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ABSTRACT

In the first part of the dissertation a new manufacturing method, Bladder Assisted
Composite Manufacturing (BACM), to fabricate geometrically complex, hollow
polymeric composite parts is presented. The BACM process utilizes a bladder to
provide the necessary consolidation pressure and cures the part by circulating heated air
inside the bladder. The feasibility of this manufacturing process is demonstrated by
fabricating laminated composite cylinders using multiple numbers of plies, cure
pressures, and mold configurations. Using the described process, a number of 2-, 4-, and
6-ply composite cylinders made of either Newport 321/7781 glass/epoxy or TenCate™
EX-1522/plain weave carbon/epoxy prepregs were prepared as test samples. Cylinders
were cured at the manufactures recommended cure temperatures and hold times using
bladder pressures ranging from 207 kPa (30 psi) to 621 kPa (90 psi). The fiber volume
fraction, void content, mechanical properties, and energy consumed during the curing of
the composite cylinders, are investigated and compared to traditional manufacturing
techniques. The fiber volume fraction and the void content of the cylinders were
determined from resin burn-off experiments and density measurements. The mechanical
responses of these cylinders were characterized by diametrically compressing sample
rings and loading ring segments in three-point bending configuration. The fiber volume
fractions of the cylinders were observed to be dependent on both the bladder pressure
and mold configuration used, reaching a maximum of 66% for the cylinders made from
the TenCate® material. The elastic moduli and failure strengths of the cylinders were
found to increase with fiber volume fraction regardless of mold configuration used,
reaching maximums of 61.5 GPa and 1272 MPa respectively for the TenCate™ material.

The void content was found to be dependent on mold configuration and was minimized

XVvi



to 0.2%. Compared to conventional bladder manufacturing methods, the BACM process

reduced the energy required to cure the cylinders by more than 50%.

The second part of the dissertation involves the development of new void formation and
mechanical effect models. These models were developed by manufacturing eight-ply
laminates from TenCate® BT-250/7781 prepreg at cure pressures ranging from 69 kPa
(10 psi) to 483 kPa (70 psi) by hot-press. For each cure pressure, a laminate was
fabricated from prepreg, which were direct from the bag and conditioned at 25%, and
99% relative humidity for 24hrs at 25°C. The manufactured laminates’ void contents
were found to vary from 1.6-5.0% depending on humidity environment and the applied
cure pressure and were observed to approach an asymptotic value of approximately
1.6% as cure pressure was increased. The available predictive model for process-
induced voids was not found to be capable of accounting for this. Therefore, the model
was modified by the addition of a pressure reduction and asymptotic void content terms.
The integration of these two terms resulted in a void formation model, which shows
excellent agreement with experimental data. The experimental evidence indicates that
the presence of voids only affects tensile strength significantly and the effect of voids
on strength increases with fiber volume content. For example, the tensile strength of the
laminates were found to decrease by 2.7%-23% for every 1% void content as the fiber
volume content was increased from 45%-57%. This effect is explained by the voids
becoming increasingly in contact with and elongated along the fibers as fiber volume
content is increased. These findings resulted in a void effect model capable of

accurately predicting the influence of voids as fiber volume content is varied.
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1. INTRODUCTION

1.1 COMPOSITE MANUFACTURING TECHNIQUES

The manufacturing of high quality, geometrically complex, hollow parts made of
composite materials has presented significant challenges. Injection and compression
molding of short fiber reinforced parts is currently the most economical and obvious
choice for the fabrication of geometrically complex parts [1]. However, parts
manufactured using these techniques suffer from a decrease in mechanical performance
when compared to parts with continuous fiber reinforcement. As a result, in industries,
such as defense and aerospace where the strength/weight ratio is important, continuous
fiber reinforced composite materials are often used. Currently, pultrusion and filament
winding are the two most commonly used processes to create hollow, structural
composite components that contain continuous fiber reinforcement. However, despite
achieving good surface quality, low microstructural defects and excellent structural
performance, composite parts fabricated using these processes are generally axis-

symmetric with limited geometric complexity and have uniform wall thicknesses [2, 3].

To address the shortcomings of filament winding and pultrusion, the composites
industry has used variations of bladder molding to fabricate hollow composite parts
with increased geometric complexity, non axis-symmetric shapes, and varying wall
thicknesses. In conventional bladder molding, an inflatable mandrel (bladder) presses a
composite material against a female metallic mold, which is subsequently heated in an
oven or autoclave to process the part. This technique has been used with manufacturing

techniques such as resin transfer molding (RTM) successfully [4, 5]. Lehmann and



Michaeli [4] produced hollow composite components using a braided tube preform and
RTM/bladder molding, and found several processing difficulties. Specifically, the
obtainable fiber volume fractions were limited by the permeability of the preform,
which was governed by bladder pressure. As a result, the use of prepregs may be
desirable in bladder molding, as resin infusion would not be affected by bladder
pressure, and thus would allow higher fiber volume fractions to be obtained. Bladder
molding has been used as well for both thermoplastic and thermoset prepregs [6, 7].
Salomi et al. [6] fabricated hollow composite components from a thermoplastic prepreg
using bladder molding in an oven. It was reported that for all parts produced, the void
contents remained below 5% and the fiber mass fraction remained within +0.5% of the
average value of 60.9% [6]. Parts such as “bubble” golf shafts, composite bicycle
frames, bicycle stems and composite propeller blades are examples of parts that have

been produced using conventional bladder molding [5, 8-10].

Generally, in an oven/autoclave, heat is transferred by convection to a conductive mold
as well as the tooling or bagging placed around the part, which in turn, transfers the heat
to the part to facilitate curing. As a result, a large amount of energy is expended in
heating both the air inside the oven/autoclave, tooling, and the part, which increases
operating costs. In addition, the thermal inertia of the curing system used can limit the
achievable heating/cooling rates, resulting in prolonged process cycles. Additionally,
the heating rate must often be maintained between 1-4°C min” to avoid a runaway
increase in laminate temperature caused by the exothermic reaction of the matrix system

[11]. Because of the large capital investment required and the disadvantages discussed



above, the use of an autoclave based process generally results in higher part production

costs when compared to out-of-autoclave processes [1].

Finding a replacement for the autoclave curing process capable of producing
comparable part quality has been actively pursued due to the disadvantages outlined
above. The Quickstep™ process is to date one of the most successful out-of-autoclave
processes developed that produces parts with comparable quality to autoclave cured
laminates. The Quickstep’ ™~ process functions by curing a composite component
between two fluid filled pressure membranes which heat the mold/part [12]. Due to the
way in which the part is heated, the heating rate can be increased beyond the typical rate
for autoclave processed parts. In fact, Davies et al. [11] showed the Quickstep ™
process can use heating rates as high as 10°C min™ to cure composite components with
void contents below 2%. They also found that the process could produce parts with
fiber fractions as high as 60.2% with flexural and interlaminar shear strengths
comparable to autoclave processed parts [11]. Additionally, due to the decrease in
manufacturing time this process serves to increase production rates, resulting in a
reduction of per part cost [13]. The Quickstep’ ™ process solves the thermal inertia and
exothermic heating problems associated with the autoclave. However, the required
capital investment remains high and a large amount of energy is expended in heating the

fluid chambers.

1.2 VOID FORMATION IN COMPOSITES

Voids are one of the most common defects in composite laminates and are known to
degrade there performance considerably [14-16]. As a result, the void content of a

laminate is often used to assess its quality, and thus, to determine if it is acceptable for a
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particular application. Experimental studies available in literature have attempted to
address the cause of void formation in composite laminates and have primarily focused
on either the effect of curing pressure or moisture content [17-23]. Boey and Lye [17]
for example examined the effect of processing pressure on the formation of voids in
laminates laid-up from a glass/epoxy prepreg and manufactured by the autoclave
process. They found that as the autoclave pressure was increased from 100 kPa to 400
kPa void content dropped marginally from 38% to 35% [17]. They believed the
marginal decrease in void content indicated that in this pressure range the internal
pressure of the voids, caused by vaporized moisture, reached equilibrium with the resin
pressure. Thus, as pressure was continued to be increased from 400 kPa to 1100 kPa the
void content dropped to below 3% [17]. Following the previous work, Grunenfelder and
Nutt [21] explored how moisture dissolved in the resin, caused by humidity exposure,
would affect the formation of voids in prepreg laminates manufactured by both the
vacuum-bag-only (VBO) and autoclave processes. They found, that the void contents in
the VBO laminates, which were manufactured at atmospheric pressure (101 kPa),
would increase parabolically with the relative humidity level at manufacturing while the
autoclave laminates’ void contents remained approximately zero regardless of the
relative humidity exposure [21]. The dissimilar behavior of the two processes with
relative humidity was explained by the higher pressure in which the autoclave operates
(609 kPa) which caused the moisture to remain in solution during manufacturing

preventing the formation and expansion of voids [21].

Upon reviewing the models available in literature which attempt to explain void

formation, one finds that they are predominantly centered around a diffusion-based void



growth model proposed by Kardos et al. which predicts final average void diameter [18,
22]. According to this model, voids are spherical and formed due to the moisture in the
resin diffusing to air voids, vaporizing and pressurizing the voids in the resin. As a
result, voids are predicted to grow until the internal void pressure becomes equal to that
of the surrounding resin. Therefore, according to Kardos et al. [18, 22], the final
average diameter of a void present in the resin is a function of the resins’ moisture
content, temperature profile, process time, and pressure profile. As an extension to the
Kardos model, Boey and Lye [17] suggested that by calculating the volume of the
predicted void and using a characteristic volume element, the void content of any
particular laminate could be determined provided the processing conditions are known.
This approach was used successfully by Grunenfelder and Nutt [21] for laminates
manufactured by vacuum bag only (VBO) prepregs which were processed at different
initial moisture contents and constant processing pressure. However, this approach is

unproven when the laminates are manufactured using different processing pressures.

1.3 VOIDS EFFECTS ON THE MECHANICAL PROPERTIES OF

COMPOSITE LAMINATES

Voids are one of the most common manufacturing defects in composite materials and
are known to adversely affect the mechanical properties of composite laminates [19, 24,
25]. This affect is believed to be caused by the presence of voids on the fiber-matrix
interface which limits the ability of the matrix to transfer applied loads to the fiber
reinforcement, and acts as crack initiation planes [17, 26, 27]. In general, the in-plane
elastic modulus is reported to be minimally affected because it is primarily dependent

on the fiber property [28-30]. However, the failure strength of a composite can be



significantly affected. For example, Judd and Wright [14] surveyed twenty-four articles
and concluded that for each volume percent of voids the flexural, tensile, compressive,
and interlaminar shear strengths will be reduced by at least 3% or as much as 20%. As a
result, the void content of a laminate is often used to assess its quality, and thus, to
determine if it is acceptable for a particular application. Because of the wide ranging
effects of voids the aerospace industry’s current rule of thumb is to accept structural
composite components that contain less than 1% voids and nonstructural components

with less than 5% [17, 19, 31, 32].

Studies available in literature to distinguish the effect of voids on the various failure
strengths of composite materials have typically focused on void content and have
assumed the effect of fiber volume content to be insignificant [15, 19, 24, 25, 31-35].
For example, Almeida and Neto [31] examined the effect of voids on the flexural
strength of woven carbon/epoxy laminates. Four laminates were manufactured with
void contents ranging from 1% to 6% while maintaining a fiber volume fraction of
approximately 61%. After testing, the laminates flexural strengths were found to be
reduced by as much as 16% at a void content of 6%. They suggested this reduction was
caused by matrix fractures occurring at voids lying on the fiber-matrix interface [31]. In
addition, they proposed a critical void content of 3% exists which must be surpassed
before voids will begin to have an effect on the strength of a composite component.
Following this work, Chambers et al. [15] examined the effect of voids on the flexural
strength of unidirectional carbon fiber laminates by manufacturing laminates at five
vacuum levels producing laminates with void contents ranging from 2% to 3%. The

flexural strengths of these laminates were reduced by as much as 20% at the highest



void content which conflicted directly with the results of Almeida and Neto [31]. They
therefore concluded the critical void content concept put forth by Almeida and Neto
[31] was too simplistic and that void morphology most likely drives the reduction in

flexural strength [15, 36].

A study by Wisnom et al. [36] examined the effect of void aspect ratio on the
interlaminar shear strength (ILSS) of carbon/epoxy laminates. They varied the void
aspect ratio of the laminates from 1-4 by embedding PTFE monofilaments of various
lengths while maintaining a constant fiber volume fraction. Subsequent, flexural testing
of these laminates showed their ILSS was reduced by 25% as void aspect ratio was
increased. This result raises the question as to what governs the void aspect ratio of
manufactured composite laminates. The author believes the answer to this question is
the final fiber volume fraction of the laminate. However, upon review of literature, little
work has been done relating the effect of fiber volume fraction on the observed void

aspect ratios and their effect on composite laminates.



2. PROPERTIES OF COMPOSITE CYLINDERS FABRICATED BY
BLADDER ASSISTED COMPOSITE MANUFACTURING (BACM)

2.1 INTRODUCTION

The ability to manufacture high quality hollow composite parts, which are
geometrically complex and have superior mechanical properties, has presented
significant challenges. Currently, the injection and compression molding of short fiber
reinforced parts is the most economical choice to fabricate geometrically complex
components [1]. However, the parts manufactured using these techniques often suffer
from a decrease in mechanical performance when compared to parts with continuous
fiber reinforcement. As a result, when the strength/weight ratio is important,
continuous fiber reinforced composite materials are often used. The most common
techniques currently in use to create continuously reinforced hollow, structural
composite components is pultrusion and filament winding. However, these techniques
are generally only able to produce components with limited geometric complexity [2,

3].

In order to produce parts with increased geometric complexity, the composite industry
has investigated bladder molding. In conventional bladder molding, a bladder presses a
composite material against a female metallic mold, which is subsequently heated in an
oven or autoclave to process the part. This technique has been used with manufacturing
techniques such as resin transfer molding (RTM) successfully [4, 5]. Lehmann and
Michaeli [4] produced hollow composite components using fiber preforms and
RTM/bladder molding, and encountered several processing difficulties. First, the resin

injection pressure cannot be more than 0.2 MPa greater than the bladder pressure or the



bladder will collapse. Second, the obtainable fiber volume contents are limited by the
permeability of the fiber preform, which is governed by the applied bladder pressure.
As a result, the use of prepregs may be desirable in bladder molding, as resin infusion
would not be affected by bladder pressure, and thus would allow higher fiber volume
fractions to be obtained. Salomi et al. [6] fabricated hollow composite components
from a thermoplastic prepreg using bladder molding in an oven. It was reported that as
processing temperature and pressure was increased from 185°C-215°C and 0.03 MPa-
0.05 MPa, respectively, the void content of the components decreased from 4.16% to
1.97%. Ref. [6] attributed the effect of temperature and pressure to the lower viscosity
of the thermoplastic matrix at elevated temperatures and improved impregnation of the

fiber reinforcement.

High-performance composite components are generally manufactured using prepregs
with a thermoset matrix due to their greater stiffness and dimensional stability. These
components are typically manufactured in an oven/autoclave, where heat is transferred
by convection to a conductive mold as well as the tooling or bagging placed around the
part, which in turn, transfers the heat to the part to facilitate curing. As a result,
manufacturing hollow shapes is difficult and a large amount of energy is expended in
heating both the air inside the oven/autoclave, tooling, and the part, which increases
operating costs. In addition, the thermal inertia of the curing system used can limit the
achievable heating/cooling rates, resulting in prolonged process cycles. Additionally,
the heating rate must often be maintained between 1-4°C min” to avoid a runaway
increase in laminate temperature caused by the exothermic reaction of the matrix system

[11]. Because of the large capital investment required and the disadvantages discussed



above, the use of an autoclave based process generally results in higher part production

costs when compared to out-of-autoclave processes [1].

Finding a replacement for the autoclave curing process capable of producing
comparable part quality has been actively pursued due to the disadvantages outlined in
the preceding paragraph. The Quickstep'™ process is currently one of the most
successful out-of-autoclave processes developed. The Quickstep™ process functions by
curing a composite component between two fluid filled pressure membranes which heat
the mold/part [12]. Due to the heating dynamics, the heating rate can be increased
beyond the typical rate for autoclave processed parts. In fact, Davies et al. [11] showed
the Quickstep'™ process can use heating rates as high as 10°C min™' to cure composite
laminates with void contents less than 2% which is statistically identical to the same
laminates manufactured by autoclave. In addition, the Quickstep™™ processed laminates
obtained fiber volume contents within 4% of the autoclave (60.2% vs. 64.1%) and with
a flexure strength of 1755 MPa, which is only 168 MPa less than that of the autoclave
processed, laminate (1923 MPa). Additionally, due to the decrease in manufacturing
time this process serves to increase production rates, resulting in a reduction of per part
cost [13]. The Quickstep™™ process solves the thermal inertia and exothermic heating
problems associated with the autoclave. However, the required capital investment
remains high, a large amount of energy is expended in heating the fluid chambers, and

manufacturing hollow composite structures remains difficult.

The bladder molding technique introduced in this chapter, Bladder Assisted Composite
Manufacturing (BACM) eliminates the conventional external heating of the

tooling/mold in an oven or autoclave by moving the heating to the inside of the
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mold/part. Due to the change in heating dynamics, the temperature of the composite
part is controlled accurately by circulating and venting air inside the bladder, thus
improving the process quality. The heating and cooling rates can also be increased,
resulting in a reduction in the required cycle time. Because of the change in heating
source and location, the mold material is no longer required to be conductive which
results in several advantages. Particularly, direct internal heating yields efficient energy
utilization and allows for the use of nontraditional, cost effective mold materials with

low thermal conductivity.

The aim of this chapter is first to introduce and assess the feasibility of the BACM
process in manufacturing high-quality composites in a cost effective manner. This was
achieved by producing a number of composite cylinders using processing pressures of
207 kPa (30 psi), 345 kPa (50 psi), 483 kPa (70 psi), and 621 kPa (90 psi). The elastic
moduli, failure strength, and void content of the cylinders produced were compared to
laminates fabricated using hot press molding at similar consolidation pressures.
Additionally, the energy consumption of BACM is compared to that of a conventional

bladder molding technique.

2.2 MATERIALS AND EXPERIMENTAL PROCEDURE

2.2.1 GEOMETRY AND MATERIALS USED

Cylindrical samples (D=50.8mm and L=101.6mm) were made using Newport”
321/7781 prepreg. This prepreg is composed of an eight-harness woven E-glass fabric
with a 121°C cure epoxy system. The epoxy system used is toughened and has a glass

transition temperature of 149°C [37]. Tomblin et al. [37] processed the material in a

11



vacuum bag with an absolute pressure of 76 kPa producing laminates with a nominal
fiber volume fraction of 46% and elastic modulus of 27.5 GPa. As a result of its

desirable properties, the material is currently in use in general aviation aircraft [38].

2.2.2 SAMPLE FABRICATION PROCESS

Two separate methods were used to fabricate the cylinders in this chapter. The first was
the conventional bladder molding technique, which used an oven to heat an uninsulated
aluminum mold externally. The air inside the bladder was not heated but was
pressurized to provide the consolidation pressure during curing. Five cylinders were
fabricated using this method while recording the energy consumption for each cycle.
The goal was to obtain the average energy consumption per cure cycle when curing is
performed via an external heating source. Later the energy requirements of conventional

bladder manufacturing molding and the newly developed BACM process are compared.

The second curing method, the BACM process, utilized a bladder, heating/cooling
module, and a thermally insulated mold made of aluminum. Eager Plastics P50 RTV
silicon, which has a maximum operating temperature of 343°C, was used to produce the
bladders used during curing of the composite cylinders. The cylindrical bladders had an
outer diameter of 47.6mm and length of 203.2mm. The heating/cooling module was
composed of a heating element inside the bladder and an air-pressure regulation system.
The heating element used was a 450W cartridge heater with a maximum operating
temperature of 870°C. Heaters such as these are commonly used in the hot runners of
injection molds. An air regulator and an electronic air valve, which intermittently
vented air to reduce laminate temperature gradient, controlled the air pressure and flow

inside the bladder (a more thorough explanation of the BACM cycle controller may be
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found in Appendix A). It should be noted that the mold was insulated to increase the
energy efficiency of the BACM process by minimizing the heat loss to the environment.
The optimal thickness of the mold walls and the insulation may likely depend on the
part geometry and the cure cycle. The aluminum mold was insulated by incasing it in
20mm of gypsum (plaster of paris) which has a thermal conductivity of 0.6 W/m-°C
[39]. The resulting mold assembly was composed of two layers: an outer minimally
conductive gypsum casing and an inner aluminum shell (6.4mm thick) which formed
the mold cavity. In Figure 1, a schematic representation of the bladder, heating/cooling
module, and mold assembly is shown and in Figure 2, one mold half along with the

heating/cooling module is shown.

A number of 101.6mm long composite cylinders with 2-, 4-, and 6-plies were
manufactured with bladder pressures of 207 kPa (30 psi), 345 kPa (50 psi), 483 kPa (70
psi), and 621 kPa (90 psi). The cylinders were laid-up by wrapping a single piece of
prepreg material around an aluminum mandrel 2, 4, or 6 times depending on the
required number of plies, while allowing for an overlap of 6.4mm at the seam of the
cylinders. One thermocouple was placed in the center of the laminates at each end of
the cylinders during layup for process control purposes. The process of curing the parts
consisted of placing and centering the layup on the bladder, placing the bladder-layup
assembly into the mold, pressurizing the bladder, and performing the cure cycle. The
cylinders were cured using a cure cycle consisting of a 1°C/min ramp from 25°C to
121°C where they were held for two hours before being cooled to 60°C and removed
from the mold. Two cylinders were fabricated for each of the pressure/ply

combinations resulting in the production of 24 cylinders. A power meter measured the
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total energy consumed during the manufacturing of each of the cylinders. A typical
BACM cure cycle is shown in Figure 3. It is evident from Figure 3 that the temperature
lag between the set point and the composite part is minimal and that the temperature
difference at both ends of the laminate remains less than 3.1°C. The bladder pressure
was maintained constant at one of the four processing pressures, 621 kPa in this case,
throughout the cure cycles. The average deviation from the set-point temperature for
the complete cure cycle was 3°C with a maximum deviation of 5°C, which indicates a
thermally stable cure process. A number of small variations in pressure seen in Figure 3

were due to venting heated air to minimize the temperature gradient across the laminate.

In addition to the BACM process, 4-ply flat composite plates were fabricated using the
same cure cycle in a hot press. In this case, compressive forces of 4800 N, 8000 N,
11200 N, and 14000 N were used to produce four 152mm x 152mm laminates. The
compressive forces used resulted in the laminates experiencing consolidation pressures
equivalent to the bladder pressures used in fabricating the cylinders. The properties of
these flat laminates establish baseline values, which could be used to compare the
properties of the cylinders produced by BACM. These comparisons are expected to
help assess the quality of the composite cylinders and thus validate the viability of the
BACM process. The bladder pressure maintained during the cure cycle and the cure
pressure applied during hot pressing will be referred to as processing pressure while

comparing the properties of the composite samples.
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Figure 1- Mold assembly, heating element and bladder used to fabricate composite
cylinders.

Figure 2- BACM mold half with the heating/cooling manifold attached.
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Figure 3- Typical BACM cure cycle showing process temperature and pressure.

2.2.3 VOID ANALYSIS PROCEDURE

Comparing void contents would be useful in assessing the quality of the cylinders and
flat laminates produced. Several methods such as water absorption, microscopy,
ultrasonic C scan, radiography, and density are available to determine the void fraction
of composite products [14]. By measuring the density of the composite, its void content
can be determined without requiring sophisticated equipment. Void contents of the
composite samples can be accurately determined using this technique if the density
values of the bulk composite and its constituents can be accurately measured. By
suspending the composite and the resin samples in a liquid medium, their densities can

be determined within £0.001 g/cm’.

The density of the bulk composite specimens were determined by reducing the density
of Cargill Labs 2.49 g/cm’® Heavy Liquid by slowly adding water to the liquid until the
specimens were suspended in the solution. Once a specimen was suspended, the

solution density was determined using a pycnometer. Similarly, the resin density (1.224
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g/cc) was determined by suspending multiple bubble free specimens in a water/glycol
solution. These resin samples were obtained from the cured epoxy, which was
squeezed out of the composite parts during the cure. A schematic representation of the
procedure is shown in Figure 4. The density of the fiber reinforcement (2.635 g/cc) was
determined using a helium pycnometer. The weight fraction of both the fiber
reinforcement and matrix was determined by removing the matrix using the burn-off
technique recommended by ASTM D2584-08. Using the weight fractions and density
measurements, the void content of the specimens were calculated from Eq. (1) as

recommended by ASTM D2734-09,

Wfiber + Wmatrix)

Pfiber Pmatrix

Vy =100 — Pspecimen ( (1)

By using the outlined procedure, the void content was resolved within £0.22% (refer to
Appendix B for detailed analysis).  This level of accuracy indicates the
suspension/burn-off method is useful even for composite laminates with void contents

below 1%.
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Figure 4- Procedure used for the determination of the bulk composite and epoxy
resin densities.

2.2.4 MECHANICAL TESTING

To demonstrate the quality of the hollow parts made by the BACM process, flexural
modulus and strength of the composite cylinders and hot pressed laminates were
determined. Six 12.7mm (0.5") wide ring specimens from the center of each cylinder
were obtained with the fibers oriented longitudinally and around the circumference of
the cylinder resulting in twelve ring specimens for each of the pressure/ply
combinations. Three rings from each cylinder were quartered producing 24 ring
segments for each of the pressure/ply combinations. In addition to the cylinder
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specimens, 10 flat 50.8mm x 12.7mm (2" x 0.5") specimens were cut from each of the
four hot pressed laminates. Thickness and width measurements were taken of all
specimens tested and used in the determination of flexural properties. In Figure 5, a
diagram of the test specimens are shown. Figure 6 displays an example of the cylinders

produced and the specimens used for testing.
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Figure 5- Diagram of (a) how the manufactured cylinders rings were cut and (b)
how these rings were further processed (if necessary) to create the required test
specimen. Note: All the listed dimensions are in millimeters.
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Figure 6- A 50.8mm composite cylinder fabricated by the BACM method. A
12.7mm wide ring, ring segment, and a flat test specimen obtained from a hot
pressed laminate are shown in the figure.

2.2.4.1 Cylinders

The elastic moduli of the rings were found by laterally compressing them between two
flat platens using a Com-Ten"™ 705TN testing system. For quasi-static loading as in Ref.
[40], the rings were compressed between two parallel platens at a rate of 2mm/min.
The rings were compressed to 10% (5.08mm) of their original diameter at which point
the test was terminated. Six specimens were tested for each of the pressure/ply
combinations using this procedure. The elastic moduli of the rings were determined as
recommended by ASTM D2412-10a at a deflection of 2.50mm using Eq. (2). A typical

load-deflection diagram of the ring samples in this dissertation is shown in Figure 7.
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Because of the nonlinear behavior of the composite rings used to determine the
cylinders elastic moduli as shown in Figure 7, the flexural strength of the BACM
processed laminates were determined by testing quarter ring segments in three-point
bending using a Com-Ten® 705TN testing system as described in Ref. [41]. The support
span for all tests was set at 25.4mm resulting in span to depth ratios that varied from 18
to 60 and were contingent on ply number and processing pressure. The specimens were
placed concave side down on support pins to reduce the effect of geometric
nonlinearities [42]. The ring segments were loaded at a rate of 2mm/min until an outer
surface rupture occurred. This procedure was used to test twenty-four ring segment
specimens from each pressure/ply combination. The high thickness to radius ratios for
the ring segments ensured that the flexural strength of the samples can be obtained
without accounting for sample curvature (for further discussion refer to Appendix C)
[43]. Therefore, the flexural strengths of the BACM processed ring segments were

found using simple beam theory as outlined in Section 2.2.4.2.

21



N

FORCE/WIDTH (N/mm)
=

0 2 1L 2 1 2 1 2 1 2
0 0.2 0.4 0.6 0.8 1
DISPLACEMENT/DIAMETER (mm/mm)

(1) (2)

Figure 7- Typical load-deflection behavior of the composite rings during testing.
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2.2.4.2 Flat Laminates

The flexural properties of the flat laminates and quarter ring segments were determined
by testing specimens in three-point bending. The support spans for all the tests were
chosen such that a 16:1 or greater span to depth ratio was obtained. The specimens
were then loaded at a rate of 2mm/min until failure occurred. Five specimens from each
of the four hot pressed laminates were tested. The elastic modulus and stress at failure
were found using Eq.’s (3) and (4) respectively as recommended by ASTM D790-10. A

typical stress-strain diagram of the curved flexure samples in this chapter is shown in

Figure 8.
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Figure 8- Typical stress-strain behavior of the curved flexure samples during
testing.
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2.3 RESULTS AND DISCUSSION

2.3.1 ENERGY CONSUMPTION

In the current manufacturing atmosphere, where the environmental effect of
manufacturing are under increasing scrutiny, companies are progressively looking to
introduce green manufacturing processes [44]. These manufacturing processes tend to
focus on reducing both energy consumption and operational wastes. In addition to
lessening environmental impact, a reduction in energy use can have the effect of
reducing operational costs. Figure 9 compares the energy consumption of a bladder
assisted manufacturing process that utilizes an external heat source (i.e., placing the
uninsulated mold assembly in an oven of appropriate size for cure) with that of BACM
using an internal heating module for cure. It is shown that the energy consumed during
the processing of cylinders using the same cure cycle was reduced by approximately
50% (from 1.09 kW-h to 0.56 kW-h). As a result, the BACM process would be a cost
effective manufacturing process if the laminate quality and mechanical properties could
be shown as equivalent to a commonly used manufacturing process such as hot press

molding.
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Figure 9- Comparison of BACM and Oven Heating energy consumption during
the processing of composite cylinders. Note: Error bars represent the 95%
confidence interval for n=5.

2.3.2 PROCESSING PRESSURE EFFECT

If a composite part is cured at higher pressure, the fiber volume fraction is expected to
increase, as more resin is likely to be squeezed out during cure. Thus, the composite
parts cured under increased processing pressure will likely approach a theoretical
maximum fiber volume fraction as determined by packing factor or the weave pattern of
the prepreg. Obviously, if the resin flow is restricted during cure, the increase in fiber
volume fraction may not materialize as expected. Figure 10 illustrates the effect of
pressure on the fiber volume fractions obtained from both BACM and hot press cured
parts. From the figure, the dependence of fiber volume fraction on the applied pressure
is clearly observed. In addition, the numbers of plies present in the laminate were not
found to affect the final fiber volume fraction significantly. Also note that as the
processing pressure is increased the fiber volume fractions of both the BACM and hot
pressed parts increase at approximately the same rate until 621 kPa. At 621 kPa, the
fiber volume fraction of the BACM parts began to reduce while the hot pressed parts
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continued to increase. The BACM process displays one of its unique attributes in this
result. As processing pressure is increased, a critical point is reached in which the RTV
silicon bladder begins to restrict resin flow and eventually seal both ends of the
cylindrical part causing the fiber volume fraction to become reduced at elevated
pressures. The seal point will vary with composite thickness and appears to be located
between 483 kPa and 621 kPa for the cylinders produced. The sealing of the part by the
bladder would most likely result in an increase in the hydrostatic pressure of the resin.
Several studies have examined the effect of resin pressure on void fractions and have
concluded that increases in resin pressure will serve to decrease the void fractions of

parts produced [18, 22, 45, 46].

In addition to the macroscale effect of processing pressure on fiber volume fraction, the
spatial variations of fiber volume fraction throughout the parts produced are of interest
as well. Such variations are, in most cases, undesirable and may lead to unexpected
variations of properties within a composite product. Hence, the variation of fiber
volume fraction inside produced parts must be minimized. The fiber volume fraction in
the laminates produced using the hot press was found to vary by no more than +0.63%
of the average value of 58%. A nominal variation comparable to that of hot pressed
specimens was needed in order for the BACM process to be considered viable. Spatial
variation of the BACM processed cylinders are shown in Figure 11. As expected, the
fiber volume fraction for each of the cylinders increases with pressure, reaching the
maximum average value of 55.5% at 483 kPa and then regresses slightly to 54.9% at
621 kPa. The average fiber content of all cylinders was determined to be 53.4%, a

small reduction compared to the 58% reported for the hot pressed laminates. Despite
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this slight reduction, the spatial variation of the fiber volume fraction for the cylinders
was minimal for all pressure levels as depicted in Figure 11. The maximum variation
was limited to £0.61% for the BACM processed cylinders, which was slightly less than
the variation observed in the hot pressed parts. Using the rule of mixtures, the fiber
fraction variations found in both processes equate to a change in the elastic modulus by
approximately 1%. Clearly, this low level of spatial inhomogeneity is inherent in most
material systems and does not adversely affect the actual design and use of composite
products. From this viewpoint, one can conclude that the BACM process introduced in

this chapter is capable of producing macroscopically homogeneous, hollow composite

products.
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Figure 11- Spatial variation of fiber volume fraction in cylinders produced using
BACM.

2.3.3 LAMINATE QUALITY

It is important to consider void volume fraction (i.e., often referred to as void content)
when assessing the quality of composite laminates. In industrial applications, the
overall void content of a laminate is often times utilized to determine if that component
is acceptable for a particular application. The component acceptance threshold usually
varies depending on intended use. For example, aerospace structures generally contain
less than 1% voids but for other less demanding applications, void contents of up to 5%
are acceptable [17, 19, 31, 32, 47]. Boey and Lye [17, 47] examined the effects of
voids on the flexural strength and modulus of composite laminates fabricated in an
autoclave. They found flexural strength to degrade by approximately 5% and the
modulus by 2% for every 1% of voids present. The applicability of the BACM process
for producing high performance components is therefore reliant on its ability to produce

components with low void content at high fiber fractions.
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The presence of voids will decrease the density of a composite when compared to one
with negligible voids and comparable fiber volume fraction. As a result, the relative
void fractions of composite specimens can be assessed from the specimen density
versus fiber fraction plots. Hence, in Figure 12 the average densities of 10 specimens
for each of the pressure/ply combinations are shown plotted against their average fiber
volume fraction. In addition, the lines of theoretical density of the material with 0%
and 5% voids are shown. All the pressure/ply combinations fabricated using both
BACM and hot press manufacturing processes were found to contain void fractions
below 5%. Interestingly, the void fractions seem to vary little for each of the
ply/process groupings regardless of fiber volume fraction and processing pressure. A
close examination of the figure also seems to indicate that void fraction is slightly
increasing with ply number for the BACM specimens. This may indicate that as plies
are added, air or moisture is increasingly trapped in the prepared laminates. Kardos et
al. [18, 22] developed a void growth model which showed that the application of an
absolute pressure greater than 35.5 kPa would prevent the formation of voids by
moisture. Specimens in this chapter were processed with pressures well above this
limiting pressure. Therefore, the voids present in the processed specimens are less
likely to be environmentally driven and are most likely caused by the entrapment of air
mechanically. The void content in the processed specimens normalized with ply number
is shown in Figure 13. The normalized void content of the BACM specimens are
shown to exhibit similar trends as processing pressure is increased. The results for the
4- and 6-ply specimens appear to be identical but the 2-ply specimens depict a slightly

higher void content per ply. The lay-up process itself may be the cause of this increase.
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Considering that the act of wrapping the prepreg around the mandrel may be serving as
a debulking process, the addition of plies could cause greater normalized compaction
(i.e., lower per ply thickness), which would in turn reduce the volume of trapped air per
ply [46]. It is also interesting to note that above 207 kPa the void content/ply for the
BACM specimens remain nearly constant. This seems to indicate that the resin and not
the voids are removed as processing pressure is increased. Cross-sectional micrographs
of a select number of specimens were taken to observe the morphology of the voids
present and to determine if evidence of void mobility by resin flow could be found. A
select number of these micrographs are shown in Figure 14. From the figure, the voids
are found to have become immobilized by coming into contact with the fiber tows in the

laminate and elongated along the tows as processing pressure is increased.

Because of Figure 13 and Figure 14, the variation of void content along the length of
the cylinders was of interest. At lower pressures, the void content in the center of the
cylinders were found to be less than the void content at the edges of the cylinders. This
variation is indicative of void mobility along the length of the cylinders. However, as
pressure was increased, the difference in maximum and minimum void content
observed in a particular cylinder was found to decrease as shown in Figure 15,
indicating that the voids are becoming less mobile at higher processing pressures. The
reduction in mobility of the voids may be due to: (i) the sealing of the cylinders' ends by
the bladder, and (ii) their increased perimeter at higher pressures, which leads to greater
adhesion to the fibrous preform [31]. Figure 12-Figure 15 support the belief that the
primary mechanism for the removal of voids in the BACM process is consolidation and

resin flow. It can be inferred from Figure 10 that the increased fiber volume fraction and
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the lower void content in the hot pressed specimens are a result of greater resin flow

during cure.
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2.3.4 FLEXURAL PROPERTIES

The flexural properties of composite components produced by different manufacturing
process can be used to assess the effectiveness of these processes in manufacturing
high-quality, structural components. By comparing flexural properties, most process-
induced effects such as compaction, volume fraction variations, voids, degree of cure,
etc. are considered. As a result, the subtleties of process-induced properties become
evident. The effects of processing technique on the elastic moduli of the various
specimens are shown in Figure 16. As expected, the elastic moduli of the samples show
a clear uptrend as the fiber volume fraction is increased. Moreover, it is shown that the
elastic moduli of the BACM processed specimens are comparable to the hot pressed
laminates and greater than that reported by Tomblin et al. [37]. The improvement in
moduli is not surprising, as the mechanical properties reported were obtained from
laminates with a fiber volume fraction of 46% [37]. However, if a trend line is fit to the
BACM results, a good correlation with Tomblin et al. [37] is found. The moduli of the
BACM specimens showed no discernible dependence on ply number and were found to
increase following the same trend as the hot pressed specimens. The presence of voids
did not appear to have a significant effect on the elastic moduli of the specimens. This
is believed to be a result of the high fiber volume fractions and low amount of voids
present in the tested specimens. It is also well known that the elastic modulus is

primarily dependent on the fiber property [19, 24, 25, 48].

The failure strength of a composite is dependent on both the ability of the matrix to
transfer an applied load to the fiber reinforcement and the fiber volume fraction present

in the composite. As a result, for a composite with minimal voids, the failure strength
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of the material is expected to increase with fiber fraction. Figure 17 shows how the
change in fiber volume fraction affected the failure strength of the fabricated specimens.
It is observed that the data tends to cluster within a band regardless of the processing
technique and exhibit a general upward trend as fiber volume fraction is increased.
However, Figure 17 does not directly illustrate the effect of voids present, which can
significantly affect the measured failure strength. This effect is due to the voids
reducing the efficiency of the matrix in transferring loads to the fiber reinforcement and
also acting as the crack initiation planes. As a result, the failure strength is expected to
not only increase with fiber volume fraction but decrease as void content is increased.
It is worth noting that the effect of voids may not be significant if the void content can
be maintained below a certain level. For example, Almeida and Neto [31] developed a
fracture model which showed that the presence of voids in a composite laminate would
not significantly affect its strength until a critical void fraction is surpassed. This critical
fraction has been observed experimentally by Refs. [49, 50] to be between 2-3% and is
dependent on laminate toughness, the ratio of constituent shear moduli and Poisson’s
ratio, and finally the strength of a laminate with no voids present. The specimens in this
chapter were found to contain void fractions from a minimum of 0.2% to a maximum of
3.4% with an average of 1.9%. Because of this, the failure strengths of the tested
specimens were placed in to two groups. The first consisted of specimens with void
fractions below 1.9% and the second for those with void fractions above 1.9%. The
average void content of the first and second group was 1.19% and 2.27%, respectively.
The failure strength of the specimens tested and the trends of the associated void

groupings are shown in Figure 18. As expected, the failure strength of both groups show
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an upward trend as fiber volume fraction is increased. The slopes of the low and high
void groupings were found to be 12.3 and 11.7 MPa/Vye respectively. Hence, the rate
of strength increase is not believed to be affected by the presence of voids due to the
very similar values of these slopes. However, the presence of voids has caused the
trend lines of the two groups to be offset by 5% as void contents increase above 1.9%.
For example, the flexural strength of a sample that contains 50% fibers is estimated to
be 694 MPa for the group that has less than 1.9% voids. This value decreases to 657
MPa when the void fraction surpasses 1.9%. Flexural strength reductions such as these
are common and have been reported by multiple researchers for composites processed

by autoclave and hot plate pressing [19, 24, 25, 31].
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Figure 18- Void effects on the flexural strength of composite specimens. The
dashed markers indicate specimen with void fractions above the 1.9% threshold.
None of the hot pressed specimen exceeded the threshold value of 1.9%.

2.4 CONCLUSIONS
A new, cost-effective manufacturing process, Bladder Assisted Composite

Manufacturing (BACM) has been presented. The BACM process can fabricate hollow,
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geometrically complex structural composite components using a variety of prepreg
material. Unlike conventional oven or autoclave curing, the heating of the composite to
be cured is provided by hot air circulated inside of a pressurized bladder. The proposed
process was shown to produce composite cylinders; (i) in a more energy efficient
manner when compared to traditional cure processes with an external heat source; (ii)
with a spatial fiber volume deviation <0.75%; (iii) with fiber volume fractions as high
as 55% at a bladder pressure of 483 kPa; (iv) with void fractions<5%; (v) with flexural
properties comparable to hot pressed components. It was also shown that the properties
of the cylinders fabricated were not dependent on number of plies. The BACM process
has demonstrated its capability to produce high quality components that contain less
than 5% voids. As a result, the BACM process can be considered as a viable alternative
to filament winding, pultrusion or autoclave curing for the production of medium to

large, structural composite components used in aerospace and defense applications.
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3. REDUCTION OF MICROVOIDS IN COMPOSITE LAMINATES
FABRICATED BY BLADDER ASSISTED COMPOSITE
MANUFACTURING (BACM)

3.1 INTRODUCTION

Variations of bladder molding have been used in the past by the composites industry to
fabricate non axis-symmetric, geometrically complex, composite components. “Bubble”
golf shafts, composite bicycle frames/stems and composite propeller blades are all
examples of components produced using the conventional bladder molding process [5,
8-10]. In conventional bladder molding, a bladder presses a composite material against
a female mold, which is subsequently heated in an autoclave or oven to cure the
component. Bladder Assisted Composite Manufacturing (BACM), which was
introduced in Chapter 2, is a recently developed out-of-autoclave/oven process designed
to fabricate high-quality, hollow polymeric composite components [51]. In Chapter 2,
the BACM process was used to produce composite cylinders from Newport® 321/7781
glass/epoxy prepregs using bladder pressures of 207 kPa (30 psi), 345 kPa (50 psi), 483
kPa (70 psi), and 621 kPa (90 psi) [51]. The fiber volume contents of these cylinders
were found to reach a maximum of 55.4% at a processing pressure of 483 kPa. When
the pressure was increased to 621 kPa the fiber volume content was found to stagnate.
This was believed to be a result of the bladder sealing the ends of the cylinder during
manufacturing. The void contents of the cylinders were maintained below 3.5% which
is acceptable for secondary composite components but not for primary components. As
a result, there is a need to find techniques to reduce void content of components

produced using the BACM manufacturing process.
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For composite laminates made of prepregs, achieving the required fiber volume fraction
while maintaining a low void content and dimensional accuracy can be challenging.
Although the initial fiber volume fraction of a prepreg is specified by the supplier,
proper consolidation pressure should be applied during cure to facilitate resin flow,
which in turn increases the fiber volume fraction. Clearly, fiber volume fraction can be
judiciously controlled by the application of consolidation pressure as excess resin can
be squeezed out from the laminate edges. In addition to applying consolidation pressure,
restricting resin outflow can be used as an effective tool to attain the desired fiber
content. By sealing the mold or laminate periphery, the resin outflow can be limited,
thus causing the final fiber volume fraction to remain within the proximity of the initial
fiber content of the uncured prepreg. As an important benefit, the seal will cause the
resin to develop an internal static pressure, which can in turn cause the entrapped air or
microvoids in the resin to collapse or reduce in size. The effectiveness of this void
mitigation technique in RTM manufacturing was shown by Barraza et. al [52] who
found void content could be reduced by as much as 6.5% when resin pressure was
increased to 300 kPa. Conversely, the inclusion of a porous bleeder cloth on one side of
the prepreg can facilitate resin flow through the laminate thickness, which may result in
higher fiber volume fractions. Moreover, the presence of the bleeder may serve to
reduce the distance voids must travel to escape the laminate and reduce the likelihood of
a void becoming in contact with fiber tows which can result in it become entrapped in

the laminate [53].

The removal of voids or reduction of their average size while trying to achieve a

sufficiently high fiber volume content is desirable as the presence of excessive voids are
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known to considerably reduce the performance of composite laminates [31-33]. In
particular, the presence of voids at the fiber-matrix interface has been reported to
weaken the interfacial region and serve as crack initiation sites [17, 47]. For example,
Boey and Lye [17, 47] examined the effects of voids on the flexural modulus and
strength of composite laminates fabricated in an autoclave. They reported modulus and
strength reductions of 2% and 5% respectively for every 1% of voids present. Hence,
components used for high performance applications are generally expected to contain
less than 1% voids while for nonstructural or less critical components void contents as

high as 5% may be acceptable [17, 31-33, 47, 49].

In this chapter, three variations of the BACM process are introduced to reduce the void
content of composite components by facilitating or limiting resin flow out of the
laminate during curing. The first variation was made by placing a porous fabric
(bleeder) between the laminate and pressurized bladder and was expected to result in
higher fiber volume contents. The second variant was composed of a seal that extends
along the periphery of the laminate, is intended to reduce resin outflow, and was
expected to result in laminates with lower fiber volume contents. The final version was
composed of both a seal and bleeder. These three versions of the BACM process are
expected to reveal possible strategies to control and manipulate fiber volume contents as
well how to reduce or eliminate the process-induced voids, which were observed in the

original BACM configuration outlined in Chapter 2.
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3.2 MATERIALS AND EXPERIMENTAL PROCEDURES

3.2.1 PREPREG MATERIAL USED

TenCate® EX-1522/plain weave, a carbon/epoxy prepreg, was used to manufacture the
cylindrical samples (OD=50.8mm and L=101.6mm). This material is composed of a
balanced plain-woven IM-7 fabric and a toughened epoxy matrix, which cures at 127°C
with a glass transition temperature of 180°C. TenCate® EX-1522/plain weave and
similar woven carbon/epoxy prepregs have been commonly used in aerospace

applications because of its high specific stiffness/strength [1, 38, 54-57].

3.2.2 BACM CURING PROCESSES

3.2.2.1 Original Configuration

The original insulated BACM configuration (I-BACM), schematically shown in Figure
1, utilizes a flexible RTV bladder, a heating/cooling module, and a thermally insulated
aluminum mold. In the BACM process, the desired number of prepreg plies are stacked
and placed between the flexible bladder and the inner surface of a two-piece, metallic
mold. The composite laminate is then pressed against the inner surface of the mold
cavity during cure. Hence, geometrically complex and hollow composite parts can be
manufactured with relative ease by using the BACM process. The required temperature
profile and consolidation pressure during cure is achieved by controlling the heating
element placed inside the pressurized bladder as shown in Figure 1. The composite
laminate is cured by the heated air inside the bladder and is not placed in a vacuum bag

as in the case of conventional autoclave curing. Although not shown in Figure 1, release
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films can be used on both sides of the laminate, thus facilitating easy part removal after

the completion of the cure cycle.

As in Chapter 2, the bladders (Length=203.2mm and OD=47.6mm) used to fabricate the
composite cylinders were manufactured from Eager Plastics P50 RTV silicon. Heating
and cooling of the system was achieved using a custom-made temperature and air
regulation system. Thermal uniformity during curing was achieved by opening an air
valve to induce air flow in the bladder when the longitudinal temperature gradient along
the composite laminate exceeded a predetermined value (i.e., 5.6°C). This air flow
removes temperature gradients formed by any localized heating within the bladder.
After the completion of the cure cycle, the air valve is kept open to facilitate cooling of
the mold/part. To minimize heat loss to the environment, increase energy efficiency,
and eliminate the potential for the injury of laboratory personnel the mold was insulated

with a 20mm thick gypsum casing.

As mentioned in the introduction, three different BACM mold configurations were used
to investigate the effect of restricting or facilitating resin flow on the void content of the
cured cylinders. These three alternative BACM configurations were expected to vary
the fiber volume fraction by controlling resin outflow and reduce void content by
inducing increased levels of resin pressure during consolidation. Of particular interest
was to achieve a desirable increase in fiber volume fraction as well as a reduction in
voids. Therefore, the [-BACM configuration described above was used to establish a
baseline in which the effectiveness of the three subsequent mold configurations could
be compared. A cross-sectional view of the - BACM configuration is shown in Figure

19a for reference.
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3.2.2.2 Sealed Configuration

The sealed configuration (S-BACM), shown in Figure 19b, was composed of a
thermally insulated aluminum mold with seals, bladder, and cylindrical laminate. The
seals were prepared from Viton 4.76mm cord stock, which was extended longitudinally
along the length of the laminate. These seals, located on each side of the cylinder,
contain the resin, which would normally be squeezed out of the laminate. Because the
resin flow would be impeded by the seal, the fiber volume fraction is likely to be lower
compared to the [-BACM configuration. However, the obstruction of resin flow is
expected to induce an increase in internal resin pressure, which would facilitate a
reduction of void content and average microvoid size. Considering that the concept of
increasing pressure by obstructing or restraining resin flow has been successfully used
to reduce microvoids in various molded parts [16, 45, 52], this configuration was
expected to produce laminates with void contents significantly lower than the - BACM
configuration. It should be emphasized that having two longitudinal seals on both sides
of the cylinder does not completely eliminate resin outflow. Both ends of cylinder are
not sealed and thus, some longitudinal resin flow into the small gap between the bladder

and the mold is expected.

3.2.2.3 Bleeder Configuration

The bleeder configuration (B-BACM), shown in Figure 19c¢, was composed of a
thermally insulated aluminum mold, the cylindrical bladder, a thin layer of porous
bleeder fabric wrapped around the bladder, and the cylindrical laminate. Clearly, the
presence of a porous fabric on the surface of the laminate considerably reduces the resin

flow-path distance, and thus leads to a one-dimensional, through-the-thickness flow. As
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a result of the increased resin outflow from the laminate, a fiber volume fraction greater
than that of the [-BACM configuration is anticipated. In addition, the reduction in resin
flow-path length increases the probability that more mobile voids will be removed
before the resin gels [58]. Although a lower resin pressure is expected due to the
presence of the highly compressible and porous bleeder, removal of mobile voids across
the laminate thickness may result in an overall reduction in void content when

compared to the -BACM configuration.

3.2.2.4 Combined Seal/Bleeder Configuration

The combined seal/bleeder configuration (C-BACM), shown in Figure 19d, utilizes
both seals and a bleeder within the BACM mold assembly. Put differently, it was
composed of a thermally insulated aluminum mold with two longitudinal seals, a porous
bleeder around the bladder, and the cylindrical laminate. The fiber volume fraction of
the components produced using this configuration is likely to be similar to the B-
BACM configuration. Moreover, the presence of seals is expected to increase resin
pressure causing a reduction in void size. This reduction is not predicted to be as
significant as in the S-BACM configuration since the resin pressure will not be as high
due to the presence of the bleeder. Instead, the through-the-thickness resin flow is

expected to increase, making the removal of the smaller and more mobile voids likely.
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Figure 19- Schematics of the (a) I, (b) S-, (¢) B-, and (d) C-BACM mold
configurations.

3.2.6 Sample Fabrication Process

Two 4-ply composite cylinders (OD=50.8mm and L=101.6mm) were manufactured at
bladder pressures of 207 kPa (30 psi) and 483 kPa (70 psi) for each of the four mold
configurations studied. This resulted in the manufacturing of a total of sixteen cylinders.
The prepreg plies for each of these cylinders were conditioned at 99% relative humidity
for 24hrs at 25°C (wet-conditioned). The wet-conditioning was expected to increase the
moisture contained within the resin system. As a result, the diffusion of moisture vapor
into any air voids present should increase, thus causing these voids to grow increasing
laminate void content [18]. Having prepregs conditioned at such high humidity levels

will allow for better comparisons to be drawn among the studied BACM manufacturing
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configurations. After conditioning in the high humidity environment, the plies were
laid-up by wrapping a single piece of prepreg material around an aluminum mandrel
four times while allowing for an overlap of 6.4mm at the seam of the cylinders. It
should be noted that this resulted in the reinforcing fibers to be oriented along the length
and circumference of the cylinder. Following the manufacturing of the above sixteen
cylinders, two additional cylinders will be made at bladder pressures of 207 kPa and
483 kPa from prepreg plies which were conditioned at 5% relative humidity for 24hrs at
25°C (dry-conditioned) using the BACM configuration found to be the most successful
in reducing void content. Conditioning the prepreg in this way is expected to minimize
the moisture contained within the prepreg at the time of manufacture. As a result, void
growth due to nucleation is expected to be negligible and laminates with low void

contents are expected to be produced [18].

During the lay-up, one thermocouple was placed between the second and third plies at
each end of the cylinder and used for process control purposes. The cure cycle for the
cylinders consisted of a 2°C/min ramp from 25°C to 127°C where they were held for
three and a half hours. After the isothermal hold, the cylinders were cooled to 80°C and
removed from the mold. In addition, the energy consumed during the manufacturing of
the cylinders was recorded using a P3 International P4460 plug power meter to allow
for the comparison of the total energy of each BACM configuration used. The typical
cure cycles for the I-BACM, S-BACM, and B-BACM configurations are shown in
Figure 20. It is evident from the figure that the temperature lag between the set-point
and composite part is minimal. The average deviation from the set-point temperature for

each of the complete cure cycles is approximately 3°C with a maximum deviation of
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5°C, which indicates the process is thermally stable regardless of the BACM mold

configuration used.
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Figure 20- BACM cure cycle showing the effect the mold configurations had on
cure profile temperature stability. The average temperature profiles shown for the
sealed and bleeder configurations were recorded by thermocouples placed between
the second and third plies, 6.4mm from each end of the lay-up.

3.2.7 CHARACTERIZATION OF FLEXURAL PROPERTIES

The flexural properties of the composite cylinders manufactured from the four mold
configurations were determined by adopting test procedures for thin-walled, cylindrical
laminates. Six 12.7mm wide ring samples were cut from the center of each cylinder,
resulting in 12 ring specimens for each mold configuration. Four rings from each
configuration was left whole and 8 were cut, as shown in Figure 21, to create flexure,

void, and microscope samples.

The circumferential elastic modulus of the composite rings was determined, as in

Chapter 2, by laterally compressing the ring specimens between two flat platens using a
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Com-Ten® 705TN testing system. The rings were compressed at a rate of 2mm/min, as
in Ref. [40], to ensure quasi-static loading. The platens compressed the rings until they
had deflected 5.08mm (10% original diameter) at which point the test was terminated.
Four uncut, whole ring specimens from each mold configuration were tested using this
procedure. The circumferential elastic moduli of the rings were determined at a

deflection of 2.50mm by using Eq. (5) as recommended by ASTM D2412-10a.

0.149PR3 §1°
E= —[ ] (5)

18 I+R

The circumferential flexural strength of the laminates produced were determined by
testing half ring segments in three-point bending as described in Ref. [41]. To ensure a
span to depth ratio was chosen which minimized shear effects, a hot pressed laminate
was first manufactured using prepreg plies, which had been dried at 5% relative
humidity for 24hrs at 25°C to minimize void content. Following manufacturing, the
flexure strength of the laminate as its span to depth ratio was varied was compared to
the tensile strength of the laminate as shown in Figure 22. The figure shows the flexural
strength of the laminate is constant across all of the span to depth ratio’s examined and
correlates very well with the tensile strength results. As such, the spans to depth ratio
for all flexure tests were maintained at 40 to 1 as recommended by ASTM D790-10.
Accordingly, the average span for the 207kPa and 483kPa specimen was 32.4mm
(0.81mm thick) and 30.8mm (0.77mm thick) respectively. All curved specimens were
placed concave side down on support pins to reduce the effect of geometric
nonlinearities [42]. The ring segments were loaded at a rate of 2mm/min until an outer
surface rupture occurred. This procedure was used to test twelve ring segment
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specimens from each mold configuration. The high radius to thickness ratios for the ring
segments ensured that the strength of the samples can be obtained without accounting
for sample curvature (see Appendix C.2) [43]. Therefore, the circumferential flexural
strength of the composite ring segments, expressed in Eq. (6) were calculated as

recommended by ASTM D790-10.
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Figure 21- Schematic representation of the (a) rings cut from BACM processed
cylinders and (b) how these ring specimens were cut to allow for the
characterization of the laminates elastic modulus and flexural strength. Note: all
dimensions are in mm.
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Figure 22- Effect of varying span to depth ratio on the flexural strength of
TenCate® EX-1522/Plain Weave carbon fiber/epoxy prepreg. Note: Error bars
represent the 95% confidence interval for n=5.

3.2.8 MEASUREMENT OF FIBER VOLUME AND VOID CONTENT

The composite industry oftentimes uses void content as a way to assess the relative
quality of individual parts. Characterization of the void content via the measurement of
composite density is a highly accurate technique and can be performed without
sophisticated equipment and material specific calibration. However, the bulk composite
density, constituents’ densities and constituents’ weight fractions must be accurately

measured in order to properly use the density technique.

In this chapter, the effectiveness of different BACM mold configurations in reducing
the void content of the composite cylinders were of interest. Hence, the density of each
ring segment was found individually prior to mechanical testing to allow for a

quantitative and accurate determination of the effects of voids on mechanical properties.
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To this end, each sample used in testing was suspended in a solution of Cargill Labs
2.49 g/cc Heavy Liquid whose density was reduced with the addition of water until a
suspension of the composite sample is achieved. The subsequent measurement of the
solution density with a pycnometer allowed for the accurate measurement of the bulk
density of each cured sample. The densities of the fibers and matrix were reported by
TenCate®, the prepreg manufacture, to be 1.79 g/cc and 1.35 g/cc respectively. In
addition to the densities, the weight fractions of the individual constituents were
required to determine the bulk void content of the composite samples. Therefore, after
mechanical testing, the fiber and matrix weight fractions of each composite sample
were determined using the matrix digestion technique as recommended by ASTM

D3171 Procedure B. The bulk void content of each sample was then found using Eq.

(7).

Wfiber + Wmatrix)

Pfiber Pmatrix

Vy =100 — Pspecimen ( (7)

Using the bias uncertainty for each of the measured values and propagating them
through the calculation shown in Eq. (7), the uncertainty of the void content values can
be shown to be £0.22% using the outlined procedure. This indicates that the accurate
measurement of the composite density combined with the matrix digestion method is

useful to characterize low void content levels (i.e., <1%).

In addition to the bulk void content, the size, location, and shape morphology of the
voids present in the cylinders were examined using a Zeiss DSM-960A SEM. Six

specimens from each of the mold configurations were embedded in a quick cure acrylic
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resin and polished with grit sizes ranging from 15 pm to 1.9 um using three successive
steps. Afterwards, the samples were sputter coated with gold/palladium to prevent

sample charging and cross-sectional images were acquired at 50x and 200x.

3.3 RESULTS AND DISCUSSION

3.3.1 ENERGY CONSUMPTION DURING MANUFACTURING

To reduce the environmental impact of manufacturing processes, companies are
gradually moving towards introducing energy efficient, green manufacturing processes
that focus on reducing operational waste and energy consumption [44, 59, 60]. In
general, the energy efficiency of curing processes which use an autoclave or an oven are
inferior compared to the molding processes that take place in closed or matching molds
with shorter cycle times. Although autoclave or oven curing is commonly used to
fabricate high-quality laminates, both suffer from reduced energy efficiency (i.e., large
energy consumption and energy waste) due to the heating of a large thermal mass
during the cure process. Hence, the energy efficiency of these processes would be
improved if: (a) the thermal mass of the autoclave or oven could be reduced
proportionate to the size of the cured composite; (b) the amount of heated gaseous
medium around the cured part is minimized, and (c) unnecessary venting of heated
gases to maintain a constant cure pressure is eliminated. In this chapter, changes were
made to the [-BACM configuration to produce the three new BACM mold
configurations as described earlier. The effect of these mold configurations on the
energy efficiency of the process was of interest. This is an important consideration as an
increase in energy consumption could increase manufacturing costs, and thus reduce the

viability of the BACM process. In Figure 23, the energy consumed during the
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manufacturing of the cylinders for each of the studied mold configurations is compared
to the - BACM configuration. The changes in the mold configurations were determined
to not result in any appreciable increase in the energy consumed during the
manufacturing of the cylinders. In fact, the average energy consumption of all the mold
configurations was found to be 0.69+0.03 kW-h. If this result is compared to the energy
consumption per part reported in Section 2.3.1, one finds that the parts manufactured in
this chapter required 23% more energy (0.69 kW-h vs 0.56 kW-h). However, this is
expected as the material system used in Chapter 2 (Newport® 321/7781) required a two
hour hold at 121°C whereas the material system in this chapter (TenCate® EX-

1522/plain weave) required a three and a half hour hold at 127°C.
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Figure 23- Variations in energy consumption by the BACM curing processes. The
effect of changing the BACM mold configurations on the energy consumed was
found to be insignificant. Note: Error bars represent the 95% confidence interval
for n=4.
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3.3.2 MOLD CONFIGURATION EFFECT ON FIBER VOLUME FRACTION

If analogous composite components are manufactured using somewhat different
molding processes or mold configurations, the resulting fiber volume fractions and,
thus, the mechanical properties are likely to vary. In the BACM process, these
variations are a result of the use of different mold configurations, which facilitate or
restrict resin outflow during curing. Accordingly, components cured with increased
resin outflow will be expected to approach a theoretical maximum fiber volume fraction
as determined by prepreg weave pattern, packing factor, or processing pressure.
Conversely, if the resin outflow is restricted during curing, the fiber volume fraction
may remain within the proximity of the prepregs’ initial fiber content. Figure 24

illustrates the effect of each mold configuration on the fiber volume fraction obtained.

From the figure, the dependence of fiber volume fraction on mold configuration is
clearly observed. The B- and C-BACM configurations resulted in average fiber volume
fraction increases of approximately 3.5% when compared to the -BACM configuration
regardless of the studied processing pressures. These increases in fiber fractions implies
that the bleeders used in both configurations were effective in increasing resin outflow
through the thickness of the laminate. The S-BACM configuration was found to cause a
slight reduction in the obtained fiber volume fraction (=1.3%) when compared to the I-
BACM configuration at each of the studied processing pressures. This came as a
surprise because the seal in the S-BACM configuration was expected to have a
significant effect on laminate resin outflow, which would in turn cause the obtained
fiber volume fraction to be lower (=5%) than that of the I-BACM configuration.

Therefore, this minor reduction in fiber volume fraction seems to indicate that the resin
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outflow from the laminate was not great enough to utilize the seal in the S-BACM
configuration. These findings demonstrate that the fiber volume fractions of composite
components can be affected and can therefore be tailored by the judicious selection of

mold configuration.
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Figure 24- The effect of mold configuration on fiber volume fraction. Note: Error
bars represent the 95% confidence interval for n=6.

3.3.3 WET-CONDITIONED LAMINATES RESULTS

3.3.3.1 Bulk Void Content in Wet-Conditioned Laminates

The average void contents of the samples obtained from each of the molding
configurations are shown in Figure 25. It is immediately evident that the B-, and C-
BACM mold configurations resulted in marked decreases in the void content when

compared to the - BACM configuration. The most significant change was observed in
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parts manufactured at 483 kPa by the B-BACM configuration. For this case, the void
content of the B-BACM configuration was reduced by 43% (from 6.1% to 3.5%) when
compared to the -BACM configuration. This reduction is thought to be caused by the
shorter and less tortuous pathways open for the voids to escape the laminate [21, 58].
Similarly, the C-BACM configuration, which uses both the seal and the bleeder,
showed a void content reduction of 36%.The primary void reduction mechanism of this
configuration is believed to be the same as the B-BACM configuration, which explains
the statistically identical fiber volume and void content results shown in Figure 24 and
Figure 25 respectively. The S-BACM case was expected to result in a dramatic drop in
the part void content due to an increase in internal resin pressure, induced by the seals’
limiting resin outflow. However, as discussed in the previous section, it appears the
seals were underutilized because the resin outflow from the laminate was not great
enough for the seals’ have an appreciable effect. This finding does not delegitimize the
void suppression method (high resin pressure) used in the S-BACM configuration but
instead highlights the need to tailor the manufacturing configuration to the prepreg
used. For the prepreg (TenCate® EX-1522/plain weave) used in this chapter, the B-
BACM configuration was found to be the most successful for suppressing void
formation. However, if the prepreg had a higher initial resin content the resin flow
would have been expected to be much greater which would have in turn increased the

likelihood of the seals increasing resin pressure causing voids to be reduced/eliminated.
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Figure 25- Void contents of the cylinders produced using each of the mold
configurations. Note: Error bars represent the 95% confidence interval for n=6.

3.3.3.2 Wet-Conditioned Laminates Flexural Properties

The effectiveness of the BACM mold configurations in producing high-quality
composite components can be assessed from their flexural properties. A comparison of
flexural properties will result in the cumulative consideration of most process-induced
effects such as degree of cure, fiber volume fraction, compaction, voids, and similar
microstructural defects [61]. As a result, the intricacies of process-induced properties
become evident. The circumferential elastic moduli obtained from the different BACM
mold configurations are shown in Figure 26. As the fiber volume fraction was
increased, the elastic moduli of the samples were found to increase from a minimum of
53.4 GPa to a maximum of 61.5 GPa indicating a clear upward trend regardless of the

mold configuration used.
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The failure strength of a laminate is reliant on its fiber volume fraction and the ability of
the matrix to transfer an applied load to the fiber reinforcement. Therefore, the failure
strength of composite laminates with minimal voids often increases with fiber volume
fraction. The effect of fiber volume fraction on the average circumferential failure
strength of the cylinders produced using the I-, S-, B- and C-BACM configurations are
shown in Figure 27. The failure strengths are generally found to increase with fiber
volume fraction from a minimum of 652 MPa to a maximum of 925 MPa. As with the
elastic modulus, the mold configuration used was not found to cause a deviation from
the general upward trend of the data. However, the presence of voids appeared to have a

significant negative effect on the flexural strengths of the specimens.
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Figure 26- Mold configuration and fiber content effect on measured elastic
modulus of the cylinders. Note: Error bars represent the 95% confidence interval
for n=6.
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Figure 27- The failure strengths of the cylinders produced using each of the mold
configurations. Note: Error bars represent the 95% confidence interval for n=6.

3.3.3.3 Wet-Conditioned Laminates Void Morphology

SEM images were taken from representative specimens of each mold configuration and
processing pressure to determine the morphology of the voids present. In addition, these
images were used to determine the type of voids that were most effectively removed by
each of the three BACM configurations compared to the I-BACM configuration.
Representative SEM images of the specimens processed at 207 kPa and 483 kPa are

shown in Figure 28 and Figure 29 respectively.

The I-BACM configuration images, shown in Figure 28a and Figure 29a, are found to
contain both intra- and inter-tow voids. The morphology of the inter-tow macro-voids
(i.e. voids> 50um) indicate they are most likely a result of air entrapped during the lay-
up of the composite cylinders as well as the moisture present in the resin before

manufacturing, while the inter-tow voids are believed to come from voids present in the
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resin phase before lay-up [18, 22, 62, 63]. The S-BACM configuration images shown in
Figure 28b and Figure 29b were found to contain voids in both the inter- and intra-tow
regions with no appreciable difference in void morphology when compared to the I-
BACM configuration. Thus, it appears this configuration was unable to develop an
increase in resin pressure, which would cause the macro-voids to collapse. The B-
BACM configuration images, shown in Figure 28c and Figure 29c, do not contain any
discernible inter-/intra-tow micro-voids. However, occasional, larger macro voids are
still present. The absence of micro-voids is explained by the supposition made earlier
that shorter and less tortuous pathways are available to the voids to escape the laminate.
The presence of remaining inter-tow macro-voids is explained by the fact that they are
less mobile than the micro-voids due to their increased contact diameters [52, 58, 64].
It is interesting to note that the C-BACM configuration images, Figure 28d and Figure
29d, show no noticeable change in the void morphology when compared to the B-
BACM configuration. This seems to indicate that the full effect of the bleeder is
retained from the B-BACM configuration with no apparent benefit of the seal. A
schematic representation of the way in which the resin and the voids it carries is
believed to exit the I- and B-BACM configurations may be found in Figure 30. For the
I-BACM configuration (Figure 30a), the resin is shown to move along the
circumference of the laminate and to exit at the mold part line. Thus, an average void,
assuming void distribution is homogeneous in the laminate, must travel approximately
0.5nR. Conversely, an average void in the B-BACM configuration (Figure 30b) must
only travel 0.5d. Thus, the effectiveness of the B-BACM configuration in removing

voids is expected to remain constant regardless of part size.
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Figure 28- SEM images of the 207 kPa processed specimens manufactured by the
(a) I, (b) S-, (¢) B- and (d) C-BACM mold configurations at 50x, and 200x.
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Figure 29- SEM images of the 483 kPa processed specimens manufactured by the
(a) I-, (b) S-, (¢) B- and (d) C-BACM mold configurations at 50x, and 200x.
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Figure 30- Schematic representations of the (a) I-BACM and (b) B-BACM
configurations. The effect of the bleeder is shown in the (b) B-BACM
configuration. In the I-BACM configuration, the absence of a bleeder leads to resin
outflow along the circumference of the laminate. In the B-BACM configuration,
the presence of bleeder leads to higher resin outflow and higher fiber volume
fractions.
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3.3.4 DRY-CONDITIONED LAMINATES RESULTS

The B-BACM configuration was found to be the most capable of removing voids and/or
suppressing void formation in tubular laminates whose prepreg had been wet-
conditioned as was shown in Section 3.3.3. Therefore, it was of interest to determine the
minimum obtainable void content of the cylinders manufactured by the BACM
technique if they were manufactured under ideal conditions, i.e. prepreg dried at 5%
relative humidity for 24hrs at 25°C. In addition, it was of interest to compare these
results to laminates conditioned in the same way manufactured using the hot press. To
facilitate these determinations, two cylinders and flat laminates were manufactured at
207 kPa and 483 kPa using the B-BACM and hot-press manufacturing techniques after

having been dried as outlined above.

3.3.4.1 Bulk Void Content in Dry-Conditioned Laminates

The average void contents of the samples obtained from the hot-press and B-BACM
techniques are shown in Figure 31. From the figure, it is evident that the laminates
whose constituent prepreg had been dried produced laminates with the lowest void
contents for any particular processing technique or pressure. In addition, the figure
indicates the B-BACM configuration produces cylinders whose quality is comparable to
the hot-pressed laminates for all cases except for those manufactured at 483 kPa whose
prepreg had been dried. For this case, the hot-press technique produced laminates with
void contents of 1.3% whereas the B-BACM configuration produced cylinders with
void contents of only 0.2%. This improvement over the pressed laminate is attributed to
the shorter and less tortuous pathways open for the voids to escape the laminate made

by the bleeder [21, 58].
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Figure 31- Void content of laminates using the hot-press and B-BACM
manufacturing techniques. Note: Error bars represent the 95% confidence
interval for n=6.

3.3.4.2 Dry-Conditioned Laminates Flexural Properties

The effectiveness of drying the prepreg in producing high-performance composite
components can be assessed from their flexural properties. The in-plane and
circumferential moduli of the hot-pressed and B-BACM samples are shown in Figure
32. As the fiber volume fraction was increased, the elastic moduli of the samples were
found to increase from a minimum of 55.3 GPa to a maximum of 71.9 GPa indicating a
clear upward trend independent of void content and manufacturing technique used.
Results such as these are not surprising, because the elastic modulus of a composite is

fiber dominated [19, 24, 25, 48].
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The laminate fiber volume fraction and the efficiency of the matrix in transferring an
applied load to the fiber reinforcement will generally dictate the failure strength of a
laminate. Therefore, the failure strength of composite laminates is coupled with fiber
volume and void content. For a laminate with minimal voids, failure strength is
expected to increase. However, when voids are present this will not necessarily be the
case. The flexural strength of the hot-pressed and B-BACM specimens are shown in
Figure 33. The failure strengths are found to increase as void content is reduced. In fact,
for the B-BACM laminates the failure strength was found to increase from 925 MPa to
1272 MPa when the void content was reduced from 3.5% to 0.2%. Further examination
of the data seemingly indicates the negative effect of voids becomes more significant as

fiber volume content is increased.
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Figure 32- Manufacturing technique, preconditioning, and fiber volume content
effect on measured elastic modulus. Note: Error bars represent the 95%
confidence interval for n=6.
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Figure 33- Manufacturing technique, preconditioning, and fiber volume content
effect on flexural strength. Note: Error bars represent the 95% confidence interval
for n=6.

3.3.4.3 Dry-Conditioned Laminates Void Morphology

SEM images of typical specimens were taken of the dry-conditioned B-BACM and hot-
pressed laminates manufactured at 207 kPa and 483 kPa to determine how the void
morphology of these laminates compared to those, which were wet-conditioned.
Representative SEM images of the dry-conditioned specimens manufactured by the B-

BACM and hot-press techniques are shown in Figure 34 and Figure 35 respectively.

The void morphology of the dry-conditioned B-BACM specimen processed at 207 kPa,
shown in Figure 34a, is found to be somewhat similar to the wet-conditioned specimen
in Figure 28c (voids located in the inter-tow regions). However, upon further

examination the inter-tow voids in the dry-conditioned specimen are found to be smaller
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than those observed in the wet-conditioned specimen. This observation appears to
illustrate how the nucleation of moisture vapor during manufacturing can affect the final
void content of a manufactured laminate. This apparent effect of moisture vapor
nucleation is further observed when comparing the SEM images of the wet- and dry-
conditioned B-BACM specimen processed at 483 kPa found in Figure 29c and Figure
34b. For these images, the voids found in the inter-tow regions of the wet-conditioned
specimen are no longer observable in the dry-conditioned specimen. Seemingly,
indicating that the voids found in the comparable wet-conditioned specimen was caused

solely by moisture nucleation.

The voids in the dry-conditioned hot-pressed specimen processed at 207 kPa and 483
kPa, shown in Figure 35, are found to contain voids in both the inter- and intra-tow
regions. In addition, the aspect ratio of the voids observed in the hot-pressed specimen
in Figure 35 (=4.5) are greater than the aspect ratios of the voids in the B-BACM
specimen found in Figure 34 (=1.5). This observation is explained by the fact that the
B-BACM specimen fiber volume contents are less than the hot-pressed specimen,
which indicates the width of the matrix rich region between plies is less in the hot-
pressed specimen. Consequently, the likelihood of a void becoming located on the fiber-
matrix interface is expected to increase with fiber volume content, illustrated in Figure
36. This is significant, given that the matrix transfers applied loads by shear to the
fibers. Voids on the fiber-matrix interface reduce the shear area, effectively increasing
the shear stress in the matrix, which can in turn result in early failure of composite

components [27, 65-67]. This hypothesis may explain why the negative effect of voids
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on flexural strength seemed to be greater in the laminates studied in this chapter, which

had higher fiber volume contents. This hypothesis is explored in detail in Chapter 5.
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Figure 34- SEM images of the dry-conditioned B-BACM specimen processed at (a)
207 kPa and (b) 483 kPa at 50x, and 200x.
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Figure 35- SEM images of the dry-conditioned hot-pressed specimen processed at
(a) 207 kPa and (b) 483 kPa at 50x, and 200x.
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Figure 36- Hypothesized effect of increasing from (a) low to (b) high fiber volume
content on the morphology of voids.

3.6 CONCLUSIONS

In this chapter, we have assessed the feasibility of adapting the -BACM configuration
using bleeders and seals to reduce void contents of composite cylinders manufactured at
processing pressures of 207 kPa and 483 kPa. The effects of three mold configurations
in reducing void contents, and on mechanical properties were reported. It was shown
that the fiber volume contents of the cylinders could be increased from 62% to 67% by

incorporating a bleeder in the mold. The void contents of the composite cylinders,
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manufactured at 483 kPa using the B- and C-BACM variations, were reduced by as
much 43% (6.1% to 3.5%) when compared to the -BACM configuration. When the
prepreg was dried, the void content of the cylinders manufactured at 483 kPa using the
B-BACM configuration was found to be reduced to 0.2% (a 94% reduction). The
morphology of voids present in specimen processed using each of the mold
configurations were examined using a SEM. It was found that micro-voids were most

effectively removed using mold configurations, which implemented a bleeder.

The mechanical properties of the components were found to increase as expected with
fiber volume content. Voids were shown to affect the elastic moduli and failure
strengths of the composite components very differently. The elastic moduli of the
specimen were found increase in a linear fashion from 53 GPa to 61 GPa as fiber
volume content was increase from 58% to 66%. Thus appearing to be unaffected by the
presence of voids. The flexure strengths of the specimen were found to increase from
652 MPa to 1272 MPa as fiber volume content increased and void content decreased. In
addition, the effect of voids on the flexure strengths appeared to become more
significant with increasing fiber volume content. This phenomena is explored in detail

in Chapter 5.
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4. FORMATION OF VOIDS IN COMPOSITE LAMINATES:
COUPLED EFFECT OF HUMIDITY EXPOSURE AND CURE
PRESSURE

4.1 INTRODUCTION

Experimental studies available in literature have attempted to address the cause of void
formation in composite laminates and have primarily focused on either the effect of
curing pressure or moisture content [17-23]. The effect of processing pressure on void
formation in laminates laid-up from a glass/epoxy prepreg and manufactured by
autoclave/isostatic press was investigated by Boey and Lye [17]. They did this by
varying the processing pressure from 100 kPa to 7000 kPa. They found that as the
processing pressure was increased from 100kPa to 400 kPa the void content of the
laminates dropped content dropped marginally from 38% to 35% [17]. They believed
this was a result of the initial pressurization only serving to resist void growth. When
the processing pressure was increased beyond 400 kPa void content was dramatically

reduced to an asymptotic value below 3% [17].

Following the previous work, Grunenfelder and Nutt [21] explored what effect if any
moisture dissolved in resin, caused by humidity exposure, would have on the formation
of voids manufactured by both the vacuum-bag-only (VBO) and autoclave processes.
They did this by exposing a carbon fiber/epoxy prepreg to 70%, 80%, and 90% relative
humidity until moisture saturation occurred. Upon manufacturing they found the void
contents of the laminates manufactured by the autoclave were seemingly unaffected by
the presence of moisture. This result was attributed to the relatively high processing

pressure of the autoclave (609 kPa) causing the moisture in the resin to remain in
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solution during manufacturing preventing the formation of voids [21]. For the VBO
laminates, which were manufactured at atmospheric pressure (101 kPa), they found
moisture content would result in a parabolic void content increase. The above studies
were completed while manufacturing laminates at either high or low pressure and have
not addressed how moisture will effect void formation in the pressures between 101kPa
and 609 kPa. In addition, these studies focused only on the effect of one parameter at a
time, i.e. moisture content or pressure and did not considered if the humidity/moisture
and pressure parameters are coupled. Therefore, it is of interest to explore the
relationship between processing pressure and moisture content in the formation of voids
and determine if the currently available models are able to cope with both at the same

time.

Upon reviewing the models available in literature which attempt to explain void
formation, one finds that they are predominantly centered around a diffusion-based void
growth model proposed by Kardos et al. which predicts final average void diameter [18,
22]. This model is based on the assumptions that (i) voids are spherical, (ii) voids form
due to moisture in the resin diffusing into air voids, (iii) voids occur in resin rich
regions are not affected by fibers in the material. Because of these assumptions, the
Kardos model predicts voids will grow, i.e. void content will increase, until the internal
pressure of the void is equal to that of the surrounding resin. Therefore, according to
Kardos et al. [18, 22], the final average diameter of a void present in the resin is a
function of the resins’ moisture content, temperature profile, processing time, and

pressure profile.
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As an extension to the Kardos model, Boey and Lye [17] suggested that by calculating
the volume of the predicted void and using a characteristic volume element the void
content of any particular laminate could be determined provided the processing
conditions are known. This approach was used successfully by Grunenfelder and Nutt
[21] for laminates manufactured by vacuum bag only (VBO) prepregs which were
processed at different initial moisture contents and constant processing pressure.
However, the approach has not been used in situation where the processing pressure is

varied.

There are a number of shortcomings in the diffusion based void content prediction
model suggested by Boey and Lye [17] which limits its ability to be used in its current
state for all circumstances. The first is the moisture content in the resin, which is caused
by the diffusion of environmental moisture into the resin, is modeled to occur instantly
and is not time dependent. Thus, depending on the environmental humidity history of
the storage location the model can either over or under predict the moisture content of
the resin, which can drastically affect predicted void content. The second is the model
assumes the resin pressure is equal to the applied pressure. Therefore, the model does
not consider the effect of the fiber bed carrying a portion of the applied load [23, 68-
72]. Finally, the model disregards the escape of voids from the laminate as a result of
resin outflow, which can be significant [62, 73]. In this chapter, the combined effect of
humidity exposure and processing pressure on void formation is explored
experimentally. In addition, the void prediction model suggested by Boey and Lye [17]
is improved to distinguish the difference between the applied and resin pressure, and to

account for both fiber bed effects, and time dependent moisture absorption.
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4.2 MATERIALS AND METHODS

4.2.1 FABRICATION PROCEDURE

The specimens in this chapter were fabricated from TenCate® BT250/7781, a
glass/epoxy prepreg. Eight-ply laminates (L=152mm W=152mm) were manufactured
by the hot-press technique using curing pressures of 69 kPa (10 psi), 207 kPa (30 psi),
345 kPa (50 psi), and 483 kPa (70 psi). To determine the effect of moisture on laminate
void formation, the prepreg plies for each laminate were: (i) unconditioned (direct from
storage), (i1) conditioned at 25% relative humidity and, (ii1) conditioned at 99% relative
humidity for 24hrs at 25°C to induce different initial levels of moisture. After
conditioning, the plies were laid-up and the laminates were manufactured using the cure
cycle shown in Figure 37, which consists of a 1°C/min ramp from 25°C to 121°C, a

two-hour isothermal hold at 121°C, and a 5°C/min ramp down to 60°C.
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Figure 37- Temperature cure profile used to manufacture the laminates in this
chapter.
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4.2.2 MOISTURE CONTENT

The moisture contents of the laminates in this chapter were determined using a
Computrac Vapor Pro® moisture analyzer. The analyzer functions by circulating a dry
carrier gas across a heated sample and measuring the relative humidity of the
outflowing gas. Combining the humidity data, gas flow rate, and sensor temperature,
allows for the moisture transmission rate from the sample to be determined. Integrating
this data with time allows the total moisture mass of the sample to be found. For this
work, the gas flow rate was set to 75 mL/min, the samples were heated to 121°C, and
the moisture content measured until the moisture transmission rate decreased below 0.5
pg/s. Figure 38 and Figure 39 show how the moisture in a typical prepreg sample is

transmitted during the experiment outlined above.

The time-dependent moisture content of the prepregs was determined by exposing
prepreg strips (L=31.8mm W=25.4mm) to environments of 99%, 45%, and 25%
relative humidity at 25°C and recording their moisture contents with time until moisture
saturation occurred. Using the measured time-dependent moisture contents, the 1-D

Fickian moisture diffusion model [74],

0.75
G=1—exp [—7.3 (55) ] @®)
M. = G(My, — M;) + M;, )]

was fit to the data. Thus allowing, the diffusivity and the saturation moisture contents of

the three humidity levels to be determined. In addition, the use of these parameters
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allows the transient moisture content of the prepregs to be predicted assuming the

environmental humidity level and exposure time are known.
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Figure 38- Total moisture transmission of a representative prepreg specimen.
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Figure 39- Time dependent moisture transmission rate of a representative prepreg
specimen.
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4.2.3 VOID CONTENT MEASUREMENT

From each manufactured laminate, eight rectangular specimen (L=31.8mm
W=12.7mm) were cut to allow for the void contents to be determined using the
technique outlined in ASTM D2734-09, which is capable of resolving void contents to
within +0.22% [51]. Thus, each composite specimen’s density (Pspecimen) Was
determined by suspending each in a solution of Cargill Labs 2.49g/cc Heavy Liquid that
had been diluted by water. Similarly, the matrix density (pm) was determined by
suspending void free matrix specimens in a water/glycerol solution. The subsequent
measurement of the solution density, using a fluid pycnometer, allowed for the accurate
measurement of the bulk density of each specimen. The fiber reinforcement density (pf)
was alternatively determined by the use of a helium pycnometer. From these
experiments, the densities of the matrix and fiber reinforcement were found to be 1.224
g/cc and 2.635 g/cc respectively. Next, the weight fractions of the matrix and fiber for
each specimen were found using the burn-off method described by ASTM D2584-08.
Then, using the constituent densities and weight fractions, the void contents of the

specimens were calculated using Eq. (10).

Wfib er Wmatrix)
+ (10)

Pfiber Pmatrix

Vy =100 — Pspecimen (

4.3 RESULTS AND DISCUSSION

4.3.1 MOISTURE DIFFUSION IN UNCURED PREPREGS
The moisture content of TenCate® BT250/7781 for different humidity environments

with the progression of time and the 1-D Fickian model fit is shown in Figure 40. It is
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found that the diffusion of moisture into and out of the prepreg is Fickian with a
diffusivity of 4.01E-2mm*/h indicating that moisture can be easily exchanged between
the studied material and its environment. For example, the prepreg used in this chapter
reached the saturation moisture contents for each of the three humidity environments
studied after just 10 hours of exposure. The saturation moisture contents varied
significantly and were found to be 0.35%, 0.15%, and 0.11% by weight when exposed
to 99%, 45%, and 25% relative humidities respectively and agree well with the results
reported elsewhere [21, 75]. The above findings illustrate the importance of not only
carefully controlling the manufacturing environment but also the storage environment
of prepregs. This is due to the relatively high diffusivity of the prepreg resin, in which
short exposure to a varying humidity environment can result in significant moisture
absorption. Since resin moisture content can have a drastic impact on the quality of a
composite component, any void content prediction model should incorporate a transient

moisture content prediction capability [17, 21, 62].
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Figure 40- Moisture content of TenCate® BT250/7781 exposed to humidity
environments of 99%, 45%, and 25% relative humidity at 25°C until saturation
was reached. The fit of the Fickian 1-D diffusion model, i.e. Eq. (9), is also shown.
Note: Error bars represent the 95% confidence interval for n=3.

4.3.2 HUMIDITY AND PRESSURE EFFECT ON VOID FORMATION

The effect of exposing the laminates to different environmental humidities as well as
the effect of increasing cure pressure is presented in Figure 41. From the figure, it
becomes obvious that the presence of moisture in the laminate before processing is of
chief importance. For example, the void contents for the laminates processed at 69 kPa
were found to increase from 2.79% to 4.94% as the initial moisture content of the
laminate increased from 0.11% to 0.35%. This finding was not surprising and is
explained by the higher moisture content found in the laminates diffusing into the voids
which is vaporized during curing resulting in an exponential increase of void pressure

with temperature during processing which cause the voids to grow [17, 18, 21, 22, 33].

However, as the processing pressure was increased for all humidity cases the void

contents for each laminate were found to approach an asymptotic void content of

80



approximately 1.6%. This was unexpected as the model suggested by Boey and Lye
[17] and used by Grunenfelder and Nutt [21] infers that void content will decrease to
0% as processing pressure is increased. Thus, it is believed a yet unreported physical
phenomenon has been observed. Examination of the SEM micrographs, shown in
Figure 42, seems to give clear evidence as to the cause of the observed phenomenon.
The fiber tows appear to be becoming increasingly packed as processing pressure/fiber
volume content is increased. This packed structure is thought to be carrying a portion of
the applied consolidation load and limiting the pressure developed in the resin [23, 68-
72]. In addition to carrying the applied load, this packed microstructure reduces the
permeability of the fiber bed resulting in the less mobile macro-voids becoming trapped

in the laminate [45, 52, 53, 64, 76, 77].
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Figure 41- Effect of humidity environment and processing pressure on the
formation of voids. Note: Error bars represent the 95% confidence interval for
n=8.
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Figure 42- Fiber bundle hierarchy of laminates manufactured at (a) 69 kPa and (b)
483 kPa whose prepreg plies were conditioned at 25% RH for 24 hrs.

4.4 PROPOSED MODEL

4.4.1 MODEL DEVELOPMENT

As a result of the above findings and due to the seemingly incomplete nature of the
model used by Grunenfelder and Nutt [21] an analytical model was developed to predict
final laminate void content as a function of processing pressure and time-dependent
resin moisture content. The model is based on the diffusion void growth model of
Kardos et al., which assumes voids grow due to the diffusion of moisture from the
surrounding resin [18, 22]. Thus, temperature and pressure are the driving forces
behind the diffusion process and will determine whether discrete voids grow or are
reduced in size [16-18, 22, 34, 45]. Void growth is expected to occur when the internal
void pressure exceeds that of the surrounding resin. Thus, a pure air void is likely to
collapse under an applied pressure but it is important to note that the internal pressure of
a void with moisture will increase exponentially with temperature making void growth
much more likely to occur [17-19, 22, 33]. Therefore, higher processing temperatures

and lower processing pressures will facilitate the growth of voids.
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To simplify the void growth analysis, Kardos et al. [18, 22] assumed that void growth
occurs in a pseudo-homogenous medium which resembles the mass diffusion bubble
growth [78]. The details of the analysis and a complete list of the assumptions made are

presented elsewhere [18, 22]. The equation governing the final void diameter is

__ 4RgTVD t(S RHZ—Cg,y)

dy (11)

My, 0 Pg

where the coefficient of resin solubility is obtained from a parabolic fit to the saturation
moisture content vs. relative humidity [18, 21, 22, 75]. Boey and Lye [17] suggested
that final void content, V,, could be determined via converting the void diameters
predicted by Eq. (11) into void volumes and dividing them by characteristic volume

element as shown in Eq. (12).

V. = ™ 4RgTVD t(S RHZ—Cgqt) 3
Vo 6V

(12)

My, 0 Pg

It is important to note that the term “S RH*”, in Eq.’s (11) & (12), gives the saturation
moisture content for an environment maintained at a constant humidity state and does
not account for variable humidity exposure [18, 21, 22]. Therefore, the incorporation of
Eq. (9) into the moisture content term in Eq.’s (11) & (12) would allow for a more
versatile model. In addition, the pressure term in the above equations assume the
applied pressure is the same as the resin pressure in the laminate, which is not
necessarily valid as the resin pressure can be much less [23, 68-72]. Furthermore,
because of the potential for high fiber volume fractions, the fiber bed permeability is

reduced causing the macro-voids becoming trapped in the laminate resulting in an
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asymptotic minimum void content [45, 52, 53, 64, 76, 77]. Considering the
experimental data as well as the above discussion, it is suggested that the void
prediction model should be updated as,

3
_ Ay*Mc+By 13
Vo = ( Pg(1~R) ) + Vinin )

where the constant terms in Eq. (12) have been condensed into two variables, A, & By,
and two new terms, the pressure reduction coefficient, Pr, and the manufacturing

processes asymptotic minimum void content, Vi, have been added.

4.4.2 MODEL FIT TO EXPERIMENTAL DATA

The fit of Eq. (12) to the experimental data is shown in Figure 43. It is interesting to
note that the fit of the model used by Grunenfelder and Nutt [21] appears to be very
good. However, this high quality fit only occurs if the experimental data is examined at
the four pressure levels independently. If all the data is considered as a whole, the
model is unable to accurately predict the void content of the laminates at any point
indicating that the effect of humidity exposure and cure pressure on void formation is
indeed coupled. The fit of Eq. (13) to the experimental data is shown in Figure 44 and
the parameters used to obtain the fit are found in Table 1. The model proposed in Eq.
(13) is found to accurately predict how the final void content of the laminates vary with
humidity/pressure which Eq. (12) was unable to do. The fit of the model shows that the
resin pressure does not necessarily increase proportionally with processing pressure.
This conclusion is supported by the fact that the pressure reduction coefficient, Pg, in
Table 1 is found to be 0.055 indicating that the resin pressure is reduced by as much as
12% at a processing pressure of 483 kPa, which diminishes its ability to cause voids to
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collapse. In addition, an asymptotic void content of 1.64% is indicated by the model,

which correlates well with the experimental data.
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Figure 43- Fit of the model Grunenfelder and Nutt [21] used, Eq. (12), when fit to
the data points at each cure pressure separately along. Note: The model was
unable to be fit to the entire data set. Note: Error bars represent the 95%
confidence interval for n=8.
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Figure 44- Fit of the model proposed in this chapter, Eq. (13), to the complete data
set. Note: The model is capable of predicting void contents at all pressure/humidity
levels and the error bars represent the 95% confidence interval for n=8.
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Table 1: Fitting parameters of Eq. (13) for the experimental data.

PR Vmin Av BV
0.055 1.64 3.16 1.32

4.4.3 MODEL VALIDATION

The proposed model, Eq. (13), was found capable of accurately predicting the void
contents of the laminates used in its development. Nevertheless, further validation of the
model was required. Therefore, two additional eight-ply laminates were manufactured
after having their prepreg plies cycled through one of the two humidity cycles shown in
Figure 45. During each of the humidity cycles, the moisture content of the prepregs
were measured every two hours, as shown in Figure 46, and compared to the moisture
content predicted by the 1-D Fickian model using the diffusivity and saturation moisture
contents previously discussed. The comparison shows the utility of using the Fickian
model to predict the transient moisture content of a laminate as it is exposed to a known
humidity environment. Indicating, the moisture content of a prepreg at the time of
manufacturing can be predicted if the humidity level and time of exposure is known.
Therefore, the incorporation of the Fickian model into a void prediction model makes it
much more versatile. At the end of the humidity exposure cycles, the laminates were
laid-up and processed at a pressure of 69 kPa using the same cure cycle as the previous
nine laminates. Using both the final predicted and measured moisture contents, the two
laminates void contents were predicted by Eq. (13) using the parameters in Table 1. The
void content predictions using these moisture contents are compared to the measured
void contents of the validation laminates in Table 2. It is shown that the void contents
predicted by the using either the predicted or measured moisture contents lie within the

uncertainty of the measured void content.
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Figure 45- The two humidity exposure cycles of the prepreg plies which composed
the laminates used to verify the proposed model. Note: The temperature at the
time of the exposure cycles was 25°C.
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Figure 46- Moisture content of the prepreg plies composing the verification
laminates during their humidity cycles shown with the predicted moisture content
using Eq. (9). Note: Error bars represent the 95% confidence interval for n=3.

Table 2: Predicted void contents compared to the actual void content of the
laminates exposed to separate humidity cycles.

. Predicted Void% Using M, from Experimentally
Humidity Cycle — . . Y0
Fickian Model Measured Determined Void%
(a) 3.10 2.92 3.27+0.42
(b) 4.75 4.58 4.65+0.69
4.5 CONCLUSIONS

The motivation behind this work was to determine the coupled effect of humidity
exposure and cure pressure on void formation in laminates fabricated from a
glass/epoxy prepreg and manufactured by hot-press. The moisture content of the
prepreg plies were found to vary depending on the environments relative humidity and
the time of exposure. The diffusion of moisture into and out of the prepreg was
observed to behave as predicted by 1-D Fickian diffusion. In addition, the diffusivity

was found to be 4.01 E-2mm?/h indicating that a prepreg ply subjected to environmental
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humidity would rapidly approach its saturation moisture content for that humidity level.
In this chapters experiments, moisture saturation occurred after 10 hrs for all humidity
levels studied. This is important because the maximum observed void content occurred
in the laminates whose pregreg plies had been exposed to high humidity conditions
regardless of processing pressure. Conversely, the lowest void contents were observed
in those laminates whose prepreg plies had been dried in a low humidity environment.
Thus, the relative humidity in which laminates fabricated from prepreg are prepared and

their moisture content at the time of manufacturing is significant.

The void contents in the laminates manufactured for this chapter were found to reduce
to an asymptotic void content of 1.64% as processing pressure was increased regardless
of initial laminate moisture content. This phenomenon was explained by the structure of
the fiber bed as processing pressure/fiber volume fraction was increased. Namely, as
fiber volume fraction was increased the fiber tows were observed to have an
increasingly ordered microstructure. Due to this, the fiber bed began to carry an
increasingly larger proportion of the applied load and its permeability was reduced.
Thus, the resin pressure is becoming reduced and the less mobile macrovoids are

trapped in the laminate.

Due to the coupled effect of humidity exposure and cure pressure on the formation of
and final content of voids in the laminates, an improvement to the void content
prediction model proposed by Boey and Lye [17] is proposed. The modified model
incorporated the 1-D Fickian moisture diffusion model, a pressure reduction term, and
an asymptotic void content. The model was found to be capable of predicting the void

contents of two independent laminates to within experimental uncertainty.
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S. MECHANICAL PROPERTIES OF COMPOSITE LAMINATES:

COUPLED EFFECT OF MICROVOIDS AND FIBER CONTENT

5.1 INTRODUCTION

One of the most common manufacturing defects found in composite materials are voids,
which are known to adversely affect the mechanical properties of composite laminates
[19, 24, 25]. The general consensus among composite researchers is that voids act as
crack initiation planes and, if located on the fiber-matrix interface, limits the ability of
the matrix to transfer applied loads to the fiber reinforcement [17, 26-30]. Therefore, as
one would expect the failure strength of a composite is significantly affected by the
presence of voids but the in-plane elastic modulus is not because it is primarily
dependent on fiber property [28-30]. Judd and Wright [14] conducted an exhaustive
survey of twenty-four articles and found that depending on the article the flexural,
tensile, compressive, and interlaminar shear strengths will be reduced by at least 3% for
each volume percent of voids present in the composite. However, one of the most
startling results from Judd and Wright [14] is they show in some cases reductions as
high as 30% occur for each volume percent of voids. Peculiarities such as these are
widely reported in the available literature and tend to explain why the aerospace
industry’s current rule of thumb is to only accept structural composite components that
contain less than 1% voids and nonstructural components with less than 5% [17, 19, 31,

32].

Upon review of the experimental studies available in literature to distinguish the effect

of voids on the various failure strengths of composite materials, one finds they have all
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focused on void content alone and have by default assumed the effect of fiber volume
content to be insignificant [15, 19, 24, 25, 31-35]. For example, Almeida and Neto [31]
examined the effect of voids on the flexural strength of woven carbon/epoxy laminates.
Four laminates were manufactured with void contents ranging from 1% to 6%, by
controlling static resin pressure during manufacturing, while maintaining a fiber volume
fraction of approximately 61%. Subsequent flexural testing of the laminates found the
flexural strengths to be reduced by as much as 16% at the void content of 6%. They
suggested this reduction was caused by matrix fractures occurring at voids lying on the
fiber-matrix interface [31]. In addition, they proposed that for their material a critical
void content of 3% must be surpassed before voids will begin to significantly affect the
strength of a composite component. More recently, Chambers et al. [15] studied how
the flexural strength of unidirectional carbon fiber laminates are affected by the
presence of voids. They achieved void contents ranging from 2% to 3% by
manufacturing laminates at vacuum levels of 70%, 80%, 90%, 95%, and 100% of the
manufacturer’s recommended vacuum pressure. Later flexural testing, found that
laminates manufactured with 3% void content were reduced by 20% which conflicts
directly with the 3% critical void content concept put forth by Almeida and Neto [31].
Because of this glaring discrepancy, Chambers et al. [15] concluded the critical void
concept was too simplistic and that void morphology most likely drives the reduction in

flexural strength [15].

A study by Wisnom et al. [36] investigated the effect of void morphology on the
interlaminar shear strength (ILSS) of carbon/epoxy laminates by varying the aspect

ratio of the voids in the laminates from 1-4 while maintaining a constant fiber volume
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content. The voids were created and controlled by embedding PTFE monofilaments of
various lengths into the laminates during manufacturing. Results from the flexural
testing of these laminates found that their interlaminar shear strengths was reduced by

as much as 25% and scaled directly with void aspect ratio.

Upon reviewing the models available in literature which attempt to explain the various
effects of voids on the failure strength of composite laminates, one finds a number of
models [24, 31, 32]. These models tend to suggest the presence of voids will result in
either an exponential or a linear decrease in the failure strength of composite
components. One of the most effective models currently used to explain failure strength
reduction with increasing void content was originally developed for porous ceramic
cubes by Ryshkewitch [79]. In this model, the extent of a voids effect is governed by a
property reduction coefficient which was at the time of its development was believed to
be constant [79]. This supposition was later disproven, first by Knudsen [80] and later
by Brown et al. [81] who showed that void content alone could not fully explain the
failure strength reduction in ceramic cubes. In their paper, it was concluded that void
morphology and orientation were just as important as the void content of the studied
specimen. The model was first applied to composites by Ghiorse [32] who found it
could accurately predict the strength of a composite laminate if the reduction coefficient
was first found empirically. Since its first use for composites, a number of researchers
have successfully used it to explain observed reductions in failure strength [19, 31, 33,

82] .

There are a number of shortcomings in the model as presented by Ghiorse [32] for use

in composites. The first is that at its core it is an empirical model that relies on an
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exhaustive experimental investigation of the composite component in question to
determine the appropriate reduction coefficient value. If the constituents of the
component are altered in any way, the coefficient must once again be determined
making the models use potentially impractical due to the high cost of the required
experimental investigations [19, 31, 32, 83]. Second, the model does not consider the
void morphological effects on the failure strength of the component as Brown et al.
[81], Chambers et al. [15], and Wisnom et al. [36] observed. In this chapter, the
influence of void content on the tensile properties of composite laminates with
increasing fiber volume and void contents is explored. This was achieved by
manufacturing laminates with four different fiber volume contents and three void
contents. From these laminates, a relationship is found between fiber volume content
and the effect of voids on the tensile strength of composite components. Due to this
discovered relationship, the empirical model as presented by Ghiorse [32] is enhanced
allowing the effect of voids to be determined analytically without requiring significant

experimental investigations.

5.2 MATERIALS AND METHODS

5.2.1 FABRICATION PROCEDURE

All the specimens in this chapter were fabricated from TenCate® BT250/7781, a
balanced eight-harness glass/epoxy prepreg. FEight-ply laminates (L=152mm
W=152mm) were manufactured by the hot-press technique using curing pressures of 69
kPa (10 psi), 207 kPa (30 psi), 345 kPa (50 psi), and 483 kPa (70 psi). The prepreg plies
for each laminate were: (i) unconditioned (direct from storage), (ii) conditioned at 25%

and, (iii) conditioned at 99% relative humidity for 24hrs at 25°C to induce three
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different void content levels and a constant fiber volume content for each of the
processing pressures. After conditioning, the plies were laid-up and the laminates were
manufactured using the cure cycle shown in Figure 47. This cycle consists of a 1°C/min
ramp from 25°C to 121°C, a two-hour isothermal hold at 121°C, and a 5°C/min ramp

down to 60°C at which point the laminate was removed from the press.
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Figure 47- Cure profile used to manufacture the laminates in this chapter. Note:
Three laminates were manufactured at 69 kPa, 207 kPa, 345 kPa, and 483 kPa
producing a total of 12 laminates.

5.2.2 VOID AND FIBER VOLUME CONTENT MEASUREMENT

From each manufactured laminate, eight rectangular specimen (L=31.8mm
W=12.7mm) were cut to allow for the void contents to be determined using the
technique outlined in ASTM D2734-09, which is capable of resolving void contents to
within +0.22% [51]. Thus, each composite specimen’s density was determined by

suspending each in a solution of Cargill Labs 2.49g/cc Heavy Liquid that had been

94



diluted by water. Similarly, the matrix density was determined by suspending void free
matrix specimens in a water/glycerol solution. The subsequent measurement of the
solution density, using a fluid pycnometer, allowed for the accurate measurement of the
bulk density of each specimen. The fiber reinforcement density was alternatively
determined by the use of a helium pycnometer. From these experiments, the densities of
the matrix and fiber reinforcement were found to be 1.224 g/cc and 2.635 g/cc
respectively. Next, the weight fraction of the matrix and fiber for each specimen was
found using the burn-off method described by ASTM D2584-08. Then, using the
constituent densities and weight fractions, the void contents of the specimens were

calculated using Eq. (14).

Wfib er Wmatrix)
+ (14)

Pfiber Pmatrix

Vy =100 — Pspecimen (

In addition to the bulk void content, the morphology of the voids present in the
laminates was examined using a Zeiss NEON FEG-SEM. Four specimens from each of
the twelve laminates were embedded in a quick cure acrylic resin and polished with grit
sizes ranging from 15 pm to 1.9 pum using three successive steps. Afterwards, the
samples were sputter coated with gold/palladium to prevent sample charging and cross-

sectional images were acquired at 75x.

5.2.3 CHARACTERIZATION OF LAMINATE TENSILE PROPERTIES
To determine the effect of voids on composite components, the tensile modulus and
strength of this chapters composite laminates were determined. This was accomplished

by cutting sixteen rectangular tensile test specimens with the reinforcing fibers oriented
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along the length and width of the specimen, using an IsoMet precision diamond saw
from each of the twelve manufactured laminates. This resulted in 192 specimens
available to be tested. To each of these specimens, composite tabs were attached to
insure no grip damage occurred during testing. The specimen geometry and

configuration used is shown in Figure 48.

The tensile tests were performed by a MTS 810 servo hydraulic material test system at
25°C and at a constant crosshead rate of 2mm/min as specified by ASTM D3039M-08.
The strain data was obtained through an extensometer with a gage length of 25.4mm
and the force data through a 100kN load cell. The tensile strength and modulus of the

tested specimen were determined using Eq.’s (15) and (16) respectively,

Pmax
OT = T (15)
B Ao (16)
~ As

The tensile strength reductions of the specimens due to void content were determined

using Eq. (17) [79].
OT = Oy, BV (17)

In Eq. (17), the parameter of interest is the strength reduction coefficient “B”. To
determine how this parameter varied as fiber volume content was changed, Eq. (17) was

fit to the experimentally determined tensile strengths of the laminates with comparable
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fiber volume content as void content was increased by minimizing the sum of the

squared residuals.

i

101.6mm ——
- 76.2mm ——

i
¥

25.4mm *

12.7mm
%

COMPOSITE TABS

A L
/ L

Figure 48- Tensile test specimen geometry used to determine the effect of voids.

5.3 RESULTS AND DISCUSSION

5.3.1 PROCESSING CONDITIONS EFFECT

The effect of exposing the laminates to different environmental humidities as well as
the effect of increasing cure pressure on the formation of voids is presented Figure 49.
From the figure, it is obvious that the humidity conditions in which the laminates were
exposed before processing was of paramount importance. For example, the void
contents for the laminates processed at 69 kPa were found to increase from 2.79% to
4.94% with increasing environmental humidity exposure. This finding was not
surprising and is explained by the diffusion of moisture into or out of the laminates

when humidity conditions are changed as discussed in Chapter 4. Thus, higher humidity
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levels create higher laminate moisture contents. This moisture diffuses into any voids
present in the laminate and is vaporized during curing resulting in an exponential
increase of void pressure with temperature during processing which cause voids to grow
[17, 18, 21, 22, 33]. The void growth is subdued, however, as processing pressure is
increased as indicated by the figure. Regardless, because of humidity conditioning
different void contents were created for each of the three laminates manufactured at
each of this chapters four processing pressures. Thus, if the fiber volume contents of the
three laminates cured at each processing pressure is constant the proposed coupled
effect of voids with fiber volume content on mechanical properties can be shown. The
effect of processing pressure on the fiber volume content of the laminates produced is
shown in Figure 50. From the figure, the fiber volume contents of the laminates are
found to increase from 45% to 57% with increasing applied pressure. In addition, each
data point shown is composed of a total of twenty-four specimen obtained from the
three laminates manufactured at each cure pressure. The fiber volume content variation
between laminates included in each data point, as indicated by the error bars, was found
to be minimal. Thus, the effect of voids on the mechanical properties of the laminates as

void and fiber volume content is increased can be determined.
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Figure 49- Effect of humidity environment and processing pressure on the
formation of voids. Note: Error bars represent the 95% confidence interval for
n=8.
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Figure 50- Effect of cure pressure on the fiber volume content of the manufactured
laminates. Note: Error bars represent the 95% confidence interval for n=8.
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5.3.2 TENSILE PROPERTIES OF LAMINATES

As has been shown in Chapter 4, cure pressure and laminate humidity exposure before
manufacturing has a significant effect on void content. Void and laminate fiber volume
content are known to influence laminate mechanical properties [15, 20, 28-30, 49, 65].
The extent of the voids influence on the tensile modulus of this chapters laminates as
fiber volume content is increased is shown in Figure 51. From the figure, the tensile
modulus of the laminates are found to steadily increase from 22.8 to 29.5 GPa as fiber
volume content is increased from 45% to 57%. In addition, the presence of voids is
found to not have a statistically significant effect on tensile modulus. These results are
not surprising as the modulus of an aerospace grade composite along the fiber direction
is primarily dependent on the fiber property and not that of the matrix [28-30]. In fact,
Harper et. al [29] reported void contents as high as 5% did not affect the tensile
modulus of a graphite/epoxy composite whose fibers were oriented along direction of

testing.

The tensile strengths of the laminates were, unlike the tensile modulus, found to be
significantly affected by the presence of voids as shown in Figure 52. Results such as
these come as no surprise as they have been widely reported [14, 15, 24, 30-33].
However, it does appear the reduction in strength from the low to high void contents for
each of the four fiber volume contents is nearly constant. Despite the fact, the difference
between the high and low void contents is reduced from 2.1% to 0.2% as the fiber
volume content is increased. Thus, the fiber volume content seems to affect the extent

to which voids will degrade the strength of composite components.
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This supposition is confirmed when Eq. (17) is fit to the experimental data in Figure 52
and the strength reduction coefficient “B” from the fit is plotted vs fiber volume content
as shown in Figure 53. It is clearly shown, that for the laminates in this chapter, “B”
increases linearly from 0.03 to 0.24 as fiber volume content increases from 45% to
57%. 1t is hypothesized that this phenomena is related to the changing morphology of

the voids in the laminates as fiber volume content was increased.

This hypothesis was qualitatively confirmed when the voids of specimen obtained from
each laminate was observed using a SEM, examples of which are shown in Figure 54.
In this figure, the voids are found to become more and more elongated as fiber volume
content is increased. This is explained by the fact that as the fiber volume content
increases the width of the matrix rich region between plies is decreased. Thus, the
likelihood of a void becoming located on the fiber-matrix interface increases. This is
significant, given that the matrix transfers applied loads by shear to the fibers. Voids on
the fiber-matrix interface reduce the shear area, effectively increasing the shear stress in
the matrix, which can in turn result in early failure of composite components [27, 36,
65-67]. In addition, the presence of the void on the fiber-matrix interface increases the
likelihood of it becoming squeezed between plies and becoming elongated. The extent
to which the voids are elongated as fiber volume content is increased was determined by

measuring their aspect ratios as shown in Figure 55.

In this figure, the voids aspect ratios are found to range from 1.46 to 4.25 depending on
fiber volume content. In addition, the ratios are shown to increase linearly as the fiber
volume content is increased from 51% to 57%. Therefore, it is proposed that the model

as used by Ghiorse [32] and defined by Eq. (17) can be improved by making the
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strength reduction coefficient a function of fiber volume content as shown in Eq. (18).

Thus, allowing the morphological effects of voids to be accounted for.
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Figure 51- Tensile modulus of the specimen as void and laminate fiber volume
content is increased. Note: Error bars represent the 95% confidence interval for
n=16.
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Figure 52- Tensile strength of the specimen as void and laminate fiber volume
content is increased. Note: Error bars represent the 95% confidence interval for
n=16.
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5.4 CONCLUSIONS

The influence of void content on the tensile properties of glass/epoxy composite
laminates with increasing fiber volume and void contents was explored. It was found
that the presence of voids had no effect on the tensile modulus of the laminates.
However, their tensile strengths were significantly affected. It was found that as fiber
volume content was increased the detrimental effects of voids became progressively
more significant. This phenomenon was attributed to the increased occurrence of voids
becoming located on the fiber-matrix interface and their changing morphology as the
laminates fiber volume contents were increased. A modified strength reduction model
was proposed which accounts for this coupled effect of the void and fiber volume
content. This chapter’s findings suggest that as fiber volume content is increased the

elimination of voids in composite components become increasingly important.
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6. CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

In this dissertation, a new fabrication method for the production of hollow composite
components and the effect of voids on the mechanical properties of composite were
presented. The major conclusions that can be drawn from the studies contained herein

may be grouped as follows:

e Development of an advanced composite manufacturing process (BACM):

A new, cost-effective manufacturing process, Bladder Assisted Composite
Manufacturing (BACM) was presented in Chapter 2. The BACM process was found to
be capable of fabricating hollow, geometrically complex structural composite
components using a variety of prepreg material. Unlike conventional oven or autoclave
curing, the heating of the composite to be cured is provided by hot air circulated inside
of a pressurized bladder. The process was shown to produce composite cylinders; (i) in
a more energy efficient manner when compared to traditional cure processes with an
external heat source and (ii) with void fractions and flexural properties comparable to

hot pressed components.

e Assessment and analysis of void suppression/removal techniques in the BACM

process:

In Chapter 3, the feasibility of adapting the [-BACM configuration (as introduced in

Chapter 2) to produce composite cylinders with multiple fiber volume fractions, and
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low void contents was studied. The effects of three mold configurations in varying the
fiber volume fractions, reducing void contents, and on mechanical properties were
reported. It was shown that fiber volume contents could be varied from 51% to 58% by
sealing or incorporating a bleeder in the mold while maintaining a constant processing
pressure of 483kPa. The void contents of the composite cylinders, manufactured using
the three BACM variations, were reduced by at least 35.71% (2.24% to 1.44%) when
compared to the I-BACM configuration. In fact, the sealed configuration resulted in the

average laminate void content being reduced by 68.75% (2.24% to 0.70%).

e Moisture content in an unprocessed prepreg and cure pressure are identified to

be the driving factors in void formation in the studied prepreg materials:

The motivation behind Chapter 4 was to determine the coupled effect of humidity
exposure and cure pressure on void formation in laminates fabricated from a
glass/epoxy prepreg manufactured by hot-press. The moisture content of the prepreg
plies were found to vary depending on environmental relative humidity and the time of
exposure. This is important, because for each of the four processing pressures studied
the void content was reported to be at a maximum when the prepreg was exposed to
high humidity and minimum when exposed to low humidity. In addition, the void
contents were found to reduce to an asymptotic value of 1.64% as processing pressure
was increased. This was attributed to the fiber bed carrying a greater portion of the
applied load as processing pressure/fiber volume fraction was increased. Due to this, the
fiber bed began to carry an increasingly larger proportion of the applied load and its
permeability was reduced. Thus, the resin pressure was reduced and the less mobile

macrovoids became trapped in the laminate. Due to the coupled effect of humidity
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exposure and cure pressure on the formation of and final content of voids an
improvement to the void content prediction model proposed by Boey and Lye [17] was

proposed.

e Mechanical property degradation due to moisture induced voids is shown to be

highly correlated with fiber volume content:

In Chapter 5, the influence of void content on the tensile properties of glass/epoxy
composite laminates with increasing fiber volume and void contents was explored. It
was found that the presence of voids had no appreciable effect on the tensile modulus of
the laminates. However, their tensile strengths were significantly affected. It was found
that as fiber volume content was increased the detrimental effects of voids became
progressively more significant. This phenomenon was attributed to the increased
occurrence of voids becoming located on the fiber-matrix interface and their changing
morphology as the laminates fiber volume contents were increased. A modified strength
reduction model was proposed which accounts for this coupled effect of the void and
fiber volume content. The findings suggest that as fiber volume content is increased the

elimination of voids in composite components become increasingly more important.

6.2 RECOMMENDATIONS FOR FUTURE WORK

The various studies presented in this dissertation are open for further development. One
area that can be further developed is the BACM manufacturing process described in
Chapter’s 2 and 3. In the current work, the BACM process has been used to
manufacture composite cylinders. It would be advantageous, to further develop the

process so that it could be used to manufacture composite structures with integral iso-
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and ortho-grid reinforcement as well as to increase the size of the parts being produced.
These capabilities would increase the usefulness and attractiveness of the process for

the automotive, marine, and aerospace industries.

A second area available for further work is void formation/effects discussed in
Chapter’s 4 and 5. Understanding how voids are formed during manufacturing and their
effect on the performance of composite components can be used to develop
manufacturing/design guidelines for composites. As a result, structural composite
components cost could be reduced and their use become more widespread. In order to

accomplish this goal, the following is recommended for future work:

e Study how susceptible common uncured pregreg resin systems are to absorbing

moisture.

e Investigate how the parameters of the void formation model presented in

Chapter 4 vary with fabric weave and manufacturing process.

e Study the effects of voids in composite components with fiber volume contents

below 45% and above 57%.
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APPENDIX A: BACM PROCESS CONTROLLER

A.1: BACM CONTROL SCHEME

The control of the BACM process is achieved thru the use of a custom controller
written using Visual Basic 6. The controller allows for the ramp rate, final hold
temperature, hold time, proportional gain and allowable temperature gradient in the part
to set by the user. The heating element, which is used to cure the part, is controlled
using pulse width modulation (PWM). The pulse duration (i.e. % duty cycle) is
determined by multiplying the proportional gain by the difference between the set point
and average laminate temperature. If the longitudinal temperature gradient in the
laminate, as determined by two embedded thermocouples, exceeds the set allowable, the
air valve is opened to induce airflow inside the bladder. This flow serves to removes
temperature gradients formed by localized heating within the bladder and helps to
achieve thermal uniformity. After the completion of the cure cycle, the air valve is kept
open constantly to facilitate cooling of the mold/part. The decision flow chart of the
controller is shown in Figure 56. In addition to process control, the controller records
the part temperature and bladder pressure at a rate of 10 Hz throughout the course of the

curing cycle. Thus, allowing for the full documentation of each parts cure cycle.
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Figure 56- The BACM process controllers’ decision flow chart.

A.2: BACM CONTROLLER VB6 CODE

'LabJack channel assignments
'FIO0- OPEN
'FIO1- OPEN
'FIO2-HEATING ELEMENT
'FIO3-AIR VALVE
'FI04-THERMOCOUPLE #1 INPUT
'FI05-PRESSURE SENSOR
'FI06-CURRENT SENSOR
'FI07-THERMOCOUPLE #2 INPUT
'SDA-OPEN
'SCL-OPEN
'DACO-OPEN
'DACI1-OPEN

'RR-Ramp rate
'CT-Cure Temperature
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'HT-Hold Time

'"TC-Temp. C

'"TF-Temp. F

'ST-Starting Temperature
'CT1-Control Temperature 1
'CT2-Control Temperature 2
'ACT-Average Control Temperature
'CTD-Control Temperature Delta
'SPT-Set-Point Temperature
'CTI-Cycle Time

'PP-Process Pause

'AD-Allowable Temp. Delta

'AV-Air Valve On

'TI-Cycle Time input

'D-Difference between ACT and SPT
'ETC-Estimated Time To Completion
'Cu-CURRENT

'KWH-POWER CONSUMPTION IN KILOWATT HOURS
'Pressure-Pressure in psi

Dim IngError As Long

Dim IngHandle As Long

Dim InglOType As Long
Dim IngChannel As Long
Dim dblDriverVersion As Double
Dim strError As String * 256
Dim dblAIN4 As Double
Dim dblAIN7 As Double
Dim dblInternal As Double
Dim ainResolution As Double
Dim TCVolts As Double

Dim TCVolts1 As Double
Dim pTCTempK As Double
Dim pTCTempK1 As Double
Dim offSetVoltage As Double
Dim TCType As Long

Dim D As Double

Dim Vol As Long

Dim Vil As Long

Dim Ao2 As Long
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Dim Vo2 As Long
Dim PWR As Long

Private Sub AV_Click()
LJ ERROR stdcall = eDO(IngHandle, 3, 1)
AO.Visible = True
End Sub
Private Sub Checkl Click()

If Checkl =1 Then
Check1.Enabled = False
LogFormCSV.Show

Else
Checkl1.Enabled = True

End If

End Sub

Private Sub Command1 Click()
REAL TIME.DoVerb [(-2)]
End Sub

Private Sub Check4 Click()
If Check4 =1 Then
Check4.Enabled = False
curep.Enabled = False

curep = "##.#"
FormPressure.Show
Else
curep.Enabled = True
curep =""
Check4 .Enabled = True
End If
End Sub

Private Sub Form Load()
IngError = OpenLablJack(LJ dtU3, LJ ctUSB, "1", 1, IngHandle)
dblDriverVersion = GetDriverVersion()
txtDriverVersion = Str(dblDriverVersion)
IngError = eGet(IngHandle, L] ioGET AIN, 30, dblInternal, 0)
TC = dblInternal - 273.15
TF=TC * 1.8 + 32
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ST = Format(TF, "###.#")
IngError = ePut(IngHandle, LJ ioPIN_ CONFIGURATION RESET, 0, 0, 0)
IngError = eDO(IngHandle, 2, 0)
IngError = eDO(IngHandle, 3, 0)
ainResolution = 17
IngError = eGet(IngHandle, LJ ioPUT ANALOG ENABLE BIT, 4, 1, 0)
IngError = eGet(IngHandle, LJ ioPUT ANALOG ENABLE BIT, 5, 1, 0)
IngError = eGet(IngHandle, L] ioPUT ANALOG ENABLE BIT, 6, 1, 0)
IngError = eGet(IngHandle, L] ioPUT _ANALOG_ENABLE BIT, 7, 1, 0)
IngError = eGet(IngHandle, LJ ioPUT CONFIG, L] chAIN RESOLUTION,
ainResolution, 0)
TIMER.Enabled = False

End Sub

Private Sub Abort CLICK()
POWERI =0
Call LogFormCSV.Stoplt
LogFormCSV.hourstxbx.Text = 0
LogFormCSV.minutes.Text =0
LogFormCSV.Textl.Text =0
LogFormCSV.Labell = LogFormCSV.hourstxbx.Text & ":" &
LogFormCSV.minutes. Text & ":" & LogFormCSV.Text1.Text 'output to label
hours minutes seconds
LogFormCSV.Timerl.Enabled = FalsE
TIMER.Enabled = False
Timer1.Enabled = False
Timer3.Enabled = False
START1.Text=""
CTI=0
LJ ERROR stdcall = eDO(IngHandle, 2, 0)
LJ ERROR stdcall = eDO(IngHandle, 3, 0)
End Sub

Private Sub Form QueryUnload(Cancel As Integer, UnloadMode As Integer)
LJ ERROR stdcall = eDO(IngHandle, 2, 0)
LJ ERROR stdcall = eDO(IngHandle, 3, 0)
If LogFormCSV .opentxt = open Then
Call LogFormCSV.Stoplt
Unload (LogFormCSV)
End If
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End Sub

Private Sub initialtemp_ Click()
ST=ACT
End Sub

Private Sub PP_Click()
LogFormCSV.Timerl.Enabled = False
Pausel.Text = Pause
TIMER.Enabled = False
Timer3.Enabled = False

End Sub

Private Sub Timer3 Timer()
If CTI > 300 Then
Timer3.Enabled = False
Else
Timer3.Enabled = True
End If
Interval = 60000

Dim InputCol(5) As Variant

Dim InputRow(200) As Variant

InputCol(1) = CTI.Caption

InputCol(2) = CT1.Caption

InputCol(3) = CT2.Caption

InputCol(4) = ACT.Caption

InputCol(5) = SPT.Caption

Set xIBook = REAL TIME.object

Dim Nm As Integer

REAL TIME.DoVerb vbOLEShow 'or OLE1.DoVerb vbOLEUIActivate
Nm=1

50:
ar=A & Nm
If xIBook.Worksheets(DATA).Range(ar).Value <> Then
Nm=Nm + 1
GoTo 50
Else
ar=A & Nm
BR =B & Nm
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CR=C & Nm

DR=D & Nm

ER=E & Nm

End If

x1Book.Worksheets(Data).Range(ar).Value = InputCol(1)
x1Book.Worksheets(Data).Range(BR).Value = InputCol(2)
x1Book.Worksheets(Data).Range(CR).Value = InputCol(3)
x1Book.Worksheets(Data).Range(DR).Value = InputCol(4)
x1Book.Worksheets(Data).Range(ER).Value = InputCol(5)
Set xIBook = Nothing

Private Sub Start Click()
STARTI1.Text = Start
If Checkl =1 Then
Call LogFormCSV .gostart
If LogFormCSV.FileNameTX = Or LogFormCSV.Vin = Then Exit Sub
LogFormCSV.Timerl = True
TIMER.Enabled = True
Timerl.Enabled = True
Timer3.Enabled = True
Else
TIMER.Enabled = True
Timerl.Enabled = True
Timer3.Enabled = True
End If

Private Sub TIMER Timer()

TIMER.Interval = 600

Z =1/60000

T =7 * Val(TIMER.Interval)

CTH=Val(CTI)+ T

CTI = Format(CTII, ###.##)

If Val(RR.Text) = 0 Then
RR=3

Else

End If

ec = (2 * (Val(CT) - Val(ST)) / Val(RR) + Val(HT)) - Val(CTI)

ETC = Format(ec, ###.##)

If Val(AD.Text) = 0 Then
AD=10
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Else
End If
If Val(CT.Text) = 0 Then
CT =250
Else
End If
If Val(HT.Text) = 0 Then
HT =120
Else
End If
If Val(ST) =0 Then
ST=170
Else
End If
If Check2 = 1 Then
CTD=0
ACT = Val(CT2)
Else
If Check3 =1 Then
CTD=0
ACT = Val(CT1)
Else
CTD = Val(CT1) - Val(CT2)
ACT = (Val(CT1) + Val(CT2)) /2
End If
End If
If CTD < Val(AD.Text) Then
If ACT < Val(SPT) Then
EO.Visible = True
Else
EO.Visible = False
End If
Else
LJ ERROR stdcall = eDO(IngHandle, 2, 0)
End If
If ACT > Val(SPT) Then
EO.Visible = False
LJ ERROR stdcall = eDO(IngHandle, 2, 0)
Else
End If
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If CTD >= Val(AD.Text) Then
AO.Visible = True
TIMER.Enabled = False
LJ ERROR stdcall = eDO(IngHandle, 3, 1)

Else
AO.Visible = False
TIMER.Enabled = True
LJ ERROR stdcall = eDO(IngHandle, 3, 0)
End If
If CTI > (Val(CT.Text) - Val(ST)) / Val(RR.Text) + Val(HT.Text) Then
If SPT < ACT Then
AO.Visible = True
LJ ERROR stdcall = eDO(IngHandle, 3, 1)
Else
AO.Visible = False
LJ ERROR stdcall = eDO(IngHandle, 3, 0)
End If
Else
End If

If CTI <= (Val(CT.Text) - Val(ST)) / Val(RR.Text) Then
SPT = Val(CTI) * Val(RR.Text) + Val(ST)
Label5.Visible = False
Label6.Visible = False

Else
SPT=CT
Label5.Visible = True

End If

If CTI > (Val(CT.Text) - Val(ST)) / Val(RR.Text) + Val(HT.Text) Then
SPT = ((Val(CT.Text) - Val(ST)) / Val(RR.Text) + Val(HT.Text) - Val(CTI)) *
Val(RR.Text) + Val(CT.Text)

Label6.Visible = True

Else

End If

If SPT < ST - 0.1 Then
REAL TIME.DoVerb [(-2)]

TIMER.Enabled = False

Timerl.Enabled = False

Timer3.Enabled = False

CTi=0

LJ ERROR stdcall = eDO(IngHandle, 2, 0)
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Else

LJ ERROR stdcall = eDO(IngHandle, 3, 0)

End If
If ACT > CT * 1.5 Then

Else

End If

TIMER.Enabled = False

Timerl.Enabled = False

Timer3.Enabled = False

CTI=0

LJ ERROR stdcall = eDO(IngHandle, 2, 0)
LJ ERROR stdcall = eDO(IngHandle, 3, 0)

End Sub

Private Sub Timerl Timer()

Timerl.Interval = 100

Dim TEMP1(9) As Variant
Dim TEMP2(9) As Variant
Dim PRESS1(9) As Variant

ForQ=0To 9

Next Q

IngError = eGet(IngHandle, LJ ioGET AIN, 4, dblAIN4, 0)
C1C = dblAIN4 * 98.927

Clf=Val(CI1C * 1.8 + 32)

IngError = eGet(IngHandle, LJ ioGET_AIN, 7, dblAIN7, 0)
C2C = dblAIN7 * 98.927

C2F = Val(C2C * 1.8 + 32)

IngError = eGet(IngHandle, L] ioGET_ AIN, 5, dblain5, 0)
PRESS = 32.5 * dblain5 - 32.5 'old sensor 169.25 * dblain5 - 14.765
TEMP1(Q) = C1f

TEMP2(Q) = C2F

PRESS1(Q) = PRESS

WW = (TEMPI1(1) + TEMP1(2) + TEMPI1(3) + TEMP1(4) + TEMP1(0) +
TEMP1(5) + TEMP1(6) + TEMP1(7) + TEMP1(8) + TEMP1(9))/ 10

SS = (TEMP2(1) + TEMP2(2) + TEMP2(3) + TEMP2(4) + TEMP2(0) +
TEMP2(5) + TEMP2(6) + TEMP2(7) + TEMP2(8) + TEMP2(9))/ 10

77 = (PRESSI1(1) + PRESS1(2) + PRESS1(3) + PRESS1(4) + PRESS1(0) +
PRESS1(5) + PRESS1(6) + PRESS1(7) + PRESS1(8) + PRESS1(9))/ 10
CT1 = Format(WW, ####.#)

CT2 = Format(SS, ###.#)
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Pressure = Format(ZZ, ###)
If CTD < Val(AD.Text) Then
If ACT < Val(SPT) Then
Y = Val(100) * Val(TLText) / Val(100)
X =Val(100) - Y
If Val(TL.Text) <= 0 Then
LJ ERROR stdcall = eDO(IngHandle, 2, 0)
Else
Fori=0ToY
LJ ERROR stdcall = eDO(IngHandle, 2, 1)
Next 1
End If
If Val(TIL.Text) >= 100 Then
LJ ERROR stdcall = eDO(IngHandle, 2, 1)

Else
Forj=0To X
LJ ERROR stdcall = eDO(IngHandle, 2, 0)
Next j
End If
Else
LJ ERROR stdcall = eDO(IngHandle, 2, 0)
End If

Else
LJ ERROR stdcall = eDO(IngHandle, 2, 0)
End If
D = Val(SPT) - Val(ACT)

If Val(CycleM.Text) * D <0 Then
TI=0
Else
If Val(CycleM.Text) * D > 100 Then
TI=100
Else
T = Val(CycleM.Text) * D
TI = Format(T, ###)
End If
End If
End Sub
Private Sub Timer2 Timer()
If Checkl =1 Then
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IngError = eGet(IngHandle, L] io0GET_ AIN, 6, dblain6, 0)
Cu = Format(dblain6 * 87.381 - 51.765, ##.###)
Vin = LogFormCSV.Vin
If START1.Text = "START" Then
SSS = Vin * Cu/ 1000 'Instantaneous Power
p=SSS *(2/3600)
POWERI = Val(POWERI1) + p 'Cumulative Power
kwh = Format(POWERI1, ##.####)
LogFormCSV.kwh = kwh
Else
End If
Else
End If
End Sub

129



APPENDIX B: VOID CONTENT

B.1: DERIVATION OF ASTM D2734

The constituents of a composite material may be represented as fraction of the whole as

in Eq. (19).

Vv + Viiver + Vimatrix = 1

Where “Vipe:” and “Viaix” are defined as follows in Eq.’s (20) & (23).

Frmass
v _ Vol.fiper _ Pfiber _ Fnass Pspecimen
fiber — - -
VOl-specimen —S mass Smass Pfiber
pspecimen
Where,

Thus, Eq. (20) becomes,

. pspecimenwfiber
Viiber =

Pfiber

Similarly, the matrix fraction of a composite material can be shown to be,

_ pspecimenWmatrix
Vmatrix -

Pmatrix

Substitution of Eq.’s (22) & (23) into Eq. (19) yields,
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v, + pspecimenwfiber n pspecimenWmatrix —1 (24)
Pfiber Pmatrix

The rearrangement of terms gives

Wfiber + Wmatrix)

Pfiber Pmatrix

Vi =1- Pspecimen ( (25)

Multiplying Eq. (25) by 100 gives the void content as a percentage as shown in Eq.

(26).
Wfiber Wmatrix

Vy =100 — Pspecimen ( + ) (26)
Pfiber Pmatrix

B.2: VOID CONTENT UNCERTAINTY

The densities of the specimen and matrix were calculated using Eq. (27).

Pspecimen = Pmatrix = 27

specimen matrix Veup (27)

The uncertainty associated with the calculated values of “pspecimen” and “pmarrix” can be

2

found by using Eq. (28) where “Uwmsol” and “Uyeyp” are the uncertainties associated

with each parameter.

2 2

1 Mfuid

Upspecimen = Upmatrix = (V UMﬂuid> + ( V2 Uchp. (28)
cup cup

The weight fractions of the fibers “%Wy” and matrix “%W,,” were determined using

Eq. (29) where “|” represents either fiber or matrix.
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M
%Wiiber = %Winatrix = g—— X 100 9

mass
As with the density, the calculated weight fractions uncertainties were found. The
uncertainties for each of these parameters were calculated using Eq. (30) where “Ujpass”

and “Ugmass” are the uncertainties of each measured quantity.

100 2 7100 X I 2
U%Wfiber = U%Wmatrix = ( X UImass) + ( — X USmass) (30)

2
Smass Smass

Using the uncertainties calculated in Eq.’s (28) & (30), the uncertainty for the void

volume content was calculated using .

[(%Wfiber + %Wmatrix> x U ]2 + (pspecimen
Pspecimen Pfiber

2
Pspecimen z %Wfiber X Pspecimen
< X U%Wmatrix> + ( X Upfiber + (31)

2
Pmatrix Pfiber

2
<%Wmatrix X pspecimen %< U >
Pmatrix

2
pmatrix

2
X Ugpwy; ) +
fib
Pfiber Pmatrix et

U%vv =
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B.2.1: SAMPLE UNCERTAINTY CALCULATION
Sample calculations are made using the equations in the previous sections. The relevant

values used for each calculation can be found in Table 3.

Table 3: Values used for Uncertainty Calculations

Parameter Value Uncertainty of Measurement
Miiuia 159.488
Mpua Matrix | 101.828 +0.001g

Snass 0.5690

Frmass 3996 +0.0001 g

Mimass 0.1694

Veup 83.2 cc 0.1 cc

Priber 2.637 g/cc +0.009 g/cc

Using the values from Table 3, each of the variables value and uncertainties were

calculated. The results are listed in Table 4.

Table 4: Calculated Uncertainty Values

Parameter Calculated Value Ug;‘;gﬁ::tlitg’n()f
Pspecimen 1.917 g/ce
Pmatrix 1.224 g/cc £0.002 g/cc
Yo Wiiber 70.23 %
%W marix 29.77 % £0.02 %
%V, 2.31 % +0.22 %
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APPENDIX C: RING FLEXURAL PROPERTIES

C.1: RING FLEXURAL MODULUS

The most approachable technique to determine the flexural modulus of a linearly elastic

ring is to use Castigliano’s second theorem which is shown in Eq. (32) [40].

_du

S_dP

(32)

Where, “8” is the maximum vertical deflection, “P” is the applied load, and “U” is the

total elastic strain energy as defined in Eq. (33).

U = Upex. + Ushear + Ucircum. (33)

With “Ufex.”’, “Ushear > and “Uireum.” being the flexural, shear, and circumferential strain
energies respectively. A free-body diagram of the lateral compression of cylindrical ring

is shown below in Figure 57.

Figure 57- Free-body diagram of a cylindrical ring that is laterally compressed.
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C.1.1: FLEXURAL STRAIN ENERGY

The flexural strain energy of a bar in bending is shown in Eq. (34).

M? 6M?
Uflex. = J — ds = J ds (34)

The “M”, “E”, “d”, “b”, and “ds” terms are the bending moment at angle 0, materials
elastic modulus, width of the ring, thickness of the ring, and differential arc element

respectively. The differential arc element is defined in Eq. (35).

ds = Rd6 (35)

In the above equation, the “D” and “d0” represents the cylinder diameter and
differential angle respectively. The moment “M” is defined at angle 6 as shown in Eq.

(36).

PR
M=MA—751n6 (36)

The moment “M,” is the moment at the top of the cylinder and “P” is the load applied
to crush the cylinder. The substitution of Eq.’s (35) and (36) into Eq. (34) yields the

following.

TC
24R (Z PR \? 3R
Ufeyx = Wfo <MA ——-sin e) do = 50— (P2R%m + 8M,°m — 16M,PR)  (37)
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The moment “M,” can be found by using the principle of minimum strain energy. Thus,
taking the partial derivative of “Upex” with respect to “M,”, setting it equal to zero and

solving for “M,” yields Eq. (38).

Mp=— (38)

Substitution of the above into Eq. (37) yields the final form of the flexural component

of the strain energy as shown in Eq. (39) below.

_ 0.893R%P?

Uflex. = TEbdE (39)

C.1.2: SHEAR STRAIN ENERGY

(Y4

The shear strain energy written in terms of the shear stress “q” and shear modulus “G”

and assuming the laminate is transversely isotropic, can be calculated using Eq. (40).

qZ
Ushear = Wff Eds dy (40)

The shear stress is given by Eq. (41) and the shear modulus is given by Eq. (42).

6Pcos® (t*
9= \7 7Y (41)
G = E
T2+ 42)
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The substitution of Eq.’s (35), (41) and (42) into Eq. (40) yields the final form of the

strain energy equation.

ﬂz 18P2 (2 N _3P2Rf§ 2 0.do
Ushear = || gpgec0s” @7 —v") dsdy =gpqz | ~cos

_ 3mP?R(1 +v)
B 10bdE

(43)

C.1.3: CIRCUMFERENTIAL DEFORMATION STRAIN ENERGY
The circumferential strain energy is related to the axial force “F”, cross-sectional area

“A”, and elastic modulus “E” as shown in Eq. (44).

. _j : _ijstm 0 G_RPZ’IT (44)
circum. = [ 5pp €8 2bdE ~ 8bdE

Combining the final “Ugex”’, “Ushear >, and “Ugireum.”” terms into Eq. (33) gives the total

strain energy for a laterally collapsing cylinder as the following.

_ 0.893R°P? 3mP?R(1+v) RP’m

45
Ebd® | 10bdE ' 8bdE (42)

Applying Castigliano’s theorem (i.e. Eq. (32) the deflection of the cylinder can be found

using Eq. (46)).

_ 1 [1.786R%P N 3mPR(1 + v) N RPTt
" Ebd d? 5 4

(46)
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Rearranging Eq. (46) allows for the elastic modulus “E” to be solved directly as shown

in Eq. (47).
E= L [L786R°P + 1.89PR(1 + v) + 0.785RP 4
T 5bd| & ' v+ o “7)

Eq. (47) shows that the shear and circumferential strain energies become insignificant in
cases where the radius to thickness ratio is high. For the cylinders studied, this ratio is
sufficiently large. Therefore, the shear and circumferential strain energies in Eq. (47)
were neglected. A comparison between Eq. (2) without the correction factor

recommended by the ASTM standard and Eq. (47) is shown below in Table 5.

Table 5: Comparison of Equations used for Calculating the Elastic Moduli
of Composite Rings

Parameters Equations 4 #47
Radius (mm) 254 | 254
Thickness (mm) 0.864 | 0.864

Load (N) 21.13 | 21.13
Length (mm) 12.83 | 12.83
Deflection (mm) 5.08 | 5.08
Calculated Elastic Modulus 29.45 | 29.54
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C.2: RING FLEXURAL STRENGTH

As stated in the characterization section of the report, the flexural strength of the ring
segments can be approximated by the straight beam theory if the radius to depth ratio is
sufficiently high. In this appendix, the elastic solution of a curved beam in bending will
be derived [84]. The results of which will be compared to straight beam theory for
different radius to depth ratio’s and an acceptable range will be identified. A free body
diagram of the curved beam in bending, stress element, and the variables used for the

derivation is shown in Figure 58.

Figure 58- Free-body diagram of a curved beam subject to bending.

The equilibrium equation for polar coordinates is shown below as Eq. (48).

dog 1dtgg Or—oO
dR "Rde 'R

C+Fr=0 (48)

Where “or”, “o.”, “tre”, “Fr”, and “R” are the radial stress, circumferential stress, shear

stress, radial body force, and radius respectively. Due to symmetry, “tre” is zero as is
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“Fr” due to the absence of body forces. Substitution of the above into Eq. (48) yields

the following.

=0 (49)

In addition, for this case the equation for compatibility is Eq. (50).

d?(og + o) N 1d(og +00)

50
dR? R dR 0 G

Direct integration of Eq. (50) gives the subsequent equation.

GR+GC=CA11’1E+CB (51)
i

Solving Eq.’s (49) and (51) together gives the equations from which the circumferential

and radial stresses may be calculated.

R C3

GC=C1<lnE+1)—ﬁ+c2 (52)
R ¢

GR=C11nE+ﬁ+C2 (53)

The following three boundary conditions were incorporated to solve for the constants in

Eq.’s (52) and (53).

1. The circumferential stresses at the ends of the bar produce a moment “M”.
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Ro
M=w| Ro.dR (54)
Rj

2. No circumferential forces act along the upper and lower boundaries of the beam,

i.e.
ORp=pg, = U (55)
ORg=g, = U (56)

3. Because of B.C. #2, the circumferential stress at the bar must be distributed to
equal zero.
Ro

w| o.,dR=0 (57)
Rj

13 e 1Y 2

Combining Eq.’s (53), (55), and (56) gives the following relationships for “c,”, “c,”,

and “c3”.
C3 == _CzRiz (58)
C ln&zc Riz -1 (59

The above two equations satisfy the boundary condition shown in Eq. (57). The

rearrangement of Eq.’s (58) and (59) yields the following.
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_° R (60)

R;’R,” ln%
C3 = : C1 (61)
(Ro” ~Ri%)

Substitution of Eq.’s (60) and (61) into Eq. (52) and using the boundary condition

expressed in Eq. (54) gives the proceeding equation.

Ri’R,? lnR RR,? ln
S dR (62)

Ro R i
M—WfRi ;R (lnEi+1)— | RRR) +C1(R2 =)

GC ’)

When the above equation is integrated, the constant is found to be as shown in Eq.

(63).
o 4M(R,* — R;?)
' ] R2)"  RZ LR (63)
WRy |1 -=5] —4—In232
R, R, R;

Now that all the constants have been determined, they can be substituted into Eq.’s (52)
and (53). The final forms of the equations used to calculate circumferential and radial

stresses are shown below as Eq.’s (64) and (65) respectively.
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O¢ 2 (64)
2 _ RIZ _ 12 2 &
wR, (1 R.? 4 > In? 2¢
R;*\, R Ri*\, R,
4M !(1— 02>11’1ii (1— R2>l ?1
OR 2 (65)
2 2
wR,? 1—Rl —4R‘21n2&
R,? R, Ry

The error of using classical beam theory for curved beams was determined by
comparing its results to those of Eq. (64), which is considered exact. The results of this
comparison are shown in Figure 59. It is shown that the maximum error in any stress

calculated in this dissertation was 2.15%, which was incurred at a radius to depth ratio
Y

of 16.
25
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Figure 59- Error of using classical beam theory to calculate flexural strengths of
curved beams of varying radius to depth ratios.
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