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ABSTRACT 

The purpose of this research was to identify the fracture toughness (GIc) of intralaminar 

specimens of 3D printed composites.  Two types of polylactide acid (PLA) were tested, PLA 

Neat (with no reinforcement) and PLA Carbon (PLA reinforced with short carbon fibers).  The 

results of the tests of the two materials are compared with each other.  The result of PLA Neat 

will be compared to that of Reference [19].  The results of the PLA Carbon will also be 

compared to that of the interlaminar tests performed in Reference [6].  Please note that the tests 

in Reference [6] were performed concurrently with this work using the same methodology and 

equipment.  The resulting values showed that the PLA neat had lower GIc values than those of 

comparable PLA carbon specimens.  The intralaminar PLA carbon specimens had higher GIc 

(0.730 
𝑘𝐽

𝑚2) than interlaminar (0.0007 
𝑘𝐽

𝑚2 average). 
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Chapter 1  

INTRODUCTION 

 

As aircraft manufacturing companies look for innovative ways to improve production 

time on select products, they have turned their attention to additive manufacturing.  The hope of 

these companies would be that the product produced by additive manufacturing would be a 

viable solution without compromising on the quality or durability of the part.  Additive 

manufacturing is still in its infancy.  This means that a significant amount of testing is required to 

validate additively manufactured parts before additive manufacturing can replace traditional 

manufacturing processes.  While there are several types of additive manufacturing for both 

polymers and metals, this paper will focus on Fused Deposition Modeling (FDM).   
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Chapter 2  

LITERATURE REVIEW 

 

2.1. ADDITIVE MANUFACTURING 

 To understand the benefits of additive manufacturing, it must be looked at how it 

compares to other manufacturing process.  In traditional subtractive manufacturing processes, 

material is slowly machined away from a large block of raw material to achieve the final shape.  

In additive manufacturing, however, material is added (in a variety of ways that will be described 

later) a little bit at a time to create the final shape with little or no waste.  Traditional machining 

processes tend to produce significant amount of waste.  This leads to extra material cost for the 

company, the hassle to recycle used material, and creates possible foreign object debris (FOD) in 

the final product.  It is worth noting that there are several types of machining, one of the most 

popular ones, milling, can be seen below. 

 

Figure 1: Milling Process 
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 Extrusions are another logical attempt at eliminating waste during the manufacturing 

process.  These products have the advantage of significantly less waste than machining.  This 

however limits the shape of the part that can be used as it must be able to pass through the die.  If 

a non-uniform shape is desired the part must be made overly thick and then machined to the 

desired shape.  While this still exhibits less waste, it does not eliminate it. 

 

Figure 2: Extrusion Process 

 A method that does eliminate most manufacturing waste is forging.  In the forging 

process a large block is passes through several dies (either open or closed) to be forced into the 

end shape.  There are two major draw backs to using this methodology.  The first is that the 

number of certified companies to produce products for the aircraft industry using forging are 

very few and far between.  This drives the price up for the product being created.  The other 

drawback is the shapes of the final parts are limited by the dies that are used in the forging 

process.  These parts cannot be overly complex and must be relatively thick parts compared to 

the rest of the types of structures used in the aircraft industry.  This process is not used very often 

by aircraft manufacturers for these reasons. 
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Figure 3: Forging Process 

 Molding is another process that eliminates most manufacturing waste.  This is a process 

of heating material that is then injected into a die.  The material will begin to take the shape of 

the die as it begins to cool.  There are very few limitations on what material can be molded.  

There are also many slightly different variants including casting and injection molding.  

However, in all of the variants the advantages are that they are cheap parts that are quickly made.  

The parts are limited in what shape they can take as they must take the form of the die that they 

are molded.  The image below shows the process of injection molding for plastics. 

 

Figure 4: Injection Molding 



5 

 

 This is where additive manufacturing begins to find its place in the manufacturing 

environment.  The first advantage it has over the other processes is that it can produce cheap 

parts with minimal wasted material.  The times for manufacturing can vary by the technique, but 

these times are usually reasonable time frames as parts become more complex geometry.  It does 

lack the capability for competing on times for simple geometry with the other manufacturing 

processes.  The initial capital required for additive manufacturing is also significantly higher than 

that of other processes.  Lower end printers can cost only a few hundred dollars but are generally 

only used by hobbyists.  The ones that are intended to be used in industry cost several hundred 

thousand dollars. 

 If additive manufacturing is to be utilized to its maximum potential, the parts being used 

must be of great complexity or of low quantity.  The idea of it needing to be low quantity may be 

slightly counter intuitive at first, but the rationale is quite simple.  Despite the initial capital being 

high for the initial set up of the printer, the printer itself is versatile on the parts it can produce.  

This is where the additive manufacturing gets its greatest advantage.  The other processes rely on 

the machines being changed to be capable of producing a different part.  This change could take 

significant amount of time to complete, months in many cases.  The printer would only require a 

new g-code which can be created in minutes once a model is developed.  As the quantity of the 

part required increases this justification becomes void as the initial cost of the injection molding 

can be justified.  With injection molding manufacturing times taking less time and the same 

amount of waste, additive manufacturing would become harder to justify. 

 One thing that every manufacturer experiences is disruption to their supply chain.  There 

are a significant number of ways that this can happen including but not limited to foreign and 

domestic policy changes, material shortages, financial instability of supplier, or damage to 
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supplier property.  This disruption to the supply chain often can leave companies scrambling to 

find alternative solutions to the existing engineering.  Additive manufacturing offers these 

companies another possible solution to their problem to fill the gaps in their supply chains until 

the disruption can be corrected. 

 There are many methods of additive manufacturing, each suited to particular sets of 

materials, and while this work is focused on fused deposition modeling (FDM), it is worth 

describing the main categories of additive manufacturing.  Vat photopolymerization, selective 

laser melting, binder jetting, material jetting, sheet lamination, directed energy deposition, and 

material extrusion are the main current categories of additive manufacturing. Some of these 

processes are already being implemented in the aerospace industry right now by major 

companies like Airbus, Boeing, and Spirit AeroSystems [13][22]. 

2.1.1. 3D PRINTING WITH LASERS 

Vat photopolymerization is a process in which a batch of liquid resin is systematically 

cured using laser.  The process uses materials called photopolymers.  These photopolymers are 

unique in that when exposed to a certain wavelength of light the material cures.  The process 

begins by dipping the build platform in the vat of photopolymers.  The platform is then raised 

above the vat of resin and the laser cures the photopolymers on the build plate in accordance 

with the build instructions.  The process is then repeated until the part is complete. 
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Figure 5: Vat Photopolymerization 

 Selective laser melting (SLM) is similar to the process used for vat photopolymerization, 

but instead of curing resin powder particles are sintered together.  Powder is slowly applied to a 

bed and a laser sinters the powder forming a layer.  More powder is then added over the top, the 

next layer is sintered, and the process repeats until going through the entire height of the part.  

For any overhang portion additional powder is melted into supports. 

 

 

Figure 6: SLM Process 
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 The final process that uses lasers is directed energy deposition (DED).  DED uses a 

feeder that will feed either wire or powder onto the intended location.  A laser or electron beam 

is then directed onto the location.  This introduces enough energy to the material to melt it and 

form a pool of material.  This pool is left to form a layer in the 3D print.  After the material cools 

the printer can begin to layer other material pools on top of the previous.  Multiple materials can 

be used in this process by mixing the powders.  Since the parts are taken to the melting point 

dissimilar materials can be used.  This process also allows for grafting material onto already 

existing parts. 

 

Figure 7: DED Process 
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2.1.2. JETTING 

 There are two forms of jetting, binder and material.  The process of binder jetting 

involves liquid bonding being applied to a layer of powder.  The powder is then subsequently 

layered, and the bonding agent is then reapplied.  The process is repeated until complete.  Once 

the part is completely formed it must be cured. 

 

Figure 8: Binder Jetting Process 

 Material jetting involves either melted material being dropped onto the surface of a bed 

or material that is curable by UV light.  The melted material will then cool allowing more 

material to be dropped on top.  If UV light curable material is used, a layer of the material is 

applied and cured before moving to the next layer. 
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Figure 9: Material Jetting Process 

 

2.1.3.  SHEET LAMINATION 

 Sheet lamination entails adding sheets in the shape of the next layer to the stack up.  The 

sheet is then bonded by lamination to the previous layers.  This process of lamination is 

dependent upon the type of material that is used in the printing process.  The process of 

lamination includes but not limited to chemically bonding, welding, or brazing. 

 

 

Figure 10: Sheet Lamination Process 
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2.1.4.  MATERIAL EXTRUSION 

 Material extrusion has a few different names including both FDM and fused filament 

fabrication (FFF).  Material extrusion is a process in which thermoplastic is fed to a heating unit.  

The heating unit raises the temperature of the thermoplastic to make it more pliable.  The heated 

material is then forced to a nozzle.  The nozzle’s x and y location in relationship to the bed of the 

printer is controlled by a computer.  The bed is a flat platform where the filament can be laid in 

even layers.  The filament is forced out the nozzle onto the bed.  The filament is then layered 

according to a pre-planned path referred to as g-code.  The g-code is a set of commands the 

printer is to follow in order, like blueprints.  Once the filament is laid on the bed it will be left to 

cool. 

 

 

Figure 11: FDM Process 
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2.2. FRACTURE TOUGHNESS 

 Many parts fail below the ultimate tensile strength due to fracture.  This can be caused by 

cyclical loading, which happens in all products.  Some, like in the aerospace industry, undergo a 

high number cycles of loading in a short period of time.  These cycles in return will cause fatigue 

cracking.  As the part begins to be loaded, if the stresses at the crack tip exceed the fracture 

toughness the crack will begin to grow.  The focus of this study is on the intralaminar fracture 

toughness which measures the resistance to crack growth between “roads” of adjacent material 

deposition as shown in Figure 12. 

 

Figure 12: Crack Growth Nomenclature (Ref [14]) 

 

In “Failure, Fracture Mechanics, Fatigue, and Damage Tolerance”, Dr. Bert L. Smith and 

Walter Horn of Wichita State University show the basics of fracture mechanics and how they are 

applied in industry.  This research focuses on fracture toughness for Mode I crack growth (see 

Figure 13).  The textbook also describes the necessity and history of damage tolerance analysis.  

It cites accidents such as the British Comet crashes in the 1950’s as a prominent example for the 

necessity of damage tolerance analysis.  The Comet was an aircraft that underwent significant 

fatigue cycles at a sharp corner that created a stress concentration [23].  This concentration lead 
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to cracking that ultimately lead to three crashes.  It was only just before World War II that 

Griffith found a correlation between the size of a flaw in a material, such as a crack, and the 

fracture stress [10]. 

As will be shown to some extent later in this work, fracture data are significantly more 

difficult to obtain than tensile data.  In addition, fracture mechanics is a relatively new field in 

the area of solid mechanics, and as a result there is limited data publicly available, with much of 

the testing has been done being proprietary.  Since metals have been traditionally used in 

engineering, most available data is for metals.  For relatively new materials, such as composites 

and more specifically 3D printed composites, there is little to no data available.  Providing such 

data can help prevent faulty analysis that could lead to disastrous crashes. 

2.2.1.  TESTING METHODS 

 There are three modes of fracture.  The first mode is prying the crack open.  Mode II is 

shearing in plane.  Mode III occurs when the part is being sheared out of plane, similar to tearing 

a piece of paper.  The three modes can be seen in Figure 13. 

 

Figure 13: Crack Growth Modes 

 Different testing methods can be used to achieve the same mode of crack growth.  The 

tests vary greatly on how the load is applied.  For mode I all of the tests rely on some form of 

bending to introduce stress at the crack tip.   
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 The simplest of these tests is the Charpy impact test.  In this test a single edge notch 

specimen placed in a holder located at the lowest point of a pendulum.  The pendulum is called 

the hammer and is released from a predetermined height.  The energy required to break through 

the specimen is calculated by how far the pendulum can swing beyond the specimen.  This test is 

not a very common test to be used for fracture toughness; however, there are some papers that 

have used this as methodology [26].  The method is generally used for quality control checks.  A 

value is determined for acceptable material, the quality checks will then check batches on a 

pass/fail basis.  This is mostly performed on steel due to the ease of being able to check the metal 

at different operating temperatures.  The results found within a Charpy impact test cannot be 

used for analytical purposes.  This is due to the energy required to break the specimen not being 

able to be described by a formula.  These tests only result in qualitative data describing the 

ductility of the specimen. 

 

Figure 14: Charpy Impact Tests 
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 The three-point bending test utilizes the same single edge notched specimen as the 

Charpy impact test, however, the specimen is supported by two pin at the end of the specimen 

and a center load in line with the center crack.  This induces bending on the crack causing it to 

extend.  This method is commonly used for glass due to the brittleness of the material; however, 

some research has used it on composites [11][16]. 

 

Figure 15: Three-Point Bending Test [11] 

 

 Ref [4] outlines a methodology for how to test fracture toughness using compact tension 

specimens.  These specimens are one of the most common ways of testing crack growth in 3D 

printed materials and in metallic structures.  The specimens are pulled apart at integrated fastener 

locations and the crack length is recorded for the crosshead displacement of the loading points is 

record.  With the data of how much load was required to create the crosshead displacement the 

fracture toughness can be calculated.  For metallics the cracks are initiated by taking a chisel to 

the tip of the chevron creating a crack.  3D printed materials require the crack to be printed into 

the specimen. 
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Figure 16: Compact Tension Specimen 

 

 The method that was used in this report was double cantilever beam tests (DCB).  This 

test consists of printing a long and slender part that has a crack initiated at one end.  Either load 

blocks or hinges are used to induce the loading within the specimen.  This methodology follows 

that of Ref [3] and is used for the testing of this paper.  The DCB test forces a displacement of 

each side of the crack, this causes the crack to grow along the length of the specimen.  The crack 

length, crosshead displacement, and force are recorded.  Ref [3] shows multiple methods of data 

reduction, and in this work the compliance calibration method has been used.  To perform the 

data reduction, the load over the displacement is plotted on the y-axis with crack length on the x-

axis.  The axes are set to the logarithmic scale and the slope of the power series trendline is 

recorded.  This value will be later used to calculate the fracture toughness.  The reason this 

testing method was chosen was due to the equipment available for testing.  This is also in line 

with the methodologies used by previous students [19][24].   
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 Studies have shown that slower rates of displacement for DCB testing results in better 

data collection, specifically higher fracture toughness [17].  Ref [17] did test beyond the 

recommended limit of Ref [3].  They found that the lower bounds of the recommended speed of 

displacement yielded the best results.  The cracks growth rate is also affected by how the crack 

was initiated [7].  Since the cracks of this report were done by ply separation at the print in lieu 

of fatigue initiation, it is expected that the cracks will grow slower than if the method of fatigue 

initiation was used. 

 

Figure 17: Hinge DCB Test 

 

 

Figure 18: Load Block DCB Test 



18 

 

 

2.2.2.  FIBER’S EFFECT ON FRACTURE TOUGHNESS 

 One of the benefits that composites have over their metallic counter parts is the ability to 

orient the stiffness of the part.  This is done by utilizing the fiber directions.  This allows for the 

strength of the composites to be in the necessary direction for the loading that it will undergo.  

This also allows the composite to reduce its weight by not adding strength to the directions it will 

not have load applied to it.  This also means that the effects of the orientation of the fibers on 

fracture toughness must be understood. 

 Multiple studies have found that the effects of having the plies oriented at either 00 or 900 

to the loading direction have near identical fracture toughness as the other [2][16].  This would 

allow for companies to not change the orientation of parts out of a 00 orientation based upon 

fracture toughness.  The 00 direction is the most common loading direction of parts, and this 

would keep the strength of the part where it is needed statically.  It was found however if the 

plies could be reoriented to the principal loading direction the fracture toughness is improved by 

30% [9].  Orienting plies would be a goal that is set by aerospace companies; however, it is 

difficult to achieve as often the loading will come from multiple directions.  This will make the 

principal direction of all cases impossible to match. 

 The goal of the orientations of the laminates is to have a majority of the plies orthogonal 

to that of the crack growth direction [8][18].  This will allow for the highest fracture toughness 

[8].  While in lab this is easily achieve, it proves much more difficult in real world application.  

Most parts on aircraft are mixed mode loading, making the prediction of cracking direction 

nearly impossible to a reasonable amount of certainty. 
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 When the crack is growing in the translaminar direction the crack can be mitigated by the 

effects that the fibers have on the matrix [25].  The fibers slowing any cracks in this direction 

will cause less concern for crack propagation through the thickness of the stack up.  This allows 

for companies to orient the plies in a manner that helps increase the fracture toughness of 

laminates in the interlaminar and intralaminar directions. 

2.2.3.  FRACTURE TOUGNESS IMPROVEMENT IN COMPOSITES 

 There are other ways of improving the fracture toughness of a material besides 

orientating the plies.  It was found that thinner layers of resin lead to better fracture toughness 

[5].  While this is not directly applicable to the method of printing being used in this report, it 

would help improve fracture toughness in processes similar to binder jetting. 

Another method for improving crack growth that was researched was found in Ref [27] 

and is called ply bridging.  This uses a chopped fiber interleaf between the plies, this is created 

prior to resin infusion.  This allows the specimen to improve its fracture toughness without 

sacrificing other mechanical properties.  This is due to the specimens acting closer to an 

individual specimen rather than a stack of individual layers.  An additively manufactured 

approach to ply bridging was not explored in this work, but could be an interesting future study. 

Two other methods that would be much more difficult to adapt to 3D printing are z-

pinning and fiber stitching.  Z-pinning involves placing long fibers through the thickness of the 

stack up.  This helps the laminate from disbonding as easily.  Fiber stitching takes long fibers 

and weaves them into a pattern. 
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2.2.4.  3D PRINT IMPROVEMENTS 

 Ultimately the goal is to improve 3D printed parts to maximize fracture toughness.  The 

3D printed specimens, however, exhibit lower fracture toughness compared to other 

manufacturing processes [21][27][28].  It is important to understand why this is the case. 

 To understand why we must first stop thinking of a printed part as a single product.  

While the end part is a single piece, how it arrived at that point is not.  3D printed parts are made 

up of individual “roads” that are fused to form more complex parts.  To deal with this we must 

treat the part as 100’s if not 1000’s of heat equations happening simultaneously.  Each piece of 

the part does not cool at the same time or the same rate as the other pieces.  This is due to it 

location and how quickly the printer will return to the location above the piece. 

 For a part as researched within this paper each layer of the print can be thought of as 

cooling under the same heat equation with a hyperbolic heat distribution.  The edges being more 

exposed will have the quickest rate of cooling.  FDM attempts to keep the ambient temperature 

higher as to slow the cooling process, using a heated bed and/or a controlled printing chamber.  

This improves bonding between adjacent filaments.  It has been found that fracture toughness 

can be improved by keeping the print and bed temperatures as high as possible for each material 

[1]. 

 One method that was implemented in other studies to improve fracture toughness was 

annealing of the final specimen [27].  The temperature was raised between 100 and 200 C above 

the glass transition temperature.  This allowed for the thermoplastic’s chains to shift.  The shift in 

the molecular chain allowed for greater bonding between each layer of the specimens.  This 

yielded a 2700% increase in fracture toughness [27].  The print settings have the greatest effect 
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on the fracture toughness, and if chosen properly can even allow the specimen to begin to act 

similarly to that of an isotropic material [2].  
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Chapter 3  

METHODOLOGY 

 

 The approach used in this work was based on Ref [3], the previous research performed by 

other WSU Students in Ref [19] and [24], and concurrent research performed in Ref [6].  The 

goal is to characterize the fracture toughness of PLA Neat and PLA Carbon, as such the optimal 

print settings needed to be found to provide the most consistent specimens.  In an initial 

screening, specimens were tested with differing overlap and extrusion widths (See Figure 22 and 

Figure 23 for explanation of variables) as shown in Table 1 and denoted by an (X). 

 The goal of this research is to characterize and compare the fracture toughness of the 

PLA Carbon and PLA Neat.  By selecting the optimal print parameters and eliminating the 

variability in the specimens, we can isolate the effects of the carbon fiber reinforcement. 

Table 1: Initial Testing Variables 

Extrusion 

Width (mm) 
7% Overlap 8% Overlap 9% Overlap 

0.60 X  X 

0.62  X X 

0.63 X X X 
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Figure 19: G-Code Printed Part 

 The most common method for generating g-code for printers is with a program called a 

slicer.  These programs take a 3D Computer Aided Drafting (CAD) model and parse the 

geometry into layers and appropriate toolpaths for the FDM machine.  The file containing this 

information is known as a g-code.  While g-code is a human-readable list of instructions that can 

be written by hand, they take more time and do not provide a visual display for the user. 

3.1. CODING SPECIFICATIONS 

For interlaminar specimens (such as those used in Ref [6]) to create a crack a slicer can 

be used with a preprogrammed pause function mid-way through the print.  During this pause, a 

layer of material at the predesignate crack site is inserted to prevent adhesion of the material. 
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Figure 20: Interlaminar Specimen with Kapton Film Insert 

 

Intralaminar specimens cannot rely on the same pause function since the crack is present 

in every layer.  This is due to the crack being printed vertically, one layer at a time.  While it 

could be possible to insert material to prevent adhesion, this would inhibit the nozzle heads of 

the printer and was a method not pursued in this work. 

Instead, a custom code was written based on the mecode library from the Lewis Lab [15] 

to generate the g-code directly (without using a traditional slicer) to allow for both quick 

changing of print settings (normally set by the slicer) and to develop a print path that would 

insert a more precise separation than most slicer’s tolerance at the end of the specimen.  The 

code prints a total of four rows of material on either side of the crack.  It allows for adjustment of 

the layer height (Figure 22), extrusion width (Figure 22), overlap percentage (Figure 23), 

length/width of specimen (Figure 19), extrusion multiplier (reduces the extrusion rate by a 

percentage), speed (how quickly the printer moves), and crack width/length (Figure 21). The 

speed of the printer, extrusion width, and extrusion multiplier are all used to calculate the 

federate of the material to the nozzle. 
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Figure 21: Crack Length and Width 

 

Figure 22: Extrusion Width and Layer Height 
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Figure 23: Percent Overlap 

 

 The resulting g-code can be read directly by the 3D printer to produce the part as seen in 

Figure 19.These parts are then used in the DCB testing that is described in Section 3.3. 

3.2. PRINTING SPECIFICATIONS 

In FDM, slight alterations to the printing specifications can result in poor adhesion.  

Although most slicers specify a precise extrusion width, variations in the input filament diameter 

and thermal expansion properties can require some adjustments to achieve this.  This level of 

precision is essential in this work to replicate as nearly as possible a perfectly infinitesimal crack. 

Bed and nozzle temperatures are also vital.  If heated too far above the melt temperature, 

the extruded material will not have enough elasticity to maintain its shape, but if not heated 

sufficiently, the material will not fuse with adjacent material.  A heated bed keeps the entire part 

at just the right temperature, cool enough to remain an elastic solid, but warm enough to fuse 
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with adjacent layers more easily.  The heated bed also slows thermal contraction to help prevent 

warping.  The optimal nozzle and bed temperature for the materials used in this work are, 

respectively, 2150 C and 600 C.  These temperatures were used both for PLA neat and PLA 

carbon.  As such it requires some iteration to determine the best printing setting for the parts 

being printed.  The printer that was used in these tests was the Raise3D N2 Printer (See Figure 

24). 

After initially heating the nozzle to temperature, a lead-in extrusion is required to ensure 

consistent width.  When pressure is not being directly applied to the nozzle, thermal expansion 

and oozing can create some inconsistencies for the first piece of the extrusion.  Figure 25 shows 

how this lead-in extrusion is used in this work. 

In some printing configurations (such as the one shown in Figure 25), the print path 

generated would cause the printer to stop printing briefly at the end of the crack and jump across 

to start printing the other side of the crack.  Although this pause is brief, it can lead to 

inconsistencies in a critical region, so an auxiliary triangle that goes beyond the crack was added.  

This also avoids the bulbs that can form at points where the printer takes sharp turns (such as the 

ends of the specimen).  Once the part is printed the lead ins are removed with a razor blade. 
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Figure 24: Raise3D N2 Printer 
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Figure 25: Print Path 

 An identification system was determined based on the material, crack length, overlap 

percentage, and extrusion width.  The system is seen in Table 2.  Please note that Ref [3] 

recommends that the initial crack length be a minimum of 50.8 mm in length.  However, due to 

testing done in [24] a shorter crack was used.  This could affect the accuracy of the collected data 

for the first 25.4 mm. 

 

Table 2: Specimen Identification 

WXXXYYZZ-# 

W (Material) 

A (PLA Neat) 

B (PLA Carbon 

Fiber) 

XXX (Crack 

Length) 

75 (19.05 mm Crack) 

100 (25.4 mm Crack) 

YY (Overlap) 

07 (7% Overlap) 

08 (8% Overlap) 

09 (9% Overlap) 

ZZ (Extrusion 

Width) 

60 (0.60 mm) 

62 (0.62 mm) 

63 (0.63 mm) 

# Specimen Number 

Crack 

Triangle 

Lead In 

Lead 

In 
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 During an initial screening to determine the optimal print specifications a wide range of 

specimens were tested.  Table 3 shows the exact number of each configuration was tested. 

 

Table 3: Specimen Configuration Tested 

Configuration 
Specimens 

Tested 

A750760 11 

A1000763 1 

A750862 2 

A1000863 2 

A750960 2 

A750962 1 

A1000963 4 

B750760 10 

 

 The difference in testing specimen count is due to finding the optimal print setting to be 

A/B750760 configuration. 

The print settings used in the creation of the parts (with the exception of extrusion 

width/crack length/overlap percentage) are shown in Table 4. 

 

Table 4: Print Specifications 

Specification 
Specification 

Dimension 

Length (L) 125 mm 

Width (W) 25 mm 

Crack Width (CW) 0.12 mm 

Bed Temperature 600 C 

Nozzle Temperature 2150 C 

Extrusion Multiplier 

(EM) 

0.95 (PLA) 

0.9 (PLA-Carbon) 

Printer Speed 1000 mm/minute 
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3.3. TESTING SPECIFICATIONS 

 The parts described in Sections 3.1 and 3.2 require an external method for application of 

load.  The method chosen per Reference [3] was load blocks due to the available equipment.  

Load blocks are often made of metal and bonded to the specimen using an adhesive, but bonding 

thermoplastics to the metal loading blocks can be a challenge.  Instead, in this work load blocks 

were printed out on the Raise3D printer.  Load blocks prepared this way will not be as strong or 

stiff as metallic load blocks, but that was not a concern in this work due to the low loads required 

to propagate a crack.  The DCB load block g-code output can be seen in Figure 26. 

 

 

Figure 26: DCB Load Block G-Code 

 Each of the blocks have the dimensions that are found in Table 5. 

 

t W 

L 

D 
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Table 5: DCB Load Block Specifications 

Specification (See Figure 26) Dimension 

Length (L) 25.4 mm 

Width (W) 19.05 mm 

Thickness (t) 12.7 mm 

Hole Diameter (D) 6.35 mm 

 

These blocks are glued to the end of the test specimens as can be seen in Figure 27. 

 

Figure 27: DCB Bonded with Load Blocks 

 

The load blocks are glued using Gorilla Heavy Duty Construction Adhesive.  The glue 

was applied to the load blocks and pressed down to create squeeze out for thirty seconds.  The 

glue was then left to cure for 24 hours prior to testing. 

To visualize crack growth, whiteout and ruled marks were applied to the side of the 

specimen.  The whiteout is applied as thinly as possible to prevent the test from being affected by 

any possible reinforcement from the whiteout.  The whiteout is applied from the crack to the 

other end of the specimen to push any pooling to beyond where the test is conducted. 
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Once the whiteout has dried, a mark is made with a mechanical pencil (0.7 mm lead) at 

every 1 mm for the first 5 mm (some tests marked up to the first 20 mm to capture as many data 

points as possible).  A mark was then made every 5 mm after the fifth mark till 50 mm.  An 

example of the marking (post test) can be seen in Figure 28. 

 

 

Figure 28: B750760-9 Marking Post Test 

 

The DCB test used a 2224 N load cell, two 6.35 mm pins, tensile testing load frame, 

specimen holder, and USB Digital Microscope.  The testing setup can be seen in Figure 30.  The 

specimens were tested at a forced displacement of 1.27 mm/minute.  The crosshead displacement 

of the pins, load required, and time was recorded.  The crack length was visually measured using 

the USB Digital Microscope.  A screen grab of the video recorded of the test can be seen in 

Figure 31. 
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Figure 29: Double Cantilever Beam Specimen Configuration (Reference [19]) 

 

Figure 30: Testing Setup 
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Figure 31: B750760-8 Crack Growth 

3.4. LESSONS LEARNED 

In the process of performing the tests there have been many lessons learned on ways to 

improve testing and avoid future testing/printing issues.  The following section will take a 

moment to discuss these issues that were discovered. 

The first major issue found was bed adhesion.  There were two major factors that affected 

how the PLA adhered to the bed, temperature of the bed/nozzle and bed leveling.  If the bed 

temperature is too high, the PLA will begin to warp off the bed.  If the bed temperature is too 

cold the material will not adhere to the bed at all.  The optimal bed temperature was 600 C.  It 

was also found that without the bed being level the amount of adherence was reduced.  The bed 

was leveled using a 0.1 mm feeler gage at various points between the nozzle and the bed at a 

consistent z-height of zero. 
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The second major issue was small gapping between the rows.  The gapping was caused 

by poor first layer adhesion to the bed.  This cause inconsistent layer heights.  This ultimately 

leads to the higher layers slowly closing the gaps in the previous layers.  This issue will be 

further discussed in Chapter 5 about the implications with the test results.  The layers separation 

was solved by leveling the bed of the print.  An example of a similar gapping between the rows 

can be seen in Figure 32.  Please note that the gapping for these specimens could be several 

layers deep before the rows do not have a gap. 

 

Figure 32: Row Gapping 

 

The non-integrated load blocks (both metallic blocks for Ref [6] and the thermoplastic 

blocks for this work) proved to be an issue as the load at times proved to be too great and would 

separate from the specimen.  This was caused by the dissimilar materials not bonding well by the 

adhesive, lack of strength in shear strength of the adhesive, or flaws in the curing process.  This 

led to the attempt to integrate the block into the specimen itself, which had its own challenges. 
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When attempting to integrate the load blocks, the load blocks were designed without 

holes.  The holes were instead drilled after printing and did not always align correctly to the 

testing setup.  Two other issues arose while drilling holes in the loading blocks.  The block 

would either undergo cyclical loading that would change the crack, or the load block would 

crack.  If integrated blocks are to be used in the future, printed-in holes would make a significant 

improvement.  They would also better withstand the bearing load if printed at a different 

orientation from the rest of the specimen. 

Occasionally the layer of whiteout used to visually track the crack was too thick.  When 

that happens, the crack can grow underneath the whiteout “skin” leading to inaccurate crack 

length measurements.  This issue is easily spotted as visually you can see the whiteout begin to 

spread out in a similar way to tac being stretched.  One of the ways that this possible issue was 

mitigated was by increasing the number of data points taken.  If the whiteout hides the crack 

temporarily, there are more data points available to record the crack length once the whiteout has 

broken apart and the tip of the crack is visible.  This makes a test not have to be completely 

thrown out if this occurs.  To mitigate the whiteout issue prior to the test only a single layer of 

whiteout is applied from the crack tip of the specimen to the end of the specimen.  This forces 

any pooling of the whiteout beyond where the specimen is marked. 

The final issue that was required to be mitigated was marking on the specimen from 

anything but a sharpened end of a 0.7 mm piece of lead.  Any larger markings would inhibit the 

accuracy of the measurement taken as the markings would begin to blend together at 1 mm and 

for all other data points would prove impossible to know when the specific marking was reached.  

Any thinner piece of graphite would be to faint to accurately read during the test.  This is due to 

less pressure can be applied to the thinner piece of graphite, making the marks too faint to see 
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during the test.  A way to avoid this would be to create a jig that has the gaps at the marking 

locations (1,2,3, etc. mm) and is solid every where else.  This would allow for it to be placed at 

the tip of the crack and spray paint to be used over the top of it.  When the jig is removed all that 

would remain is the markings at the proper spacing. 

It was found slower speeds (1.27 mm/minute) gave better results for stable crack growth.  

This avoided the issue of impulse (which is discussed in Chapter 5) and allowed for recovery of 

more data points.  Impulses occurred more for interlaminar specimens that were tested in Ref [6] 

as these specimens relied on a layer of tape to form the crack.  It was found the material tended 

to adhere to the tape on both sides well enough to cause a quick spike in the load.  This 

ultimately led to one side separating from the tape quickly.  The effects are quickly dealt with by 

the pneumatics of the testing apparatus, but the spike is enough to cause the crack to grow 

unstably.  This was especially important when testing PLA Carbon, as the specimen is very 

brittle and cracks very quickly and easily.  
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Chapter 4  

TEST RESULTS 

 

The only results that will be shown are those of the specimens that demonstrated stable 

crack growth.  Stable crack growth is determined by a minimum of three consecutive data points 

with minimal deviation in loading (this will appear as a near flat line in the load versus 

displacement curve).  Load versus displacement curves for the other specimens (that were 

excluded from insufficient stable crack growth) can be found in the Appendix. A rationale of 

why the test results were rejected can be found in Table 6 

Table 6: Failed Specimens 

Specimen Issue 

A750760-2 Adhesive Failure 

A750760-4 Adhesive Failure 

A750760-5 Unstable Crack Growth 

A750760-6 Unstable Crack Growth 

A750960-2 Plastic Deformation 

A750962-1 Plastic Deformation 

A750963-1 Adhesive Failure 

A750963-2 Adhesive Failure 

A750963-3 Plastic Deformation 

A750963-4 Unstable Crack Growth 

A1000763-1 Plastic Deformation 

A1000863-1 Plastic Deformation 

A1000863-2 Plastic Deformation 

B750760-2 Unstable Crack Growth 

B750760-6 Unstable Crack Growth 

B750760-7 Unstable Crack Growth 

B750760-9 Unstable Crack Growth 
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 The other 16 specimens exhibited sufficient stable crack growth.  The specimens test data 

can be seen below in Figure 33 through Figure 62 and Table 8 through Table 22.  Please note 

that only the points that are considered stable data points are shown in Table 8 through Table 22.  

Per Reference [3] the compliance calibration method is used to calculate GIc.  The compliance 

calibration method consists of plotting the crack length on the x-axis and crosshead displacement 

divided by the load on the y-axis.  The x and y axis are set to the logarithmic scale and a power 

series line is fit through the data.  The slope of the power series (n) is used to calculate the 

fracture toughness.  The following formula is to calculate the fracture toughness: 

 
𝐺𝐼𝑐 =

𝑛𝑃𝛿

2𝑎𝑏
 (1) 

 

The variables in Equation 1 are as shown in Table 7. 

 

Table 7: Equation 1 Variables 

Variable Stands For 

n Slope of the Compliance 

Calibration 

P Load 

δ Cross Head Displacement 

a Crack Length 

b Specimen Width 
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Figure 33: A750760-1 Load vs. Displacement 

 

 The load data stabilizes between a displacement of approximately 2.5 mm and 20 mm.  

These are the values that will be used to find the average fracture toughness of A750760-1. 

 

Figure 34: A750760-1 Compliance Calibration 
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Table 8: A750760-1 Crack Growth Results 

 

 

 

Figure 35: A750760-3 Load vs Displacement 

 

The load data stabilizes between a displacement of approximately 2.5 mm and 35.5 mm.  

These are the values that will be used to find the average fracture toughness of A750760-3. 

Crosshead (mm) Load (N) a (mm) d/P (mm/N) b (mm) n G_I

2.98 68.46 4 0.0436 25.06 1.1265 1.1471

3.55 61.12 5 0.0581 25.06 1.1265 0.9763

6.09 57.12 10 0.1067 25.06 1.1265 0.7822

9.86 55.56 15 0.1775 25.06 1.1265 0.8209

15.14 51.38 20 0.2948 25.06 1.1265 0.8743



43 

 

 

Figure 36: A750760-3 Compliance Calibration 

 

Table 9: A750760-3 Crack Growth Results 

 

 

Crosshead (mm) Load (N) a (mm) d/P b (mm) n G_I

3.04 79.36 3 0.0383 25.02 1.2074 1.9405

3.40 69.61 4 0.0489 25.02 1.2074 1.4282

4.04 62.81 5 0.0643 25.02 1.2074 1.2233

6.85 60.72 10 0.1128 25.02 1.2074 1.0036

12.03 61.43 15 0.1958 25.02 1.2074 1.1884

18.59 64.94 20 0.2862 25.02 1.2074 1.4564

26.99 57.12 25 0.4726 25.02 1.2074 1.4878

36.20 50.71 30 0.7139 25.02 1.2074 1.4764
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Figure 37: A750862-1 Load vs. Displacement 

 

The load data stabilizes between a displacement of approximately 1.7 mm and 7.5 mm.  

These are the values that will be used to find the average fracture toughness of A750862-1. 
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Figure 38: A750862-1 Compliance Calibration 

 

Table 10: A750862-1 Crack Growth Results 

 

Crosshead (mm) Load (N) a (mm) d/P b (mm) n G_I

1.91516 53.4676 3 0.0358 25.05 1.3668 0.9312

2.032 49.77558 4 0.0408 25.05 1.3668 0.6898

2.286 43.2367 5 0.0529 25.05 1.3668 0.5393

6.7056 38.92193 10 0.1723 25.05 1.3668 0.7120
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Figure 39: A750862-2 Load vs Displacement 

 The load data stabilizes between a displacement of approximately 2.5 mm and 7 mm.  

These are the values that will be used to find the average fracture toughness of A750862-2. 
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Figure 40: A750862-2 Compliance Calibration 

 

Table 11: A750862-2 Crack Growth Results 

 

Crosshead (mm) Load (N) a (mm) d/P b (mm) n G_I

2.7838 97.5495 3 0.0285 25.11 0.8381 1.5107

3.0912 82.9148 4 0.0373 25.11 0.8381 1.0693

3.3426 79.5342 5 0.0420 25.11 0.8381 0.8873

5.1867 65.7002 10 0.0789 25.11 0.8381 0.5687
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Figure 41: A750960-1 Load vs. Displacement 

 

The load data stabilizes between a displacement of approximately 1.7 mm and 12 mm.  

These are the values that will be used to find the average fracture toughness of A750960-1.  

Please note that all data after 12 mm is not a valid data points as the specimen had a lamina 

buckle. 
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Figure 42: A750960-1 Compliance Calibration 

 

Table 12: A750960-1 Crack Growth Results 

 

 

Crosshead (mm) Load (N) a (mm) d/P b (mm) n G_I

1.9761 120.1909 2 0.0164 24.95 0.9949 2.3677

2.6137 132.0677 3 0.0198 24.95 0.9949 2.2941

3.2995 137.8503 4 0.0239 24.95 0.9949 2.2671

4.4171 140.0744 5 0.0315 24.95 0.9949 2.4672

11.4681 145.4568 10 0.0788 24.95 0.9949 3.3259
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Figure 43: A750760-8 Load vs. Displacement 

 

The load data stabilizes between a displacement of approximately 2.7 mm and 8.1 mm.  

These are the values that will be used to find the average fracture toughness of A750760-8. 
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Figure 44: A750760-8 Compliance Calibration 

 

Table 13: A750760-8 Crack Growth Results 

 

Crosshead (mm) Load (N) a (mm) d/P b (mm) n G_I

2.7661 22.4190 3 0.1234 25.1363 0.8113 0.3336

3.0429 23.1307 4 0.1316 25.1363 0.8113 0.2840

3.2004 23.2642 5 0.1376 25.1363 0.8113 0.2403

3.5077 23.3532 6 0.1502 25.1363 0.8113 0.2203

4.2139 23.3532 7 0.1804 25.1363 0.8113 0.2269

4.6482 23.0863 8 0.2013 25.1363 0.8113 0.2165

5.1562 22.3301 9 0.2309 25.1363 0.8113 0.2065

5.9690 22.5525 10 0.2647 25.1363 0.8113 0.2172

6.7818 22.5080 11 0.3013 25.1363 0.8113 0.2239

7.5489 21.8852 12 0.3449 25.1363 0.8113 0.2222

8.0340 21.0846 13 0.3810 25.1363 0.8113 0.2103
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Figure 45: A750760-9 Load vs. Displacement 

 

The load data stabilizes between a displacement of approximately 3.3 mm and 5.5 mm.  

These are the values that will be used to find the average fracture toughness of A750760-9. 
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Figure 46: A750760-9 Compliance Calibration 

 

Table 14: A750760-9 Crack Growth Results 

 

 

Crosshead (mm) Load (N) a (mm) d/P b (mm) n G_I

3.3020 24.1983 2 0.0239 25.1363 0.3702 1.6561

3.3249 24.1538 4 0.0241 25.1363 0.3702 0.8322

3.8125 22.5970 5 0.0295 25.1363 0.3702 0.7142

3.8659 22.5525 6 0.0300 25.1363 0.3702 0.6023

4.6787 23.0418 7 0.0356 25.1363 0.3702 0.6384

5.3315 22.6859 8 0.0412 25.1363 0.3702 0.6267
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Figure 47: A750760-10 Load vs. Displacement 

 

The load data stabilizes between a displacement of approximately 2.2 mm and 19 mm.  

These are the values that will be used to find the average fracture toughness of A750760-10. 
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Figure 48: A750760-10 Compliance Calibration 

 

Table 15: A750760-10 Crack Growth Results 

 

Crosshead (mm) Load (N) a (mm) d/P b (mm) n G_I

2.4613 15.3019 3 0.1608 25.1363 1.4369 0.3588

2.6187 14.9905 4 0.1747 25.1363 1.4369 0.2805

3.1267 14.5012 5 0.2156 25.1363 1.4369 0.2592

4.0157 14.2788 10 0.2812 25.1363 1.4369 0.1639

4.6711 14.4567 11 0.3231 25.1363 1.4369 0.1755

5.2832 14.5012 12 0.3643 25.1363 1.4369 0.1825

5.5880 14.4122 13 0.3877 25.1363 1.4369 0.1771

7.2085 14.2343 14 0.5064 25.1363 1.4369 0.2095

7.3152 14.2343 15 0.5139 25.1363 1.4369 0.1984

7.3355 14.1898 16 0.5170 25.1363 1.4369 0.1859

7.5489 14.1009 17 0.5353 25.1363 1.4369 0.1790

8.2550 13.4336 18 0.6145 25.1363 1.4369 0.1761

8.8189 13.3891 19 0.6587 25.1363 1.4369 0.1776

8.9662 13.3891 20 0.6697 25.1363 1.4369 0.1716

17.8054 14.5457 25 1.2241 25.1363 1.4369 0.2961
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Figure 49: A750760-11 Load vs. Displacement 

 

The load data stabilizes between a displacement of approximately 4.3 mm and 10 mm.  

These are the values that will be used to find the average fracture toughness of A750760-11.  The 

part began to plastically deform after 10 mm. 
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Figure 50: A750760-11 Compliance Calibration 

 

Table 16: A750760-11 Crack Growth Results 

 

 

Crosshead (mm) Load (N) a (mm) d/P b (mm) n G_I

4.8768 13.8340 8 0.0617 25.1565 0.6668 0.1118

5.0267 13.9674 9 0.0630 25.1565 0.6668 0.1034

5.4051 14.1898 10 0.0667 25.1565 0.6668 0.1016

5.9639 14.3678 11 0.0727 25.1565 0.6668 0.1032

6.3983 14.6346 12 0.0766 25.1565 0.6668 0.1034

6.7031 14.7681 13 0.0795 25.1565 0.6668 0.1009

7.1907 14.9460 14 0.0843 25.1565 0.6668 0.1017

7.9451 15.1684 15 0.0917 25.1565 0.6668 0.1065

8.1788 15.2574 16 0.0939 25.1565 0.6668 0.1034

8.3058 15.3464 17 0.0948 25.1565 0.6668 0.0994

8.9205 15.3464 18 0.1018 25.1565 0.6668 0.1008

9.3421 15.4353 19 0.1060 25.1565 0.6668 0.1006

9.8069 15.4798 20 0.1109 25.1565 0.6668 0.1006
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Figure 51: B750760-1 Load vs. Displacement 

 

The load data stabilizes between a displacement of approximately 2.3 mm and 7.6 mm.  

These are the values that will be used to find the average fracture toughness of B750760-1. 
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Figure 52: B750760-1 Compliance Calibration 

 

Table 17: B750760-1 Crack Growth Results 

 

Crosshead (mm) Load (N) a (mm) d/P b (mm) n G_I

2.6111 128.4646 20 0.0203 25 1.1009 0.3693

3.5916 128.3756 25 0.0280 25 1.1009 0.4061

4.6990 134.3362 30 0.0350 25 1.1009 0.4633

4.9022 134.0694 35 0.0366 25 1.1009 0.4135

5.5067 133.0018 40 0.0414 25 1.1009 0.4032

6.9545 126.6408 45 0.0549 25 1.1009 0.4309



60 

 

 

Figure 53: B750760-3 Load vs. Displacement 

 

The load data stabilizes between a displacement of approximately 2.5 mm and 5 mm.  

These are the values that will be used to find the average fracture toughness of B750760-3. 
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Figure 54: B750760-3 Compliance Calibration 

 

Table 18: B750760-3 Crack Growth Results 

 

 

Crosshead (mm) Load (N) a (mm) d/P b (mm) n G_I

2.6162 246.5648 25 0.0106 24.97 1.6237 0.8389

3.3223 218.2742 30 0.0152 24.97 1.6237 0.7859

4.0640 215.2494 35 0.0189 24.97 1.6237 0.8126

4.7727 208.2657 40 0.0229 24.97 1.6237 0.8079
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Figure 55: B750760-4 Load vs. Displacement 

 

The load data stabilizes between a displacement of approximately 2.3 mm and 7.6 mm.  

These are the values that will be used to find the average fracture toughness of B750760-4.  After 

7.6 mm the specimen had a ply separation that cracked the part out to the 50 mm mark 

uncontrollably. 
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Figure 56: B750760-4 Compliance Calibration 

 

Table 19: B750760-4 Crack Growth Results 

 

Crosshead (mm) Load (N) a (mm) d/P b (mm) n G_I

2.4308 286.1985 20 0.0015 24.89 1.8026 1.2596

3.0937 249.4562 25 0.0022 24.89 1.8026 1.1178

3.9421 237.4905 30 0.0029 24.89 1.8026 1.1300

5.6871 243.0507 35 0.0041 24.89 1.8026 1.4301

7.0333 239.4032 40 0.0051 24.89 1.8026 1.5243
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Figure 57: B750760-5 Load vs. Displacement 

 

The load data stabilizes between a displacement of approximately 2.5 mm and 8.4 mm.  

These are the values that will be used to find the average fracture toughness of B750760-5. 
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Figure 58: B750760-5 Compliance Calibration 

 

Table 20: B750760-5 Crack Growth Results 

 

 

Crosshead (mm) Load (N) a (mm) d/P b (mm) n G_I

3.1725 120.3688 25 0.0046 24.99 1.6267 0.4971

4.1859 120.3688 30 0.0061 24.99 1.6267 0.5466

5.6591 125.1729 35 0.0079 24.99 1.6267 0.6587

7.2669 127.1746 40 0.0100 24.99 1.6267 0.7520

8.3033 122.8154 45 0.0118 24.99 1.6267 0.7376
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Figure 59: B750760-8 Load vs. Displacement 

 

The load data stabilizes between a displacement of approximately 2.5 mm and 13 mm.  

These are the values that will be used to find the average fracture toughness of B750760-8. 
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Figure 60: B750760-8 Compliance Calibration 

 

Table 21: B750760-8 Crack Growth Results 

 

Crosshead (mm) Load (N) a (mm) d/P b (mm) n G_I

2.8956 167.2531 15 0.0173 25 1.1305 0.7300

3.1293 170.5892 20 0.0183 25 1.1305 0.6035

3.9141 174.5037 25 0.0224 25 1.1305 0.6177

5.7937 178.9519 30 0.0324 25 1.1305 0.7814

7.3711 182.3325 35 0.0404 25 1.1305 0.8682

8.7681 184.3342 40 0.0476 25 1.1305 0.9136

9.7815 186.4694 45 0.0525 25 1.1305 0.9164
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Figure 61: B750760-10 Load vs. Displacement 

 

The load data stabilizes between a displacement of approximately 2.5 mm and 9.1 mm.  

These are the values that will be used to find the average fracture toughness of B750760-10. 
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Figure 62: B750760-10 Compliance Calibration 

 

Table 22: B750760-10 Crack Growth Results 

 

  

Crosshead (mm) Load (N) a (mm) d/P b (mm) n G_I

4.1859 151.8177 20 0.0276 24.99 0.7963 0.5062

4.5237 153.4191 25 0.0295 24.99 0.7963 0.4423

4.8209 152.3960 30 0.0316 24.99 0.7963 0.3902

5.6896 145.8127 35 0.0390 24.99 0.7963 0.3776

7.7419 160.0470 40 0.0484 24.99 0.7963 0.4935

7.8486 161.5149 45 0.0486 24.99 0.7963 0.4488

8.7884 164.3172 50 0.0535 24.99 0.7963 0.4602
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Chapter 5  

DISCUSSION 

 

The test results shown in Chapter 4 are summarized in Table 23 through Table 24. 

Table 23: Average Fracture Toughness (PLA Neat) 

Specimen Average GIc (
𝑘𝐽

𝑚2
) 

A750760-1 0.9202 

A750760-3 1.4006 

A750862-1 0.7181 

A750862-2 1.0090 

A750960-1 2.5444 

A750760-8 0.2365 

A750760-9 0.8450 

A750760-10 0.1911 

A750760-11 0.1029 

 

Table 24: Average Fracture Toughness (PLA Carbon) 

Specimen Average GIc (
𝑖𝑛−𝑙𝑏

𝑖𝑛2
) 

B750760-1 0.4144 

B750760-3 0.8113 

B750760-4 1.2924 

B750760-5 0.6384 

B750760-8 0.7758 

B750760-10 0.4456 

 

The Specimens for PLA Neat can be broken into two groups. The first group is A750760-

1, A750760-3, A750862-1, A750862-2, and A750960-1, this will group will be referred to as A1.  

A1 exhibited an average fracture toughness of 1.3185 (
𝑘𝐽

𝑚2
).  The deviation from the average of 

each specimen can be found in Table 25. 

 



71 

 

Table 25: Group A1 Percent Deviation 

Specimen % Deviation 

A750760-1 30.2% 

A750760-3 6.2% 

A750862-1 45.5% 

A750862-2 23.5% 

A750960-1 93.0% 

 

 The specimens of Group A1 show little deviation from each other for the specimens in 

configurations A750760.  This demonstrates the fracture toughness of PLA Neat to be that of 

Group A1, however these specimens had a slight manufacturing flaw.  The bed at the time of the 

print was not perfectly level.  This led to small gapping within layers of group A1. 

After investigation it was found that the spool of filament for the PLA Neat used in print 

Group A1 had a range of 1.69 mm to 1.73 mm, with an average value of 1.71 mm over 10 

measurements with a standard deviation of 0.015.  This is compared to an expected average of 

1.75 mm and a standard deviation of 0.005.  This means that the volume of material being 

pushed through the nozzle is reduced between 2.3% and 6.7%.  If the standard deviation was 

zero on the spool with only a smaller diameter, the extrusion multiplier would be able to account 

for the change in volume, however with inconsistent changes a variable extrusion multiplier 

would be necessary to account for the variance in diameter.  This would lead to inconsistent 

extrusion widths that would vary in accordance with the current width of the filament being 

pushed into the nozzle.  Since a variable extrusion multiplier is not feasible without taking a 

measurement at every point along the roll of filament, this issue would be incapable of being 

dealt with this filament. 
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The gapping in the material allowed for individual rows to plastically deform into the 

open space left by the gaps between rows.  This plastic deformation relieves some of the stress 

exhibited on the specimen.  This relief in stress helped the crack resist from expanding.  Even 

though group A1 demonstrates the consistency of the desired print specifications (A750760 and 

B750760), but do not demonstrate the fracture toughness of the material due to the gapping in 

the specimen. 

The gaps acted as reliefs for the part undergoing bending.  This allowed for the part to 

resist the crack from expanding along the part.  The lack of fibers within the material allowed for 

the material to flex into the gap.  Thus, the data of the first specimens demonstrate the 

consistency of the desired print specifications (A750760 and B750760), but do not demonstrate 

the fracture toughness of the material due to the gapping reliefs in the specimens. 

The second group that can be made of the PLA Neat specimens are specimens A750760-

8 through A750760-11, designated group A2.  This group was printed after the bed was re-

leveled.  The roll of filament was also changed out to a different roll (constant filament diameter 

of 1.73 mm).  The filament was the same color and from the same manufacturer as group A1, but 

differed in the diameter measurements as discussed.  The gapping that was exhibited in group A1 

did not occur in group A2.  These fractured under significantly lower loads.  The summary of the 

fracture toughness of group A2 can be found in Table 26.  The A2 average fracture toughness 

was 0.3439 (
𝑘𝐽

𝑚2
). 

Table 26: Group A2 Percent Deviation 

Specimen % Deviation 

A750760-8 31.2% 

A750760-9 145.7% 

A750760-10 44.4% 

A750760-11 70.1% 
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This group demonstrates both stable crack growth and had no visual manufacturing 

defects.  The fracture toughness of the material for PLA neat is that of group A2, however 

further testing would be required to narrow the confidence band of the material property. This is 

mostly due to the specimen A750760-9 skewing the data to having great amount of deviation 

from the average.  It was found in Reference [19] that the value of intralaminar crack growth was 

0.020 (
𝑘𝐽

𝑚2
).  There was only one specimen in the report that showed stable crack growth.  The 

value is significantly different that of the A2 group average fracture toughness.  Reference [19] 

states that the average fracture toughness of the specimen was 0.0437 (
𝑘𝐽

𝑚2), which is lower than 

that reported for the intralaminar specimens in both this thesis and the reference.  The report also 

shows unstable crack growth in the load versus displacement charts.  Therefore, no accurate 

comparison can be provided between interlaminar and intralaminar. 

Group A2 does not correspond to the findings in Ref [2] which found a peak of 13 
𝑘𝐽

𝑚2.  

Ref [2] findings are significantly higher.  This can be accounted for in the method of testing.  Ref 

[2] found the fracture toughness using the J-integral on compact tension specimens.  This in itself 

will account for some of the difference as the specimens tested are significantly stiffer than the 

DCB test specimens.  The other contributing factor is the fact that the specimens were allowed to 

undergo plastic deformation.  As can be seen from group A1 when even a small amount of 

plastic deformation is allowed to occur there is a significant difference in the fracture toughness 

that is calculated. 

The intralaminar tests for PLA Carbon can be grouped into one group, designated B1.  

The group B1 specimens were printed between the point of leveling of the bed and after leveling.  

The first four specimens B750760-1 through B750760-4 exhibited small gapping, although not 
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nearly as severe as that of group A1.  The smaller gapping than that of A1 can be attributed to 

two things.  PLA Carbon has a tendency to over extrude than that of PLA neat (even after 

adjusting for a lower extrusion multiplier).  The second factor is that the PLA Carbon filament 

had a consistent diameter (tolerance of +0” versus group A1’s +0.0016”).  A total of 10 

measurements were taken of the diameter of the filament every four inches.  The average PLA 

Carbon specimen exhibited a fracture toughness of 0.7296 (
𝑘𝐽

𝑚2
).  The deviation from the average 

B1 fracture toughness can be seen in Table 27. 

This crack growth is significantly less than that of the values found in Ref [20].  The 

fracture toughness was found to be approximately 5.8 (
𝑘𝐽

𝑚2).  This can be accounted for in the ply 

directions used in each test.  The reference uses alternating patterns between +450 or 00/900 plies.  

The off angled plies allow for stress to be handled closer to the way an isotropic material is 

capable of doing.  The specimens tested here have no added benefits other than 00 plies.  While 

this is the expected behavior of the specimens in comparison.  It does show that for companies 

hoping to use such a material on aircraft, specific testing of that ply stack-up would be required 

for accurate crack growth. 

Table 27: Group B1 Percent Deviation 

Specimen % Deviation 

B750760-1 43.2% 

B750760-3 11.2% 

B750760-4 77.1% 

B750760-5 12.5% 

B750760-8 6.3% 

B750760-10 38.9% 

 

 The specimens of group B1 exhibited both stable crack growth and relatively stable 

values for fracture toughness with the exception of specimen B750760-4.  The values of the 
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specimens’ fracture toughness of the group B1 that had minor gapping were not changed as 

much as that of group A1.  This is due to the additional stiffness that the fibers add to the lamina.  

This prevents the specimen from using the gaps as reliefs.  The stress therefore is able to build up 

at the crack rather than be dispersed by the deflection.   

Reference [6] found that PLA Carbon exhibited a fracture toughness less than 0.010 

(
𝑘𝐽

𝑚2).  The three fracture toughness found were 0.0004 (
𝑘𝐽

𝑚2), 0.0005 (
𝑘𝐽

𝑚2), and 0.0012 (
𝑘𝐽

𝑚2).  The 

stabilized crack growth of the specimens in Reference [6] was very short.  However, this 

provides a relative point for the difference values rather than exact comparison.  The reduction in 

the fracture toughness values can be attributed to how the parts are printed, testing speed, and 

number of data points.  The specimens of the interlaminar have lower fracture toughness than 

that of the intralaminar specimens.  The parts are printed in which there is a greater surface area 

per print layer, giving the PLA of each layer more time to cool (interlaminar specimens are 

printed with the thickness is in the printer z direction, versus intralaminar specimens’ z direction 

is the width).  This will inhibit the ability of each layer to adhere to the previous layer.  This is at 

its highest discrepancy where the crack must be created.  A pause is put into the g-code as to 

allow the researcher to add an obstruction between layers (measuring 25.4 mm in length) to form 

the crack at the end of the part.  The specific obstruction used was a piece of painter’s tape.  The 

pause inserted into the g-code will give the greatest amount of time between layers, thus giving 

the greatest differential in temperatures between layers.  This is only exacerbated by the fact that 

the environment that is normally partially sealed by a door to keep the temperature consistent is 

opened to allow for access to the part.  The two tests were run at different speeds, the 

interlaminar at 3.048 mm/minute versus the intralaminar was run at 1.27 mm/minute.  While 

both speeds are within the range of Reference [3] suggested speed, PLA Carbon is very brittle 
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compared to that of PLA Neat.  The brittleness of the specimen can lead to small impulse effects 

that can be seen within the test.  The impulses will skew the data to be smaller than that of the 

actual value.  The interlaminar specimens were also marked per Reference [3], with 1 mm marks 

for the first 5 mm, and 5 mm marks for 45 mm.  The intralaminar specimens were marked with a 

minimum of 1 mm marks for the first 10 mm at the very least (some specimens went as far as to 

go the first 20 mm).  The extra data points allow for greater resolution upon the data, lead to 

more accurate numbers. 

The specimens in group A2 exhibited a fracture toughness half that of the B1 group.  This 

can be attributed to the specimens of B1 have fibers that provide additional stiffness to the 

specimens.  This finding is in agreeance with Ref [20].  It is worth noting that all the fibers are 

unidirectional in the 00 direction.  A more randomized pattern of fibers may lead to fibers 

extruding out of the individual lines of matrix and allow for another line of matrix to adhere to it, 

thus giving greater adhesion between layers.  This was tested in Ref [27] and showed an increase 

in fracture toughness.  The fiber bridges however were set up prior to the introduction of the 

matrix.  Thus, additional testing would be required to prove that it was possible to both get 

bridges to occur in prints and that they provide the same benefits that are found in Ref [27]. 

Group A1 does demonstrate the possibility that the material fracture toughness may be 

independent of the print parameters of extrusion width and overlap percentage.  This is because 

of the wide array of variables used in group A1.  The hypothesis would require more testing as 

the number of specimens per parameter are too small to provide statistical justification. The data 

was also found to be invalid due to the existence of gapping within the specimens.  
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Chapter 6  

CONCLUSIONS 

 

 It can be concluded that the overall fracture toughness of the PLA Carbon is greater than 

that of PLA neat.  This can be attributed to the fibers within the PLA Carbon.  The fracture 

toughness of PLA neat was found to be on average 0.344 (
𝑘𝐽

𝑚2).  The PLA carbon was found to 

be approximately twice that at 0.730 (
𝑘𝐽

𝑚2).  The findings of the PLA neat interlaminar specimens 

were significantly higher than those in Reference [19]. The specimens of PLA Carbon also 

demonstrated higher fracture toughness than their counter parts in Reference [6] that were tested 

in interlaminar.  The biggest contributor to the difference would be attributed that of the print 

direction.  With the allowance of the PLA to cool, this would lead to less layer to layer 

adherence.  Specifically, this would be the greatest difference of temperatures at the crack layer, 

where the printer must be paused as to add a separator between the layers to create the crack.  

This provides significantly more time for the layers to cool from the nozzle temperature of    

2150 C to closer to the bed temperature of 600 C.   

This was demonstrated in part in Ref [12] where they discovered if you anneal 3D printed 

thermoplastics you can increase the fracture toughness.  It was found that raising the specimens 

to 100- 200 C above the glass transition temperature allowing for a shift in the molecular chains.  

This allows for great ply to ply adhesion.  While the numbers provided within this paper are 

good starting points for the allowables of fracture toughness for both PLA neat and carbon, 

further testing is required as to narrow the confidence bands for the fracture toughness of each 

material  
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Chapter 7  

FUTURE RESEARCH 

 

The subject at hand has significant number of avenues for future research.  As was 

mentioned in the introduction this form of manufacturing is only in its infancy.  The first of 

the future research that will need to occur is further testing on the specimens within this 

paper to improve the confidence bands of the data so that it may be used in analysis. 

The second future research that should be done is further research into interlaminar 

specimens.  The specimens within Reference [19] were relatively unstable, while the PLA 

neat specimens tested for Reference [6] were unable to provide any data due to the crack 

growing orthogonal to the expected growth direction.  The data would need to be further 

expanded for PLA carbon to provide greater confidence for the data exhibited. 

The final research expansion upon this research would be to keep the material consistent 

but change the print settings to see the effects that each play on the fracture toughness.  This 

will help prevent any manufacture from using test data within this paper for a different print 

setting, with the assumption that the data applies to the material being manufactured. 

Without further testing the benefits of this paper are limited.  While it helps expand the 

understanding of the behavior of unidirectional 3D printed composites, it will only act as 

single puzzle piece for manufactures of composites.  For true implementation of 3D printing 

within aerospace and other manufacturers, the research described above must be completed.  
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APPENDIX A 

UNSTABLE CRACK GROWTH SPECIMEN 

 

 

Figure 63: A750760-2 Load vs. Crosshead Displacement 

 

 

Figure 64: A750760-4 Load vs. Crosshead Displacement 
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APPENDIX A (Continued) 

 

 

Figure 65: A750760-5 Load vs. Crosshead Displacement 

 

 

Figure 66: A750760-6 Load vs. Displacement 
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APPENDIX A (Continued) 

 

 

Figure 67: A750960-2 Load vs. Crosshead Displacement 

 

 

Figure 68: A750962-1 Load vs. Crosshead Displacement 
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APPENDIX A (Continued) 

 

 

Figure 69: A1000963-1 Load vs. Crosshead Displacement 

 

 

Figure 70: A1000963-2 Load vs. Crosshead Displacement 
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APPENDIX A (Continued) 

 

 

Figure 71: A1000963-3 Load vs. Crosshead Displacement 

 

 

Figure 72: A1000963-4 Load vs. Crosshead Displacement 
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APPENDIX A (Continued) 

 

 

Figure 73: A1000763-1 Load vs. Crosshead Displacement 

 

 

Figure 74: A1000863-1 Load vs. Crosshead Displacement 
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APPENDIX A (Continued) 

 

 

Figure 75: A1000863-2 Load vs. Crosshead Displacement 

 

 

Figure 76: B750760-2 Load vs. Crosshead Displacement 
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APPENDIX A (Continued) 

 

 

Figure 77: B750760-6 Load vs. Crosshead Displacement 

 

 

Figure 78: B750760-7 Load vs. Crosshead Displacement 
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APPENDIX A (Continued) 

 

 

Figure 79: B750760-9 Load vs. Crosshead Displacement 
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APPENDIX B 

STABLE CRACK GROWTH SPECIMEN POST TEST 

 

 

Figure 80: A750760-1 Post Test Images (Top) 

 

 

Figure 81: A750760-1 Post Test Images (Side) 
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APPENDIX B (Continued) 

 

 

Figure 82: A750760-3 Post Test Images (Top) 

 

 

Figure 83: A750760-3 Post Test Images (Side) 
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APPENDIX B (Continued) 

 

 

Figure 84: A750862-1 Post Test Images (Top) 

 

 

Figure 85: A750862-1 Post Test Images (Side) 
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APPENDIX B (Continued) 

 

 

Figure 86: A750862-2 Post Test Images (Top) 

 

 

Figure 87: A750862-2 Post Test Images (Side) 
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APPENDIX B (Continued) 

 

 

Figure 88: A750960-1 Post Test Images (Top) 

 

 

Figure 89: A750960-1 Post Test Images (Side) 

 Please note that specimen A750960-1 was taken past the region of elastic deformation to 

have a visual representation of the effects caused by the gapping in the specimens in group A1. 
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APPENDIX B (Continued) 

 

 

Figure 90: A750760-8 Post Test Images (Top) 

 

 

Figure 91: A750760-8 Post Test Images (Side) 
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APPENDIX B (Continued) 

 

 

Figure 92: A750760-9 Post Test Images (Top) 

 

 

Figure 93: A750760-9 Post Test Images (Side) 
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APPENDIX B (Continued) 

 

 

Figure 94: A750760-10 Post Test Images (Top) 

 

 

Figure 95: A750760-10 Post Test Images (Side) 
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APPENDIX B (Continued) 

 

 

Figure 96: A750760-11 Post Test Images (Top) 

 

 

Figure 97: A750760-11 Post Test Images (Side) 
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APPENDIX B (Continued) 

 

 

Figure 98: B750760-1 Post Test Images (Top) 

 

 

Figure 99: B750760-1 Post Test Images (Side) 
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APPENDIX B (Continued) 

 

 

Figure 100: B750760-3 Post Test Images (Top) 

 

 

Figure 101: B750760-3 Post Test Images (Side) 
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APPENDIX B (Continued) 

 

 

Figure 102: B750760-4 Post Test Images (Top) 

 

 

Figure 103: B750760-4 Post Test Images (Side) 
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APPENDIX B (Continued) 

 

 

Figure 104: B750760-5 Post Test Images (Top) 

 

 

Figure 105: B750760-5 Post Test Images (Side) 
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APPENDIX B (Continued) 

 

 

Figure 106: B750760-8 Post Test Images (Top) 

 

 

Figure 107: B750760-8 Post Test Images (Side) 
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APPENDIX B (Continued) 

 

 

Figure 108: B750760-10 Post Test Images (Top) 

 

 

Figure 109: B750760-10 Post Test Images (Side) 

 Please note that in Figure 108 and Figure 109 the highlighted areas are locations of 

damage post test.  The damage was caused by impact.  The angle of impact caused the upper 

load block to shear off.  This does not affect the data collected and did not cause any further 

plastic deformation to the crack region. 
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APPENDIX C 

PYTHON CODE TO GENERATE G-CODE 

 

 The code used to create the g-code is as follows: 

1. from mecode import G 
2. import numpy as np 
3.  
4. #define print parameters 
5. lh = 0.2 #mm, layer height 
6. ew = 0.6 #mm, extrusion width 
7. em = .95 #percentage, extrusion multiplier 
8. ol = 0.07 #percentage, overlap 
9. speed = 1000 
10.  
11. #geometry 
12. L = 125 #mm, ASTM 125+ 
13. W = 25 #mm, ASTM 20-25 
14. n = 8 #number of plies, must be even 
15. T = 8*ew #mm, ASTM 3-5 
16. s = 19.05 #mm, ASTM 50 
17. cw = 0.12 #mm, ASTM 13 um 
18.  
19. #initialize printer 
20. g = G(outfile='Test.gcode', header='header_PLA.txt', footer='footer_NEW.txt') 
21. g.layer_height = lh 
22. g.extrusion_multiplier = em 
23. g.extrusion_width = ew 
24. g.feed(speed) 
25.  
26. lh1=0.5*lh 
27. g.abs_move(0,0,lh1) 
28.  
29. #return to first layer height after wipe 
30. g.abs_move(0,0,lh)   
31.  
32. #trace skirt? 
33. g.move(10,30) 
34. g.extrude=True 
35. g.move(0,L) 
36. g.move(0,-L) 
37.  
38. #print part 
39. for i in np.arange(0,W,lh): 
40.     if i == 0: 
41.         g.extrude=True 
42.         ##first layer specific settings 
43.         g.move(5,5) 
44.         #g.extrude=True 
45.         #print shape 
46.         g.move(0,L) 
47.         g.move(ew*(1-ol),0) 
48.         g.move(0,-L) 
49.         g.move(ew*(1-ol),0) 
50.         g.move(0,L) 
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APPENDIX C (Continued) 

51.         #start pre-crack 
52.         g.move(ew*(1-(2*ol))-(cw/2)-(1-em)*ew,0) 
53.         g.move(ew*(ol),-(s/2)) 
54.         g.move(0,-(s/2)) 
55.         g.move((cw/2)+(1-em)*ew,-(cw/2)-(1-em)*ew) 
56.         g.move(0,-(L-s-(cw/2)-(1-em)*ew)) 
57.         g.move(ew*(1-ol),0) 
58.         g.move(0,L-s-(cw/2)-(1-em)*ew) 
59.         g.move((cw/2)+(1-em)*ew,(cw/2)+(1-em)*ew) 
60.         g.move(0,s/2) 
61.         g.move(ew*(ol),s/2) 
62.         g.move(ew*(1-(2*ol))-(cw/2)-(1-em)*ew,0) 
63.         g.move(0,-L) 
64.         g.move(ew*(1-ol),0) 
65.         g.move(0,L) 
66.         g.move(ew*(1-ol),0) 
67.         g.move(0,-L) 
68.     else: 
69.         #print shape 
70.         g.move(0,L) 
71.         g.move(ew*(1-ol),0) 
72.         g.move(0,-L) 
73.         g.move(ew*(1-ol),0) 
74.         g.move(0,L) 
75.         #start pre-crack 
76.         g.move(ew*(1-(2*ol))-(cw/2)-(1-em)*ew,0) 
77.         g.move(ew*(ol),-(s/2)) 
78.         g.move(0,-(s/2)) 
79.         g.move((cw/2)+(1-em)*ew,-(cw/2)-(1-em)*ew) 
80.         g.move(0,-(L-s-(cw/2)-(1-em)*ew)) 
81.         g.move(ew*(1-ol),0) 
82.         g.move(0,L-s-(cw/2)-(1-em)*ew) 
83.         g.move((cw/2)+(1-em)*ew,(cw/2)+(1-em)*ew) 
84.         g.move(0,s/2) 
85.         g.move(ew*(ol),s/2) 
86.         g.move(ew*(1-(2*ol))-(cw/2)-(1-em)*ew,0) 
87.         g.move(0,-L) 
88.         g.move(ew*(1-ol),0) 
89.         g.move(0,L) 
90.         g.move(ew*(1-ol),0) 
91.         g.move(0,-L) 
92.     #change layers 
93.     g.extrude=False 
94.     g.move(z=lh) 
95.     g.move(x=-7*ew*(1-ol)) 
96.     g.extrude=True 
97.     g.dwell(5) 
98.  
99. #cleanup 
100. g.extrude=False 
101. g.home() 
102. g.teardown() 
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APPENDIX C (Continued) 

 

The text file “header_PLA.txt” seen in the code is as follows: 

1. ;not sure what this does   
2. M221 T0 S94.00   
3. M221 T1 S94.00   
4. ;bed temperature   
5. M140 S60.00    
6. ;extruder temperature   
7. M104 T0 S215.00   
8. ;wait for extruder to reach temperature   
9. M109 T0 S215.00   
10. ;send extruder commands to right extruder   
11. T0   
12. ;wait for bed to reach temperature   
13. M190 S60.00   
14. ;set units to mm   
15. G21   
16. ;set absolute positioning   
17. G90   
18. ;fan off   
19. M107   
20. ;move to origin (xy)   
21. G28 X0 Y0   
22. ;move to origin (z)   
23. G28 Z0   
24. ;move z-axis 15 mm at 6000 mm/min   
25. G1 Z15.0 F6000.0   
26. ;zero extruder   
27. G92 E0   
28. ;extrude 10 mm at speed of 200 mm/min   
29. G1 F200 E10   
30. ;zero exruder   
31. G92 E0   
32. ;retract 3.5 mm   
33. G1 F200 E-3.50   
34. ;set base speed to 6000 mm/min   
35. G1 F6000.0   

The text file “footer_NEW.txt” seen in the code is as follows: 

1. M107   
2. M1002   
3. M104 S0 T1   
4. M104 S0 T0   
5. M140 S0   
6. M117 Print Complete.   
7. G28 X0 Y0   
8. G91   
9. G1 Z10   
10. G90   
11. M84   




