven distributions of the reinforcing material in the 

composite [12,10,15]. 

Most work to date using graphene or RGO in nano-composites focuses on 

relatively low loading percentages. Rafiee et al. [14] studied the effects of graphene 

epoxy nano-composites with loadings of approximately .1 weight percent. This work 

concluded that the composite, even at very low loading levels, showed an increase in 

Young’s Modulus of approximately 31%, an increase in ultimate strength of 40%, and an 

increase in fracture toughness of 53%.  These figures significantly outperformed single 

walled carbon nanotubes based composites, which showed only an increase of 14% 

tensile strength compared to that of pristine epoxy [14].   
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1.3 Current Research 

 Most common 3-D printers commercially available today generally use 

the same family of print materials.  The most common types of print material 

commercially available are ABS and PLA, with many printers also able to print with 

polycarbonate.  For this study ABS print material was chosen, as it is popular in 3D 

printing applications, is readily available, and allows for relatively simple processing 

techniques.  ABS whose chemical formula is shown below is a widely used thermoplastic 

polymer which is amorphous and as such has no true melting point. 

(𝐶8𝐻8 ∙ 𝐶4𝐻6 ∙ 𝐶3𝐻3𝑁) 

The glass transition temperature of typical ABS is generally around 105 °C, and has an 

approximate melting or softening point between 205 and 245 °C which allows for easy 

use in most commercial 3-D printers. 

The goal of this research was to first investigate the feasibility of creating 

graphene and ABS composite materials and determining their viability to be printed in a 

3D printer. Then moved on to generating material properties for these composites, a 

computational model, and determine fundamental limits to further bound the problem.  

Computational simulation was employed to reduce the total number of experiments 

associated with the problem; this enabled an incremental risk mitigation strategy to the 

research.  This research sought to show marked improvements in strength as compared 

to traditional pure polymer print materials. In this study graphene oxide nanopowder 
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was selected as it is the easiest to obtain, relatively inexpensive, and possess the least 

difficult degree of workability which allows for easier processing and simpler procedures 

to scale up to production levels. This work seeks to determine if any loading of graphene 

in a polymer nano-composite 3D printed material set can possess mechanical properties 

much better than ABS alone or other traditional print materials, and still possess the 

ability of rapid prototyping and production. Loading levels selected varied from 5 to 50 

weight percent of the reinforcing material. 
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Chapter 2 

Experimental Methods 

2.1 Material Synthesis and Characterization 

 All composite materials were created with 8 nm graphene nanopowder flakes 

sourced from Graphene Supermarket. The Grade was AO-2 with 99% purity and an 

average lateral size of 550 nm.  CYCOLAC MG94 ABS was obtained from Sabic with a 

published density of 1.04 g/cm3, tensile yield strength of 46 MPa, and a tensile Modulus 

of 2.45 GPa. This ABS also possesses a flexural modulus of 2.5 GPa and flexural yield 

strength of 70 MPa using standard ISO 178.  To mitigate the risks of unbound nanoscale 

graphene in the lab the following process was used to bound the graphene 

nanoparticles before extrusion.  This process involved considerable more work to 

synthesize these composites than traditional mixing techniques, but due to stringent 

regulations with the use of unbound nanoscale particles it became apparent traditional 

batch mixing techniques would not be the most time effective technique. 

As such the following processing technique was used.  Inside a HEPA filtered 

glove box RGO is mixed with common polar organic solvents namely Acetone, while 

Dimethylformamide (DMF) was investigated as an alternative, to obtain a range of 10 to 

15 percent weight percent of graphene in suspension. This mixture was capped and 

moved to a Branson horn sonifier to be sonicated at low power typically 10-40 percent 

for a controlled amount of time depending on concentration of graphene in the 

solution.  This time varied from 10 to 15 minutes and increased based on increased 
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graphene loading percentage.  For 5 wt. % loadings sonication was 10 minutes at 15% 

power with a duty cycle of 3 seconds with a 1 second pause.  10 wt. % loadings 

increased power to 20%, 20 wt. % loadings increased power to 30 percent, 30wt. % 

loadings increased power to 40%, and 40 and 50 wt. % loadings increased time to 15 

minutes at 40% power. Acetone was decided on as a solvent because of its quick 

evaporation properties that allow the material to outgas in the shortest amount of time.  

DMF was also thoroughly investigated for use because it has a relatively high boiling 

point so it is possible to increase the mixing temperature which allows for faster 

dissolution of the ABS resin in the mixture.  Also Song et al. [5] showed that stable 

dispersions of graphene nanoplatelets are easily attainable after sonication in polar 

organic solvents.  Because acetone and DMF are both polar solvents acetone was 

chosen because of the faster outgas time.  Sonication was done until a consistent 

dispersion is attained which was verified by visual inspection of the mixture in the vials.  

After sonication ABS resin is added to the mixture and stirred vigorously while heating 

up to 50 °C until the ABS resin is completely dissolved.   

This process is followed because the addition of ABS prior to sonication may 

have unintended consequences where the ABS polymer may be damaged by sonication. 

The power from the sonifier may have the unintended consequence of altering the 

structure of the ABS lowering its molecular weight, thereby changing the material 

properties.  Initial attempts began with attempting to cast the solution into wire molds. 

These attempts failed due to the large amount of solvent in the mixture creating large 
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voids and bubbles in the material which did not allow for further processing.  After 

these initial attempts it was decided that the most time effective way to produce high 

quality filament feedstock was to utilize an extruder to create reproducible filament 

samples. To do this it was still necessary to drive off all solvent in the solution ore 

extrusion could take place. To accomplish this material was poured into an RTV silicon 

mold and allowed to outgas completely which was typically about six to eight hours.  

Prior to extrusion, base material characterization took place to ensure that the 

loaded material is compatible with commercial off the shelf 3D printers.  

Thermogravimetric analysis (TGA) of the varying loading percentages was completed to 

determine if the addition of graphene was significantly changing the glass transition 

temperature of the material or if the material degradation temperature was 

experiencing any changes.  TGA analysis consists of heating the material from room 

temperature up until the material combusts and decomposes.  This process allows the 

observation of glass transition of thermoplastics, as well as the temperature at which 

the material degrades.  All TGA tests were performed on a TA Instruments Q500 TGA 

and consisted of stabilizing at room temperature then ramping the temperature to 

700°C before returning to room temperature. 

2.2 Material Extrusion 

After completely drying the material is then cut down to roughly pellet size to be 

extruded.  This was accomplished by using shears or a laboratory blender to break down 
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the material into small enough pieces to be extruded.  These ABS graphene composite 

pellets are loaded into a HAAKE Minilab II sold by Thermo Fisher Scientific and extruded 

into a 4mm by 1mm rectangular profile which is the standard extruder die that is built 

into the extruder.  

 

Extruder Die Design 

The filament required for the 3D printer must have a circular cross section and 

be no larger in diameter than 3mm. To accomplish this a die was machined from 

stainless steel to affix to the extruder to give the correct profile for 3D printing.  The die 

created has a 4mm circular entry zone that necks down to a 2.5mm diameter exit over 

5mm. The 2.5mm die exit allows for some die swell, which based on literature and past 

Figure 3 Extruder set-up 
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experience for this type of geometry yields approximately 10% after the material leaves 

the extruder nozzle. Die swell is a common phenomenon of extrusion processes where, 

as the extruded material exits the die the material swells to a larger diameter than the 

die exit.  This is primarily due to the elastic recovery of the polymer from the large 

stresses and deformations experienced by the material in the extruder.  To increase the 

straightness of the extruded material the die length should be sufficiently long enough 

to allow stresses in the material to relax as well as cool the material slightly to allow the 

material to solidify rapidly. One of the main remedies for die swell is to increase the land 

length, the portion of the die which is the same diameter as the exit, to allow the 

stresses to relax in the material.  Polymers have been described as having a “fading 

memory” where after a relatively long time the polymer will recover reduced amounts 

of deformation [18]. The initial length of the die was set to 75 mm to allow for length to 

be trimmed after the machining process. 

A COMSOL study was completed to determine the maximum length of the die 

that could be utilized without the die cooling too much for the material to be extruded.  

This study utilized the heat transfer module in COMSOL with the die imported from 

Solidworks where it was drawn.  The boundary conditions were insulated along the 

interior surface of the die and the outer surfaces of the die exposed to convective heat 

transfer.  To determine the convective heat transfer coefficient the following equation 

was used.  This equation is used to approximate the convective heat transfer coefficient 

of air, where v is the velocity of air flowing around the die. 
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𝒉𝒄 = 𝟏𝟎. 𝟒𝟓 − 𝒗 + 𝟏𝟎𝒗𝟏/𝟐      1 

For the extrusion process the extruder was placed in a fume hood with a nominal flow 

rate of 100 feet/min which becomes .51 m/s.  Substituting this value in for v the 

convective heat transfer coefficient, hc, becomes 17.08 W/m2K.  One consideration that 

was overlooked initially was the extruder exit temperature was not the same as the 

measured temperature of the extruder barrels.  The set temperature for extrusion was 

205C, but the actual die exit temperature was approximately 190C as measured with a 

thermocouple.  This resulted in the COMSOL model predicting the length of the die as 

longer than was attainable.  The die was shortened to approximately 35mm total length 

where extrusion was then possible although the lower temperature at the die exit 

resulted in a significant amount of die swell.  The results of the COMSOL study are 

shown below.  A graphic representation of the extruder die simulation is shown in the 

appendix. 
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Figure 4 Plot depicting temperature versus position on the extruder die with 0 mm being the base and 36 mm at 
the tip 

These results show that at the base of the extruder die the temperature is at 190C or 

463K and that the temperature drops as a function of position of the die to the point at 

the tip of approximately 430K or 157C.  As the material flows through the die it carries 

some heat with it through the extruder so the temperature of the material was likely 

slightly higher than this point which allowed for some extrusion of the material even 

though this is below the value usually used for melt flow of approximately 180C.  

It was determined that an external source of heat would be required to utilize a 

die of this length to achieve high quality extruded material with low amounts of die 

swelling.  This was remedied by the addition of an Omegalux kapton flexible heater 
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wrapped around the extruder die to help elevate the temperature of the die to reduce 

swelling of the material.  Figure 5 shows the die fixed on the extruder with the heater 

and thermocouple to measure temperature at the die exit attached.  To further improve 

straightness of the material PTFE tubing approximately 3 inches long was then attached 

to the end of the die with an inner diameter 2mm larger than the extruder exit to keep 

the material straight while it was cooled with an air hose. 

 

Figure 5 Extruder Die with Kapton heat tape 

2.3 3D Printing 

The 3D printer that was used for all research was an Airwolf Industries 3DXL 

printer.  The print settings used for all prints were as follows. Two outer skirt layers 

were drawn around all printed parts to allow the printer to purge any air bubbles out of 

the print nozzle and get a constant flow of material through the printer.  Two 
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perimeters were used on all layers, three solid top and bottom layers were used with 

rectilinear 45° infill pattern, 100% infill was used on all interior layers with 45° 

alternating infill pattern.  45° infill was utilized as printed part geometry was generally 

relatively small, at 45° infill angle this allowed for the best coverage and highest quality 

part.  The bottom layer thickness was .4mm while all subsequent layers were .35mm 

thickness. Print geometries varied based on the mechanical test that was being 

performed with size, number of layers, and filament used varying based on these 

geometries.  

The Airwolf XL 3D printer that was purchased is a Reprap style, open source 3d 

printer that utilizes Marlin software along with a RAMBo driver built by Arduino and 

utilizes a Repetier Host user interface. The slicer program utilized is Slic3r that is 

responsible for cutting the prints into discrete layers and writing the G-Code, which is 

the language the 3D printer utilizes to control the prints. Typical ABS print settings 

utilize a heated print bed with a temperature of approximately 120°C. The print bed 

consists of a glass plate with a layer of PET tape coating it which helps the part adhere to 

the bed without warping or lifting off the print bed during the print. The feed system of 

the 3D printer utilizes a stepper motor using a gear drive to turn a hobbed bolt, which is 

a bolt with lengthwise teeth cut into the bolt to grip the material and feed it to the 

heated nozzle portion for printing. To apply pressure to the hobbed bolt is a roller 

bearing that utilizes a spring loaded clamp to apply the force to allow the teeth of the 

hobbed bolt to grip the material and feed it to the printer.  The feed mechanism along 
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with stepper motor and drive gear is pictured below along with the hobbed bolt 

removed from the 3D printer. 

 

Figure 6 Top-down view of 3D printer feed mechanism depicting stepper motor, drive gear, hobbed bolt, and roller 
bearing 

 

 

Because the graphene loaded ABS is much stiffer than pure ABS and the addition of 

graphene likely lowers the coefficient of friction along the surface of the material, 

Figure 7 Close up view of hobbed bolt removed from 3D printer 
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printing high loadings becomes challenging as the hobbed bolt cannot feed the material 

reliably with slipping which in turn grinds up the material as it is being fed.  This results 

in the material no longer feeding through the printer which results in low quality or 

incomplete prints.  

 To counteract the feed issues with the graphene loaded ABS the following steps 

were taken steps were taken to improve the reliability of the prints.  First the plastic 

piece that holds the roller bearing to apply pressure to the filament opposite of the 

hobbed gear was shaved down approximately 5mm to increase contact force because 

the original design the plastic holder would come in contact with the rest of the printer 

carriage.  Also the print temperatures were increased to allow the material to flow 

through the nozzle with less resistance.  Print temps began at 220°C and were increased 

to 230°C for the five and ten percent weight loadings of graphene.  Above 10 weight 

percent the graphene loaded ABS becomes difficult to print due to the extreme 

hardness and brittleness of the material.  Prints up to 20 weight percent were possible, 

although print quality remained low.  Above 20 weight percent the prints became more 

challenging and likely would not be possible with the current design of the 3D printer 

feed mechanism.   

2.4 Mechanical testing 

Three Point Bend 

 Three point bend testing is one of the most common material characterization 

methods.  This test is useful in determining the bulk material properties of a sample 
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including yield and ultimate stress in flexion as well as a flexural modulus.  The stress 

and strain in the material are derived from the force applied and the displacement as 

measured by the testing apparatus, with equations varying based upon the 

measurement technique.  Because of the tendency for most thermoplastic material sets 

to behave differently in tension and bending, it is vital to perform both sets of 

measurements to have a complete understanding of the material behavior under 

various loading conditions.   

 The flexural modulus for a beam in a three point bend test setup is characterized 

by the following equation (1).   

𝑬𝒇 =
𝑳𝟑

𝟒𝒃𝒉𝟐
(
∆𝑭

∆𝒛
)     2 

Where L is the sample length, b is sample width, d is sample depth, DF is the change in 

force over the elastic region or straight line portion of the curve, and Dz is the change in 

deflection over this same interval.  The yield strength is given as the following equation 

(2). 

𝝈𝒚 = (
𝟑𝑭𝒚𝑳

𝟐𝒃𝒉𝟐
)      3 

Where Fy is the force applied at yield.  This stress is derived from the general form of 

stress in beam bending as shown in equation (3). 

𝝈𝒚 = (
𝑴𝒄

𝑰
)      4 
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Where M is the bending moment of the beam, c is the perpendicular distance from the 

outer surface of the material to the neutral axis, and I is the area moment of inertia of 

the beam. 

 Three point beam bending tests are designed for materials that are shaped into 

thin strips and utilize one moving deflector evenly separating to fixed bases.  One 

important reason why three point bending tests were chosen was because only the 

bottom of the beam is placed into tension based on how the sample is loaded into the 

test setup.  This means that defects over the cross sectional area play a smaller role in 

the experiment.  This can provide more accurate tests than a pure tensile test because 

there can be more voids present in the tensile sample. This is of significant Importance 

to a 3D printed sample because the way the samples are printed there are inherent 

voids that will be present in areas that the 3D printer does not have the tolerance to lay 

down material.   

 Three point bend testing was completed on an Instron three point bend tester 

with a standard three point bend test fixture.  This fixture utilizes supports at each end 

of the fixed base that were set 30mm apart. For testing the base properties of the 

material the extruded material was tested to give some baseline numbers for 

mechanical properties.  The material tested was the 2.5 mm round filaments. After 3D 

printing the 3D printed material was then retested to determine if the 3D prints were 

causing any loss in the material properties. Based on the fixture the 3D printed sample 
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length was designed to be 50mm, and the width of the sample was designed to be 

4mm.  The thickness of the parts was set to be 2mm with an actual nominal thickness of 

2.10mm. Because of the 3D printed samples small variations in thickness were present 

in the samples due to the 3D printer’s limited ability to control thickness in the z-

direction.  This is due to the printer program needing to slice the part into a set number 

of slices of a specific thickness then assembling these slices to form the completed part.  

The minimum layer thickness dictates the number of layers of a printed part and 

therefore determines the most accurate number of layers in which to print the part 

without exceeding the given dimensions.  This ensures the printer will not create a part 

larger than the supplied dimensions, but may produce a part that is less than one layer 

thickness below the supplied dimensions.    

 The three point bend setup is shown in figure 8 with one of the 55mm samples loaded 

into the test fixture.   
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Figure 8 Three Poind Bend Test Setup of Extruded Material 

 The testing consisted of a 2mm/min extension rate, with the application of a .1N 

preload applied to give each test a uniform starting place.  All tests were continued until 

material break or for the pure ABS samples until a minimum of 12% strain.  Above 12% 

strain the material would be plastically deformed to the point that the sample would 

bend inside the supports and would not give reliable data.   

Tensile Testing 

 A second form of testing which is highly useful in the characterization of bulk 

properties of materials is tensile testing.  This test involves the clamping of both ends of 

a test sample and applying a load along the lengthwise axis of the sample to induce a 
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failure.  This test utilizes both force applied and displacement to derive the stress versus 

strain relationship of the sample material.  To gauge an initial baseline of mechanical 

properties the extruded material was also tested in the tensile test setup.  This 

consisted of tensile testing the extruded 2.5mm filament, although since the material 

has a constant cross section this increases the likelihood of the material breaking in the 

clamps which can affect the results of the testing.  Because of this any test where the 

sample broke in the clamp was eliminated from the results.  3D printed samples utilized 

for these experiments were “dog bone” shaped which involves a thin center cross 

section with known dimensions that bears the load and wider end pieces to ensure a 

good surface to grip for the test setup. These sample were created with an overall 

length of 50mm, a necked down or center width of 4mm and a thickness of 2mm with 

the necked down region consisting of a length of 30mm.  The following figure shows the 

technical drawing of the tensile test specimen, all dimensions are in mm. 
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Figure 9 Drawing of 3D printed tensile test specimen 

 All tensile tests were completed on an Instron tensile tester.  All tests were 

completed with a constant extension rate of 5mm/min and the tensile tester would 

return to the zero position upon completion of each test to ensure all tests started form 

a uniform position. 
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Figure 10 Tensile test of 3D printed dog bone test specimen 

The elastic modulus of a sample loaded in tension is as follows in equation (4). 

𝑬 =
𝝈

𝝐
       5 

Where s is the stress in the material and ε is the strain of the material in the elastic 

regime of the material.  The stress is defined as the ratio of force over area, while the 

strain is defined as the change in length over the original length.  The yield strength of a 

part loaded in tension is defined as the following equation (4) 

𝝈𝒚 =
𝑭𝒚

𝑨
      6 
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Where Fy is the force required to yield the sample, and A is the cross sectional area of 

the area where the sample yielded.   

 To determine the modulus that is being contributed by the graphene 

nanopowder, the rule of mixtures can be utilized to solve for the tensile modulus of the 

graphene.  The following equation (11) is the upper bound equation for the rule of 

mixtures and gives the maximum value for tensile modulus of a composite material. 

  𝑬𝒄 = 𝑬𝒎 ∗ 𝑽𝒎 + 𝑬𝑹 ∗ 𝑽𝑹     7 

Where Ec is the modulus of the composite, Em is the modulus of the matrix phase, Vm is 

the volume percentage of the matrix phase, and ER and VR are the modulus and volume 

percentages of the reinforcing phase of the material. This equation will allow for the 

characterization of any losses in the material as compared to the theoretical values. 

Dynamic Mechanical Testing 

 Dynamic mechanical analysis (DMA) of the 3D printed samples was another 

useful characterization tool to examine how the addition of graphene affects the 

viscoelastic properties of the printed part.  Viscoelasticity is a material property of many 

polymers where the material exhibits both elastic and viscous behaviors when 

undergoing deformation.  Due to its amorphous nature pure ABS exhibits viscous 

behavior due to the diffusion of molecules in the polymer.  This study sought to identify 

what affects the graphene had on the properties of ABS through applying a sinusoidal 

stress to the material with low amplitude to insure the sample remained in the elastic 
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regime of the material and measuring the storage and loss modulus as well as the 

complex viscosity of the material as a function of the frequency applied.  The frequency 

applied varied over two decades from 100Hz to 1Hz with ten data points per decade, 

and the stress applied varied from ±2N to insure the tests remained below .1%  strain.  

The testing was conducted on a TA Instruments Q800 DMA, utilizing a multi-frequency 

stress mode and custom test settings that controlled the frequency sweep.  All tests 

were performed at room temperature, and the tests utilized the same geometry of 

printed sample as used for the 3 point bend tests, 50mm in length by 4mm in width by 

2mm in thickness.  The fixture used was a dual clamped cantilever with a total span of 

35mm.  The test setup is shown in the following figure (6). 
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Figure 11 Dynamic Mechanical Analysis Set-up for Performing Viscoelasticity Measurements of 3D Printed Loaded 
Samples 

To characterize the results of the DMA testing it is important to identify the storage 

modulus and loss modulus of the material. Storage modulus of a material is 

characterized by the amount of energy stored by the material when undergoing 

deformation which is the elastic portion of the material. Because viscoelastic materials 

exhibit some properties of both viscous and elastic materials, their properties are 

generally defined somewhere between the two materials.  Pure viscous materials 

exhibit 90° phase lag from stress to strain, so as a sinusoidal stress is applied to the 

material the strain is 90° behind the applied stress.  In contrast pure elastic materials 

exhibit no phase lag from stress to strain, so viscoelastic materials generally exhibit 
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phase lag between 0 and 90°.  Storage modulus is characterized by the following 

equation (7). 

𝑬′ =
𝝈𝟎

𝜺𝟎
𝐜𝐨𝐬 𝜹      8 

Where 𝜎0 represents the measured stress of the material, 𝜀0 represents the measured 

strain of the sample, and δ represents the phase lag between the measured stress and 

strain in the sample.   

 Loss modulus is characterized as the amount of energy lost as heat as a sample is 

deformed which is used to represent the viscous portion of the material, and is shown 

as the following equation (8) 

𝑬" =
𝝈𝟎

𝜺𝟎
𝐬𝐢𝐧 𝜹     9 

That in turn yields the complex modulus of the sample which his given by the following 

equation (9). 

𝑬∗ = 𝑬′ + 𝒊𝑬"      10 

For comparative purposes tan δ was also plotted.  Tan δ is given simply by the following 

equation which can be used to determine the phase lag angle δ. 

𝐭𝐚𝐧𝜹 =
𝑬"

𝑬′
       11 
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2.5 Computational Modeling 

 To reduce the needed number of measurements required, a computational 

model was created to model the material behavior, and create a material set that could 

be used to characterize the material for use in future work.  This was accomplished 

through the use of COMSOL to develop a model utilizing the mechanical properties 

determined experimentally.  To accomplish this, a tensile test was modeled to simulate 

the conditions of the experimentally obtained data.  Due to plastics generally having 

different modulus in both tension and flexion a linear elastic approximation of the 

material is generally only possible if the model will only be loaded in one direction.  Also 

because flexural modulus of a sample is very much geometry dependent, it is difficult to 

correlate a published value for Young’s Modulus to flexural modulus which results in 

difficulty creating a model that closely approximates the experimental data.  This model 

utilized the values taken for extruded graphene loaded ABS, including Young’s Modulus, 

yield strength or ultimate strength for the higher loading percentages as the material 

becomes very brittle.  Because all testing involved pure tension it is not possible to 

discriminate between the elastic and plastic behavior of the material.  For that reason a 

linear elastic model was used for the simulations. 



Texas Tech University, Michael Satches, December 2015 

33 
 

Chapter 3 

Results 

3.1 Material Characterization 

Before 3D printing work began material temperature characterization was to 

evaluate how the addition of graphene affected the thermal properties of the ABS.  The 

following plot shows the average of three runs for each loading percentage from 0 to 50 

weight percent.  The following chart shows thermal stability of graphene loaded ABS is 

largely unchanged due to loading percentage. This testing also shows the glass 

transition temperature is largely unchanged as a result of the addition of graphene, 

which is highlighted in a larger image in figure 13.  All loading percentages have a glass 

transition temperature below 125°C which is not significantly affected by the addition of 

graphene.  Between 375°C and 475°C the samples experience rapid losses in weight 

percentage due to the ABS matrix decomposing to its constituents.  
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Figure 13 Graphene loaded ABS weight percentage remaining vs. temperature glass transition region 
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3.2 Mechanical Testing of Extruded Material 

Following extrusion, baseline mechanical properties were obtained of the 

material.  The following table shows the average tensile (Young’s) Modulus of the 

extruded 2.5mm diameter filament with three samples at each loading percentage 

along with the standard deviation of each.  Because the testing was done on constant 

cross-section samples the samples had a tendency to break within the clamps, so any 

samples that broke within the clamps were thrown out as to not affect the results. 

Table 1 Tensile Modulus as a function of loading percentage of graphene in ABS 

Loading Percentage 
Average Tensile 
Modulus (GPa) Standard Deviation 

Pure ABS 3.62 .10 

5 Weight Percent Graphene 3.95 .12 

10 Weight Percent Graphene 4.10 .17 

20 Weight Percent Graphene 5.54 .26 

30 Weight Percent Graphene 7.64 .26 

40 Weight Percent Graphene 10.00 .24 

50  Weight Percent Graphene 11.89 .22 

 

These results show a strong relationship between the modulus and loading percentage 

with the modulus increasing by 329% from the pure ABS samples to the 50 weight 

percent loadings.  Standard deviation of the samples is relatively low for each loading 

percentage showing that the samples are behaving consistently throughout testing.   

 The following figure (10) shows the yield strength in MPa as a function of loading 

percentage from 0 to 50 weight percent. This table shows average yield strength for 

three samples of each loading percentage with the numerical value listed by each data 
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point.  These test show some weakening of the yield strength of the material from 0 to 5 

weight percent, though strength remains largely unchanged up to 40 weight percent 

where a shift back upward is noted.   

 

Figure 14 Yield strength of extruded graphene loaded ABS versus loading percentage 

 

The following plot depicts the ultimate strength as a function of loading percent 

graphene and shows the same trend as the yield strength data, although the ultimate 

strength of the 40 and 50 weight percent loadings is higher than the pure ABS samples. 
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Figure 15 Ultimate strength of graphene loaded ABS versus loading percentage 

 

 The following plot (12) shows a representative stress strain curve for each 

loading percentage in a three point bend test configuration from 0 to 50 weight percent.  

The data shows that as loading percentage increases the brittleness of the material also 

increases rapidly to the point that above 10 weight percent there is virtually no plastic 

deformation of the samples before breakage.  This plot shows that in bending the 5 

weight percent samples do possess slightly higher yield strengths than the pure ABS 

samples, although there is still a marked loss in ductility as the sample fails at about 

6.5% strain whereas the Pure ABS samples do not experience ultimate failure until well 

above that point, where the data is no longer valid due to the test setup. 
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Figure 16 Extruded graphene loaded ABS 3 point bend results 
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print speed it was possible to print samples up to 10 weight percent with high reliability 

and acceptable print quality.  The following image depicts a printed tensile test and 3 

point bend specimen of 10 weight percent graphene immediately after completion of 

the print.  This image shows that print quality matching the print quality of pure ABS is 

attainable with commercial 3D printers, and that up to 10 percent no major 

modifications need to be made to the printer setup for the printing of graphene loaded 

ABS. 

 

Figure 17 10 weight percent graphene in ABS 3D printed dog bone and 3 point bend specimen immediately after 
print completion 
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3.4 3D Printed Material Testing 

 After 3D printing of tensile and 3 point bend test specimens, testing was redone 

to evaluate the properties of the 3D printed materials.  Because the print settings can 

have a large effect on mechanical properties of the print only one setting was used for 

all prints to eliminate as many variables as possible.  It is highly possible that different 

print settings could produce a higher quality 3D printed part, which was an optimization 

problem that was not investigated in this study.  The focus of this testing was to detail 

how the loading of graphene affects the strength of the printed parts as compared to its 

pure ABS counterpart. 

 The following table (2) shows the average tensile modulus in MPa of the 3D 

printed test samples along with the standard deviation for each loading percentage.  

The modulus is also plotted in figure (14). 

Table 2 Average tensile modulus and standard deviation of 3D printed graphene loaded ABS 

 Average Tensile Modulus 
GPa 

Standard 
Deviation 

Pure ABS 2.49 .33 

5 Weight Percent Graphene 3.64 .25 

10 Weight Percent Graphene 3.87 .23 
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Figure 18 3D printed graphene loaded ABS average tensile modulus 
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The following plot (15) depicts the average tensile yield strength as a function of the 

weight percentage graphene in the material.  This plot depicts the same trend as the 

extruded material with a loss of yield strength as weight percent loading increases. 

 

Figure 19 3D printed graphene loaded ABS average tensile strength plotted against weight percent loading 
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Figure 20 3D printed graphene loaded ABS 3 Point bend analysis representative stress strain curve of varying 
weight percents 
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Figure 21 3D printed graphene loaded ABS flexural modulus plotted against weight percent loading 

1900

2000

2100

2200

2300

2400

2500

2600

2700

0 5 10

Y
o

u
n

g'
s 

M
o

d
u

lu
s 

(M
P

a)
 

Weight Percent Graphene 



Texas Tech University, Michael Satches, December 2015 

45 
 

 The results from the DMA analysis are depicted below in figures (18) and (19).  

Figure (18) depicts the average storage modulus versus frequency, as well as the tan δ 

of the 3D printed samples.  These plots are plotted on a log-log axis from 1 to 100Hz.  

Figure (18) shows that at 5 weight percent loading the storage modulus as well as loss 

modulus of the material are increased, and that the 10 weight percent loading the 

storage modulus is only increased slightly compared to the pure ABS, but the loss 

modulus increased approximately equal to the 5 weight percent loading.   

 

Figure 22 3D printed graphene loaded ABS storage modulus and tan delta plotted versus frequency in log scale 
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Figure 23 Storage modulus versus frequency for 3D printed and extruded samples 

 

Figure 24 Complex viscosity of 3D printed graphene loaded ABS as a function of frequency in log scale 
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 The following plots depict the 3D printed data overlaid on the extruded results.  

These plots show that there is a marked loss from the bulk extruded properties to the 

3D printed parts. It is difficult to determine the cause of this loss of strength, although it 

is likely a function of print settings specifically the orientation of the infill layers.  At 10 

weight percent it is possible that layer to layer adhesion of the 3D printed part is not 

sufficient and that is resulting in the dramatic loss of modulus and strength that is being 

seen particularly in bending. 

 

Figure 25 Flexural Modulus extruded and 3D printed vs loading percentage graphene 
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Figure 26 Representative stress-strain curve for extruded and 3D printed graphene loaded ABS 

 

Figure 27 Tensile modulus extruded and 3D printed vs loading percentage graphene 
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Figure 28 Yield Strength of extruded and 3D printed graphene loaded ABS versus weight percentage 

 

3.5 SEM Imaging 

 Scanning electron microscope images were taken of various loading percentages 

from both extruded and 3D printed samples. To prepare each of the loadings for 

imaging each loading percentage was freeze fractured to help preserve the 

characteristics of each fracture surface.  All samples were submerged in a liquid nitrogen 

bath for 30 seconds before being removed and fractured using tongs. The following 

images show the effects of the varying loading percentages on the fracture surface of 

each loading percentage. 
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Figure 29 SEM of 5 wt. % extruded material 
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Figure 30 SEM of 10 wt. % extruded sample 

 

Figure 31 SEM of 50 wt. % graphene extruded samples 
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Figure 32 SEM of 3D printed 5 wt. % graphene sample, smooth areas show bubbles in material 

 

Figure 33 SEM of 3D Printed 10 wt. % graphene sample 
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3.6 Computational Model 

 The following table shows the values that were utilized to model the elastic 

regime of the composite. Because experimental data focused on uniaxial tension, it is 

not possible to determine the plastic characteristics of the material, and as such this 

model only took into account the elastic regime. 

Table 3 Values utilized for computational model of graphene loaded ABS 

Loading Percentage 
Average Tensile 
Modulus (GPa) 

Average Yield Strength 
(MPa) 

 
Poisson’s Ratio 

Pure ABS 3.62 46.21 .3 

5 Weight Percent Graphene 3.95 38.47 .2 

10 Weight Percent Graphene 4.10 36.50 .15 

20 Weight Percent Graphene 5.54 37.65 .1 

30 Weight Percent Graphene 7.64 36.36 .07 

40 Weight Percent Graphene 10.00 44.42 .05 

50  Weight Percent Graphene 11.89 41.66 .05 
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Chapter 4 

Discussion 

 Table 1 shows that the addition of graphene in ABS has a significant impact on 

the Young’s Modulus of the composite.  The addition of graphene at 50 weight percent 

increases the modulus by 329% as compared to pure ABS.  Utilizing the rule of mixtures 

upper bound equation for particle reinforced composites given in equation (11) it is 

possible to determine the upper bound of the modulus of the graphene nanopowder, 

and determine whether there are losses in the material stiffness as compared to the 

theoretical modulus of the material. Utilizing the modulus value for pure ABS 

determined at 3618 MPa and the measured value of tensile modulus for each loading 

percentage it is possible to determine how the graphene is affecting the stiffness of the 

composite. At 5 weight percent graphene the value determined for tensile modulus of 

graphene is given as 14.66GPa and increases virtually linearly until 40 and 50 weight 

percent where the determined value levels off at a tensile modulus 26GPa.  This may 

help account for some of the loss in material strength, as the value for tensile modulus 

of graphene should be a constant value there is some other factor that is impacting 

material strength, one possibility is poor dispersion of the graphene in the composite 

matrix.   

After examination of the results it is apparent that the addition of graphene to 

ABS in high weight percent’s has a large effect on the material stiffness, but appears to 

negatively affect the overall strength of the part.  The reasons for this decrease in 
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strength may arise from multiple sources. First the bond between the ABS and the 

graphene at the molecular scale may not be as strong as predicted.  Second it is difficult 

to verify that after extrusion and 3D printing that agglomeration of the graphene is not 

occurring where the graphene may be restacking into graphite which is thereby creating 

stress concentrations in the material. One possible factor that has not been thoroughly 

investigated is the possibility that the sonication is damaging the graphene while it is 

being mixed with the acetone. If the sonifier is significantly reducing the size of the 

graphene flakes or creating a large variety in platelet sizes, this could have a significant 

impact on the results.  The resulting graphene after sonication may possess mechanical 

properties much lower than pristine graphene, which could account for the lowered 

mechanical strength of the composite parts. The extreme brittleness of the material was 

another effect of the graphene loading that was not expected.  It was expected that the 

addition of graphene would show an increase in stiffness of the material, although the 

complete loss of ductility of the matrix phase was not expected.   

The SEM images in figures 29, 30, and 31 show how the fracture surface is 

changed by the addition of graphene to the ABS matrix.  These images show that as 

loading is increased roughness is greatly increased along the fracture surface.  This 

interface between the graphene and the ABS is likely causing a large increase in the 

stress intensity factor of the material which is causing the large decreases in ductility of 

the material. The large loss in strength of the 3D printed parts can most likely be 

explained by the air bubbles visible in the SEM images in figures 32 and 33.  These 



Texas Tech University, Michael Satches, December 2015 

56 
 

internal voids can be creating large stress concentrations in the material causing the 

large losses in strength as compared to the extruded samples. 

For this study the surface roughness of the 3D printed parts was not taken into 

consideration.  Because of the way the 3D printer builds the part the surface on the 

bottom that is on the glass has a smooth finish, while the upper surface is much 

rougher.  This could be having an impact on the overall strength of the 3D printed parts, 

although since all printed parts experience this surface roughness the results remain 

valid.  

Conclusion 

4.1 Current Work 

 This work has shown that it is currently possible to synthesize high weight 

percent graphene/ABS nano-composite materials that are compatible with commercial 

off-the-shelf 3D printers. This work has shown that nano-composite materials have 

functionality in a 3D printer and that even in ultra-high concentrations can be made into 

viable composites.  A greater than 300% increase in tensile modulus has been realized 

as well as approximately 400% increase in flexural modulus with a 50 weight percent 

addition of graphene. Although the graphene/ABS nano-composites did not show the 

increases in strength that were hypothesized to occur, large increases in material 

stiffness can still have a function for 3D printed parts where these stiff components can 

serve as reinforcing material to traditional ABS or other print materials.  This study was 
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limited in that this work focused on the macro scale of graphene/ABS composites, and 

that limited work was completed to characterize and understand the material at a micro 

or molecular level to determine where the losses of strength are originating.  If the 

determination can be made as to why these strength losses are occurring it is highly 

likely that this material set can still be a viable high strength composite 3D printable 

material.   

4.2 Future Work 

 Work completed in this report did establish a proof of concept and baseline 

material properties of graphene ABS composite materials, but it did not produce a 

complete understanding of the material set under varying loading conditions.  A more 

detailed study will be completed to determine optimum loading percentage of graphene 

in the ABS matrix.  As the results show a substantial drop-off in strength from 5wt. % to 

10wt. % a study of loading percentages from 6wt. % to 9wt. % will be completed to 

determine if there is a loading level that possesses greater strength than the 5wt. % part 

before strength begins to decline. 

 Work currently being completed is to understand how the graphene interacts 

with the ABS at the micro and chemical level.  Work to date has focused on the macro 

level scale of the addition of graphene to ABS matrices, and now with the understanding 

of the processing techniques more work is required to identify how the graphene is 

interacting with the ABS at a molecular level.  
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The most pressing area for future work is to determine why the nano-

composites are experiencing decreased ultimate strength as compared to pure ABS 

parts.  The sonication process needs to be thoroughly investigated as to if it is effecting 

mechanical properties of the composite.  As well as a more thorough investigation of 

the dispersion of the graphene in the ABS matrix to determine if the graphene is 

experiencing agglomeration. After a thorough understanding of the material is achieved 

at the micro and molecular level the 3D printing process must be optimized.  The voids 

present in the SEM images show that quality of the 3D printed parts is not ideal, and 

that further modification to print settings as well as possible modifications to the hot 

end of the printer may need to be made.  An improved feed mechanism may be helpful 

to improve quality of the printed parts to ensure a constant feed rate of the filament 

feed stock to the 3D printer.  Possible tuning of the print settings may include 

optimization of the hot end temperature as well as feed rate and print speed which may 

help to achieve a more consistent flow of material to the melt pool which would help to 

improve print quality.  Also a thorough investigation into how the print settings may 

impact the formation of voids in the printed parts may also be necessary.  Optimization 

of the prints settings will determine how the settings affect the formation of voids 

including both the air bubbles seen in the 3D printed parts as well as the voids in 

between beads of material.  An optimization of the print settings would create a set of 

common print variables for graphene/ABS composites that would allow use in a variety 

of 3D printers.  If optimized settings can be determined for this material set including 
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temperature, print speed, filament feed rate, layer thickness, as well as infill parameters 

then this material would become viable in the majority of commercial FDM 3D printers. 

Future work will seek to determine a complete understanding of the material set 

and how it behaves at varying conditions.  This will include an investigation to optimize 

the print settings to maximize strength of the printed parts. Work could also include 

research that will investigate the effect of strain rate on the plastic regime of the stress 

strain-curve of the printed samples. Future work may also include dynamic testing to 

evaluate the resonant modes of the material.  A further area of interest may involve 

mechanical testing at conditions other than room temperature and atmospheric 

pressure which could involve testing at significantly decreased or elevated temperatures 

or testing under vacuum.  This work will also be used to lead in to the investigation of 

other matrix and reinforcing materials to broaden the range of applications of this work, 

which could lead to the ability to create a tunable material set that could be selected for 

a desired application. 

The principal area that future work will investigate is the utilization of 

graphene’s excellent electrical conductivity and the possibility of the use of graphene 

nano-composites in creating electrically conductive 3D printed parts.  This could be 

highly beneficial to many areas principally any area that needs a rapid prototyped part 

that must be conductive which could allow for both the possibility of 3D printed circuit 

boards as well as electro static discharge (ESD) compatible 3D printer material.  This 
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work would seek to determine if an electrically conductive 3D print material can be 

synthesized and allow for the rapid prototype of electrically conductive material in 

commercial off-the-shelf 3D printers.      
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Figure 34 Graphical representation of COMSOL study of extruder die 


