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Abstract 
This project aims to develop a dataset on interlaminar tensile strength comparing unidirectional 

and woven thermoset matrix carbon fiber composites keeping ply count, matrix material, and 

fiber diameter constant. The interlaminar tensile strength is an important property relating to the 

delamination failure mode. Interlaminar tensile strength is determined using the ASTM D6415 

testing standard. This test is a modified four-point bend test using a 90° curved beam test 

specimen. Laminates were produced by laying up pre-impregnated carbon fiber sheets onto a 

curved beam tooling. The unidirectional laminate was produced with 20 plies in a [0,0,90,0,0]4 

layup pattern. The woven fiber laminate was produced with 20 plies of a 2x2 twill weave fabric 

in the 0° orientation. Both laminates were cured in an autoclave. The laminate panels were 

machined into the test specimens with a width of 1 inch. The ASTM D6415 tests were performed 

with a crosshead displacement rate of 2.0 mm/min until there was a drop in load indicating initial 

delamination. The unidirectional specimens had an average interlaminar tensile strength of 8.72 

Ksi. The woven fabric specimens had an average interlaminar tensile strength of 9.52 Ksi. After 

testing, the specimens were sectioned and imaged using optical microscopy and scanning 

electron microscopy (SEM). The specimens for SEM were gold sputter coated and imaged under 

high vacuum mode. Imaging indicated that for unidirectional specimens, delamination started in 

the matrix then propagated along the ply boundary. Woven specimens appeared to fail in regions 

of excess matrix material at intersections of fiber orientations. It is recommended for continuing 

work to use a test fixture that does not need to be offset. It would also be beneficial to have 

adjustable span lengths for the top and bottom jaws to increase specimen compatibility. Lastly, 

increasing matrix toughness would increase failure loads where stress concentrations are 

common in components.  

Key words: Materials Engineering, carbon fiber reinforced polymer, pre-impregnated, thermoset 

matrix, unidirectional laminate, woven laminate, delamination, interlaminar tensile strength, 

autoclave, scanning electron microscopy. 
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1. Introduction 
Toray Advanced Composites, in Morgan Hill, California; designs, manufactures, and supplies 

fiber reinforced polymer composites for a broad spectrum of industries and applications. Toray 

has been developing high-performance thermoset matrix carbon fiber composites. The interfacial 

quality of these high-performance composites needs to be validated so that Toray can uphold 

their reputation as one of the leading composites suppliers in the country. The aim of the project 

is to introduce the ASTM-D6415 test standard as a quality assurance test for the interlaminar 

tensile strength (ILTS) of carbon fiber reinforced polymer (CFRP) laminates. Woven and 

unidirectional CFRPs will be compared to experimentally examine their benefits and drawbacks 

with respect to interlaminar tensile properties. Prior work has shown that delamination through 

shear or tensile mechanisms is a common failure mode for laminated CFRP components, leading 

to the importance of this project. This project will use the ASTM-D6415 standard test to 

determine the failure modes and ILTS of the woven and unidirectional laminates. There are 

many variables that affect the ILTS results which makes controlling the loading and 

manufacturing quality of specimens necessary. 

1.1 Industry Overview 

The CFRP industry has steadily grown due to the high strength to weight ratio that the material 

provides. These properties have led to in use in aerospace, wind energy, automotive, and 

pressure vessels. The recreational use of carbon fiber composites has also been increasing with 

high performance sporting equipment using the material. Carbon fiber demand is expected to 

grow 10% annually1. 

1.2 Carbon Fiber Reinforced Polymer Overview 

1.2.1 Producing CFRPs 

CFRP’s are produced from carbon fibers and held together with a polymer matrix. The carbon 

fibers are impregnated with a polymer. Fiber impregnation can be done during component 

production or by the manufacturer. Manufacturers introduce resin in the fibers to form sheets of 

pre-impregnated fiber (prepreg). The resin is added to the fibers in a controlled and uniform 

manner resulting in a uniform matrix content in the final material2,3.The prepreg sheets will then 

be cut and stacked before being cured. The components are typically cured in an autoclave at 

elevated temperature and pressure (Figure 1). This process results in consistent high-quality 

components; it is also efficient for large scale production. The major drawback to prepreg 

material is the added costs during production. The polymer matrix in prepreg is in a semi-cured 

state that must be refrigerated until it is used3. Prepreg is also less workable than loose fibers and 

makes complex geometries more difficult to produce than other production methods3. 
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Figure 1: Production process of prepreg plies and CFRP components3. 

1.2.2 Matrices in Fiber Reinforced Composites 

The matrix in CFRP materials has significant implications on the applications of the material. 

The primary function of the matrix material is to distribute loads between the fibers 4. The matrix 

also will determine the chemical resistance and the operating temperature for the composite 

materials 5. There are two main classes of polymer matrices: thermosets and thermoplastics. 

Thermoset polymers are currently the most used class of polymers for CFRPs. This is due to the 

low viscosity resins, high service temperatures, and superior mechanical properties. The low 

viscosity of thermoset resins allows for room temperature processing with little need for 

specialized equipment 6,7. The high service temperature enables more applications for the 

materials 4–6. Finally, thermosets have higher modulus, strength, and creep resistance than 

thermoplastics because of their crosslinked structure5. The most common thermoset matrix 

materials are epoxies, polyesters (unsaturated and vinyl), and phenolic resins 8. The epoxy resins 

are used for high performance applications such as aircraft components. This is due to the low 

shrinkage during curing and the ability to modify the properties with changes to the formulation 

(Figure 2) 7,9. Polyester is the most used matrix in CFRPs due to a balance of cost, material 

properties, and workability 5. Carbon filled phenolic resins can be used for rocket nozzles due to 

their flammability properties, low heat transfer, and high chemical and thermal resistance9 

(Figure 2b). 
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Figure 2: (a) The Boeing 787 uses 50% CFRP using an epoxy matrix for most of the composite material10. (b) A rocket nozzle 

that uses a phenolic resin matrix reinforced by a carbon fiber cloth11. 

1.2.3 Role of Carbon Fibers in Fiber Reinforced Polymers 

The carbon fibers used in CFRPs are bonded together by the matrix material and provide the 

strength and stiffness of the composite. Carbon fibers can be produced from three main 

precursors: polyacrylonitrile (PAN), rayon, and pitch. The final properties of the fibers are 

dependent on the orientation of the crystal structure. PAN is the most common precursor for 

carbon fiber and can produce the best material properties12. 

The production of all carbon fibers follows a similar process. The precursor first undergoes 

fiberization, where the material is drawn into fiber tows. Fiber tows are strands of numerous 

fibers with fiber counts ranging from 1,000 to 24,000 individual fibers per tow. This is typically 

done through dry, wet or melt spinning; before being drawn into the fiber. Next, a stabilization 

step is performed to prevent the precursor from melting in subsequent treatments. Stabilization 

involves heating the fibers under atmospheric conditions to produce a protective oxide layer on 

the fibers. The next step, carbonization, heats the fibers to 1000-1500 ℃ under an inert 

atmosphere. This increases the carbon content of the fibers to >90%. A final step, graphitization, 

may be performed to further increase the carbon content and alignment of the crystal structures. 

This is done by heating the fibers to an even higher temperature. The temperature of the final 

heat treatment is adjusted to achieve the desired mechanical properties12 (Figure 3). PAN fiber 

precursors are made into carbon fibers with a multistage heating and drawing process (Figure 4). 
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Figure 3: Strength and elastic modulus as a function of final heat treatment for PAN based carbon fibers13. 

 

Figure 4: Schematic of carbon fiber production from the PAN precursor12. 

1.2.4 Effects of Fiber Orientation 

Carbon fibers are anisotropic materials with the highest strength and stiffness in the direction of 

the fibers. To achieve optimal performance the design of components must account for the 

orientation of the carbon fiber. In applications that require strength in more than one direction, 

fibers with varying orientations can be used to produce a final laminate that has excellent 

mechanical properties in multiple directions. The need for different fiber orientations 

complicates the manufacturing of the components. The stiffness of the fibers will also make 

complex geometries more difficult to produce. When designing carbon fiber components, layers 

of unidirectional fibers can be used. Unidirectional fibers will have ideal mechanical properties 

as the fibers can be placed in optimal orientations for the component. However, unidirectional 

fibers do not conform to complex geometries easily14.  
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Another option is to use layers of carbon fiber fabrics. Most fabrics are woven with interlacing 

perpendicular tows of fiber. The tows of fiber that run lengthwise are called the warp tows while 

the tows that run perpendicular are called the weft tows. There are many common weave patterns 

that will perform better for various geometries. Plain weave fabrics have a checkerboard pattern, 

with the tows woven in an over/under pattern. This results in a stable laminate with well-

maintained fiber orientations. Plain weave fabrics are most suitable for flat panels as the stability 

prevents the fabric from contouring. Another common weave is the twill weave (Figure 5). The 

most common twill weave is the 2x2 twill weave. The 2x2 twill weave pattern has a two-by-two 

weave where two warp tows pass over two weft tows. The tows interlacing in a twill weave 

produce the diagonal rib pattern and is the most popular weave for decorative purposes15. The 

twill weave also has far superior drapability when compared to a plain weave or unidirectional 

fibers and is often used for components with compound curves.  

 

Figure 5: 2x2 Twill weave pattern resulting in the diagonal rib pattern15. 

1.2.5 Interface of Carbon Fibers and Polymer Matrix 

The interphase/interface is defined as a region where the fiber properties differ from the 

properties of the bulk fiber, and the matrix properties differ from the properties of the bulk 

matrix, representing a region of mixed properties between fiber, matrix, fiber-matrix adhesion 

and other constituents. As the matrix distributes load between fibers in a carbon fiber composite 

laminate, each fiber and its surrounding matrix must have a good interface to effectively transfer 

load from matrix to fibers. The interface is typically a mechanically weaker phase than the 

matrix or fiber itself. Compositionally, in thermoset epoxy matrix carbon fiber composites, the 

interphase is made up of, sizing crosslinking agents, cured epoxy resin, physiosorbed materials – 

typically carbon dioxide and/or water, coupling agents, finishers, and primers 16–18. Transmission 

Electron Microscopy (TEM) can be used to characterize the interface region in size and the 

gradient of constituent phases are shown to be more carbon-rich nearest the fibers (Figure 6). 
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Figure 6: (a) TEM image of carbon fiber/epoxy with red line denoting the linear scan (b) Atomic counts of elements as a function 

of probe distance.19 

This composite of materials in the interface region impacts the material properties of the overall 

carbon fiber composite. The effect of the interface's micromechanics on the overall composite 

can be achieved by regulating the composition, structure, and distribution of the matrix-fiber 

interphase of carbon fiber composites. Improving the chemical bonding between matrix and 

fibers through sizing is important to increase matrix/fiber compatibility and interfacial quality 

(Figure 7). Besides serving as a protective coating for the raw fibers, sizing contains critical 

adhesive agents that improve the load transfer properties between fibers and matrix. 20 
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Figure 7: Diagram of interphase constituents in carbon fiber composites.19 

This interfacial region is currently being heavily researched in literature and is a growing area 

with potential for large improvements in the properties of laminates, namely adhesion and 

delamination in carbon fiber composites.  

1.2.5.1 Mechanical properties of the Interface 

A substantial subset of mechanical properties of carbon fiber reinforced polymers depends on the 

interfacial adhesion quality between fiber and matrix material. Specifically, the interphase region 

is shown to have a large effect on the impact toughness and off-axis strength. However, bulk 

properties such as failure stress and shear strength are also significantly impacted by the 

interphase region, due to the coupling agents in the sizing that increase bonding strength to the 

matrix and the carbon fibers. Sizing also produces a roughening effect on the fibers that increases 

the surface area to bond the carbon fibers with the matrix. Sizing also helps to achieve good 

wetting of the resin throughout the fibers, facilitating the impregnation process and achieving 

efficient load transfer among the fiber tows. Interlaminar properties of composite laminates are 

also greatly impacted by the interphase region. The interlaminar tensile strength can be much 

lower in the interphase region than in the fiber direction, so small areas of poor interfacial quality 

can have a notable impact on the overall mechanical properties of the laminate. Advancements in 

the understanding of carbon fiber composite interphases have revealed that composite properties 

are controlled by fiber, matrix, and interphase properties. 

1.2.5.2 Surface Treatments and Effects 

Surface treatment methods are commonly used in carbon fiber applications to improve the 

interfacial properties of the carbon fiber laminate. The graphitic basal planes of carbon fiber are 

mostly non-polar and chemically inert so they will not form strong bonds with polar matrices 

such as epoxy resin. Surface treatments serve to increase the amount of active carbon on the 

surface to react with matrix material. They also increase the surface roughness and wettability of 

the fibers. The interphase region’s mechanical properties can be improved by electrolysis (anodic 

oxidation of the surface) and sizing. Sizing is a thin coating applied to fibers during 
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manufacturing that protects them during processing and handling. The improvement in the 

material properties is due to sizing and electrolysis’ coupled effect on increasing the maximum 

wettability and chemical bonding between fiber and matrix 18. Surface oxidation treatments of 

carbon fibers, while increasing chemical bonding between fiber and matrix have the pitfall of 

potentially over-oxidizing and oxidatively embrittling the fibers themselves. Another factor that 

improves adhesion strength is surface roughening which increases physical bond strength to the 

matrix, by increasing surface area for the matrix to bond to the fibers, and the overall 

physicochemical compatibility. Conversely, it has been shown that over 200℃ temperature heat 

treatment of the fibers can weaken the mechanical properties of the interphase. This was 

attributed to a significant decrease in chemical bonding between the fiber and matrix but an 

increase in surface roughness 18. The type and concentration of sizing agent also was shown to 

play a role in the surface roughness improvement. Sizing agents are meant to increase the 

chemical bonding between fiber and matrix, but evidence has shown that they have some impact 

on surface roughness and wettability of the fibers, which also improves adhesion18,21. 

1.2.5.3 Characterization of Surface Treatments 

Due to the complex nature of adhesion between the fiber and the matrix, interfacial properties are 

complicated to characterize. Categorizing, predicting, and controlling the quality of the 

interphase allows for great improvements in carbon fiber composites. The interphase region is 

examined in the literature using many different characterization techniques. Atomic Force 

Microscopy (AFM) or Scanning Electron Microscopy (SEM) is used to detect changes in and 

existing morphology, Fourier Transform Infrared Spectroscopy (FTIR) is useful to find relative 

amounts of each atomic constituent approaching the fiber from the matrix, Young’s contact angle 

testing with glycol and water to quantify hydrophilicity/hydrophobicity, nuclear magnetic 

resonance imaging to obtain microscopic images of liquids, and flexible molecules. FTIR can 

also be used to characterize the concentration of sizing, bonding patterns, chemical behavior, 

degradation, and more (Figure 8). 

 

Figure 8: FTIR spectra of various CF with differing sizing content.21 



9 

When fabricating carbon fiber composites, the fibers interphase region has been found to extend 

anywhere from 1-1000 nm radially from the edge of the bulk fiber. Therefore, with thousands of 

filaments in the tows that make up carbon fiber layers in a composite ply, a sizable portion of the 

overall composite is interphase region and thus controlled by interphase properties and 

mechanics 16. Bulk characterization effectively has left interfacial properties to be ignored due to 

the dilution of their effect in the bulk16. Interfacial properties become crucial in preventing 

delamination related failures, and improving these properties improves overall adherence 

between layers and more effective load distribution. 

1.3 Mechanical Testing of Carbon Fibers 

Carbon fiber’s mechanical properties are determined through several common testing methods. 

Among these methods include short beam shear, bend, and tensile – both in-plane and transverse 

to fiber orientation.  

1.3.1 Bend Testing 

Bend testing of composites is important to find the flexural stiffness and strength of a carbon 

fiber composite. Bend tests apply bending moments which can be seen as tensile and shear forces 

that act on the test specimen (Figure 9a). Important test results include deflection angle or 

distance which determines the test specimen elasticity, and fracture strength in bending is critical 

for composite parts that will undergo a bending moment in application. Short beam shear is 

heavily used in industry to determine shear strength and thus quality of a particular layup of 

carbon fiber because of its ease of setup and ease of producing test specimens (Figure 9b). 

 

Figure 9: (a) 3 and 4-pt bend test diagrams and (b) Wyoming Test Fixture’s short beam shear test fixture. 

This short beam shear test method is used as a quality verification measure across specimens 

from the same layup to identify process defects that cause variation in shear strength results. The 

short beam shear test applies a 3-point bending load across a small span length to maximize 

shear and minimize tension forces applied by the bending test apparatus. The commonly used 

CRAG100 test standard calls for a length of 20 mm span length of 5x thickness and a thickness 

that is as close as possible to 2 mm for materials with a flexural strength to shear strength ratio of 

at least 10:1.22 
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1.3.2 Interlaminar Tensile Testing 

ILTS is an important material property for composite laminates as a common early source of 

failure and thus a quality assurance issue for the composites industry can be found in the 

interphase region between laminates. ILTS is defined as the tensile strength through the 

thickness, or between plies of a composite laminate. ILTS can be found in a few separate ways 

and are referenced in the literature by two different methods – indirect and direct loading. Direct 

loading involves an out of plane tensile load applied to the top and bottom of a sandwich panel. 

In the literature, there are two ASTM standards on test methods for this. ASTM D7291 deals 

with cylindrical and circular test specimens, while ASTM C297 deals with rectangular test 

specimens 23,24. Alternatively, the latter mentioned indirect loading methods involve imposing a 

bending moment on a curved beam test specimen (Figure 10a) (Figure 10b). The test method 

most critical to our project’s experimentation determines ILTS indirectly using a 4-point bend 

test to apply an indirect load, which then causes a bending moment that induces a tensile force as 

well as some amount of shear. This method is further expanded on in the ASTM D6415 standard 

for mechanical testing of composites 25. A substantial concern for this test method is that the 

ILTS test is ended in most cases by specimen failure, and the test specimen’s quality highly 

impacts failure mode and failure strength, and thus the ILTS is not fully determinable by ASTM 

D6415 testing alone. This test is most useful in industry as a supplemental quality verification 

test to collect data on the quality of the adhesion of fiber layers and matrices in batches across 

the same manufacturing process (Figure 10c). 

 

Figure 10: ASTM D6415 (a) test fixture diagram26 and (b) test specimen diagram27 and (c) test specimen of varying widths.27  

2. Project Overview 
Toray Advanced Composites is sponsoring an investigation into comparing a unidirectional and 

woven toughened epoxy matrix reinforced by T1100G and T800SC carbon fibers respectively. 

These fibers have the same fiber diameter, so they are comparable in interfacial areas with the 

toughened epoxy matrix which is a primary contributor to the ILTS results. The matrix material 

being used for both laminates is the TC380 toughened epoxy. The ply adhesion quality, 

toughness of the matrix, and ILTS will be examined for each laminate construction through the 

ASTM-D6415 test and analysis of the failure modes that occur. The ASTM D6415 test gives 

data that represents the performance of the material in components with complex geometries 

more closely than other testing methods. This project aims to help improve the design process for 

components with complex geometries and stress states. 
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3. Methodology 

3.1 Test Specimen Preparation 

The ASTM D6415 test requires a curved beam test specimen. The 20-ply unidirectional 

specimens were produced using a [0°,0°,90°,0°,0°] fiber orientation scheme with 4 repetitions of 

this pattern to produce a 20-ply laminate. The plies were 8″ long by 12″ wide. Individual plies 

were stacked until one repetition of the pattern was completed (Figure 11). Afterwards, a 15-

minute debulk was performed to aid in consolidation (Figure 12). Once all plies were laid up 

onto the curved beam tooling, a final 15 minutes debulk was performed, and the panel was ready 

for an autoclave cure. After the autoclave cure was complete, the laminate was sectioned into 

individual test specimen with a width of 1″ (Figure 13)  

 

 

  

Figure 11: Unidirectional layup during ply stacking.  

Steel curved beam 

layup tooling 

8″x12″ Carbon 

fiber prepreg 

plies 

Aluminum caul plate  



12 

 

 

Figure 12: Unidirectional layup under vacuum during the final debulk. The peel-ply is laid over the prepreg, followed by the 

breather fabric. The vacuum bag is then laid over the entire caul plate and sealed to the plate using chromate tape. “Dog ears” are 

folds of excess bagging material incorporated to reduce stress on the vacuum bag while a vacuum is pulled. 

 

 

Figure 13: Cured unidirectional laminate before being machined into test specimens. Showing the top surface (a) and bottom 

surface (b). The texture of the top surface is from the breather fabric used to absorb excess resin. 

The woven fabric specimens were laid up similarly with 20 plies of a 2x2 twill weave prepreg 

with intermittent debulks. The woven panel was laid up all in a [0°] orientation to produce the 

20-ply laminate. The laminate was also cured using an autoclave and machined to 1” wide test 

specimen.  

3.2 ASTM D6415 Testing 

This project used the ASTM D6415 testing standard to induce delamination in the test specimen 

and determine the ILTS for the composite laminates. To perform the ASTM D6415 testing, a test 

method was set up within the Bluehill software using a 2 mm/min displacement rate. The test 

end condition was set as a drop to 50% of maximum load. A sudden drop in load indicates a 

delamination has occurred. The testing was performed using a 150 kN Instron load frame. The 

ASTM D6415 test fixture provided by Toray Advanced Composites needed an adaptor to 

produce a horizontal offset that provided sufficient clearance for the top and bottom jaws. 

“Dog ear” 

a b 

Yellow chromate tape  

Vacuum bag 

Aluminum caul plate 

White breather 

fabric 

Peel-ply  

(under breather fabric) 

Texture on top 

surface 
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(Figure 14). The specimen was placed in the jaws and carefully centered with the upper jaw to 

prevent side-loading and ensure proper application of forces during test. Eight specimens of 

unidirectional and woven carbon fiber laminates were tested to determine an average ILTS.  

 

Figure 14: The offset needed to allow clearance for the ASTM D6415 test fixture, shown with a test specimen centered with the 

upper fixture jaw. 

3.3 Optical Microscopy  

To view the specimens optically, we first machined the specimen so that the bend region could 

be analyzed. The bend regions were mounted in clear acrylic, ground and polished to 0.5 μm by 

using MicroCloth with alumina suspension as the polishing media. After polishing, the mounted 

specimens were rinsed and dried to be imaged. 

3.4 Scanning Electron Microscopy 

To be prepared for SEM, the test specimens were sectioned using a Dremel to approximately 1 

cm2. The specimens split apart along a delamination during this process and thus were able to be 

imaged in a top-down view to see both halves of the fracture surface. The specimens were then 

mounted on the SEM specimen holders and sputtered with gold. Sputtering was essential to 

image the non-conductive specimen under high vacuum mode. Two unidirectional and one 

woven specimen were prepared in total for SEM imaging. 

4. Results  

4.1 Unidirectional Fiber ASTM D6415 Testing 

The test data was recorded using the Bluehill software on the 150 kN Instron load frame. The 

ASTM D6415 tests resulted in delamination occurring at 400-500 pounds with a crosshead 

displacement of 0.35-0.45″ for the unidirectional specimens (Figure 15).  

Test Specimen 

Rollers 

Lower Jaw 

Upper Jaw 



14 

 

Figure 15: Unidirectional fiber ASTM D6415 test data showing initial delamination occurring between 0.35-0.45″ at loads of 

400-500 lbs. Specimen 7 (dashed line) was tested using a 50 kN Instron. 

During testing, the 150 kN Instron load frame went down, and specimen 7 had to be tested using 

a smaller 50 kN Instron. While testing with the smaller load frame an issue became apparent 

with the test setup. The smaller load frame would shift during testing due to a front to back 

misalignment caused by the adapters needed to produce the offset. Specimen 7 reached the 

highest load before delamination. 

4.2 Woven Fiber ASTM D6415 Testing 

The woven fiber ASTM D6415 testing produced a spread in load required to cause delamination 

ranging from 600-800 lbs. The delamination occurred between 0.3 and 0.35″ (Figure 16). To test 

the woven fiber specimen the 50 kN Instron was initially used. The fixture shifting resulted in 

the specimen slipping off the fixture before delamination. Only one specimen delaminated while 

using the 50 kN Instron. Once the 150 kN load frame was operational again, the remainder of the 

specimens were able to be tested. The misalignment that was first noticed on the 50 kN load 

frame was still present, but the stiffer frame was able to withstand the off axis loading and 

delaminate the specimen. The specimen had also experienced substantial loading from the 50 kN 

testing which could affect the results. 
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Figure 16: ASTM D6415 testing for the woven fiber specimen. Delamination occurred at loads between 600-800 lbs and a 

crosshead displacement of 0.3-0.35″. Specimen 4 (dashed line) was performed on the 50 kN load frame. All tests showed more 

variance in loading force than the unidirectional specimen. 

4.3 Interlaminar Tensile Strength Data 

The maximum load values that corresponded to the initial delamination were used to calculate 

curved beam strength, which is defined as the moment per unit width which causes a 

delamination to form25. The curved beam strength is given in (1) where φ is the angle in degrees 

of the loading arm from horizontal, dx is the horizontal distance between the centerlines of two 

top and bottom adjacent rollers. D is the diameter of the cylindrical loading bars, and t is the 

specimen thickness.  

𝐶𝐵𝑆 =
𝑃

2𝑤 ∗ cos(𝜑)
(

𝑑𝑥

cos(𝜑)
+ (𝐷 + 𝑡) ⋅ tan(𝜑)) 

( 1 ) 

The interlaminar tensile strength values were calculated from the curved beam strength using (2). 

𝜎𝑟
𝑚𝑎𝑥 is the maximum radial stress which is equivalent to the ILTS with an error of less than 2 % 

25, ri is the inner radii of the curved segment, and ro is the outer radii of the curved segment. 

𝜎𝑟
𝑚𝑎𝑥 =

3 ⋅ 𝐶𝐵𝑆

2𝑡√𝑟𝑖𝑟𝑜

                           

( 2 ) 
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The interlaminar tensile strength was calculated for the unidirectional and woven fiber specimen 

(Figure 17). The unidirectional specimen showed more consistent values with ILTS values 

between 8.25 and 9.5 Ksi. The ILTS values for the woven fiber specimen ranged from 8.5-10.25 

Ksi. The average maximum load, crosshead displacement, curved beam strength, and 

interlaminar tensile strength for the unidirectional fiber and woven fiber specimen are displayed 

in Table I. 

 

Figure 17: The interlaminar tensile strength values for the unidirectional fiber (blue) and woven fiber (grey) specimen. The 

unidrectional fiber specimen showed more consistent results than the woven fiber specimen. The plot range is from 8-11 Ksi. 

Table I: Average Values for Unidirectional and 2x2 Twill Weave Test Specimen from ASTM D6415 Testing 

Fiber Type 
Maximum Load 

(lbs) 

Crosshead 

Displacement  

(in) 

Curved Beam 

Strength  

(Ksi) 

Interlaminar 

Tensile Strength 

(Ksi) 

Unidirectional 429.53 0.40 110.57 8.72 

2x2 Twill 

Weave 
687.37 0.32 207.20 9.52 

 

4.4 Optical Microscopy 

4.4.1 Unidirectional Fiber Optical Microscopy 

Unidirectional specimens were imaged optically to determine the position of the major 

delamination relative to the plies and ply boundaries. Optical microscopy discovered a 

delamination crack at the ply boundary propagating through a 90° ply (Figure 18). This crack 

propagated from the upper ply boundary between 0° and 90° plies to a second ply boundary on 
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the lower side of the 90° ply. Image B shows another major delamination at a similar location 

along the bend region. The major delamination occurred typically at the second 90-degree ply 

boundary from the top of or from the bottom, depending on the specimen. 

 

4.4.2 Woven Fiber Optical Microscopy 

The delaminations found in the woven fiber specimen were located at intersections of fiber 

orientations within the weave (Figure 19A). In most cases, the delaminations would propagate 

along the fiber orientations rather than between plies. The delaminations would initiate within 

regions of excess matrix before propagating to along the fibers. Cracks were also found to 

propagate transversely through fiber tows (Figure 19B). 

 

 

4.5 Scanning Electron Microscopy 

4.5.1 20-ply Unidirectional SEM  

While sectioning the specimen for SEM the specimen separated along the delamination. This 

allowed for the fracture surfaces to be observed (Figure 20). The unidirectional fiber specimens 

Figure 18: (a) Delamination crack propagating through 90° ply in a unidirectional laminate. (b) A delamination crack 

propagating along a ply boundary. 

Figure 19: (A) Delamination of the woven fiber specimen at 5x showing a crack propagation along fibers in different 

orientations. (B) A crack initiating in a region of excess matrix before propagating through a fiber tow at 50x magnification. 
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had a thin layer of matrix material along the center of the curved region, before propagating 

along the fiber surfaces (Figure 21). 

 

Figure 20: Side view of a sectioned SEM specimen showing where SEM images were taken. 

At higher magnification, fibers were primarily seen with jagged pieces of matrix still attached. 

The jagged matrix material indicates a matrix failure had occurred. Fibers that were separated 

from the matrix material without matrix material were also noted, meaning that there was a 

mixed mode of failure within the delamination (Figure 22). 

Figure 21: Low magnification SEM image of delamination fracture unidirectional specimen with layer of matrix across the center 

of the bent region before propagating along the fibers of a 90° ply. 
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Figure 22: (A) High magnification SEM images showing matrix failure indicated by the jagged matrix material still attached to 

the fibers. Interfacial failure (right) was also seen where there was clean separation of the fiber from the matrix material. 

4.5.2 Woven Fiber SEM 

SEM analysis of the woven fiber specimens showed that the delamination most likely initiated in 

the regions with excess matrix within the weave, before propagating along the fibers. A large 

region of excess matrix between fiber orientations was seen with evidence of fibers separating 

from the region (Figure 23). 

 

 

Figure 23: Low magnification image SEM image showing the region of excess matrix where fibers with different orientations 

meet within the 2x2 twill weave. Indentations from where fibers had separated from the matrix region can be seen. The 

delamination was presumed to have begun at this region of excess matrix before propagating along the layers of fiber. 
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The woven specimen showed more evidence of interfacial failures than the unidirectional 

specimen. However, there were still regions with matrix failure. Clean separation of the fibers 

from the matrix indicated interfacial failure and jagged matrix material indicated matrix failure 

(Figure 24). 

 

5. Discussion 

5.1 Interlaminar Tensile Testing 

The interlaminar tensile testing was unable to produce fully accurate results during our testing. 

The adapter that was necessary to produce the offset resulted in a slight front to back 

misalignment. This misalignment resulted in uneven moments in the bend region. Therefore, the 

forces through the bend region would not be normal to the laminate. This could result in the 

delamination load presenting higher than the true value. The off-axis forces present could also 

produce shear stresses within the laminate that could result in an interlaminar tensile strength that 

is lower than anticipated.  

During the woven fiber testing, there was a variation in the load applied. The load was expected 

to be steadily increasing with the crosshead displacement with sudden drops indicating a 

delamination. The cause of this variance is unclear as there are multiple potential sources for 

error. The first potential reason is from the front-to-back misalignment of the fixture. As the load 

increases, an off-axis force would be applied to the load frame. This could result in the load 

frame shifting and changing the alignment of forces during the test. Another potential cause for 

the variance is the weave of the fibers within the laminate. As the fibers are interlaced the 

orientation would be shifted slightly out of alignment from the curved beam. As the specimen is 

Figure 24: Higher magnification SEM images showing (A) interfacial failure and (B) matrix failures. The interfacial failures were 

predominantly seen with smooth surfaces where fibers had been pulled out. Matrix failures were also seen where the matrix was 

more jagged near the fiber separations. 
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flexed during testing the shifting of fibers could cause these crimps to shift into better alignment 

and increase the load needed for displacement and vice versa. 

5.2 Optical Microscopy 

The optical microscopy was able to successfully determine the location of delamination within 

the laminates as well as information on how they propagated. The unidirectional specimens 

propagated along ply boundaries in all cases with some instances of the crack propagating 

through the 90° plies. The woven fiber specimen showed delamination propagating along the 

boundaries between fiber orientations, however it was more difficult to identify the individual 

ply boundaries compared to the unidirectional specimens. This indicates that there was good 

consolidation of the plies. 

5.3 Scanning Electron Microscopy 

The SEM analysis of the fracture surface provided insight into the fracture mechanisms of both 

the unidirectional and woven fiber specimens. The unidirectional specimen showed a consistent 

trend of there being a thin layer of matrix across the center of the bent region before propagating 

along the fibers at the ply boundary. There was also further evidence of matrix failure shown by 

the jagged edges of matrix still attached to fibers. Lastly, there existed some evidence of 

interfacial failure from fibers cleanly separated from the matrix, however this was much less 

prevalent.  

In the woven fiber specimen, there was also evidence of the fractures initiating within the matrix. 

The matrix heavy regions showed evidence of fractures and fiber pullout before the delamination 

propagated along the fibers. Unlike the unidirectional specimen, there were more instances of 

interfacial failure than matrix failure where fibers were separating. Most fibers separated from 

the matrix had smooth surfaces. There was evidence of matrix failure with the matrix appearing 

to tear, however this was less prevalent. It could not be determined if this difference was caused 

by the weave, or the different fibers used. The different fibers could have different bonding 

properties with the matrix because of sizing differences and thus matrix adhesion and 

compatibility. Additionally, the actual resin content would be different due to the difference in 

wettability of the fibers by the TC380 epoxy matrix, which impacts the delamination properties. 

This variation could result in the different fracture mechanisms seen between the samples. Sizing 

compositions are proprietary so they cannot be easily determined. This makes it difficult to know 

what the differences between them are, and if it would result in the different fracture 

mechanisms. 

6. Conclusions 
1. Delamination in unidirectional specimens displays a trend of starting in the matrix and 

propagating to and along the ply boundary. 

2. Woven laminate appeared to fail in regions of excess matrix material at intersections of 

fiber orientations. 

3. Woven laminate displayed more interfacial failures than unidirectional laminates. 

4. ILTS for unidirectional specimens was less than the 2x2 twill weave with average ILTS 

values of 8.72 and 9.52 Ksi respectfully. 

5. ILTS Data is unreliable due to the adapter resulting in fixture misalignment. 
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7. Recommendations 
1. Design a fixture that does not require an offset to complete tests. Additionally, a fixture 

that has adjustable span lengths would allow for a wider range of specimen sizes to be 

tested, as well as allowing for micro adjustments to correct potential misalignments. 

2. Comparing woven and unidirectional laminates with the same fiber type could provide 

more detail on the differences in fracture mechanism caused by the weave.  
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Appendix 

Appendix A: 30 Ply Unidirectional Specimen 

 30 ply unidirectional specimens were also produced using a similar layup pattern. However, 

during the temperature and pressure ramp of the cure the vacuum bag burst. The laminate was 

left under vacuum for an entire weekend to debulk before the autoclave cure. The extended 

debulk was a result of the autoclave already in use. This process variation produced a laminate 

with seemingly good consolidation from visual and optical microscopy. Once testing began the 

issues with the laminate became apparent with the maximum load before delamination only 

being100-140 lbs (Figure 25). The average ILTS for the 30 ply specimens was 2.41 Ksi, much 

lower than the 20-ply unidirectional or woven specimens (Figure 26). This significant reduction 

in performance was most likely a result of poor consolidation not the additional plies. 

Delaminations occurred between most plies rather than a single major delamination. This data 

was omitted from the body of the report, as it would not provide an accurate representation of the 

materials being tested. These results are also not able to make valid comparison of unidirectional 

and woven fabrics. This testing does show the importance of proper curing cycles, as the poor 

laminate quality did not become apparent until testing. Additional tabulated test data can be 

studied below in Table II.  

 

Figure 25: ASTM D6415 testing for the 30-ply unidirectional specimen. The failure loads occurred between 100 and 140 pounds 

at a crosshead displacement of 0.075″ and 0.11″. 
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Figure 26: The 30-ply unidirectional interlaminar tensile strength ranged from 2-3 Ksi. This is much lower than the 20-ply 

unidirectional specimens and is most likely a result of the manufacturing issues encountered 
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Appendix B: Individual Specimen ASTM D6415 Test Results 

Table II: 20 Ply Unidirectional ASTM D6415 Test Results 

Specimen 

Crosshead 

Displacement  

(in) 

Maximum Load 

(lbs) 

Curved Beam 

Strength  

(Ksi) 

Interlaminar 

Tensile Strength 

(Ksi) 

1 0.38 395.93 105.31 8.41 

2 0.39 438.61 114.90 9.05 

3 0.40 424.61 109.64 8.61 

4 0.43 445.80 111.47 8.86 

5 0.39 421.83 110.63 8.67 

6 0.39 416.54 108.97 8.55 

7 0.41 472.01 119.33 9.37 

8 0.42 420.94 104.30 8.25 

 

Table III: 2x2 Twill Weave ASTM D6415 Test Results 

Specimen 

Crosshead 

Displacement  

(in) 

Maximum Load 

(lbs) 

Curved Beam 

Strength  

(Ksi) 

Interlaminar 

Tensile Strength 

(Ksi) 

1 0.31 645.43 202.44 9.44 

2 0.34 754.58 219.26 10.20 

3 0.30 630.51 197.24 9.02 

4 0.32 686.91 207.88 9.43 

5 0.34 777.48 226.91 10.25 

6 0.30 619.53 192.79 8.71 

7 0.34 760.16 219.40 10.13 

8 0.31 624.38 191.64 8.96 

 

Table IV: 30 Ply Unidirectional ASTM D6415 Test Results 

Specimen 

Crosshead 

Displacement  

(in) 

Maximum Load 

(lbs) 

Curved Beam 

Strength  

(Ksi) 

Interlaminar 

Tensile Strength 

(Ksi) 

1 0.10 142.17 61.31 2.85 

2 0.07 103.82 50.10 2.31 

3 0.08 124.32 59.07 2.74 

4 0.10 138.02 62.78 3.11 

5 0.08 108.44 51.42 2.39 

6 0.08 100.39 45.89 2.12 

7 0.08 114.02 53.27 2.43 

8 0.08 99.56 47.48 2.22 

9 0.08 109.17 52.27 2.41 

 


