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ABSTRACT 

The work in this thesis paper quantifies the mechanical property, fracture toughness 

(GIC), of 3D printed polylactide acid (PLA) specimens. The established data of fracture 

toughness were obtained using the DCB method for interlaminar unidirectional fibers per 

reference [2]. Testing is broken into six groups of the same overall geometry with varied printing 

settings, labeled A-F. Group A has an extrusion temperature of 205 ℃ and extruded layer height 

of 20 mm. Groups B, C, and F have the same extrusion height with temperatures of 200 ℃, 195 

℃, and 190 ℃, respectively. All Groups are similar in the overall dimension. Groups D and E 

have temperature of 205 ℃ and the extruded layer heights of 30 mm and 40 mm, respectively.  

Groups A through F are compared to each other with Group D exhibiting the highest GIC 

of 10.626 (KJ/m2). In contrast, Group E has the lowest GIC of 0.934 (KJ/m2). 
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Chapter 1  

INTRODUCTION 

 

Additive manufacturing (AM) is considered a very effective method for fabricating 

complex geometries. Industries such as the aircraft industry in recent years, started looking into 

new methods to improve the production of time and process. The AM technology led such 

industries to potentially consider the AM fabrication method as an alternative to traditional 

manufacturing methods. However, while this might be an attractive alternative method for 

production improvement, it comes with downsides. For example, when a material is susceptible 

to cracking, it can be a major design concern in advanced airframe structures, automotive frames 

and autos axles and etc. One of AM technologies is Fused Deposition Modeling (FDM) and the 

the parts are made layer by layer until the part is complete. Cracking is prone to occur when the 

interfacial bonding strength between the layers have defects such moistures, debris, voids, or air 

gaps. Evidently, this downside of the FDM method is a major setback and limitation. For this 

reason, there is a need to compile significant amount of data and testing to validate the parts 

made using the AM technology that will have equivalent or better mechanical properties than the 

parts fabricated with traditional methods.  

1.1. THESIS OBJECTIVE 

The main objective of this paper is to study the bond connection between layers under 

mode I loading of parts in PLA using FDM.  
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Good adhesion between layers results in a better fracture toughness. Bad adhesion, on the 

other hand, is not desired and can be caused by the existence of gaps, manufacturing defects, air 

void, temperature effects or layer height . Fracture mechanics can be used to model the strength 

of interlayer bonding by studying the propagation of a crack through this bond. 

Studies have shown that AM technology typically exhibits the anisotropic material 

behavior— with varying in properties in different directions [15]. Another shortcoming of AM is 

its poor surface quality and dimensional accuracy. Those shortcoming among others are seen as a 

dilemma in the AM technology. But it is important to develop solutions to these issues to make 

the AM technology a trustworthy method for industry uses. 

This paper’s main objective is to complete the work some of the previous Wichita State 

University (WSU) students who had challenges when establishing fracture toughness data for 

PLA under mode I. Most of the interlaminar papers for mode I successfully tested PLA carbon 

reinforced, ABS and Nylon but not PLA. [10], [33], [38] Those studies showed the PLA 

specimens yielded locally in bending before the crack started to propagate resulting in a failed 

test. In section 3.1, the material property, Fty of each material are compared indicating that PLA 

has lower yielding stress than the rest. 

Therefore, the fracture toughness of PLA will also be studied as a function of some 

printing parameters: temperature and extrusion height. 
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Chapter 2  

LITERATURE REVIEW 

2.1. ADDITIVE MANUFACTURING 

Additive Manufacturing (AM) or 3D printing is a manufacturing technique that builds a 

three-dimensional object layer by layer based on CAD model representation by means of 

depositing layers of materials. Unlike traditional manufacturing techniques requiring cutting 

shapes, bending procedures, forming, casting and etc., AM technology is a layer-by-layer-build 

process.  

In the recent years, AM technology has become widely used in the engineering industry, 

medicine, education, toys, and entertainment.  The AM industry reported annual growth rate 

from 2012 to 2014 of more than 33% [8]. AM offers a different type of possibilities to industries 

unlike the traditional manufacturing techniques. For instance, customers in the aerospace 

industry can print their own parts without a lengthy delivery time by another manufacturer. The 

other advantage of the AM technology can produce very complex parts at a low labor and raw 

material cost. Additionally, there is a great amount of material saved with the use of AM 

technology since the 3D printing produces part’s final geometry with little to no post-processing 

or material removal. Another advantage to 3D printing is that it can consolidate an assembly into 

one single part. 

There many different forms of AM technology, and each different manufacturing process 

influences the material properties in different ways. Seven of these methods will be discussed in 

the following sections [5]: 
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2.1.1. BINDER JETTING 

Binder jetting a process by which a print head deposits a liquid bonding agent onto a layer 

of powder. The process is reiterated layer by layer using a map until the object is complete. The 

part is then cured.  

  

Figure 1 Binder Jetting Process 

 

2.1.2. DIRECTED ENERGY DEPOSITION (DED) 

DED a process which utilizes an energy source such as laser or electron beam to liquefy a 

material which is then deposited by a nozzle.  
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Figure 2 Directed Energy Deposition (DED) Process 

2.1.3. MATERIAL EXTRUSION 

Material extrusion is a process where the material is drawn through a heated nozzle by 

force in a continuous filament of material to make a three-dimensional part. The desired shape is 

obtained as the material travels past the cavity. It is also important to note that the method used 

in this paper falls under this category. The filament is forced through the heated nozzle to go 

from a solid state to a deformable liquid state to force the filament to a specific path onto the 

printing bed. Under this category, there are fused deposition modeling (FDM) and fused filament 

fabrication (FFF). The difference between FDM and FFF is only the trademarking.  
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Figure 3 Material Extrusion  

 

2.1.4. MATERIAL JETTING 

This process is similar to a 2D printer process which releases ink on a paper. Material jetting 

is a process where a material is deposited on a printing bed, layer by layer, and then cured by UV 

light. 

 

Figure 4 Material Jetting Process  
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2.1.5. POWER BED FUSION (PBF) 

PBF is a process where an energy source such as electron or laser beam is applied to a tray 

of powder to heat the particles until they liquefy together. 

 

Figure 5 Powder Bed Fusion Process  

 

2.1.6. SHEET LAMINATION  

Sheet lamination a process where single sheets of material supplied by a feed roller are 

added together layer by layer until the final the shape is achieved.  
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Figure 6 Powder Bed Fusion Process  

 

2.1.7. VAT PHOTOPOLYMERIZATION  

It is a process where a source of energy such laser beam or digital light projector is 

directed to a vat of resin which then converted into solid state layer by layer.  
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Figure 7 Vat Photopolymerization Process  

 

The processes of additive manufacturing are summarized in Figure 8 

 

Figure 8 Additive Manufacturing (Focusing only on Material Extrusion)  
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2.2. FRACTURE TOUGHNESS  

Fracture toughness is a material property that exhibits a specific strength to resisting a 

growing crack and it is applicable for ductile and brittle crack behavior. The processes of ductile 

and brittle cracking are unique in the formation or propagation of cracks. A brittle fracture is the 

result of a sudden release of a built-up energy, and it is an elastic process. On the other hand, 

ductile fracture is a result of an absorption of the high amount of mechanical energy with a 

slower crack growth rate before rupture occurs and it is a plastic process [6]. From a safety 

standpoint, ductile fracture process is preferred because the crack can be inspected before the 

material fractures.  

For the aerospace industry, almost all the materials for airframes exhibit a ductile process 

cracking. This enables the airframes structural engineers to make recurring visual crack 

inspection to prevent fetal accidents.  

A crack is usually generated due to a material being under cyclic loading. A preexisting 

flaw can also initiate a crack due to stress intensity factor, which is the state of the stress near a 

crack tip . If the stress intensity at the crack tip continues to increase, the crack length can 

increase until rupture of the material. But, before the material is fractured, the crack growth 

experiences some sort of material resistance to stop the crack from propagating. In other words, 

fracture toughness is the material’s ability to resist a crack propagation [4]. Fracture toughness 

can be determined either based on the stress intensity factors or on the energy concept. This 

paper will use the energy approach as it accounts for global fracture factors providing a better 

idea of the fracture process and behavior [17].  

For interlaminar crack propagation, the energy approach was derived by Arnold Griffith 

[19] by means of elastic strain energy concept of linear elastic behavior. Griffith’s work state that 
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the crack will grow when the energy available at the crack tip (G – strain energy release rate) is 

greater than or equal to the energy that causes the crack to grow (Gc – critical strain energy rate). 

Where 

                                                               𝐺 =
𝑑𝑊

𝑑𝐴
−

𝑑𝑈

𝑑𝐴
                                                        Eq. (1) 

and W is the work done by the loading, U is the strain energy of the system, and dA is the crack 

area variation. A specimen whose width is b loaded orthogonal to the area of the crack has the 

work done described as: 

                                                              𝑊 = 𝑃𝛿                                                          Eq. (2) 

and the strain energy of the system as: 

                                                             𝑈 =
1

2
𝑃𝛿                                                          Eq. (3) 

We consider the compliance of the system: 

                                                             𝐶 =
𝛿

𝑃
                                                                      Eq. (4) 

Re-writing Eq. (4) to: 

                                                              𝐶𝑃 = 𝛿                                                                      Eq. (5) 

Now, rewriting Eq. (1) in terms of Eq. (2), (3), and (4) yields the following: 

                                                               𝐺 =
𝑃2

2𝑏
 
𝑑𝐶

𝑑𝑎
                                                              Eq. (6) 

 

where da is the variation of the crack length. As per Ref [21], the data gathered for the parameter 

G  represents the critical energy release rate during crack propagation. Eq. (6) is important in 

determining fracture toughness.  

Reference [2] uses Eq. (6) to establish the Compliance Beam Method with yields the following: 
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                                                                𝐺𝐼𝐶 =
𝑛𝑝𝛿

2𝑏
                                                        Eq. (7) 

Eq. (7) is discussed in depth in Chapter 4. 

In fracture mechanics, a crack can propagate in three various modes as depicted in  

Figure 9. Mode I is seen when the two parallel planes are pulled away from each other. Mode II 

and III are shear of planes. Mode III is shear out of the planes of the cracks. The determination of 

fracture toughness for each mode is conducted differently, mainly the experimental tests setups 

are different.  In FDM technology, adjacent layers can separate which in return it creates a crack. 

There are two types of adjacent FDM layers crack delamination interlaminar and intralaminar – 

illustrated in Figure 10 The focus of this paper is on mode I crack interlaminar.  

 

 

Figure 9 Crack Growth Modes 
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Figure 10 FDM Plies Fractures 

2.3. MATERIALS 

Polylactic acid, also known as Poly( Lactic Acid ) (PLA) is a vegetable-based plastic 

material which is derived from renewable organic resources such corn starch and sugar cane. In 

ancient times, people used materials from natural plants for various purposes. Ancient people 

utilized plant gum (long chains of sugar— polysaccharides) as a waterproof coat for boats during 

the ocean exploration era, about 5000 B.C. Plant gum was also used as an adhesion agent for 

structural purposes. It should be noted that when the natural resources polymers were used in the 

old ages, the polymers were used in their pure state without other reinforcement [26]. 

In the recent decades, PLA and other organic materials have attracted attention as a 

potential substitute to petrochemical materials due to its natural resource origin and 

environmental friendliness.  
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        PLA material is known to be an easy material to print using FDM given the fact of its 

dimensional accuracy.  

 

 Figure 11 Development of Polymers [42] 

Unlike the plastics polyethylene and polypropylene, polylactic acid (PLA) is more costly, 

more brittle, and has lower impact strength toughness. Merging PLA with additives such as 

lubricants, impact modifiers (e.g., carbon fibers), plasticizers or even a second polymer can 

improve the toughness. Although toughness is increased with the inclusion of the mentioned 

additives, the cost again increases. To address this cost issue, previous studies attempted to 

reduce the cost by the inclusion of cellulosic fibers (precursor of carbon fibers) into the PLA [26] 

[27]. Unfortunately, reducing the cost reduces the mechanical properties such fracture toughness, 

impact strength and other material properties. As mentioned in section 3.1, the mechanical 
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property fracture toughness of PLA is the focus of this paper. As it was concluded on the 

previous studies in Ref [10], [33] and [38], PLA didn’t show any crack propagation due to a 

local bending yielding failure. PLA has the lowest yield stress out of the conventional 3D 

printing materials. Figure 12 shows the comparison between some of the 3D printing materials 

from the previous studies. The shown properties were obtained from the manufacturer SD3D. It 

is important to keep the fact that PLA has a lower yield value. Because with this kept in mind, a 

specimen might need some geometrical changes such as increasing the moment of inertia.  

 

Figure 12 Yield Strength of Materials  

PLA material used in this report: black PLA 1.75 mm filament – 1 KG spool manufactured by 

HATCHBOX® 

2.4. TESTING METHOD 

Regarding material failure under mode I, there are various test standards that capture the 

fracture toughness of the material tested. The tests for mode I opening generate failure through 

some form of fibers bending at the crack tip that is perpendicular to the load.   
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2.4.1. CHARPY IMPACT TEST 

The first test is the Charpy impact test and is covered by ISO and ASTM International – 

depicted in Figure 13. The Charpy impact test is used as a design tool for a quick and cheap 

measure of fracture toughness. The Charpy impact test was first established for steel as a quick 

quality control check to verify material specifications of batches. The test begins with a notched 

material by means of grinding, broaching or milling with a single toothed fly cutter. The method 

of machining the notch is a point of controversy –see Ref [25] and is not addressed in this paper.      

The notched specimen material is held on an anvil and supported by a frame on both sides 

and struck on the face of the notch by a pendulum. The amount of energy transferred to the 

specimen resulting in fracturing it is determined by comparing the difference in height of the 

pendulum hammer before and after fracture occurs.   

 

Figure 13  Charpy Impact Test Scheme  
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It is worth noting that Charpy impact test doesn’t consider the fact that some composite 

materials have a crack present due to poor adhesion between layers interfaces or caused by voids. 

For this reason, the Charpy Impact is not deemed appropriate for composites materials.  

2.4.2. COMPACT TENSION 

Another testing method is called Compact Tension test C(T). Studies which conducted 

fracture toughness using a compact tension methodology are found in Ref [3] and [9]. The 

methodology of the compact tension test is manufactured with a notch as depicted in Figure 14.  

At the integrated fastener location, the material is pulled away in tension while the strain 

gauge measures corresponding displacement. This testing method is done in the study Ref [13] 

for intralaminar fracture toughness. As the tensile load is applied on both ends the force vs. 

displacement plot can be obtained. And the fracture toughness can be derived from the plot 

obtained by a doing mathematical calculations and derivations.  
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Figure 14  Compact Tension Test Scheme  

2.4.3. DOUBLE CANTILEVER BEAM  

Another widely used testing method for interlaminar and for intralaminar is the double 

cantilever beam (DCB). The DCB is the standardized test for material failure under mode I 

opening. See Figure 15. 
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Figure 15 DCB Test Scheme  

The DCB methodology is similar to the C(T) in which the specimen is pulled away at an 

integration loading point (that’s where fasteners go through) and the crack length corresponding 

to the applied load is recorded manually. The load vs crosshead displacement is plotted and the 

fracture toughness can be calculated. In metals alloys materials, the pre-crack, a0 is created by 

using a chisel at the tip of the chevron.  

Unlike metals, 3D printed composites materials pause the printing process at the mid 

plane of the specimen to insert a Kapton film. The 3D printing process is then resumed after the 

insert is added. The Kapton film creates the preexisting  crack by ensuring the layers don’t bond 

to each other for a length of a0. 

.  

2.5. 3D PRINTING PROCESS 

The idea of 3D printing is basically converting a CAD model into a 3D printed part. But 

before going to the final stage, there are parameters that play a big part in the quality of the final 

product. The parameters can be broken into two categories: (1) FDM parameters –parameters 
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that are unique to spool materials, (2) and the printing parameters1. Typically, the manufacturers 

recommend the printing parameters values such as extrusion temperature, bed temperature, 

filament width and etc. The bed must be heated “properly” so that good adhesion to the first 

layer is achieved. Proper bed temperature plays a big role in reducing the warping effect.  

Warping occurs when the top layers cool down causing contractions. The upper layers 

pull the bottom layers (due to cooling down of upper layers) causing the most bottom layer 

detach from the bed. This is experimentally illustrated using electrical duct tape taped to a table –

See Figure 16 . The warping of the printed layers is simulated by taping a duct tape layer into a 

table by pre stretching it. Other layers are added subsequently. At some point, every 

subsequential layer will then contract on the lower layers causing the most bottom layers detach 

and thus, causing warping. The bed will be preheated so warping is eliminated. It is worth 

mentioning that out of the thermoplastic polymers, PLA experiences the least warping effect due 

its lower thermal expansion coefficient.  

Similarly, the filament nozzle shouldn’t be heated too high nor too low. Because if the 

nozzle temperature is heated too high, the filament will turn into a liquid state and will cause the 

filament to lose its circular cross-sectional shape. And too low nozzle temperature will prevent 

the filament from adhering well to the adjacent strands and result in an overall poor adhesion. 

Ref [15] suggests that the layer height and the extrusion temperature fracture toughness   

Therefore, and as it was previously addressed, this paper will study the effects of nozzle 

temperature and extrusion filament height on fracture toughness. The majority of printing 

parameters will be kept constant throughout the printing process except for the aforementioned 

                                                 
1 The printer used in this paper is Raise3D N2 model 
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printing settings. See section 3.1 for more details. The printing parameters are tabulated in  

 

Table 1.  

 

 

Figure 16 Illustration of Warping Using Duct Tape 

 

Table 1 Generic Printer Parameters 

Parameters Definition  

Build volume 

This refers to the 3D space in which the 3D model is being built within. X and Y axes are 

the building platform and Z axis is the direction of growth is perpendicular the XY-plane 

Raster width The width of the extruded filament 

Raster to raster air gap 

The gap between two adjacent raster paths of the same layer. For a 0% infill rare means that 

the gap is equal to. The raster width. 100% infill means zero gap. 

Raster angle The direction of the raster applied relative the X-axis. Zero degrees is used for this paper 

Layer thickness The thickness of a single layer fused by the nozzle.  

Printing Speed The rate of the filament being deposited               

Extrusion multiplier The rate at which the printer extrudes material                 

Bed temperature The temperature of bed which the first layer attaches to           

Liquefier temperature The temperature at which the filament is converted to liquid           
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Chapter 3  

EXPERIMENTAL PROCESS 

3.1. SCREENING FOR SPECIMEN DEVELOPMENT 

Since it was determined that the extrusion temperature and layer height are the variables 

to concentrate on, other parameters were kept fixed during the screening process. The main 

purpose of the screening process was to do a quick check whether a specimen would propagate a 

crack without any substantial local plastic deformation or not. The quick check is ultimately a 

home-made mock-up test similar to the DCB test. This mock-up test is meant to do a rapid test 

with a low amount of time setting up the test apparatus. Note that only in this section these 

specimens will be referred to as candidates.  

The screening process involves printing a number of candidates with different printing 

specifications, which are the layer height and extrusion temperature. The extrusion temperatures 

are 190, 195, 200, 205, 210 and 215 °C. And the layer heights are 20, 30, 40, 50 and 60 mm.  

The screening process is implemented in five sequential rounds. A candidate can only proceed to 

the next round if it passes the criteria. The criterion of each round asks the two questions, and 

they must be answered “yes” in order to proceed to the next round. The questions are: 

Criteria question 1: Did the candidate pass the printing? 

Criteria question 2: Did the candidate pass the test? 

 Question 1 addresses whether a candidate was printed with or without any major issues in 

the print quality. For example, if the extrusion temperature was set too high, then this obviously 

will cause the filament to be in a liquid state which will not maintain the appropriate round cross-

sectional filament shape. In this case, the first question will be answered “no” and the candidate 

will not move to the next round.  
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Question 2, on the other hand, is answered after undergoing the mock-up test. The only 

thing being sought in this question is whether plasticity occurred or not. For instance, if a 

candidate develops local plasticity, then question 2 is answered “no” and in return the candidate 

is eliminated from moving forward.  

Ultimately, the candidate that passes the 5th round is then elected to be tested in the actual 

DCB testing lab and reported in this thesis paper. Using this screening effort will make an 

elected specimen, that passes the five rounds of screening, is more likely to have a crack 

propagation without substantial plasticity during the actual test. Figure 20 shows the screening 

development that led to the candidates tested in the actual DCB testing lab and reported in this 

paper.  

This process was very helpful in terms of time and cost saving. One can imagine the 

amount time and money spent if the specimens in Figure 20 were tested in the actual DCB lab 

and fond out that the majority of them failed due to plasticity.  

The DCB ASTM standard test provides how much a pre-crack length should be and it 

recommends the pre-crack be somewhere between 30% to 50% of the specimen length. On the 

contrary, it states that for materials whose flexural modulus is low, it might be necessary to 

decrease the pre-crack length to prevent “large” deflection. ”Large” here indicates a size that is 

larger than the smallest parameter and, in this case, the smallest parameter is the thickness.  

Determining the correct parameters will avoid yielding the part perpendicular to the 

applied load and generate a stable crack growth. See illustration in Figure 17 and Figure 18.  
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Figure 17 DCB During Testing Scheme 

 

Figure 18 DCB During Testing Scheme – View 1A 

Basically, it is required to have a specimen where σten is well below Fty (tensile at yield). In the 

previous papers, the reason for the PLA data were inconclusive is because σten exceeded Fty and 

yielded locally.  
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For the screening process, it is one thing to have a good, printed specimen and it is 

another thing to have a passing test. A passing test indicates that the material doesn’t yield but 

rather it cracks. The type of testing performed was a mock-up testing as a quick way to eliminate 

and elect specimens that pass the screening process. In Figure 19, the mimicked DCB testing for 

screening is shown. The bottom block is clamped and fixed. And the upper block is being pulled 

away which in return it will generate an equal and opposite reaction at the fixed bottom block.  

The specimens from Figure 20 shows the screening process methodology.  

 

Figure 19 Mimicked DCB Test 
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Figure 20 Screening Process for Printing Parameters 

Some rippling was observed in the first layer of some specimens, which had the potential 

to form extra voids. Specimens that showed signs of rippling were eliminated from the test pool. 

See Figure 21 for depiction. In contrast, a specimen is selected when it passes both the test and 

the printing quality. 

EH = Extrusion Height

ET = Extrusion Temperature

Changing the ET 

while fixing the LH 0.20 mm
190 ᵒC 195 ᵒC 200 ᵒC 205 ᵒC 210 ᵒC 215 ᵒC

Did it pass printing? Yes Yes Yes Yes Yes Yes

Did it pass testing? Yes Yes Yes Yes No No

Did it pass printing? Yes No No No No

Did it pass testing? Yes N/A N/A N/A N/A

Did it pass printing? Yes No No No No

Did it pass testing? Yes N/A N/A N/A N/A

Did it pass printing? Yes No No No No

Did it pass testing? Yes N/A N/A N/A N/A

Did it pass printing? Yes Yes Yes Yes Yes

Did it pass testing? Yes Yes Yes N/A N/A

0.20 mm 0.30 mm 0.40 mm

190 ᵒC x x

195 ᵒC x x

200 ᵒC x x

205 ᵒC 205 ᵒC 205 ᵒC

1st Round of Screening

2nd Round of Screening

0.20 mm 0.30 mm 0.40 mm 0.50 mm 0.60 mm

3rd Round of Screening

Changing the EH 

while fixing the ET 195 ᵒC
0.20 mm 0.30 mm 0.40 mm

Changing the EH 

while fixing the ET 190 ᵒC

0.50 mm 0.60 mm

0.50 mm 0.60 mm

0.60 mm

Specimen Considered for 

ASTM DCB

5th Round of Screening

Changing the EH 

while fixing the ET 205 ᵒC
0.20 mm 0.30 mm 0.40 mm 0.50 mm

4th Round of Screening

Changing the EH 

while fixing the ET 200 ᵒC
0.20 mm 0.30 mm 0.40 mm
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Figure 21 Bubbling Behavior 

 

In conclusion, per Table 2, there are six batches that passed the screening process and will 

be tested using the actual DCB test.  

Table 2 Final Specimens  

 

 

 

0.20 mm 0.30 mm 0.40 mm

190 ᵒC x x

195 ᵒC x x

200 ᵒC x x

205 ᵒC 205 ᵒC 205 ᵒC

Specimen Considered for 

ASTM DCB
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It is important to differentiate between the extrusion height and the extrusion width. See below.  

 

Figure 22 Nozzle Extrusion Width and Height 

Now that the printing parameters are determined, the next step is to estimate the pre-

crack length. For the pre-crack length, there is no need to go through another round of screening. 

Refence [2] establishes an equation to determine the pre-crack length and it based on the 

thickness of the material, the fracture toughness, and the modulus of elasticity: 

 

Layer height 
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The values h, E11, and GIc (estimated from sharpy impact) are obtained from the filament 

manufacturer on their official website.  

 

Figure 23 Specimen Overall Shape 

Table 3 Specimen Geometry 

Geometrical Parameter Measurements in mm 

crack (a0 )  12.70 ±0.20 

Length (L)  125.00 ±0.20  

Thickness (h) 4.80 ±0.10  

Width (b) 25.60 ±0.10  
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Table 4 Tested Specimen Identifications 

Name: PLA_XXXYY 
Extrusion Temperature XXX: 205, 200, 195, 190 in Celsius 

Extrusion Height YY: 20, 30, 40 in mm 

Specimen Qty 
PLA_20520 5 
PLA_20020 5 
PLA_19520 5 
PLA_19020 5 
PLA_20530 5 
PLA_20540 5 

 

3.2. PRINTING METHOD 

The first and foremost important thing when 3D printing is the first layer of the specimen. 

The first layer must not warp and must have no voids. This can be achieved by continual 

calibrations of bed leveling and by setting the bed temperature and printing speeds to the 

recommended values indicated by the PLA manufacturer. See Table 5 These specifications have 

been consistent in the printing quality of the tested specimens 

Table 5 Fixed Printer Specification  

Specification Measurements in mm 
Printing Speed 3000 mm/min 

Extrusion Multiplier 0.95 
Extrusion Width & Nozzle Diameter 0.60 mm 

Overlap Percentage 7% 
Bed Temperature 65 ᵒC 

 

 

 In order to create the pre-crack, the printer was programmed to pause at the mid plane of 

the specimen. During the pause period, the user inserts a Kapton film that is premeasured to meet 

the pre crack length requirement. The specimen was made via a python code. The python code 
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generates a G-code that can be edited and read by the printer. The only thing edited in the G-

code is to insert a pause function in the middle of the specimen. The pause function is a G-code 

and it is shown below in Figure 24. The loading blocks are integrated at a later time using epoxy. 

Refer to section 3.3 for more details.  

 

Figure 24 Pause Function G-Code 

 

 

 

 

 

 

3.3. LOADING BLOCKS INTEGRATION  

The loading blocks tend to be crucial during testing especially with PLA materials 

because it requires higher load to start a delamination. The studies done by WSU students in the 
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past have used metal blocks. Those metal blocks are reusable but must go through a cleaning and 

sanding process to remove the old epoxy before reusing them again. 

 It was found during the screening process that 3D printing the blocks from the same 

material has a better bond connection. That is because the epoxy used was for plastic-to-plastic 

surfaces. The type of epoxy used throughout the testing was J-B®  Weld Plastic High Strength 

Epoxy. The block printed using Cura software, see Figure 25 for illustration.  

A jig tool was made to adhere the blocks to the specimen. Using a jig that ensures that the 

blocks are integrated symmetrically, which is very important during testing. If the blocks were 

not symmetric, the type of crack opening might introduce a mix between Mode I and II. See the 

jig tool shown in Figure 26. Integrating the blocks is the most time consuming and this is 

because the adhesive needs to set at least 48 hours before testing. This will ensure the blocks 

don’t separate under high tensile loading.  The process of integrating the two loading blocks to a 

specimen is depicted from Figure 27 through Figure 29. 
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Figure 25 DCB Loading Blocks 

 

Specification Measurements in mm 

Block Length (c ) 25.5 

Width (w) 19.05 

Thickness (t) 12.70 

Hole Diameter 6.40 

 

 

 

c 
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Figure 26 Loading Blocks Jig  
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Figure 27 First Step of Blocks Integration 

 

Figure 28 Second Step of Blocks Integration 
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Figure 29 Third Step of Blocks Integration 

 

3.4. TEST PROCEDURE 

After the completion of curing the bocks to the specimen, the procedure in Reference [2] 

was used. The specimen is inserted into the equipment shown in Figure 30. The equipment uses a  

loading cell with two 6.35 mm pins and a specimen frame that holds the specimen in place. In 

addition, an optical microscope with a magnification greater than 70x was used to capture the 

opening of the specimen during loading. The microscope helps capturing the crack propagation 

and recorded accordingly.  Each specimen has the appropriate markings on the side. See a 

screenshot taken by the microscope during loading. 
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Figure 30 a) DCB Testing MTS Tensile Apparatus,  b) Microscope Capture 

  

a

b
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Chapter 4  

RESULTS 

Specimens that demonstrate stable crack growth will be shown in this section. Stable crack 

growth indicates that if there exists a minimum of three consecutive data points. This can be 

demonstrated when there is a linear region line in the applied load (P) vs crosshead displacement 

(δ) plot. On the other hand, specimens that are deemed inconclusive are those who show the 

following: 

- Blocks separated before stable crack was achieved 

- Large deformation 

- Unstable crack growth.  

Those specimens with inconclusive results are presented in the Appendix and they are also 

tabulated in  

 

 

Table 6.  

The specimens that exhibited stable crack can be found in Figure 31 through Figure 70 and 

from Table 8 through Table 27. 

The GIC is computed using the compliance calibration (CC) method per Ref [2]. The CC 

method is done by plotting the measured crack length on the x-axis versus crosshead 

displacement divided by the load on the y-axis. The plot is set to a logarithm scale. After the data 

points are plotted, a slope of a power series trendline is established and it is defined as n. the n is 

used for GIC calculations. The equation below is the governing equation for GIC: 

𝐺𝐼𝐶 =  
𝑛𝑃𝛿

2𝑏𝑎
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Table 6 Inclusive Specimens 

Specimen Reason for Failure 

PLA_20520-1 Blocks Separated  

PLA_20520-4 Unstable Crack 

PLA_20520-5 Blocks Separated 

PLA_20020-4 Blocks Separated 

PLA_20530-1 

Large Deformation  
PLA_20530-3 

PLA_20530-4 

PLA_20530-5 

PLA_19020-1 Non symmetric Bending inducing mode II 

PLA_19020-2 Large Deformation  
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Table 7 Data Summary of Specimens 

Specimen GIC (KJ/m2) Average GIC (KJ/m2) 

PLA_20520-1 N/A 

4.340 

PLA_20520-2 4.46 

PLA_20520-3 4.22 

PLA_20520-4 N/A 

PLA_20520-5 N/A 

PLA_20020-1 3.9875 

3.788 

PLA_20020-2 4.35 

PLA_20020-3 4.39 

PLA_20020-4 N/A 

PLA_20020-5 2.423 

PLA_19520-1 1.5348 

2.758 

PLA_19520-2 2.9811 

PLA_19520-3 3.3327 

PLA_19520-4 3.3855 

PLA_19520-5 2.554 

PLA_20530-1 N/A 

10.626 

PLA_20530-2 10.626 

PLA_20530-3 N/A 

PLA_20530-4 N/A 

PLA_20530-5 N/A 

PLA_20540-1 11.833 

6.862 

PLA_20540-2 4.1386 

PLA_20540-3 6.668 

PLA_20540-4 5.807 

PLA_20540-5 5.864 

PLA_19020-1 N/A 

0.934 

PLA_19020-2 N/A 

PLA_19020-3 0.4937 

PLA_19020-4 1.4611 

PLA_19020-5 0.847 
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Specimen 20520-2: 

 

Figure 31 20520-2 Load vs Crosshead Displacement  

The specimen show mode I opening stable crack between a displacement of approximately 5 mm 

to 20 mm. In that stable region, the GIC will be computed and averaged. See Table 8  for the 

summary of 20520-2 data. The n values are obtained from Figure 32. 
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Figure 32 20520-2 Compliance Calibration 

 

Table 8 20520-2 Crack Growth Data 

Crosshead (mm) Load (N) a (mm) b (mm) δ/P n GI (KJ/m2) 
4.056 115.209 1.000 25.800 0.035 0.896 8.116 
4.763 116.010 2.000 25.800 0.041 0.896 4.797 
7.051 101.064 3.000 25.800 0.070 0.896 4.125 

10.178 84.605 4.000 25.800 0.120 0.896 3.738 
10.711 84.383 5.000 25.800 0.127 0.896 3.139 
19.627 83.315 10.000 25.800 0.236 0.896 2.840 

  

y = 0.0293x0.8961
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Specimen 20520-3: 

 

Figure 33 20520-3 Load vs Crosshead Displacement  

The specimen show mode I opening stable crack between a displacement of approximately 5.5 

mm to 18 mm. In that stable region, the GIC will be computed and averaged. See Table 9 for the 

summary of 20520-3 data. The n values are obtained from Figure 34. 
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Figure 34 20520-3 Compliance Calibration 

Table 9 20520-3 Crack Growth Data 

Crosshead (mm) Load (N) a (mm) b (mm) δ/P n GI (KJ/m2) 
5.380 128.465 3.000 25.870 0.042 1.187 5.285 
6.853 103.955 4.000 25.870 0.066 1.187 4.086 
7.945 100.396 5.000 25.870 0.079 1.187 3.660 

17.394 96.215 10.000 25.870 0.181 1.187 3.839 
  

y = 0.0119x1.1869

R² = 0.9938
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Specimen 20020-1: 

 

Figure 35 20020-1 Load vs Crosshead Displacement  

The specimen show mode I opening stable crack between a displacement of approximately 15 

mm to 35 mm. In that stable region, the GIC will be computed and averaged. See Table 10 for the 

summary of 20020-1 data. The n values are obtained from Figure 36. 
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Figure 36 20020-1 Compliance Calibration 

 

Table 10 20020-1 Crack Growth Data 

Crosshead (mm) Load (N) a (mm) b (mm) δ/P n GI (KJ/m2) 
14.656 95.815 5.000 25.750 0.153 0.779 4.248 
27.460 100.841 10.000 25.750 0.272 0.779 4.188 
35.357 98.928 15.000 25.750 0.357 0.779 3.527 
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Specimen 20020-2: 

 

Figure 37 20020-2 Load vs Crosshead Displacement  

The specimen show mode I opening stable crack between a displacement of approximately 9 mm 

to 33 mm. In that stable region, the GIC will be computed and averaged. See Table 11 for the 

summary of 20020-2 data. The n values are obtained from Figure 38. 
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Figure 38 20020-2 Compliance Calibration 

 

Table 11 20020-2 Crack Growth Data 

Crosshead (mm) Load (N) a (mm) b (mm) δ/P n GI (KJ/m2) 

9.1618 96.7488 4.0000 25.8000 0.0947 0.9419 4.0450 
10.9372 93.0568 5.0000 25.8000 0.1175 0.9419 3.7157 

25.5930 99.3732 10.0000 25.8000 0.2575 0.9419 4.6424 
33.3146 107.0687 15.0000 25.8000 0.3112 0.9419 4.3407 

43.5788 125.8846 20.0000 25.8000 0.3462 0.9419 5.0069 
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Specimen 20020-3: 

 

Figure 39 20020-3 Load vs Crosshead Displacement  

The specimen show mode I opening stable crack between a displacement of approximately 12 

mm to 20 mm. In that stable region, the GIC will be computed and averaged. See  

Table 12 for the summary of 20020-3 data. The n values are obtained from Figure 40. 
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Figure 40 20020-3 Compliance Calibration 

 

Table 12 20020-3 Crack Growth Data 

Crosshead (mm) Load (N) a (mm) b (mm) δ/P n GI (KJ/m2) 

11.582 100.040 4.000 25.800 0.116 0.840 4.718 

14.656 95.815 5.000 25.800 0.153 0.840 4.574 

27.460 100.841 10.000 25.800 0.272 0.840 4.510 

35.278 98.928 15.000 25.800 0.357 0.840 3.789 
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Specimen 20020-5 

 

Figure 41 20020-5 Load vs Crosshead Displacement  

The specimen show mode I opening stable crack between a displacement of approximately 5 mm 

to 19 mm. In that stable region, the GIC will be computed and averaged. See Table 13 for the 

summary of 20020-5 data. The n values are obtained from Figure 42. 
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Figure 42 20020-5 Compliance Calibration 

 

Table 13 20020-5 Crack Growth Data 

Crosshead (mm) Load (N) a (mm) b (mm) δ/P n GI (KJ/m2) 
4.691 96.171 3 26 0.049 1.189 3.439 

5.806 92.567 4 26 0.063 1.189 3.073 

7.082 84.961 5 26 0.083 1.189 2.752 

12.007 69.125 10 26 0.174 1.189 1.898 

20.945 61.697 15 26 0.339 1.189 1.970 
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Specimen 19520-1 

 

Figure 43 19520-1 Load vs Crosshead Displacement  

The specimen show mode I opening stable crack between a displacement of approximately 11 

mm to 50 mm. In that stable region, the GIC will be computed and averaged. See Table 14 for the 

summary of 19520-1 data. The n values are obtained from Figure 44. 
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Figure 44 19520-1 Compliance Calibration 

 

Table 14 19520-1 Crack Growth Data 

Crosshead (mm) Load (N) a (mm) b (mm) δ/P n GI (KJ/m2) 
11.041 59.962 10.000 25.740 0.184 1.597 2.054 
13.609 51.911 15.000 25.740 0.262 1.597 1.461 
18.941 44.616 20.000 25.740 0.425 1.597 1.311 
28.517 40.479 25.000 25.740 0.704 1.597 1.432 
34.717 38.833 30.000 25.740 0.894 1.597 1.394 
48.128 36.475 35.000 25.740 1.319 1.597 1.556 

  

y = 0.004x1.5971

R² = 0.9815
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Specimen 19520-2 

 

Figure 45 19520-2 Load vs Crosshead Displacement  

The specimen show mode I opening stable crack between a displacement of approximately 6 mm 

to 41 mm. In that stable region, the GIC will be computed and averaged. See Table 15 for the 

summary of 19520-2 data. The n values are obtained from Figure 46.  

It should be noted that the sudden drop on the plot at approximately 17 mm is due to the 

microscope freezing and the applied load was unloaded until the microscope was fixed.  
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Figure 46 19520-2 Compliance Calibration 

 

Table 15 19520-2 Crack Growth Data 

Crosshead (mm) Load (N) a (mm) b (mm) δ/P n GI (KJ/m2) 

5.3721 71.4384 4.0000 25.7000 0.0752 1.0906 2.0357 

14.9733 82.0252 5.0000 25.7000 0.1825 1.0906 5.2119 

23.8989 73.4846 10.0000 25.7000 0.3252 1.0906 3.7263 

29.0271 62.7644 15.0000 25.7000 0.4625 1.0906 2.5771 

34.9733 60.6292 20.0000 25.7000 0.5768 1.0906 2.2495 

41.9837 58.5386 25.0000 25.7000 0.7172 1.0906 2.0859 
  

y = 0.0232x1.0906

R² = 0.9802
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Specimen 19520-3 

 

Figure 47 19520-3 Load vs Crosshead Displacement  

The specimen show mode I opening stable crack between a displacement of approximately 10 

mm to 35 mm. In that stable region, the GIC will be computed and averaged. See Table 16 for the 

summary of 19520-3 data. The n values are obtained from Figure 48. 
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Figure 48 19520-3 Compliance Calibration 

 

Table 16 19520-3 Crack Growth Data 

Crosshead (mm) Load (N) a (mm) b (mm) δ/P n GI (KJ/m2) 

10.462 98.039 5.000 25.700 0.107 1.257 5.015 

18.387 69.748 10.000 25.700 0.264 1.257 3.135 

27.099 60.184 15.000 25.700 0.450 1.257 2.658 

35.024 58.939 20.000 25.700 0.594 1.257 2.523 
  

y = 0.0144x1.2565

R² = 0.994
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59 

 

Specimen 19520-4 

 

Figure 49 19520-4 Load vs Crosshead Displacement  

The specimen show mode I opening stable crack between a displacement of approximately 12 

mm to 33 mm. In that stable region, the GIC will be computed and averaged. See Table 17 for the 

summary of 19520-4 data. The n values are obtained from Figure 50. 
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Figure 50 19520-4 Compliance Calibration 

Table 17 19520-4 Crack Growth Data 

Crosshead (mm) Load (N) a (mm) b (mm) δ/P n GI (KJ/m2) 

11.963 106.535 4.000 25.800 0.112 0.843 5.206 

13.259 101.286 5.000 25.800 0.131 0.843 4.388 

20.650 87.141 10.000 25.800 0.237 0.843 2.940 

27.028 80.424 15.000 25.800 0.336 0.843 2.367 

32.715 75.842 20.000 25.800 0.431 0.843 2.027 
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Specimen 19520-5 

 

Figure 51 19520-5 Load vs Crosshead Displacement  

The specimen show mode I opening stable crack between a displacement of approximately 16.5 

mm to 45 mm. In that stable region, the GIC will be computed and averaged. See Table 18 for the 

summary of 19520-5 data. The n values are obtained from Figure 52. 
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Figure 52 19520-5 Compliance Calibration 

Table 18 19520-5 Crack Growth Data 

Crosshead (mm) Load (N) a (mm) b (mm) δ/P n GI (KJ/m2) 

16.4821 70.5043 15.0000 25.8000 0.2338 1.6347 2.4543 

22.0421 68.2802 20.0000 25.8000 0.3228 1.6347 2.3840 

30.1219 66.1895 25.0000 25.8000 0.4551 1.6347 2.5265 

45.0088 59.9620 30.0000 25.8000 0.7506 1.6347 2.8500 
  

y = 0.0026x1.6347

R² = 0.9542
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Specimen 20530-2 

 

Figure 53 20530-2 Load vs Crosshead Displacement  

The specimen show mode I opening stable crack between a displacement of approximately 16.5 

mm to 45 mm. In that stable region, the GIC will be computed and averaged. See Table 19 for the 

summary of 20530-2 data. The n values are obtained from Figure 54. 
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Figure 54 20530-2 Compliance Calibration 

Table 19 20530-2 Crack Growth Data 

Crosshead (mm) Load (N) a (mm) b (mm) δ/P n GI (KJ/m2) 

5.098 114.764 1.000 25.830 0.044 1.206 13.661 

7.287 119.880 2.000 25.830 0.061 1.206 10.200 

10.053 116.321 3.000 25.830 0.086 1.206 9.102 

13.305 122.860 4.000 25.830 0.108 1.206 9.542 
  

y = 0.009x1.1265
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Specimen 20540-1 

 

Figure 55 20540-1 Load vs Crosshead Displacement  

The specimen show mode I opening stable crack between a displacement of approximately 6 mm 

to 15 mm. In that stable region, the GIC will be computed and averaged. See Table 20 for the 

summary of 20540-1 data. The n values are obtained from Figure 56. 
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Figure 56 20540-1 Compliance Calibration 

Table 20 20540-1 Crack Growth Data 

Crosshead (mm) Load (N) a (mm) b (mm) δ/P n GI (KJ/m2) 

5.987 138.340 3.000 25.670 0.043 2.056 11.056 

7.943 136.694 4.000 25.670 0.058 2.056 10.870 

14.669 115.520 5.000 25.670 0.127 2.056 13.573 
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Specimen 20540-2 

 

Figure 57 20540-2 Load vs Crosshead Displacement  

The specimen show mode I opening stable crack between a displacement of approximately 10 

mm to 14 mm. In that stable region, the GIC will be computed and averaged. See Table 21 for the 

summary of 20540-2 data. The n values are obtained from Figure 58. 
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Figure 58 20540-2 Compliance Calibration 

Table 21 20540-2 Crack Growth Data 

Crosshead (mm) Load (N) a (mm) b (mm) δ/P n GI (KJ/m2) 

10.163 141.631 2.000 25.750 0.072 0.401 5.598 

11.763 139.229 3.000 25.750 0.084 0.401 4.246 

13.259 139.719 4.000 25.750 0.095 0.401 3.602 

14.379 138.918 5.000 25.750 0.104 0.401 3.108 
  

y = 0.0544x0.4006

R² = 1
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Specimen 20540-3 

 

Figure 59 20540-3 Load vs Crosshead Displacement  

The specimen show mode I opening stable crack between a displacement of approximately 5 mm 

to 16 mm. In that stable region, the GIC will be computed and averaged. See Table 22 for the 

summary of 20540-3 data. The n values are obtained from Figure 60. 
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Figure 60 20540-3 Compliance Calibration 

Table 22 20540-3 Crack Growth Data 

Crosshead (mm) Load (N) a (mm) b (mm) δ/P n GI (KJ/m2) 

5.245 121.659 2.000 25.740 0.043 1.200 7.437 

7.178 114.497 3.000 25.740 0.063 1.200 6.386 

7.762 111.161 4.000 25.740 0.070 1.200 5.028 

15.761 106.446 5.000 25.740 0.148 1.200 7.821 
  

y = 0.0173x1.2004

R² = 0.843

0.001

0.010

0.100

1.000

1.000 10.000

lo
g(

δ
/P

) 
 (

m
m

/N
)

log(a) (mm)

log(δ/P) vs log(a)



71 

 

Specimen 20540-4 

 

Figure 61 20540-4 Load vs Crosshead Displacement  

The specimen show mode I opening stable crack between a displacement of approximately 7 mm 

to 19 mm. In that stable region, the GIC will be computed and averaged. See Table 23 for the 

summary of 20540-4 data. The n values are obtained from Figure 62. 
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Figure 62 20540-4 Compliance Calibration 

Table 23 20540-4 Crack Growth Data 

Crosshead (mm) Load (N) a (mm) b (mm) δ/P n GI (KJ/m2) 

4.958 150.216 3.000 25.800 0.033 1.501 7.223 

5.872 145.635 4.000 25.800 0.040 1.501 6.221 

7.320 130.867 5.000 25.800 0.056 1.501 5.574 

16.944 90.032 10.000 25.800 0.188 1.501 4.439 
  

y = 0.0159x0.972
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Specimen 20540-5 

 

Figure 63 20540-5 Load vs Crosshead Displacement  

The specimen show mode I opening stable crack between a displacement of approximately 5 mm 

to 17 mm. In that stable region, the GIC will be computed and averaged. See Table 24 for the 

summary of 20540-5 data. The n values are obtained from Figure 64. 
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Figure 64 20540-5 Compliance Calibration 

Table 24 20540-5 Crack Growth Data 

Crosshead (mm) Load (N) a (mm) b (mm) δ/P n GI (KJ/m2) 

7.3914 149.8605 3.0000 25.80 0.0493 0.9720 6.9552 

8.6360 151.7733 4.0000 25.80 0.0569 0.9720 6.1725 

10.7163 141.9872 5.0000 25.80 0.0755 0.9720 5.7324 

18.8189 123.2602 10.0000 25.80 0.1527 0.9720 4.3695 
  

y = 0.0055x1.5013

R² = 0.9764
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Specimen 19020-3 

 

Figure 65 19020-3 Load vs Crosshead Displacement  

The specimen show mode I opening stable crack between a displacement of approximately 14 

mm to 50 mm. In that stable region, the GIC will be computed and averaged. See Table 26 for the 

summary of  19020-3 data. The n values are obtained from Figure 66. 
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Figure 66 19020-3 Compliance Calibration 

Table 25 19020-3 Crack Growth Data 

Crosshead (mm) Load (N) a (mm) b (mm) δ/P n GI (KJ/m2) 

13.8379 43.4146 10.0000 25.7000 0.3187 0.4006 0.4682 

18.9179 39.2778 15.0000 25.7000 0.4816 0.4006 0.3861 

37.0535 38.8330 20.0000 25.7000 0.9542 0.4006 0.5607 

47.6453 37.6764 25.0000 25.7000 1.2646 0.4006 0.5596 
  

y = 0.0285x0.4006

R² = 0.9999
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Specimen 19020-4 

 

Figure 67 19020-4 Load vs Crosshead Displacement  

The specimen show mode I opening stable crack between a displacement of approximately 12 

mm to 40 mm. In that stable region, the GIC will be computed and averaged. See Table 26 for the 

summary of  19020-4 data. The n values are obtained from Figure 68. 
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Figure 68 19020-4 Compliance Calibration 

Table 26 19020-4 Crack Growth Data 

Crosshead (mm) Load (N) a (mm) b (mm) δ/P n GI (KJ/m2) 

11.8821 54.4462 5.0000 25.7000 0.2182 0.9261 2.3312 

17.3685 45.7277 10.0000 25.7000 0.3798 0.9261 1.4310 

23.7693 47.1066 15.0000 25.7000 0.5046 0.9261 1.3449 

30.3225 40.8791 20.0000 25.7000 0.7418 0.9261 1.1167 

38.9585 38.5216 25.0000 25.7000 1.0113 0.9261 1.0816 
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Specimen 19020-5 

 

Figure 69 19020-5 Load vs Crosshead Displacement  

The specimen show mode I opening stable crack between a displacement of approximately 5 mm 

to 15 mm. In that stable region, the GIC will be computed and averaged. See Table 27 for the 

summary of  19020-5 data. The n values are obtained from Figure 70. 
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Figure 70 19020-5 Compliance Calibration 

Table 27 19020-5 Crack Growth Data 

Crosshead (mm) Load (N) a (mm) b (mm) δ/P n GI (KJ/m2) 

12.654 30.782 5.000 25.700 0.411 0.658 0.997 

20.323 32.294 10.000 25.700 0.629 0.658 0.840 

26.518 31.138 15.000 25.700 0.852 0.658 0.704 
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Chapter 5  

DISCUSSION OF RESULTS 

The test results from section Chapter 4 are gathered and summarized in Table 28. 

Table 28 PLA Neat Tests Results 

Group Specimen GIC (KJ/m2) Average 
Standard 
Deviation 

Deviation 
from the 

Mean 

A 
PLA_20520-2 4.460 

4.34 0.12 
0.12 

PLA_20520-3 4.220 -0.12 

B 

PLA_20020-1 3.988 

3.79 0.80 

0.198 

PLA_20020-2 4.350 0.56 

PLA_20020-3 4.390 0.6 

PLA_20020-5 2.423 -1.367 

C 

PLA_19520-1 1.535 

2.76 0.68 

-1.225 

PLA_19520-2 2.981 0.221 

PLA_19520-3 3.333 0.573 

PLA_19520-4 3.386 0.626 

PLA_19520-5 2.554 -0.206 

D PLA_20530-2 10.626 10.63 0 10.626 

E 

PLA_20540-1 11.833 

6.86 2.62 

4.973 

PLA_20540-2 4.139 -2.721 

PLA_20540-3 6.668 -0.192 

PLA_20540-4 5.807 -1.053 

PLA_20540-5 5.864 -0.996 

F 

PLA_19020-3 0.494 

0.93 0.40 

-0.436 

PLA_19020-4 1.461 0.531 

PLA_19020-5 0.847 -0.083 
 

The specimens that exhibited stable crack growth are tabulated in Table 28.  Each group 

presents a standard deviation value and each specimen will have deviation from the Mean from 

its group average GIC. 
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Group A shows an average fracture toughness of 4.340 (KJ/m2). Specimen -2 and -3 of 

Group A have a low standard deviation. Both deviate from the Mean of group A by the same 

increment. 

Table 29 Group A Deviation  

Specimen Standard Deviation 

PLA_20520-2 
0.12 

PLA_20520-3 

 

 The deviation of the samples PLA_205-2 and -3 are in agreement with each other. This 

shows a consistency on the 3D printing results and testing procedure. The extrusion temperature 

is at its best at 205 ֯C because that allows the filament stick to the layers without creating any 

undesirable flaws or voids. 

 Group B was able to conduct more specimens testing since the majority of Group B 

samples exhibited stable crack growth depicted in Figure 35 through Figure 41. Group B 

exhibited an average fracture toughness of 3.917 (KJ/m2).  

 

Table 30 Group B Deviation  

Specimen Standard Deviation 

PLA_20020-1 

0.80 
PLA_20020-2 

PLA_20020-3 

PLA_20020-5 
  

The -5 specimen of Group B has a much bigger gap from its Group average than the rest.  

This specimen skewed the average of Group B fracture toughness. The -5 has pre-crack length 

was different than the others. It was later determined that the pre-crack was 10 mm.   
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Specimens PLA_20020-1 through -3 exhibited very negligible fiber bridging during 

mode I opening unlike the -5. The very edge of the strand was stuck to the upper layer during 

opening. See Figure 71. 

 

 

Figure 71 PLA_20020-1 (Similar -2 and -3) 

 

 Group C has an average fracture toughness of 2.758 (KJ/m2). Specimen PLA_19520-1 

has the most deviation from the Mean. The -1 of group C has the lowest fracture toughness 

value. There was no evidence of fiber bridging in -1 unlike the remaining samples -2 through -5. 

The -3 and -4 showed the highest fracture toughness of 3.333 and 3.386 (KJ/m2), respectively. 

This is evidence of fiber bridging as depicted in Figure 72 . Although the -2 and -5 also had ply 

bridging phenomena, the bridging amount was negligible comparing to the -3 and -4, see 

 Figure 74. 
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Table 31 Group C Deviation  

Specimen Standard Deviation 

PLA_19520-1 

0.68 

PLA_19520-2 

PLA_19520-3 

PLA_19520-4 

PLA_19520-5 

 

 

Figure 72 PLA_20020-3 (Similar -4) 
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Figure 73 PLA_20020-2  

 

Figure 74 PLA_20020-5  
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Group D has only one sample that exhibited stable crack. The specimen PLA_20530-2 

has a fracture toughness of 10.626 (KJ/m2).  This specimen exhibits a large amount of undesired 

fiber bridging. What makes this Group different than Group A, B and C is its extrusion height 

which is higher by 0.10 mm. See Figure 75. It is hard to justify the behavior of this Group with 

only one successful sample.  

 

Figure 75 PLA_20530-2 

 Group E has an average fracture toughness of 6.862 (KJ/m2). The deviations of 

specimens from the average fracture toughness are displayed in Table 32. As it is shown in 

Figure 76 through Figure 79, every specimen has substantial amount of fiber bridging. The -1 

has the highest deviation from the Mean and it is due to its high fracture toughness of 11.833 

(KJ/m2). If the -1 was removed from the data, the standard deviation of Group E would be 0.92.  

Table 32 Group E Deviation  

Specimen Standard Deviation 
PLA_20540-1 

2.62 
PLA_20540-2 
PLA_20540-3 
PLA_20540-4 
PLA_20540-5 
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Figure 76 PLA_20540-1  

 

Figure 77 PLA_20540-2 
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Figure 78 PLA_20540-3  

 

Figure 79 PLA_20540-4 (-5 is Similar)  
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 Finally, Group F has an average fracture toughness of 0.934 (KJ/m2). The standard 

deviations of the specimens are displayed in Table 33. The -3 and -4 showed the highest amount 

of undesired fiber bridging unlike the -5. The -5 deviates from the Mean more than the rest.   

Table 33 Group F Deviation  

Specimen Standard Deviation 

PLA_19020-3 

0.40 PLA_19020-4 

PLA_19020-5 
 

 If the effect of ply bridging is included and the fracture toughness of the specimens group 

average are compared, it shows the PLA_20540 is the highest. See Figure 80. Also, refer to  

  

 

 

 

 

 

Table 4 for the naming of specimens. Another conclusion can be drawn from Figure 80 is that 

fracture toughness increases with higher nozzle extrusion temperature.  
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Figure 80 Fracture Toughness of All the Groups 

 If Groups E and F are excluded from the comparison, the highest fracture toughness is 

Group A where the extrusion temperature is at its highest and the extrusion height at its finest. 

See Figure 81. It appears that the filament is melted at a higher temperature, its inter-layer bond 

to crack becomes stronger. In Figure 81, the common printing specification is the extruded 

filament height.  
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Figure 81 Fracture Toughness of Groups A, B, C & D  

 Similarly, since Group A, E and F are compared to each other since the extrusion height 

is the variable. See Figure 82. The highest fracture toughness in this comparison is Group F 

where the extrusion height and extrusion temperature are at its highest. It appears that the 

filament is melted at a higher temperature, its inter-layer bond to crack becomes stronger. 

 

Figure 82 Fracture Toughness of Groups A, E and F 

 

 In summary, it can be seen that increasing the filament height and increasing the filament 

extruded temperature increase its resistance to delamination.  

 

One important thing to note is that when plastic deformation is not visible, it is important 

to note that deformation can be captured when a part is unloaded after being loaded in the P vs. δ 

plot. When a specimen is unloaded creating a straight line going downwards in P vs. δ plot, the 

line will interest with δ-axis at a point. If the point of interstation doesn’t return to the origin, 

then it is evident that the specimen has undergone plastic deformation. In the experiment done of 
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this report, this effort was not done to determine whether the specimen underwent plastic 

deformation or not. This entails that some plastic deformation could have taken place without 

capturing it in the result since PLA has a low yield tensile strength.  
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Chapter 6  

SUMMARY 

In summary, the content of this paper studies the characterization of 3D printed PLA 

interlaminar fracture under mode I opening. References [10], [33] and [38] studied PLA and 

other materials, but the fracture toughness for PLA were inconclusive due to local yielding. This 

paper investigated the 3D orienting specification effect on the local yield. It is concluded that 

changing the 3D printing specification in order to have conclusive facture toughness data using 

the DCB test method was successful. The extrusion temperature and the extrusion height were 

the variables in the 3D printing specifications. There was a total of 6 groups tested: Group A, B, 

C, D, E , and F.  

 Group D and E are compared to each other since they exhibited a large amount of ply 

bridging. Group D, PLA_20540, results in higher GIC of 6.862 (KJ/m2) whereas Group E 

(PLA_20530) has a GIC of 4.064 (KJ/m2).  

Groups A, B, C, and F are cross compared with each other with Group A, PLA_20520, 

results in GIC equal to 4.340 (KJ/m2). 

 It is evident that at an extrusion temperature 205 ֯C in combination of extrusion height of 

40 mm exhibit higher GIC.  

  



94 

 

Chapter 7  

FUTURE WORK 

The process of bonding the blocks to the specimens requires accuracy. The blocks must 

be aligned especially the points where the fastener go through during loading. Although 

alignment was achieved for the tested specimens, but it was time consuming and could have led 

to errors if close attention was not paid. It would be more beneficial to print the blocks with the 

specimen in a way there is one final part. The one issue one can experience is the ply warping.  

Besides DCB testing, compact tension test can be used to ensure the specimen doesn’t 

experience large deformation. PLA material has the tendency to yield locally before a large 

amount of data are gathered. Also, the number of existing research for establishing PLA fracture 

toughness using the compact tension test method is narrow. This might show a consistent level of 

GIC among samples which would eliminate any other unknown factors. 

The phenomena of fiber bridging in general are desirable since it strengthen its resistance 

to delamination.  In the experimental results of this thesis, ply bridging was not accounted for in 

the design phase, but it was prominent in some specimens. It would certainly be beneficial to 

investigate why the specimen with larger extrusion height experiences more ply bridging than 

others. When that is fully understood, it can be used for suture studies as an intentional factor to 

increase the fracture toughness.  

Finally, in order to increase the fracture toughness strength for PLA is one can consider 

printing the specimen at higher extrusion temperature beyond 205 ֯C. Although this will cause 

the specimen to yield during testing before any crack delamination. A potential avenue to 

overcome yielding is to increase the over specimen thickness. If the increase of thickness means 

deviating from the Reference [2], it should be noted in the research paper. 
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PYTHON SCRIPT 

from mecode import G 

import numpy as np 

 

#define print parameters 

lh = 0.2 #mm, layer height 

ew1 = 0.6 #mm, extrusion width specimen 1 

ew2 = 0.6 #mm, extrusion width specimen 2 

em = .95 #percentage, extrusion multiplier 

ol1 = 0.07 #percentage, overlap specimen 1 

ol2 = 0.07 #percentage, overlap specimen 2 

speed = 3000 

 

#geometry 

L = 125    #mm, ASTM 125+ 

W = 25.5     #mm, ASTM 20-25 

H = 4.8      #mm, ASTM  

n = 8      #number of plies, must be even 

cw = 0.12  #mm, ASTM 13 

 

#initialize printer 

g = G(outfile='V1.gcode', header='header_PLA.txt', footer='footer_NEW.txt') 

g.layer_height = lh 

g.extrusion_multiplier = em 

g.extrusion_width = ew1 

g.feed(speed) 

 

lh1=0.75*lh 

g.abs_move(0,0,lh1) 

 

#return to first layer height after wipe 

g.abs_move(0,0,lh) 

 

#trace skirt? 

g.move(30,30) 

g.move(0,L) 

g.extrude=True 

g.move(0,-L) 

g.move(0,L+5) 

 

#print part 

for i in np.arange(0,H,lh): 

    if i == 0: 
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        g.extrude=True 

        ##first layer specific settings 

        g.move(5,-5)  

        #g.extrude=True 

        #print shape 

        g.extrusion_width = ew1 

        g.move(0,-L)#1 

        g.move(ew1*(1-ol1),0)#2 

        g.move(0,L)#2 

        g.move(ew1*(1-ol1),0)#3 

        g.move(0,-L)#3 

        g.move(ew1*(1-ol1),0)#4 

        g.move(0,L)#4 

        g.move(ew1*(1-ol1),0)#5 

        g.move(0,-L)#5 

 

        g.move(ew1*(1-ol1),0)#6 

        g.move(0,L)#6 

        g.move(ew1*(1-ol1),0)#7 

        g.move(0,-L)#7 

        g.move(ew1*(1-ol1),0)#8 

        g.move(0,L)#8 

         

        g.move(ew1*(1-ol1),0)#9 

        g.move(0,-L)#9 

        g.move(ew1*(1-ol1),0)#10 

        g.move(0,L)#10 

        g.move(ew1*(1-ol1),0)#11 

        g.move(0,-L)#11 

        g.move(ew1*(1-ol1),0)#12 

        g.move(0,L)#12 

         

        g.move(ew1*(1-ol1),0)#13 

        g.move(0,-L)#13 

        g.move(ew1*(1-ol1),0)#14 

        g.move(0,L)#14 

        g.move(ew1*(1-ol1),0)#15 

        g.move(0,-L)#15 

        g.move(ew1*(1-ol1),0)#16 

        g.move(0,L)#16 

         

        g.move(ew1*(1-ol1),0)#17 

        g.move(0,-L)#17 

        g.move(ew1*(1-ol1),0)#18 

        g.move(0,L)#18 
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        g.move(ew1*(1-ol1),0)#19 

        g.move(0,-L)#19 

        g.move(ew1*(1-ol1),0)#20 

        g.move(0,L)#20 

         

        g.move(ew1*(1-ol1),0)#21 

        g.move(0,-L)#21 

        g.move(ew1*(1-ol1),0)#22 

        g.move(0,L)#22 

        g.move(ew1*(1-ol1),0)#23 

        g.move(0,-L)#23 

        g.move(ew1*(1-ol1),0)#24 

        g.move(0,L)#24 

         

        g.move(ew1*(1-ol1),0)#25 

        g.move(0,-L)#25 

        g.move(ew1*(1-ol1),0)#26 

        g.move(0,L)#26 

        g.move(ew1*(1-ol1),0)#27 

        g.move(0,-L)#27 

        g.move(ew1*(1-ol1),0)#28 

        g.move(0,L)#28 

         

        g.move(ew1*(1-ol1),0)#29 

        g.move(0,-L)#29 

        g.move(ew1*(1-ol1),0)#30 

        g.move(0,L)#30 

        g.move(ew1*(1-ol1),0)#31 

        g.move(0,-L)#31 

        g.move(ew1*(1-ol1),0)#32 

        g.move(0,L)#32 

         

        g.move(ew1*(1-ol1),0)#33 

        g.move(0,-L)#33 

        g.move(ew1*(1-ol1),0)#34 

        g.move(0,L)#34 

        g.move(ew1*(1-ol1),0)#35 

        g.move(0,-L)#35 

        g.move(ew1*(1-ol1),0)#36 

        g.move(0,L)#36 

         

        g.move(ew1*(1-ol1),0)#37 

        g.move(0,-L)#37 

        g.move(ew1*(1-ol1),0)#38 

        g.move(0,L)#38 
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        g.move(ew1*(1-ol1),0)#39 

        g.move(0,-L)#39 

        g.move(ew1*(1-ol1),0)#40 

        g.move(0,L)#40 

         

        g.move(ew1*(1-ol1),0)#41 

        g.move(0,-L)#41 

        g.move(ew1*(1-ol1),0)#42 

        g.move(0,L)#42 

        g.move(ew1*(1-ol1),0)#43 

        g.move(0,-L)#43 

        g.move(ew1*(1-ol1),0)#44 

        g.move(0,L)#44 

 

        g.move(ew1*(1-ol1),0)#45 

        g.move(0,-L)#45 

 

         

 

    else: 

        g.extrusion_width = ew1 

        g.move(0,L)#1 

        g.move(ew1*(1-ol1),0)#2 

        g.move(0,-L)#2 

        g.move(ew1*(1-ol1),0)#3 

        g.move(0,L)#3 

        g.move(ew1*(1-ol1),0)#4 

        g.move(0,-L)#4 

        g.move(ew1*(1-ol1),0)#5 

        g.move(0,L)#5 

 

        g.move(ew1*(1-ol1),0)#6 

        g.move(0,-L)#6 

        g.move(ew1*(1-ol1),0)#7 

        g.move(0,L)#7 

        g.move(ew1*(1-ol1),0)#8 

        g.move(0,-L)#8 

         

        g.move(ew1*(1-ol1),0)#9 

        g.move(0,L)#9 

        g.move(ew1*(1-ol1),0)#10 

        g.move(0,-L)#10 

        g.move(ew1*(1-ol1),0)#11 

        g.move(0,L)#11 

        g.move(ew1*(1-ol1),0)#12 
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        g.move(0,-L)#12 

         

        g.move(ew1*(1-ol1),0)#13 

        g.move(0,L)#13 

        g.move(ew1*(1-ol1),0)#14 

        g.move(0,-L)#14 

        g.move(ew1*(1-ol1),0)#15 

        g.move(0,L)#15 

        g.move(ew1*(1-ol1),0)#16 

        g.move(0,-L)#16 

         

        g.move(ew1*(1-ol1),0)#17 

        g.move(0,L)#17 

        g.move(ew1*(1-ol1),0)#18 

        g.move(0,-L)#18 

        g.move(ew1*(1-ol1),0)#19 

        g.move(0,L)#19 

        g.move(ew1*(1-ol1),0)#20 

        g.move(0,-L)#20 

         

        g.move(ew1*(1-ol1),0)#21 

        g.move(0,L)#21 

        g.move(ew1*(1-ol1),0)#22 

        g.move(0,-L)#22 

        g.move(ew1*(1-ol1),0)#23 

        g.move(0,L)#23 

        g.move(ew1*(1-ol1),0)#24 

        g.move(0,-L)#24 

         

        g.move(ew1*(1-ol1),0)#25 

        g.move(0,L)#25 

        g.move(ew1*(1-ol1),0)#26 

        g.move(0,-L)#26 

        g.move(ew1*(1-ol1),0)#27 

        g.move(0,L)#27 

        g.move(ew1*(1-ol1),0)#28 

        g.move(0,-L)#28 

         

        g.move(ew1*(1-ol1),0)#29 

        g.move(0,L)#29 

        g.move(ew1*(1-ol1),0)#30 

        g.move(0,-L)#30 

        g.move(ew1*(1-ol1),0)#31 

        g.move(0,L)#31 

        g.move(ew1*(1-ol1),0)#32 
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        g.move(0,-L)#32 

         

        g.move(ew1*(1-ol1),0)#33 

        g.move(0,L)#33 

        g.move(ew1*(1-ol1),0)#34 

        g.move(0,-L)#34 

        g.move(ew1*(1-ol1),0)#35 

        g.move(0,L)#35 

        g.move(ew1*(1-ol1),0)#36 

        g.move(0,-L)#36 

         

        g.move(ew1*(1-ol1),0)#37 

        g.move(0,L)#37 

        g.move(ew1*(1-ol1),0)#38 

        g.move(0,-L)#38 

        g.move(ew1*(1-ol1),0)#39 

        g.move(0,L)#39 

        g.move(ew1*(1-ol1),0)#40 

        g.move(0,-L)#40 

         

        g.move(ew1*(1-ol1),0)#41 

        g.move(0,L)#41 

        g.move(ew1*(1-ol1),0)#42 

        g.move(0,-L)#42 

        g.move(ew1*(1-ol1),0)#43 

        g.move(0,L)#43 

        g.move(ew1*(1-ol1),0)#44 

        g.move(0,-L)#44 

 

        g.move(ew1*(1-ol1),0)#45 

        g.move(0,L)#45 

        g.move(ew1*(1-ol1),0)#46 

        g.move(0,-L)#46 

         

 

    #change layers 

    g.extrude=False 

    g.move(z=lh) 

    g.move(x=-45*ew1*(1-ol1)) 

    g.extrude=True 

    g.dwell(0.5) 

#cleanup 

g.extrude=False 

g.home() 

g.teardown() 


