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ABSTRACT

INTERLAMINAR FRACTURE TOUGHNESS OF A QUASI-3D
COMPOSITE

By

Anthony Wente

Fiber reinforced polymer (FRP) composites are a heavily sought-after material for light-
weighting components in next generation vehicles due to their high specific strength and
stiffness. Traditional laminates have relatively weak interlaminar strength and are prone
to delamination, and this is especially the case when a delamination crack already exists.
Quasi-3D (Q3D) braided composites seek to solve this issue by weaving the bias tows around
the axial tows of the adjacent (above and below) plies.

The [0°/60°/-60°] UD and Q3D carbon composites are investigated in this study for their
relative in-plane isotropy. Mode I and mode II interlaminar fracture toughness tests were
conducted on UD and Q3D samples.

In mode I experiments, the samples were continuously loaded to full beam split using
the double cantilever beam (DCB) method to obtain the fracture toughness throughout the
sample. The Q3D composite shows a large increase in fracture toughness once the crack
stabilizes and the interlaminar tows become engaged.

In mode II testing under end-notch flexural (ENF) test conditions, the Q3D composite
shows a significant increase in fracture toughness after a pre-crack has formed and the in-
terlaminar tows have been engaged. The 4ENF test also proves to be a good method for
creating a mode II resistance curve that could only be achieved through extensive testing

through traditional methods.
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Chapter 1: Introduction

The high demand for more fuel efficient vehicles has increased the necessity to use high-
specific strength and stiffness materials. This is especially true with the budding electric
vehicle divisions in the automotive industry because the range of the vehicles has been an
important issue. In this example, there are two ways to increase the range of the vehicle.
One would be to make a more efficient powertrain using higher energy density batteries
and more efficient motors. Another would be to make the vehicle’s chassis, bodywork, and
other components lighter. One method for light-weighting is to use the aforementioned
high-specific stiffness and strength materials. Carbon-fiber reinforced polymers (CFRPs)
have been proven in the aerospace, racing, and sporting industries as a prime example of
this type of material. The use of CFRPs currently range from tennis racquets to Formula 1
chassis to commercial jet fuselages. CFRPs have shown time and time again that they can
be used when high strength and stiffness coupled with a low mass is paramount.

However, one major issue with CFRPs is the failure mode of delamination under out-
of-plane impact loading. This is a major issue in the automotive industry due to high
crash-safety standards. In a typical automotive crash, critical composite parts can expe-
rience impact loading in the through-thickness direction and cause delamination. If the
delamination resistance of the composite can be improved, the composite can have better
specific energy absorption properties. A composite with a higher fracture toughness will also
have less crack propagation in an event with crack damage. With less damage, the com-
ponent will maintain a higher stiffness and strength compared to a comparable composite
with a lower fracture toughness. This is extremely important for the crash-safety critical

components of a vehicle like bumpers, roof headers, and frame rails where CFRPs can make



a big impact in mass savings.

There have been many proposed solutions for increasing the fracture toughness of lam-
inated composites, and two of the most common methods include stitching [6, 7, 8, 9] and
z-pinning [8, 9, 10]. In both of these methods, the composite preform is first compiled, and
the through-thickness reinforcement is later inserted into the preform. These reinforcements
are also typically inserted orthogonal to the fibers in the laminate: purely in the 3-direction
respective to the fibers. Stitched composites are manufactured by taking a preform and
using a stitching machine to run a needle with a high-strength yarn through the preform
6,7, 8,9, 11], where zpinning takes the preform and inserts small rods made of a metal or
composite into the preform [8, 9, 10]. Both of these methods have been shown to improve
the mode I and mode II fracture toughness with typical increases in Gig of around 75%
[6, 12] with the steady state crack growth resistance, G, increasing by factor of 2.9-15.7
[12] in stitched composites. Similar increases are found with laminates that are improved
by z-pinning with the Gy value typically increasing by a magnitude [13, 14, 15]. Z-pins have
also increased the mode II fracture toughness, G, but not by as significant of an amount.
Cartie et.al. found a 2-5 factor increase depending on the density and diameter of the pins
being used [13].

While stitching and z-pinning may increase the fracture toughness of the composites,
it has been found that they also reduce the in-plane properties that make them desirable
initially. In a review paper by Mouritz, Leong, and Hersberg, tensile properties can be
reduced anywhere from 30% to 45% and compressive properties can be reduced by 5% to
55% due to stitching [11]. The values for the degradation, along with whether or not the
properties are actually degraded, largely vary between the papers reviewed; however, the

majority of papers show degradation in the in-plane properties. This degradation has been



attributed to fiber damage/breakage and fiber angle spreading due to the insertion of the
needle in the stitching process [11]. Z-pinning also experiences fiber angle spread along
with resin rich areas around the pin [8, 10, 16]. For thick pins with a 2% pin density in
the laminate, Mouritz found that there is a range of 7%-17% decrease in Young’s Modulus
and typically a 11%-14% decrease in compressive strength depending on the layup sequence
[16]. Tt is also found that tensile strength is typically degraded by 5%-10% and the fatigue
performance is reduced [15].

It has been shown by by Kerber et. al. that the use of a z-binder reinforcement improves
the fracture toughness of a composite without a great reduction in the in-plane properties
[17]. These z-binder fibers are woven into the laminate along with the fibers in the warp
direction, and they are woven around each fiber in the fiber in the weft direction. This keeps
the reinforcement relatively flat; however, the z-binder reinforcement is still significantly in
the 3-direction, reducing the in-plane properties. The authors found that as the amount of
z-binders are increased, the flexural properties on the composite decrease. It was also shown
that for a 100% increase in fracture toughness, whether mode I or mode II, the blast-induced
delamination damage will be reduced by over 50% [17].

Quasi 3-dimensional (Q3D) composites are seeking to increase the fracture toughness
of a fiber-reinforced composite without degrading the desirable in-plane properties. Q3D
composites differ from other fracture toughness increase mechanisms by not using a through-
thickness reinforcement that is orthogonal to the fibers. Q3D differs from the previously
mentioned z-binder reinforcement because the through thickness reinforcement in not added
to an existing preform, and one reinforcement is not woven through all layers. Instead, the
fiber tows are braided in such a way that instead of each tow being constrained to a single

layer, it is also braided into the adjacent layers from which it originates. In the case of



Figure 1.1: Q3D unit cell with the bias tow that is braided between the layers highlighted [1]

the triaxially braided composites being investigated in this study, the bias tows are braided
in into the layers adjacent to their originating layer, and the axial tows remain straight
within their respective layer. This keeps the through-thickness reinforcement used in a Q3D
preform flatter than that used in the z-binder composite. Furthermore, the through-thickness
reinforcement in a Q3D composite consists of the bias tows with no additional reinforcement
needed that displaces the fibers in the pre-existing preform where the z-binder introduces
new binder tows.

Figure 1.1 highlights a tow that bridges this interlaminar gap. To give a more specific
example, a bias tow in the third layer of a composite will not only be braided around the
axial tows of the third layer, but it will also be braided around the axial tows of the second
and fourth layers as well. These bias tows then bridge the gap between layers such that fiber
breakage is required for crack propagation instead of simply matrix failure. When a preform
of a Q3D structure is created, there are not individual layers as with traditional laminated

composites. Instead, there is a single preform where every layer is now braided together.



More information about Q3D composites can be found in US Patent US009273933 [18].

Because the bias tows are only braided into the adjacent layers and not through the
full laminate, they remain relatively flat. There is also no post-processing of the preform
required with needle or pin insertion, so there is no extra fiber damage, fiber spreading, or
resin-rich areas that form. This also reduces the handling of the carbon fiber because there
is one less step as opposed to other traditional delamination resistance mechanisms. Rosario
and Liu found that the Q3D architecture for biaxially woven composites have competitive in-
plane properties to its laminated counterpart while also having increased impact properties
[19]. Wu Zhou tested the in-plane tensile properties of the [0°/60°/-60°] Q3D composite
in his PhD thesis and found that in the axial direction, the Q3D tensile strength exhibits
between 5-10% degradation compared to the unidirectional (UD) laminate, but the Q3D and
traditional woven (2DW) laminates have comparable tensile strengths. It is also found that
transverse to the axial direction, all three composites have nearly identical tensile strengths.
As for the tensile modulus, the UD, 2DW, and Q3D laminates were all within 5-10% of
each other [2]. Many authors have also investigated the effects of the Q3D composites with
respect to their energy absorption and damage resistance due to out-of-plane impact and
have found that the Q3D structures will absorb a similar amount of energy with a smaller
damage area [2, 19, 20| and have lower displacement, approximately the same force, and a
higher bending stiffness compared to UD and 2DW [20]. A study performed by Bayraktar,
et al showed that a Q3D composite will have a higher specific energy absorption in terms of
weight for energy absorbing structures in automotive vehicles when constant cross section
composite and steel beams are compared [21].

This thesis investigates Q3D composites and the effect that the bias tows bridging the

ply interface have on the mode I and mode II fracture toughness. Attention is especially paid



to the steady state growth of the crack as opposed to simply the initial values to determine
the relationship between the crack length and the fracture toughness in both the UD and

Q3D composites.



Chapter 2: Manufacturing

2.1 Preforming

In this study, preforms are created in two different fashions: using a braiding machine and
hand braiding. The braiding machine is used to create the preforms for the in-plane and hat
section testing, but hand braiding is required for fracture toughness testing. The fiber used
with the braiding machine is DowAksa 24k A-42 carbon fiber, and the fiber used during hand-
braiding is DowAksa 12k A-42 carbon fiber. Figure 2.1 compares the handwoven preforms
for each of the UD, 2DW, and Q3D preforms. It also shows a schematic for a comparison of

the number and relative thickness of the layers within the preform.

Figure 2.1: Comparison of handwoven architecture [2].



Figure 2.2: Braiding machine used to create preforms used in this thesis

2.1.1 Braiding Machine

The triaxially braided Q3D structure is made by using a large braiding machine with 480
bobbins. 120 of these bobbins are for the axial tows while the other 360 are for the bias tows.
Figure 2.2 shows the machine used to make the preforms. In this figure, the carriers and the
bobbins holding the bias tows can clearly be seen along with the beginning of the braided
tube. The axial tows can also be seen coming out of the long, slender rod in the center of
the base at which the carriers rotate. This type of preform is required to be braided into
a tube because it is triaxial in nature. The machine works by pulling up the braided tube
through four rollers. This is referred to as the uptake. As it is being pulled up, the axial
tows remain straight and taught while the bias tows are being maneuvered around them. By
changing the speed at which the carriers holding the bias tows are moving along with the
speed of the uptake, the braided angle can be changed.

Once a sufficient length of tube is braided, it can be cut from the machine to be infused



Figure 2.3: Braided Q3D tube braided from machine

or laid up. It can be kept as a tube, but for this study, the tube is cut length-wise to
create a flat preform. Figure 2.3 and 2.4 show this Q3D preform as a tube and flat preform,
respectively. More information about the manufacture of a triaxially braided Q3D composite

can be found in the aforementioned patent [18].

2.1.2 Hand Braiding

When investigating the fracture toughness of a composite, a pre-crack is required in the end of
the specimen. The machine being used to braid the Q3D architecture does not have a method
for adding a pre-crack, thus the fracture toughness samples must be hand braided. Because

the hand braiding of the pre-forms is extremely labor intensive and time consuming, a single



Figure 2.4: Flat Q3D preform crease by cutting tube length-wise

[0°/60° /-60°] layer of the investigated architecture is used symmetrically on each side of the
crack surface. If the laminate is too thin, failure can occur at the outsides of the laminate or
the arms in mode I testing or the outer skins will fail before crack propagation during mode
I1. To counteract this, the thickness can be built up using a unidirectional or textile material
stacked on each side of the desired preform until the optimal thickness is achieved [17]. To
achieve this higher thickness, five layers of A&P Technologies triaxially braided [0°/60°/-
60°] carbon fiber is used on either side of the studied layers. This thickness is required such
that delamination is the failure mechanism during the experiments as opposed to in-plane
fiber or matrix failure. It has been shown in previous works that a sufficiently thin PTFE
(Teflon®) or polyimide (Kapton®) film is sufficient for creating the necessary pre-crack in
fracture toughness testing [17, 22, 23, 24]. For this study, a 0.001 inch thin (Kapton®) film
is used to create the pre-crack between the two layers of the studied architecture. Because
the Q3D architecture has the through-thickness tows throughout the preform, one end was
braided such that there were not any of these tows for approximately 65mm such that the

film could be inserted. Figure 2.5 shows a schematic of the stacking sequence used to create
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1 Layer of Investigated Architecture

Crack Interface

Figure 2.5: Schematic showing layers of laminates for fracture toughness testing with the tested architectures
in the middle and the commercially available triaxially braided composite on the outer layers.

Figure 2.6: Images showing how the pre-crack is generated in the Q3D composite. The orange, polyimide
film can be seen in the cured laminate.

the fracture toughness laminates. Figure 2.6 shows how one end of the preform does not have

the through-thickness tows, and the film is inserted to create the pre-crack during infusion.

2.2 Infusion

The preforms are infused with API SC-15 toughened epoxy through vacuum-assisted resin
transfer molding (VARTM). The in-plane and fracture toughness specimens are manufac-
tured on a flat, aluminum caul plate, or tool, that is sanded and prepped after every use.
The preform is placed straight onto the caul plate, and a layer of peel ply is placed on top of

the preform to separate the infusion media from the preform such that is does not stick. The
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Preform Peel Ply Flow Media Vacuum Bag

— ——

Il IIVent Caul Plate Resin Inletll |I

Figure 2.7: Schematic of infusion showing the different layers of consumables

infusion media is then added from the resin inlet to the vent with approximately a 20mm
break in it at the end of the preform. This is to force the resin front to slow such that it
diffuses fully through the preform. Another layer of peel ply is added on top of the infusion
media to dull the sharp edges and protect the bag from popping under vacuum. Small pieces
of breather can be added over the resin inlet and vent to ensure that the bag does not create
a seal at these two ports. The bag is then carefully stuck to the caul plate. Great care is
taken to ensure there are no wrinkles in the bag at the sealant tape and no leaks form once
vacuum is applied. Figure 2.7 shows a schematic of the different layers within the bag during
an infusion. Once fully assembled, the resin inlet is clamped and vacuum is pulled. Vacuum
is then pulled at 28inHg, measured in the catch pot. Once this full pressure is reached, the
pump is turned off for 15 minutes, and the pressure is monitored. If there is no discernible
pressure drop in the analog gauge after those 15 minutes, the bag is deemed to be leak free.
The vacuum will then be turned back on for 15 minutes to boil any residual moisture in
the bag and preform and suck it out. If this is not done, this moisture could be trapped
within the resin, causing voids. During this time, the epoxy resin is mixed and degassed
for 10-15 minutes in a vacuum chamber. Once the resin is degassed, the tube at the resin
inlet is placed in the resin pot, and the clamp is released. The infusion process begins, and
this will take typically 30-60 minutes depending on the architecture and size of the preform.
Three steps of the infusion process are shown in figure 2.8. Once the preform has been fully

infused, it is placed in a convection oven to cure. There is a joint in the tubing between the
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Figure 2.8: Infusion process at three different points

catch pot and caul plate that allows the tool to be placed into the oven and still be under
vacuum during the full cure cycle. The laminate is then vitrified at 60°C for two hours, and

then it is post-cured at 94°C for four hours.

2.3 Volume Fraction Determination

The volume fractions are obtained initially by weighing the dry fiber preform before resin
infusion then dividing that mass by the mass measured after the laminate is cured to obtain
a weight fraction. The densities of the resin and the fibers are then used to get a volume
fraction. The weight of the polyamide film is taken to account in this measurement, and
the values are confirmed by sulfuric acid digestion following the ASTM standard D3171-15
[25]. Figure 2.9 shows the setup for this procedure for the acid digestion. Small pieces of
the laminate are weighed to the nearest milligram, and then placed in the heated acid inside
of a fume hood to digest the matrix. Once the matrix has been digested, the mixture is
poured into the funnel to get rid of the acid and matrix mixture. The fibers are sprayed

with distilled water and then acetone to remove all of the acid. Once all of the acid is
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Figure 2.10: Carbon fibers after acid digestion and oven drying

removed, the fibers are oven dried and weighed again. Figure 2.10 shows the carbon fibers
after oven drying. The weight of the dry fibers divided by the weight of the original laminate
will give the weight fraction of the fibers. Comparing the weight fraction from acid digestion
to the weight fraction from weighing the preform before infusion and the laminate after

infusion yields the same results within certainty. Table 2.1 shows the volume fractions for

Table 2.1: Volume Fractions [%]

Tests Ve
Fracture Toughness 60.0£0.5
Hat Section 55.5+0.5
In-Plane 55.5£0.5

14



the laminates in this study. The reason for the fracture toughness samples having a higher
volume fraction is likely due to the tighter weave of the commercial fabric used to build up

the thickness.
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Chapter 3: Fracture Toughness

3.1 Background

Fracture toughness is an important property of laminated composite materials due to their
relative ease to delaminate. Laminated composites are made of layers, or plies, of unidirec-
tional or woven, textile composites within a matrix. In this study a thermoset epoxy-resin
polymer is used as the matrix. The fibers have a modulus of 240 GPa and a tensile strength
of 4200 MPa [2]. In contrast, the SC-15 toughened epoxy has a modulus of 2.62 GPa and
tensile strength of 56.4 MPa [26]. The fibers have a stiffness and strength nearly two mag-
nitudes above that of the matrix. In a traditional laminate, the layers are only separated by
this relatively weak matrix. The methods for increasing the fracture toughness for a compos-
ite typically consist of either increasing the fracture toughness of the matrix or mechanical
interlocking from stitching, z-pinning, or Q3D braiding. The SC-15 epoxy-resin used in this
study is already rubber toughened, thus improvements seen by the Q3D structure will not
be as prominent as they would in a composite where the resin is not toughened.

There are three modes when looking at fracture toughness as shown in figure 3.1. The
two studied in this thesis are mode I: opening and mode II: in-plane shear. The mode II
in-plane shear is especially relevant for the out-of-plane impact seen in crash scenarios for
automotive vehicles.

In this work, only mode I and mode II fracture toughness is investigated because these
are the two commonly seen in the real world. Mode III is also difficult to test for, and there
is not a currently accepted standard for it as of the time this thesis is written. In mode I

fracture toughness, the toughing mechanism of the interlaminar fiber will have a large effect
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Mode I: Mode II: Mode III:
Opening In-plane shear Out-of-plane shear

Figure 3.1: The 3 different fracture modes

due to the requirement for the tow to break. In mode II, the interlaminar fiber tow will

require the crack to propagate around the tow, but not necessarily break it.

3.2 Model

3.2.1 Experiment

The mode I experiments follow the testing basis given by ASTM standard D5528 [3]. The
two methods for loading the specimen are piano hinges and loading blocks. Piano hinges
were first implored, but the large deformation required to fully split the sample made it such
that the beam came into contact with the grips. For this reason, loading blocks are used with
a steel wire through the block and into the grips. This allows for sufficient space between
the sample and the grips so there is no interaction. Similar to previous studies, the side of
the specimen is painted white, and markings are made every bmm [22]. The first 20mm is
marked every Imm. This is so that the initial crack propagation can be better visualized
because the initial fracture toughness, G, is defined by the first 1mm of crack growth. It

is also very difficult to determine where the manufactured crack tip is, and precise marking
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Figure 3.2: Mode I specimen at beginning of test showing the wires for loading and markings on side on
specimen

near the estimated crack tip allows for accurate adjustment after the test. An example
of a specimen during the test is shown in figure 3.2. Using a camera to record the crack
length during the test has been shown to be an effective method for measuring the crack
propagation during the test [17]. Using the camera to record the experiment allows the test
to be run continuously without the need to unload after crack growth. This is useful for
saving the amount of time required to run a test, accuracy of measuring the location of the
crack tip without the possibility of damaging the specimen further, and it reduced the risk of
loading history causing artifacts within the data. The camera used records the experiment
by acquiring images at a rate of 1 Sigé% to match the sampling rate of the machine at 1 Hz.

The setup of the experiment with the camera and light source is shown in figure 3.3. The

machine used for this and all fracture toughness tests is the MTS Insight Electromechanical

min

test frame. In these experiments, the crosshead speed is set at 5 in The test is run until

the crack propagates completely through the specimen, and the specimen is split into two.
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Light Source

Test Frame

Figure 3.3: Test setup for mode I experiment with camera and light source

Piano hinge -

(a) with piano hinges (b) with loading blocks

Figure 3.4: Critical dimensions for DCB test [3]
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Table 3.1: Mode I Sample Dimensions [mm]

Specimen b h ao
UD1 25.4 3.528 56.1

UD2 25.1 3.606 54.1
2DW1 25.9 3.5564 56.3
2DW2 25.8 3.564 55.0
Q3D1 25.5 3.620 61.8
Q3D2 25.5 3.480 59.9

Table 3.1 shows the dimensions of each mode I sample with the corresponding dimensions

showing in figure 3.4.

3.2.2 Results

For mode I, the fracture toughness is calculated as a function of load, extension, crack length,
and specimen geometry. In this study, the modified beam theory (MBT) is used to calculate
the G1 value. The initial fracture toughness value, G, is calculated at the point when the
crack has propagated by 1mm, and this is determined by using the images acquired during

the test. Equation 3.1 is used for determining the G value.

3Po

G =F—">""
! 2B (|A] + a)

(3.1)

In this equation, F'is an inclusion factor that takes into account how the specimen geometry
is changing during the test. Equation 3.2 shows how the inclusion factor is calculated,
and figure 3.5 shows a representation of the variables used in calculating the Gy value. The
rotation correction factor, A, is determined by performing a linear regression on a plot of the

cube root of compliance, C 1/ 3 as a function of the delamination length, a. The compliance,
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Figure 3.5: Representation for nomenclature in mode I fracture toughness calculations from ASTMD5528

[3]-

Table 3.2: Mode I Averages

UD 2DW Q3D

Gro {iﬂ 563.6 564.1 466.3
m

Gy {%} 732.8 730.4 884.7
m

Energy [J] 3.345 3.756 4.994

Table 3.3: Q3D Mode I Architecture Advantages [%)]

UD 2DW

Grc -17.3 -17.3
Gy 20.7 21.1
Energy 49.3 32.9
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Figure 3.6: R-Curve comparison for all architectures.

C, is defined as % A is then found to be the x-intercept of the linear regression.

2
()

Tables 3.2 and 3.3 show the average mode I values for each architecture and the percentage
difference between them. It can be seen that the Q3D structure has a lower Gi¢ value, but
a larger Gy value. This is due to difficulties in creating the pre-crack in the Q3D structure
because of the through-thickness tows. The leading edge of the film can wrinkle, causing a
stress concentration at the crack tip and a lower Gy¢ value. It can be seen by the resistance
curves shown in figure 3.6 that the Gy value increases quickly beyond this initial value. More
R~curves for each of the fiber architectures are shown in the appendix.

Along with the fracture toughness values, the energy required to fully split the sample
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DCB Load-Extension Plot Comparisons
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Load [N]

200
Extension [mm)]

Figure 3.7: Comparison of load-displacement curves for all architectures.

is reported. Each sample has the same length from the crack tip to the free end, so these
energy absorption values can be properly compared. This value gives a better comparison of
the delamination resistance of each of the material architectures because the amount of crack
propagation and the lower initial values have less of an effect. Looking at a comparison of
typical load-displacement curves for each of the architectures in figure 3.7, it is seen that it
takes more extension for the 2DW to fully split compared to the UD sample. The 2DW will
also hold a higher load throughout the experiment, so it would have been expected to have
a higher Gy value, but this is not the case. This is due to the 2DW having lower fracture
toughness values compared to UD initially, but they increase as the crack propagates. The
crack also propagates in a stick-slip fashion for the 2DW causing it to have fewer Gy values
to report, thus lowering its average. The same can be said about the Q3D structure with

the larger amount of low G values initially, but fewer values as the crack propagates and the
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Figure 3.8: Fiber bridging crack gap of Q3D specimen.

fracture toughness increases. The energy absorption takes this into account and allows for
a better comparison to be made. The Q3D also has a larger increase in energy absorption
compared to both the UD and 2DW than it does in fracture toughness.

The Q3D has a more pronounced stick-slip condition compared to the 2DW, and this
is due to the interlaminar tows in the Q3D composite bridging the crack interface. The
introduction of these tow requires fiber breakage for the crack to propagate, where the UD
and 2DW simply require matrix failure. These tows support more load and require a larger
crosshead extension before failure. Figure 3.8 shows the interlaminar tow clearly bridging
the gap in the middle of a mode I experiment. After failure of this interlaminar tow, the
crack will propagate until it reaches the next tow, and crack propagation will cease. At this

point, the load will begin to rise again until the next tow breaks. The interlaminar tows are
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Figure 3.9: Crack interface of Q3D specimen after DCB test. The 26mm spacing of the broken interlaminar
tows can be seen.

spaced out by 26mm as shown in figure 3.9. Looking at the resistance curve for the Q3D
architecture, it is seen that fracture toughness values are given for crack lengths spacing
approximately 26mm as well. The points for the resistance curve correspond to the points

immediately before crack propagation that correspond to the max load.

3.3 Mode 11

3.3.1 Background

The current standard for measure the mode II fracture toughness of a material is to perform a
3-point end notch flexural (ENF) test. This method gives consistent results, but it only gives
a fracture toughness value for one crack length. Furthermore, two tests must be conducted
on the same specimen such that a fracture toughness from the blunt crack tip manufactured
by the film and the sharp crack tip generated by shear induced crack propagation can be
compared. If an R-Curve is desired, multiple tests must be conducted with different initial
crack lengths. This can be tedious and also allows opportunity for error and loading history
effects. If an R-curve is desired, another test is required and is investigated later in this

study.
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Figure 3.10: ENF specimen during test

3.3.2 3ENF
3.3.2.1 Experiment

Experiments for mode II fracture toughness follow the 3ENF test outlined in ASTM standard
D7905 [4]. As with the mode I samples, the sides are painted white such that the crack and
the compliance calibration markings can be seen more easily. This is shown in figure 3.10.
Crosshead speed during the test is 0.5mm/min.

Compliance calibration is done at 3 initial crack lengths of 20mm, 30mm, and 40mm.
For the 20mm and 40mm crack lengths, the test is stopped at half of P_. , where P_. is
the load required for crack propagation. For the 30mm crack length test, the test is run
until crack propagation and a significant load drop is achieved. The P_., value is determined

experimentally for each crack length. Table 3.4 shows the dimensions of each of the mode II

samples.

3.3.2.2 Results

The mode II tests have two different tests conditions: no pre-crack (NPC) and pre-crack
(PC). For the NPC condition, the initial delamination for the NPC test is simply the manu-

factured pre-crack, where the initial delamination for the PC test includes crack propagation
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Table 3.4: Mode II Sample Dimensions [mim]

Specimen b h
UD1 25.2 1.790
UD2 25.3 1.766
2DW1 25.0 1.729
2DW2 24.8 1.778
2DW3 25.4 1.724
Q3D1 24.6 1.814
Q3D2 25.4 1.837
(a) NPC

Figure 3.11: Specimen pre-crack conditions for NPC and PC

beyond this point as shown in figure 3.11.

The ENF test used for mode II fracture toughness calculation does not give stable crack
growth, and thus, only one G; value can be calculated for a single test. Once crack prop-
agation begins, the delamination rapidly expands until it reaches the loading roller. The
fracture toughness is calculated as a function of the initial crack length, max load, specimen
width, and compliance calibration curve slope as shown in equation 3.3.

2 2
_ 3mPy,.aH

Ga 2%

(3.3)

The compliance calibration curve slope is obtained by the linear regression of the compliance
vs crack length cubed plot. The compliance for a particular crack length is taken from the

range of 90N to the =4t value that was determined. This is done such that any non-linearities
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Figure 3.12: Representation of nomenclature for ENF test from ASTMD7905 [4].

from the fixture at the beginning of the test and any non-linearities from the laminate at
higher loads are not influencing the compliance.

For a pictorial representation of the variables used for calculating Gq, figure 3.12 can be
referenced. G can be considered to be the Gy value for the sample only when equation 3.4

is satisfied. If it is not satisfied, then the test must be redone to obtain a Gy value.

100 (Piai)Q

15 < 5
(PMaxao)

<35 i=1,2 (3.4)

Pcrit

P, and a; in this equation are the and crack length values used in each compliance
calibration test.

As with the mode I tests, Q3D has a higher fracture toughness after initial crack propa-
gation, but a lower value when the crack tip is manufactured from the film. The Q3D sees a
higher increase in G versus that 2DW and UD compared to the increase in GG;. The Q3D
architecture shows nearly a 47% increase in mode II fracture toughness compared to the UD

and an 18% over the 2DW architecture. The Gy values and percent difference are shown in

tables 3.5 and 3.6, respectively.
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Table 3.5: Mode II Averages [%}
m

UD 2DW Q3D
NPC 644.5 502.2 613.8
PC 559.5 696.1 824.3

Table 3.6: Q3D Mode II Architecture Advantages [%)]

UD 2DW
NPC -4.8 22.2
PC 47.3 18.4

Similar to the mode I DCB test, the load-displacement plots for the PC mode II tests in
figure 3.13 show that the Q3D architecture requires a larger load and extension before crack
propagation. The PC plots are shown because they give a better representation of the effect
that the Q3D architecture has on fracture toughness. The NPC test does not initially engage
the interlaminar tow that increases the fracture toughness for the Q3D composite, and as
with the mode I test, the issue with manufacturing the pre-crack for the Q3D structure also
gives unrepresentative results. The larger load and extension required for Q3D shows that
in mode II testing, the Q3D architecture will have a larger energy absorption than UD or

2DW. More plots for each architecture are shown in the appendix.

3.3.3 4ENF

3.3.3.1 Background

While the ENF test shows that the Q3D architecture has an advantage, it may not show
everything. As it is seen in the mode I tests, the Q3D laminate has the largest advantage
during steady-state crack growth. With the ENF test, steady-state crack growth is not
achievable because of the inherent unsteadiness of the crack.

There have been a few proposals tested to achieve the steady-state crack growth. Some
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Figure 3.13: ENF test load-displacement curve comparisons for three different architectures during the PC
test

of these include the end-loaded split (ELS) test, stabilized ENF, over-notched flexure (ONF')
test, and 4ENF. Of these tests, the 4ENF test proved to be the most promising because it
produced stable crack growth while also being a relatively simple experiment [24, 27, 28].
Figure 3.14 shows why 3ENF is unstable while 4ENF is stable by using moment diagrams.
As the crack grows in the ENF test, it propagates into regions of higher moment, thus causing
the crack propagation to continue. However, with the 4ENF test, the crack remains in an
area of constant moment and maintains stable crack growth. As the crack grows, the load
will drop slightly, decreasing the moment. With the decrease in moment, the crack will cease
to propagate until the load increase back to where crack propagation occurred initially. In
theory, this will create a load-displacement diagram with a nearly horizontal line after peak

loading. Due to issues in manufacturing, friction, and non-ideal loading conditions, this is
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(a) 3 point bend
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(b) 4 point bend

Figure 3.14: 3 point and 4 point bend moment diagrams
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Figure 3.15: UD specimen at high deflection during 4ENF test showing asymmetry

not necessarily the case.

3.3.3.2 Experiment

While the 4ENF test is the simplest of the proposed tests for steady-state, mode II crack-
growth, it still comes with issues to be overcome. Without additional measures, the specimen
will begin to slide [29]. The phenomenon is not documented in all cases, so it appears to
be relative to the specimen being tested. The specimen is likely to slide in the fixture at
relatively high deformation, so thinner specimens with a lower flexural modulus and higher
fracture toughness are more likely to slide. This is due to the asymmetry of which an ENF
specimen will deform when loaded, causing the end with the pre-crack to have a higher angle
of contact with the roller relative to the original position. At high deformations, this end
will become closer to parallel with the loading as opposed to perpendicular. Figures 3.15
and 3.16 shows this issue for the tests conducted.

Literature has shown different ways to combat this issue of sliding. Wang et. al. used
rubber bands to hold the specimen in place at the support rollers [24], Schuecker and David-
son used a fixture on the pre-cracked end of the specimen to hold it and keep it from sliding
[29], and Kageyama et. al. used a PTFE film between the rollers and the specimens to

reduce friction, and in turn, reduce the stick slip seen in the load-displacement curve [30].
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(a) Beginning of test

(b) End of test

Figure 3.16: Images showing relative sliding of specimen on fixture.
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The method by Wang was trialed first to combat the sliding of the specimen. The reason
that this was chosen first is because it would not completely constrain the specimen from
sliding, and it would put fewer artificial loads into the specimen. As opposed to constraining
the pre-cracked end, the rubber bans did not add any lateral load into the specimen, and
it required less post-processing of the specimen. This method was found to eliminate the
relative sliding in some specimens, but there was still reduced sliding in others. Due to the
inconsistencies in the specimens and the relative sliding that still existed in some, another
method was pursued.

The next method investigated was to reduce the friction in the two loading rollers and
the support roller under the pre-crack. Kageyama et. al. found this to reduce the stick-slip
in the load-deflection curve, and this is what the relative sliding appears as in the data. The
friction was reduced by using a 0.001 in thick polyimide film between the rollers and the
specimen. When this is implemented, there is still some sliding, but this can be expected in
a four-point bend test. Instead of the stick-slip condition seen before, the sliding was gradual
throughout the test, and it was reduced when compared to the original tests.

The stick-slip condition was nearly, if not completely, eliminated by reducing the friction
in the loading rollers and support roller under the pre-crack. There is still some relative
sliding between the specimen and the fixture, and this was sought to be eliminated by
increasing the friction at the fourth roller. This would allow for the beam to be nearly
completely simply supported with no sliding allowed on the end of the specimen without the
pre-crack and reduced friction sliding at the end with the pre-crack. The increase friction is
achieved by using a thin piece of high-grit sandpaper between the roller and the specimen
with the grit side facing the specimen. When this was implored along with the polyimide

film between the loading rollers and the support roller under the pre-crack, no stick-slip or
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Figure 3.17: 4ENF fixture with orange polyimide film to reduce friction and gray sandpaper to increase it

Table 3.7: 4ENF Sample Dimensions [mm]

Specimen b h
UD1 25.7 1.805
UD2 25.6 1.809
UD3 26.2 1.820
UD4 25.4 1.789
Q3D1 25.3 1.796
Q3D2 25.2 1.863
Q3D3 25.7 1.877
Q3D4 25.7 1.866

relative sliding is seen. The final setup of the fixture is seen in figure 3.17. Figure 3.18 shows
how this fixture’s adaptation changes how the specimen is sliding on the fixture.

For the 4ENF tests conducted in this study, the spans are changed from the previous
ENF tests and what is seen in literature [5, 30, 31]. The geometry of the test is show in
table 3.7.

A d/2L value of 0.5 is used to remain consistent with literature [5, 30, 32, 33, 34], and this
is the determining factor for the geometry of this test. The loading span is set to 63.5mm
to ensure that two full interlaminar tows beyond the initial crack tip are within the loading

span. With the standard d = 50mm, the second tow is at/beyond the second loading roller,
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Figure 3.18: Images showing no relative sliding of specimen on fixture.
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Figure 3.19: Representation of nomenclature for 4ENF test [5]. Not shown is d, which is the spacing between
the loading rollers.
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Table 3.8: 4ENF Parameter Dimensions [mm]

Parameter Value
a 35
L 63.5
St 31.75
Sr 95.25

Figure 3.20: 4ENF setup showing cameras of both sides of the specimen

and the influence of the roller is not discernible from the influence of the interlaminar two.
For this reason, the inner span is increased, the the outer is also increased to maintain the
d/2L ration of 0.5. These testing parameters are summarized in table 3.8

Due to the [0°/60°/-60°]s not having the 0°ply at the interface and the interlaminar tows
of the Q3D not always being located in the center of the beam, two cameras are used to
record the crack growth. Figure 3.20 shows the cameras on both sides of the specimen. The
sides of the specimen are painted white, and marks are made every millimeter such that an
accurate measure of the crack length can be taken. The cameras are each taking images
at 1 % to match the data recording of the testing frame at 1 Hz. The tests are also
conducted at 0.5 % to coincide with the standard for ENF and the paper proposing 4ENF

to measure mode II fracture toughness [5]. An initial crack length, a,, of 35 mm to put the

crack tip just inside the first loading roller.
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Table 3.9: 4ENF Mode II Averages {i]

m2

UD Q3D

Initial 759.5 697.3
Steady-State 449.4 653.1

3.3.3.3 Results

In the 4ENF tests, there is no need to perform PC and NPC tests. This is because there is
continuous crack propagation throughout the 4ENF test, so only the initial crack propagation
is considered NPC, and the rest is considered PC. For this study, the initial crack propagation
is ignored because the steady-state crack resistance is desired. As seen in the mode I and
mode II tests, the Q3D architecture shows its advantage beyond initial crack propagation,
and this is where the comparison will be drawn.

The values for fracture toughness through the 4ENF test are found in a similar manner
to the ENF test. Similar to the ENF test, the compliance calibration is also used, and these
measurements are taken at crack length of 25mm and 45mm to keep with the +£10mm from
the ENF test. The main difference, however, comes from the equation used to calculate the
fracture toughness. For ENF, the Gy; value is dependent upon the crack length, but with
4ENF, it is not. Beam theory shows this relationship, but in reality, the loading rollers have
an effect on the G value [5]. The equation used to calculate Gy for the 4ENF test is:

P?m

Gu = 7 (3.5)

Table 3.9 shows the average values obtained in the initial and steady-state crack growth
regimes of the R-curves. In the steady state regime, these values are about 20% smaller
than what is obtained through ENF. This is contradictory to what is observed by Martin

[5]. However, Martin mentioned that the specimens were tested a year later, and moisture
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Figure 3.21: Comparison of representative load-deflection curves from UD and Q3D 4ENF tests

absorption could cause an increase in the perceived toughness of the composite. A different
span is used in the ENF and 4ENF tests in this study, and that could have an effect as well.

Figure 3.21 shows a comparison of representative curves from the UD and Q3D 4ENF
specimens. This shows that the Q3D maintains a higher peak load, and it does not have that
immediate drop. This would require more energy to achieve the same deflection and damage
in the Q3D specimen as is seen in the UD specimen. This observation also agrees with the
work done comparing Q3D and UD in out-of-plane impact tests. Liu, Rosario, Klann, and
Zhou found that a Q3D structure has lower energy absorption and lower deflection than
a UD sample, but it also has a much smaller damage area, leading to a higher specific
energy absorption [2, 19, 20]. Coppens and Liu also found that a larger amount of energy
is required to fully perforate a Q3D laminate compared to a UD laminate [35]. The higher

fracture toughness for steady-state crack growth along with the higher load sustainability
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Figure 3.22: Comparison of representative R-Curves from UD and Q3D specimens

point towards this higher specific energy absorption and larger required energy for perforation
found in literature.

A similar trend to the mode I R-curves is shown for the mode II R-~curves in figure 3.22.
Initially near the pre-crack, the Q3D has a fracture toughness which is lower than that of
the UD. However, beyond 50mm, the effect of the through thickness tows is shown with
a higher fracture toughness. Both the UD and the Q3D show the same downward trend
beyond the large crack growth from ~50-~65mm. This shows that crack propagation is
similar for both the UD and the Q3D between the interlaminar tows, but the interlaminar
tows have a significant improvement on the fracture toughness: nearly 45%. More R-curves
for both architectures are shown in the appendix.

In the mode I specimens, the higher fracture toughness comes from the interlaminar

tows physically bridging the gap and breaking at a higher load. However, this is not the
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(b) Q3D specimen after 4ENF

Figure 3.23: Images showing relative sliding of specimen on fixture.

case for mode II. In mode II tests, the interlaminar tow of the Q3D laminate does not
break. This is seen post-mortem in figure 3.23. In these images, the same crack separation
is given at the location of the support during the 4ENF test. The UD specimen shows less
resistance to being pulled apart along the length of the crack where the Q3D is being held
together by that interlaminar tow. This would mean that for the same crack growth, the
Q3D structure will likely have better in-plane properties. This carries significant meaning
for this study because this architecture is being investigated for a crash-sensitive component

in an automotive vehicle.
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Chapter 4: In-Plane Characteristics

4.1 Background

The in-plane properties of the Q3D architecture are also investigated in this study. The
main purpose is to gather data for material characterization such that a material model can
be made. This material model would be applied to the hat section that this material is being
investigated for, and the theoretical results can be compared with the experimental results.

The in-plane results can also be compared experimentally with UD and 2DW architec-
tures if the same fibers are used. This would show the true effect of the 3 dimensional
braiding on the in-plane properties of the laminate as compared to a UD or traditionally

woven laminate.

4.2 Tension

4.2.1 Experiment

The tensile tests for the Q3D material are performed in accordance with ASTM D3039 [36].
Specimens are tested at a rate of 2 % on a MTS 810 hydraulic test frame. A typical gage
length of 33.5 mm is used, and strain measurements are made by utilizing a laser exten-
someter to measure strain before failure. After failure, the reflective tape on the specimen
often falls off or moves, thus making the strain reading inaccurate. The experimental setup
is shown in figure 4.1 and the specimen with the reflective tape is shown in figure 4.2. The
tabs are made from a woven fiberglass composite and adhered by using 24 hour, room-temp
cure epoxy. The tabs are 8.89 mm thick such that the M'TS machine could be used for its

high load capacity. The dimensions for the specimens are shown in table 4.1. In this table,
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Figure 4.1: Setup of tensile tests showing laser extensometer and specimen
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Figure 4.2: Close-up of specimen showing the silver tape that is reflecting the laser

44



Table 4.1: Tensile Sample Dimensions [mm)]

Specimen b h Lg
Q3D1 26.1 4.380 103.2
Q3D2 25.1 4.813 94.6
Q3D3 25.5 4.353 101.7

L, refers to the length between the reflective tape used by the laser extensometer to measure
the strain. The overall length of 250mm and general width of 25.4mm is recommended by

ASTM D3039 [36].

4.2.2 Results

The stress and strain for the test are calculated using equations 4.1 and 4.2, respectively.

P
)

After failure, the laser extensometer can no longer accurately measure the strain, so to obtain
a full stress-strain curve to include after failure characteristics, a relation with the machine
displacement output is made. A correction value is obtained by doing a linear regression
between the displacement given by the laser extensometer and by the test machine. This
correction factor is then applied for all of the machine displacement values to obtain strain
beyond initial failure. These stress-strain curves are shown in figure 4.3. The values for the
ultimate stress and elastic modulus are then shown in table 4.2.

Figure 4.4 shows the failure of each of the specimens. Each failure is slightly different

with Q3D1 and Q3D2 failing at the top of the specimen as opposed to in the middle like
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Q3D Tensile Test Stress-Strain Curves
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Figure 4.3: Stress-strain curves from Q3D tensile tests
Table 4.2: Q3D Tensile Properties
Specimen Ultimate Stress [MPa] Elastic Modulus [GPa]
Q3D1 232.3 27.28
Q3D2 236.9 27.38
Q3D3 240.4 28.39
Average 236.5 27.68
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Figure 4.4: Tensile failures of the Q3D1, Q3D2, and Q3D3 specimens, respectively

Q3D3. The Q3D2 fails across the specimen where the Q3D1 and Q3D3 fail in the direction
of the -60°tow. This is more evident in the Q3D1 specimen with failure occurring completely

parallel to the -60°tow.

4.3 Flexural

4.3.1 Experiment

The flexural properties of the Q3D composite are determined by following ASTM D7264 [37].
Instead of using the standard width of 12.7 mm, a width of 40mm is used. This is because
the standard prescribes a width of two unit cells for textile composites. The standard span-
to-thickness ratio of 32:1 is maintained. The typical thickness of a specimen is 4mm, and

thus the support span, L, used is 128mm. Figure 4.5 shows the nomenclature for the test,
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Table 4.3: Flex Test Dimensions [mm)]

Specimen b h
Q3D1 39.45 4.233
Q3D2 40.29 3.889
Q3D3 39.50 4.250
Q3D4 38.85 4.118
Q3D5 38.90 4.127

and table 4.3 shows the specimen dimensions.  For the flex tests, h is the full thickness

and not the half thickness. Figures 4.6 and 4.7 show the specimen mid-test. The tests are

111

conducted with a crosshead displacement rate of in”

4.3.2 Results

Equations 4.3 and 4.4 are used to calculate the stress and strain of the specimen in the
flexural test. The load is taken from the load cell in line with the loading roller, and the
displacement is taken from the crosshead displacement of the machine. This is used because

the output was confirmed to be within 0.5% by a laser extensometer for all expected loads.

3PL

p
I I
\ L D L
2 ! 2
P L L 4P
2 SUPPORT SPAN 2

Figure 4.5: Diagram showing flexural test nomenclature
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Figure 4.6: Isometric view of 3 point bend setup

Figure 4.7: Front view of 3 point bend specimen mid-test
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Q3D Flexural Test Stress-Strain Curves
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Figure 4.8: Stress-strain curves from Q3D flexural tests

(4.4)

From the results of the flexural tests, the average ultimate stress is found to be 265.9
MPa with a flexural modulus of 18.49 GPa. Figure 4.8 shows the stress-strain curves from
the test. Strain values are taken from 0.001 to 0.003 %

Initial failure occurs on the compression side of the specimen. Figures 4.9 and 4.10 shows

failures for the Q3D4 specimen. The compression failure occurs first at a stress of just under

300 MPa and a strain of 0.015 % Failure occurs solely on the compression side of the

specimen until a strain of about 0.0375 % where the first failure is seen on the tensile

surface of the specimen. Table 4.4 shows the properties for each specimen tested along with

the average for the five.
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Figure 4.9: First failure at the compression side of the Q3D4 specimen at the peak load
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Figure 4.10: Failure at the tensile side of the Q3D4 specimen

Table 4.4: Q3D Flexural Properties

Specimen Ultimate Stress [MPa] Flexural Modulus [GPa]
Q3D1 266.5 17.14
Q3D2 255.6 19.17
Q3D3 243.3 16.31
Q3D4 295.0 20.93
Q3D5 269.1 18.93
Average 265.9 18.49
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Chapter 5: Hat Section

The purpose of this work is to test the feasibility of using a CFRP composite as the material
for the roof-header in an automotive vehicle. The critical section of this roof-header is
deemed the “hat section,” and figure 5.1 shows a cross section of the studied hat section
with dimensions removed. Bayraktar used a 3D woven composite in a similar hat section
and found that the 3D woven composite will absorb less energy than a comparable steel
hat section, but it will be more efficient in terms of energy absorption per mass [21]. When
compared to the optimized hat section, the composite beam did not perform as well, but the

composite beam was not optimized at all.

Figure 5.1: General cross section of the hat section
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5.1 Manufacture

A special tool is required to create the hat section, and it is machined out of aluminum. The
tool is aluminum so that it is durable and sand-able for multiple infusions. The aluminum
will also be able to handle the heat of the cure and is light enough to be transferred from the
work area to the oven by one person. It is also manufactured such that the resin inlet and
the vent are integrated into the tool. The tool is tapped with 1/4” NPT threads such that
barbed tube fittings can be placed on either end. An image of the tool is shown in figure
5.2.

Infusion of the hat section is very similar to that of a flat plate. The major difference
between the two is that the hat section needs pleats in the concave sections of the mold to
reduce bridging in the bag.If the bag bridges, there is no pressure in the concave section,
and the preform with not take the shape of the tool. This also gives an area where resin

will pool and is a likely site for voids. The pleats used for this part are shown in figure 5.3.

Figure 5.2: Tool used to manufacture hat section
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When vacuum is first pulled, the pressure is only brought to ~20inHg. This is so that there
is partial vacuum holding the bag in place, but it can still be easily manipulated. The crease
that is caused by the pleats is then manipulated to be on top of the concave section. When
full vacuum is pulled, instead of the bag bridging, the bag will come into full contact with
the preform because of the extra bagging from the crease. Once this has been done and
all bridging has been eliminated, that infusion process can continue as normal. Figure 5.4
shows a hat section during the infusion process.

The Q3D material also comes with issues when it comes to manufacturing. Because it is
a single preform and not multiple layers, this can cause poor drapability. There were issues
involving draping the Q3D preform onto the hat section mold which caused bridging in the
concave section. The effect of this bridging can be seen in figure 5.5 where there is an excess
of resin in one part of the component. It is possible to overcome this, but greater care needs
to be taken in manufacturing. The bridging can also be overcome with more gradual corners.

A flat plate of the same material is also made, and it is bonded to the bottom of the hat
section. It is crucial that this flat plate is made of the same or similar material because if
it has a different stiffness, this could cause premature or uncharacteristic failure in the hat
section. This flat plate is bonded to the bottom of the hat section such that the beam bends
along its span as opposed to opening up and becoming wider. Along with the Q3D material,
hat sections and flat plates made from A&P Technologies triaxially braided [0°/60°/-60°]
carbon fiber are also manufactured for a comparison to a textile composite. Previous tests
done by Ford show delamination in the center at the hat section that the Q3D seeks to solve.

Figures 5.6 - 5.8 shows example hat sections that will be tested.
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(b) Pleat in the vacuum bag

Figure 5.3: Pleats in the vacuum bag of a hat section infusion
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Figure 5.4: Infusion of a hat section

Figure 5.5: The resin rich area on the left side of the part is a direct effect of preform bridging during
composite manufacture
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Figure 5.8: Q3D hat section with flat plate to be bonded for testing
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5.2 Experiment

The hat section has not been tested as of the writing of this thesis, but tests are currently
in progress. The test being performed is a dynamic 3 point bend test to simulate an impact
occurring transverse to the length of the hat section. Both the textile hat section and the
Q3D hat section will be tested, and they will have similar thicknesses to draw conclusions
based simply upon the fiber architecture. 3 specimens of each are tested to show repeatability
of the tests such that an accurate conclusion can be drawn about the feasibility of using the

Q3D architecture for structural applications.
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Chapter 6: Conclusion

6.1 Summary and Conclusions

Braiding a composite structure with the bias tows spanning multiple layers has shown to
improve the interlaminar fracture toughness of laminated composite materials. Under mode
I loading, a fracture toughness increase of over 20% is found when compared with UD and a
traditionally braided laminate of the same fiber orientation. It has also been found that the
Q3D composite requires more energy for the same amount of crack propagation compared to
the UD and 2DW in both mode I and mode II testing. Using the energy absorption is found
to be a good method to compare the fracture performance of composites because there is no
discrimination due to the number of times that the crack propagates during the test. The
Q3D architecture also shows an even greater increase in mode II fracture toughness with
47.3% and 18.4% increase over UD and 2DW composites, respectively when looking at the
PC condition for the 3 point ENF test.

The 4ENF test was also investigated to determine its effectiveness for producing an R-
curve for mode II tests. There are initial issues with the tests due to specimen sliding,
but by reducing the friction of the loading rollers and support roller under the pre-crack
and increasing the friction of the support roller under solves this issue. An R-curve can
be generate for mode II fracture toughness because the 4ENF test will give stable crack
growth. When comparing the fracture toughness values of the 4ENF test to the ENF tests,
the initial fracture toughness is over predicted, but the steady-state fracture toughness is
under predicted.

At initial crack growth, the Q3D architecture does not perform as well as the UD, but
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this agrees with the mode I results and the mode II results from ENF. However, in the steady
regime of crack growth, Q3D shows an average 41.3% increase in fracture toughness when
compared to a UD laminate with the same fiber orientation. This increase is also maintained
as the crack propagates.

Tensile and flexural tests have been conducted on the Q3D composite to view the stress-
strain behavior. The results from these tests will also be compared to a UD laminate to
compare properties and investigate if this fiber architecture causes any degradation in the
in-plane properties.

The tri-axial, Q3D preform used in this study is braided into a tube, but when it is cut
lengthwise and spread, it is able to be draped over a tool with curvature to make a complex

part.

6.2 Future Work

Beyond the work presented in this paper, a better comparison of the Q3D architecture
with that of UD and 2DW should be determined for in-plane properties. This will give a
better understanding of how the out-of-plane braiding degrades the in-plane properties of
the composite. The Q3D architecture will also be tested in the hat section structure to
determine is the fracture toughness benefits seen in the mode I and mode II testing translate
well when applied to a structure.

Along with the tensile and flexural in-plane results that have been obtained, compressive
tests will be conducted for the material model and for a comparison to a UD laminate.
The experimental results for in-plane properties and fracture toughness will also be used
to create a material model for the Q3D architecture. Once this material model is made

and confirmed for the in-plane and fracture toughness experiments, the hat section will be
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simulated with the material model to determine how well the simulation model predicts the

actual performance and failure of the structure. abc
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Figure A.1: UD mode I R-curves
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Figure A.2: 2DW mode I R-curves
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Figure A.3: Q3D mode I R-curves
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Figure A.4: UD mode II load-displacement plots
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Figure A.5: 2DW mode II load-displacement plots
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Figure A.6: Q3D mode II load-displacement plots
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Figure A.7: UD mode IT 4ENF R-curves
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