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Abstract

Resin matrix defects are common during the manufacture of composite parts. These defects lead

to rework or part rejection which ultimately lead to increased manufacturing cost. This study in-

vestigates different sources of such defects, the underlying physics, and proposes several analytical

models for their mitigation. The goal of this work is to develop a comprehensive and practical

analytical approach for process design to avoid matrix defects during processing.

Prior to gelation, the resin can release volatiles which may lead to porosity formation. An ex-

perimental study was conducted to investigate the conditions under which moisture dissolved in the

resin lead to bubble growth and porosity. The experimental setup uses accurate temperature readings

and time-lapse micrographs of bubbles. Subsequent data analysis and image processing validated

the application of existing bubble dynamics models to predict the onset of moisture-induced bubble

growth. These models, together with cure kinetics models for the resin, were used to develop an

analytical approach to suppress moisture-driven porosity through cure cycle design (temperature

and pressure).

Other sources of porosity include gas entrapment and incomplete resin infiltration. The in-

teraction between these two mechanisms was investigated using a novel experimental design that

isolates the effect of vacuum and applied pressure. Results showed that resin infiltration influ-

ences gas transport out of the laminate by reducing the available transport pathways. A fully cou-

pled transport model was developed that explicitly includes this interaction during processing of
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partially-impregnated prepregs. It was shown that the model can predict the measured porosity

using material parameters from the literature.

The resin microstructure after gelation suppresses bubble growth and resin infiltration. However,

continuing cure in a constrained geometry leads to internal stress development and potential defects.

An experimental setup was used which allows direct observation of the resin behavior after gela-

tion and the formation/propagation of defects. It was found that post-gelation defect formation is

hydrostatic stress-driven and the defect morphology is cure rate-dependent. An analytical approach

was proposed, and experimentally validated, to avoid post-gelation defects based on comprehensive

material characterization and internal stress evolution calculations.
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Lay summary

Carbon fiber-reinforced polymeric composites are a common material in high-performance struc-

tural applications. Their use will see continued growth as concerns about reducing weight and fuel

consumption in transport applications increases.

The performance of these materials is sensitive to defects in the resin matrix. The main sources

of matrix defects during processing are volatile release, entrapped gas and incomplete resin infiltra-

tion, and internal stresses.

This thesis investigates each of the mentioned defect sources, their underlying physics, proposes

corresponding analytical models and their application in process design. Novel experiments were

designed to evaluate the important mechanisms. Analytical and numerical models provided insight

for developing approaches to prevent defect formation during processing. The developed models

and approaches are components of a larger analytical approach for cure cycle design to enable

defect-free part manufacturing.
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under the supervision of Professor Göran Fernlund. Part of the experimental setup was designed and

assembled by Malcolm Lane at Convergent Manufacturing Technologies. The analytical approach

for suppressing moisture-driven bubble growth was developed and validated by Seyyed Mohammad
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Chapter 1

Introduction

Carbon fiber-reinforced polymer composites (CFRP) offer high stiffness and strength-to-weight ra-

tios, which are desirable properties for manufacturing light-weight aerial structures. The ease of

manufacturing with this material system allows manufacturing complex geometries as monolithic

parts. Part count reduction significantly reduces the costs associated with design and assembly.

Despite these advantages and the notable progress in raw materials development, the adoption

of CFRP in large-scale manufacturing has been slow. The Boeing 787 Dreamliner and Airbus A350

aircraft were introduced as the first large composite-intensive products in 2011 and 2013, respec-

tively. Introducing a new material system into a manufacturing line requires additional measures to

address uncertainties and overcome manufacturability challenges.

Effective manufacturing process design requires understanding of the physics active during pro-

cessing and the governing parameters. Uncertainties arise due to lack of this knowledge and/or

analytical models that connect the existing knowledge to manufacturing practice [1]. As a result,

the cost of product development is high since manufacturing engineers rely on trial-and-error ap-

proaches. Boeing and Airbus invested about $32 billion [2] and $15 billion [3], respectively, on

their development programs for the new composite-intensive aircraft. The considerable product de-
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velopment cost overshadows CFRP composite’s potential cost efficiency with respect to design and

assembly.

Processing defects are a manifestation of uncertainties in processing. A defect is defined as an

outcome that does not conform to the design, e.g. misaligned fibers and composite matrices locally

devoid of resin. The present work is focused on addressing resin matrix-related defects and presents

experimental studies and analytical approaches to eliminate them.

In a two-phase system of carbon-fiber-reinforced resin, the fibers provide structural strength and

stiffness. The resin is responsible for binding the fibers together, and transmitting and distributing

the load between fibers. Therefore, any discontinuity or defect in the resin matrix compromises

the composite structure’s performance. Another critical role of the resin matrix is to avoid crack

propagation. Matrix defects undermine crack arrest, and they are a favorable location for crack

initiation when the composite part is subject to loading.

Matrix defects can be classified into two categories based on their origin, porosity and stress-

induced defects, Figure 1.1. Porosity is a processing defect defined as the absence of resin in

locations expected to be occupied with resin. Entrapped air, volatile degassing, and poor resin in-

filtration are among known causes of porosity [4]. This defect dramatically reduces the composite

structure’s performance especially at locations where resin has an important role in load transfer

such as interlaminar regions. It is shown that a porosity content of 2vol% causes a 10−20% reduc-

tion in interlaminar strength, depending on the fiber volume fraction [5]. Porosity can also act as

a stress concentrator stimulating matrix cracking [6]. Consequently, strict rules are imposed on the

allowable level of porosity in parts being used in primary aerospace structures, typically ≤2%.

Stress-induced defects form due to local stress build-up in the resin. A major difference com-

pared to porosity is that stress-induced defects arise due to structural failure of the resin matrix.

With regards to matrix strength along the fiber, such defects typically form transverse to the fiber

axis [9]. Resin-rich regions are also weak spots with high propensity for stress-induced defects
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Figure 1.1: Examples of defects forming in a resin matrix: a) porosity, b) transverse matrix
cracking[7], c) matrix cracking in resin-rich noodle area[8]

[10]. Matrix cracking is the most frequently reported manifestation of stress-induced defects and it

is highly dependent on cure history [7] and processing conditions [11].

The underlying mechanisms leading to matrix defect, porosity and stress-induced defects, are

complicated by multiple influencing processing parameters. Additionally, the evolving properties

of the resin during cure further complicate the development of an analytical framework for defect

prediction and prevention. As a result, manufacturing process design in this area is largely trial-

and-error oriented.

The present study is focused on understanding the mechanisms causing matrix defects. The key

objective is to establish analytical models and frameworks that deploy the developed knowledge in

a practical manufacturing setting. Furthermore, the composite community has traditionally studied

process design and optimization considering the post-cure state of the composite part, i.e. when

the resin is in a glassy state. The present study aims to investigate defect formation throughout the
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processing, from the beginning of cure when resin is in the viscous liquid state, to the rubbery and

up to the glassy state when resin behaves as a solid.
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Chapter 2

Background and literature review

2.1 Prepreg-based composites manufacturing

Among methods available for composites manufacturing, prepreg-based processing is favored for

manufacturing high-performance structures, especially in the aerospace industry. This interest stems

from advantages offered by this material system such as ease of handling, and a high level of con-

trol over the resin/fiber ratio and fiber alignment [12]. In view of its importance to the industry,

porosity control in prepreg-based manufacturing is the focus of the present thesis. Nonetheless,

the fundamental physics whereupon the present study is established are common between different

processing methods.

Figure 2.1 shows the cross-section of a single ply of prepreg consisting of woven fiber tows,

referred to as a fiberbed, that is partially infiltrated (pre-impregnated) with epoxy resin. Depending

on the prepreg design, resin is placed on one or both sides of the fiberbed as a film. For the sake

of handling, the resin in the prepreg is partially cured, referred to as “B-stage” cure, and has gel-

like tacky solid characteristic [13]. The un-infiltrated region, or dry fiberbed, is a key feature of

many prepregs providing an interconnected network of channels for gas transport throughout the

laminate. This region is initially occupied with normal pressure air. The top view of a prepreg ply
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Figure 2.1: Micrograph (SEM image in secondary electron mode) showing the the initial
state of the prepreg. The yellow line highlights the boundary between the

resin-infiltrated region and the dry fiberbed region.

in Figure 2.2 shows the interconnected channels. These channels extend to the edges of the laminate

and facilitate gas extraction during processing [14–16].

The fiberbed has a non-linear compressive stress-strain response [17], and eventually reaches

a steady-state of compression for a given net pressure [14]. In processes such as out-of-autoclave

manufacturing where the applied pressure on the part is relatively low and constant throughout

the process, it is reasonable to ignore fiberbed compression. In other applications that involve

high applied pressure on the part, the pressure sharing between gas, resin, and fiber phases can be

accounted for using Biot’s effective stress model [18].

After fabrication, prepregs are rolled, sealed and kept frozen in inventory. The sealing mini-

mizes the contact between the resin and the ambient environment and lowers the risk of moisture

absorption by the resin. The cold temperature prevents pre-mature polymerization of the resin prior

to processing the composite part.

Composite manufacturing processes start with removing the prepreg from the freezer and al-

lowing the material to thaw at room temperature. Subsequently, the prepreg is cut to smaller pieces

based on the part design and geometry, and stacked onto a tool to achieve the desired thickness.

This process is referred to as the layup step. Based on part size and geometrical complexity, the

layup step may last hours to days during which the prepreg is exposed to the ambient air. Due to
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Figure 2.2: Structure of the fiberbed in a woven prepreg.

this exposure, the moisture content of the epoxy resin [19] equilibrates with the humidity in the am-

bient air. Air entrapment is also possible at inter-ply regions while prepreg plies are being stacked

during layup. The layup step is completed by sealing the part using a vacuum bag. The use of other

consumables such as breather and dry fiber tows placed at the edges of the part ensures there is an

open passage for gas transport between the part and the vacuum port [20].

After layup, the manufacturing process is continued by subjecting the part to a cure cycle con-

sisting of a sequence of temperature ramps and holds. Figure 2.3 shows a simple cure cycle with

the corresponding simulation of resin properties. The graphs are related to kinetics simulation of

the MTM45-1 epoxy resin [21] implemented in the Raven software [22].

Stage 1 in Figure 2.3 displays a debulk step during which the vacuum bagged part is connected

to a vacuum source at room temperature. The application of vacuum during debulk causes a pressure

gradient between the gas phase initially residing inside the dry fiberbed and the reduced gas pressure

under the vacuum bag, that promotes gas extraction from the part. Due to the resin’s high viscosity

at room temperature, resin infiltration during debulk is minimal. The reduced pressure inside the

dry fiberbed promotes volatile desorption from the adjacent resin. Volatiles are species such as air,
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Figure 2.3: An example of a simple cure cycle and the corresponding cure simulation related
to MTM45-1 resin system [22].

moisture, and chemical compounds that are dissolved in the epoxy resin [23]. Later in the process

and driven by the increased temperature, volatiles can come out of solution as gas. In summary,

the goal of the debulk step is to remove the existing gas inside the fiberbed and reduce the volatile

content of the resin.

Stage 2 marks the initiation of the temperature ramp and cure. First, the resin viscosity drops due

to the increasing temperature. Then, the initiation and progress of crosslinking between molecular

chains in the thermosetting resin cause the viscosity to build up. The cure progress is demonstrated

by the rise of the degree of cure in Figure 2.3. Stage 2 is seen as the processing window for porosity

control, since the resin at this stage exhibits viscous liquid behavior, and it can flow and infiltrate

the fiberbed. Porosity forms if the gas phase is entrapped inside the part and/or any location of the

fiberbed is not fully infiltrated with resin.
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The remaining volatiles from the debulk step can potentially leave the resin prompted by the

temperature increase during stage 2. The released volatiles diffuse through the resin either into the

transport channels or into a bubble nucleation site. In either case, the bubble [24] or gas generated

inside the channels [25] can be extracted given the continued application of vacuum and open trans-

port channels. This also holds for any air remaining inside the dry fiberbed. Generally, gas removal

during cure is contingent on the extent and rate of resin infiltration. Premature resin infiltration

closes the interconnected channels for gas transport and leads to gas entrapment. Additionally,

slow resin infiltration may leave regions of the fiberbed un-infiltrated. Resin infiltration kinetics is

determined by the cure cycle and its effect on resin rheology.

The resin’s ability to flow reduces as viscosity increases. At gelation, the resin has formed a

three-dimensional structure, and viscosity increases by several orders of magnitude which is equiv-

alent to no flow upon shearing [26]. In practice, any region of the fiberbed that has not been fully

infiltrated with resin freezes inside the part as porosity after gelation.

After gelation, stage 3 in Figure 2.3, the resin has a rubbery nature and exhibits viscoelastic

behavior [27]. As crosslinking proceeds during stage 3, the resin develops modulus and gradually

approaches elastic-type behavior with increased relaxation time. Details of the mechanical property

evolution due to cure are discussed in Section 2.4.1. After gelation, the resin is able to develop

internal stress. This in addition to the resin’s low strength immediately after gelation increases its

propensity for internal stress-induced defects. Any defects carried forward to or formed during stage

3 cannot be removed since the gelled state of the thermosetting resin is not reversible. Crosslinking

between polymer chains and the established resin structure reduces the free volume available for

solute species to diffuse through [28]. Additionally, this structure suppresses volatile driven bubble

growth, since high vapor pressure is required to disrupt it [29]. Therefore, volatiles are not a primary

concern during stage 3.
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Stage 3 finishes when the glass transition temperature of the resin exceeds the cure temperature.

After glass transition, stage 4 in Figure 2.3, the glassy resin acts as an elastic solid. At this stage,

the polymer chains’ mobility is severely reduced. Despite the resin’s ability to retain stress/strains

immediately after gelation, internal stress formation and corresponding defects are often studied

using observations based on the glassy resin, i.e. residual stresses [27].

The review of the prepreg structure, processing steps, and resin property evolution shows that

porosity formation is not limited to a specific step of processing. Further, similar to the evolution

of the resin properties, process-induced defects are highly path-dependent. Therefore, a compre-

hensive approach to defect-free part manufacturing should capture the basic mechanisms that are in

effect throughout processing.

In the case of the fiber-reinforced polymeric composites, volatile diffusion, gas transport, and

resin infiltration are the basic mechanisms involved in porosity formation before gelation. There-

fore, the relationship between these mechanisms and process parameters should be studied. Process

parameters include pressure and temperature during cure. Furthermore, internal stress development

after gelation is a major source of process-induced defects. Unlike porosity forming before gelation,

internal stress-induced defects are a result of structural resin failure. However, a complete recipe for

defect-free manufacturing should also address post-gelation defects through process design. With

this background, the rest of this section reviews the literature for each of the major mechanisms

of porosity and defect formation along with the state of the art in manufacturing process design

to address them. For this purpose, these mechanisms are classified into three groups based on the

fundamental physics involved:

1. Volatile (moisture) induced porosity → diffusion-based mass transport;

2. Gas/resin transport induced porosity → advection-based mass transport;

3. Internal-stress induced defects → continuum mechanics.
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2.2 Moisture-induced porosity

During processing of prepreg-based composites, volatiles can off-gas from the resin. Three main

volatiles in the case of epoxy resins are: moisture, nitrogen, and chemical reaction by-products

[23, 30, 31]. In modern prepregs, the hot-melt method is generally used to pre-impregnate the

fiberbed. This method compared to solvent-based methods minimizes the dissolved volatile content.

Farhang [14] analyzed MTM45-1 epoxy resin [32] using Thermogravimetric (TGA) analysis and

confirmed that moisture is the major dissolved solute.

2.2.1 Fundamentals

Studies on the nature of the water-epoxy interaction [19, 28, 33] demonstrate that water molecules

have a strong affinity to epoxy resins. This affinity originates from the polar regions of the epoxide

molecule where water molecules can form van der Waals or hydrogen bonds. Even if these locations

are saturated, water molecules can fill the micro-voids and free volume within the polymer structure.

Kay [25] reported that by conditioning the MTM45-1 resin-based prepreg at 100% relative humidity,

the resin is observed to absorb moisture continuously, even after 40 days of conditioning. The resin

in this prepreg system is in a B-stage state, i.e. it is about 10% pre-cured. Therefore, a complete

dissolution of the resin in water is not expected.

Generally, an epoxy-water mixture is a non-ideal mixture and the equilibrium concentration of

moisture in the resin should be experimentally studied and fitted to a model [23]. Through such

experiments, Brand et al. [34] found that water solubility, S, in the epoxy resin can be stated as:

S = K1(RH)2 = K1×104(
Pw

P∗w
)2 (2.1)

Here, RH is the ambient relative humidity, K1 is the solubility coefficient, Pw is the partial pressure

of water, and the standard water vapor pressure is [23]:
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P∗w = 4.962×105 exp(
−4892

T
) (2.2)

The solubility term can be converted to concentration (C) of moisture in the prepreg as:

C =
S

100
ρr

Wr
(2.3)

ρr is the resin density, Wr is the weight fraction of the resin in the prepreg. It is worth noting that

assuming a standard pressure, the equilibrium solute concentration, C∞, is:

C∞ =
K1ρr

Wr
(RH0)

2 (2.4)

where, RH0 is the relative humidity of the conditioning environment. Kay [25] confirmed that the

equilibrium concentration of water in uncured MTM45-1 epoxy resin at typical relative humidity

levels of 0 - 75%, consistently follows this equation, with a K1 coefficient of 5.58×10−5. A similar

solubility coefficient was found by Kardos [23] while experimenting on another epoxy resin system,

Narmco 5208.

Porosity due to the presence of moisture is typically studied as a problem of initiation and

growth of a bubble in resin. Experimental work by Wells [35] showed that the existence of the

micro-voids in a typical resin system used in composites manufacturing leads to heterogeneous

initiation and growth of the water vapor bubbles. Similarly, much of the literature on porosity

prediction is focused on growth of a preexisting bubble rather than the nucleation process.

2.2.2 Bubble dynamics

The fundamentals of solute-driven bubble growth have remained rather unchanged since the pio-

neering work of Epstein and Plesset [36]. In this study, the authors developed a model for bubble

growth on the basis that solute influx from bubble interface causes its mass to increase. Given the
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Figure 2.4: Basic assumptions in the conventional bubble growth theory; ”u” is the velocity
of the bubble interface which is equal to zero for a bubble stagnant in the fluid.

mass increase, the corresponding volume variation can be calculated by assuming a constant density

for the gas inside the bubble. The basic assumption for developing this model is a stagnant spherical

bubble with solute concentration of Cs at the resin/bubble interface, and a steady equilibrium solute

concentration of, C∞ (Equation 2.4), in the surrounding resin, Figure 2.4. Cs can be calculated using

Equations 2.1− 2.3, for a bubble containing pure water vapor. If the processing condition changes

such that Cs becomes smaller than C∞, a concentration gradient forms toward the bubble. This

consequently leads to solute diffusion toward the bubble and results in bubble growth when solute

reaches the interface.

Based on the approach outlined above, the rate of radius change for a spherical bubble is:

dRb

dt
+

DM
ρ

∂C
∂ r

= 0 (2.5)

Rb is bubble radius, D is the diffusion coefficient, M is solute molar mass, and ρ is solute density.

Given the partial differential equation for the solute transfer through a spherical interface:

dC
dt

=
D
r

∂

∂ r
(r

∂C
∂ r

) (2.6)

and the bubble assumptions above, Wood and Bader [37] derived the ∂C
∂ r term as:

dC
dr r=Rb

=
Cs−C∞

Rb
(1+

Rb

(πDt)1/2 ) (2.7)
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Further, on the premise that the bubble is small and the diffusion coefficient of the liquid resin

is high, the authors assumed that Rb
(πDt)1/2 � 1. Using this assumption and combining Equations 2.5

and 2.7, an asymptotic solution for bubble size variation gives:

R2
b = R2

b,0−
2DM

ρ
(Cs−C∞)t (2.8)

This is a classic solution for diffusion-driven bubble growth. However, various modifications

have been proposed to improve growth predictions for specific applications. Ledru et al. [38] pro-

posed a coupled model considering both viscous and diffusion effects. The basic bubble dynamics

assumptions in this work are similar to the previous models. However, one major difference is that

instead of assuming that the gas pressure inside the bubble (Pg) is equal to the resin pressure around

it (Pr), the viscous and capillary effects are also included, giving:

Pg = Pr +
4

Rb
(
γrg

2
+µṘb) (2.9)

The transient bubble radius term on the right-hand side of the equation makes the final system

of equations for bubble growth prediction highly non-linear, requiring special considerations for a

stable and converging solution. Arefmanesh and Advani [39] further considered the effect of limited

dissolved gas in their model for bubble growth in a viscous matrix. The principal author also studied

models for bubble growth in a viscoelastic matrix [40].

To the best of the author’s knowledge, an experimental validation for the models that consider

viscous or viscoelastic effects in bubble growth has not been yet reported. However, several studies

have tried to correlate the total porosity of a cured laminate with the predicted extent of bubble

growth using such models [41].

Viscous effects become important around resin gelation when viscosity is high, so that the ( µṘb
Rb

)

term in Equation 2.9 becomes significant. In composites manufacturing, however, the processing
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window of interest is when the resin viscosity is low, so it can flow and infiltrate into the fiberbed.

Furthermore, the low viscosity allows bubbles in the resin to move and potentially be removed

upon reaching the resin flow front. This effect is studied in the literature as bubble mobility [24].

Viscoelastic properties come into effect after gelation when the resin forms a 3D structure through

covalent bonds. At this stage, the resin’s structure does not allow for flow or stress-free local de-

formation, any feature inside the structure including preexisting bubbles will therefore be locked

in.

Wood and Bader [31] extended their previous model of bubble dynamics, Equation 2.7, by in-

cluding surface tension effects, while neglecting viscous effects. The authors compared the model

predictions against experimental data from observing bubbles introduced in the resin using a sy-

ringe. Results showed that surface tension is important when the bubble is small. In the case of a

growing bubble, this parameter becomes increasingly negligible as the bubble grows. Similar exper-

imental observations in the literature confirmed a minimal effect of the viscous matrix and surface

tension in predicting bubble dynamics in resin [30, 35].

2.2.3 Bubble dynamics application in composites processing

The literature shows that established bubble dynamics theories apply to the resin during composites

processing. However, the goal in this area is to deploy the bubble dynamics theories to suppress

bubble growth. According to Equations 2.1 − 2.3, the equilibrium concentration at the bubble

interface (Cs) decreases with ambient pressure. This results in concentration gradient toward the

bubble and its growth according to Equation 2.8, hence porosity.

In processes such as resin transfer molding [42, 43] and autoclave-based manufacturing [15,

20], the application of increased pressure is typically used to suppress bubble growth and avoid

porosity formation. However, in processes such as out-of-autoclave manufacturing where it is not

convenient to change the resin pressure, other processing parameters should be manipulated for

moisture-induced porosity control. Furthermore, even with the application of increased pressure,
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some regions of the part may remain shielded from the applied pressure and this increases the risk

of porosity formation.

According to Equation 2.8, lowering the equilibrium solute concentration, C∞, in the resin also

reduces the concentration gradient required for bubble growth. This parameter depends on the

general initial condition of the resin [44]. Therefore, one approach to reduce C∞ is to limit the

humidity level at the layup room, i.e. RH0 in Equation 2.4 [45, 46]. Nonetheless, the cost involved

with changing the humidity level inside a large manufacturing facility makes this approach less

practical.

Another approach is to extract the dissolved moisture, or reduce C∞, in the resin prior to cure

with the application of vacuum during a debulk stage [47]. Kay [25] conducted an extensive ex-

perimental study on the effect of debulk on moisture desorption and final porosity. The author’s

simplified transport model is shown in Figure 2.5. Before debulk, the moisture content of the resin

is in equilibrium with the moisture content of the air inside the dry fiberbed, Equation 4. The ap-

plication of vacuum during debulk reduces the gas pressure inside this zone, which is equivalent

to reducing the equilibrium moisture concentration. This causes a concentration gradient between

the moisture content of the resin and the moisture inside dry regions and consequently, moisture

desorption. The continuous application of vacuum and the resulting gas flow transfers the extracted

moisture out of the system.

Kay [25] further employed desorption models to estimate the moisture content of the resin as

a function of the debulk step settings including vacuum pressure, temperature and duration. An

analytical analysis showed that the required debulk time to reduce the moisture content significantly

increases with the part size that determines the distance between the farthest region of the part to

the vacuum port. Furthermore, a common problem in manufacturing facilities is that the vacuum

system does not operate at full capacity due to issues such as line leaks [48]. Therefore, complete
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Figure 2.5: Transport mechanisms during debulking of a partially-impregnated prepreg,
adapted from [25].

extraction of moisture during debulk is not practical, i.e. there will be remaining moisture content

in the resin during cure.

Temperature is another processing parameter that can be controlled to avoid porosity. A com-

mon practice is that resin manufacturers recommend cure cycles based on their internal evaluations

that have shown to reduce porosity [32]. The recommended cure cycles are typically developed

based on trial-and-error and/or the staff’s intuition based on previous experience. The lack of an

analytical approach for cure cycle design to suppress moisture-driven porosity further complicates

the extension of the manufacturer recommended cure cycles to applications in which part speci-

fications, e.g. size, or ambient conditions, e.g. humidity level, significantly differ from standard

conditions.
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Figure 2.6: Schematic of the structure of a partially impregnated prepreg and the
corresponding advection transport mechanisms active during cure.

2.3 Gas/resin transport-induced porosity

Partially impregnated prepregs are three-phase systems consisting of gas, resin, and fiber. Figure 2.6

shows a schematic of the simplified and homogenized morphology of such structure divided into

three distinct regions of resin, resin + fiber, and fiber + gas. The transport mechanisms in this figure

demonstrate gas and resin transport via advection. The diffusion transport mechanisms are omitted

in this figure. According to Kay [25], the diffusion term related to moisture desorption can be

included in the advection model for gas transport as a mass generation source term.

Gas molecules are removed from the fiber + gas region with the application of vacuum during

debulk. At this step, resin infiltration at room temperature is negligible. During cure, the tem-

perature increase results in lower resin viscosity and initiation of crosslinking between polymer

molecules. A resin pressure gradient is caused by the difference between the applied pressure (at-

mospheric or autoclave pressure), and the reduced gas pressure inside the dry fiberbed. This is the

driving force for resin infiltration. In real prepregs, there is often a small number of gas bubbles

in the resin. These bubbles are isolated gas pockets that are entrapped in the resin during prepregs

fabrication. The isolated voids are categorized as porosity. Thus, they should be distinguished with

the micro-voids discussed in the previous section. The contribution of the isolated voids [24, 49]
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to the total porosity is typically negligible (< 0.2% [50]). Further, the movement of the isolated

voids in the resin is relative to the resin velocity itself [49, 51]. In the rest of the present document,

isolated voids and their movement in the resin are neglected.

An accurate prediction of porosity due to gas entrapment and/or incomplete resin infiltration

relies on good transport models. Gas and resin transport inside the fiberbed are problems of fluid

flow in porous media. In the composite literature, these mechanisms are commonly explained using

the empirical Darcy flow model [52, 53]:

νξ =
−Kξ

µg

∂P
∂ξ

ξ = x,y,z
(2.10)

In this equation, νξ is the superficial fluid velocity, Kξ is the ξ th spatial component of the fiberbed

permeability, and P is fluid pressure. The actual fluid velocity in porous media with porosity ϕ is:

νactual,ξ = νξ/ϕ (2.11)

The permeability term in Darcy flow model is an intrinsic property of the porous media. Analyt-

ical models exist to estimate permeability for idealized structures such as parallel cylinders [54–56].

In the composites processing literature, permeability is commonly evaluated through standard ex-

periments and fitting the corresponding data against the Darcy flow model [57–59].

2.3.1 Gas transport

The Darcy flow model was originally developed for steady flow in a saturated porous media. How-

ever, vacuum-induced gas evacuation is a transient flow problem [60]. Therefore, various ap-

proaches and modifications were introduced to use Darcy flow model in the case of the transient

gas flow. To this end, Arafath et al. [61] developed a model in which the gas phase is considered

compressible. Accordingly, the continuity equation for the gas is:
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∂ (ϕρg)

∂ t
+

∂

∂ξ
(ρgνξ ) = 0 (2.12)

ρg is gas density and its time variation is representative of the transient gas flow. Additionally,

the Darcy flow model was incorporated to explain the advection term, νξ . Fiberbed porosity was

assumed constant, hence it does not appear in the original form of the Equation 2.12 employed in

this study. This approach gives a simple transport model for gas and a timescale for estimating gas

evacuation during debulk.

In Equations 2.11 and 2.12, a similar notation is used to express porosity (ϕ). However, porosity

in Equation 2.11 refers to areal porosity, i.e. the fraction of the area at the flow front that is available

for fluid flow. In Equation 2.12, ϕ refers to volumetric porosity that appears in the continuity

equation for the fluid inside a unit volume of the porous media. A common assumption in the

literature is that fiberbed is isotropic, hence areal and volumetric porosity are equivalent [52].

The Darcy flow model is valid in the viscous flow regime when there is a no-slip boundary

condition between the fluid and the flow channel’s wall. The viscosity in gasses is defined by the

collision between the gas molecules. At low pressure where fewer gas molecules exist in a unit of

volume of the fiberbed, the number of these collisions reduces. This continues until the mean-free-

path of the gas molecule becomes comparable with the diameter of the transport channel. In this

condition, the no-slip boundary condition will not hold [62], and the actual flow becomes faster than

what the Darcy flow model would predict. Klinkenberg [63] introduced a correction to the Darcy

flow model to account for this effect through an effective permeability term (Ke f f ) defined as:

Ke f f = Kξ (1+
b
P
) (2.13)

Here, P is gas pressure, and b is the Klinkenberg parameter. According to Equation 2.13, the

Klinkenberg correction becomes important as gas pressure reduces to below the value of Klinken-
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berg parameter. Kay [25] estimated a value of 11 kPa for this parameter in the case of the 5-harness

MTM45-1 prepreg. The author adapted an empirical equation originally developed based on exper-

iments on fluid flow in rockbeds [64]:

b = 0.112[Pa](
Kξ

1 m2 )
−0.39 (2.14)

Experimental validation supports the application of the corrected Darcy flow model in estimating the

gas removal timescale during the processing [25, 65]. These studies are focused on the processing

stage when resin infiltration is minimal, and it does not affect the gas flow.

Another assumption in the Darcy flow model is that fluid flow is in the laminar regime. This

condition is expected to be valid when the permeability-based Reynolds number is below 1.0 [62].

Beyond this limit, the relationship between velocity and pressure diverges from linearity and flow

enters into the turbulent regime [66]. The expression for permeability-based Reynolds number is:

Re =
ρν
√

K
µ

(2.15)

In a typical MTM45-1 prepreg with a measured maximum in-plane permeability of 10−13 m2

[57], and a corresponding maximum gas velocity of 0.02 m/s [25], the Reynold’s number is about

10−3 for gas flowing inside the fiberbed. Since this number is orders of magnitude smaller than the

criteria of unity, gas transport in fiberbed is expected to remain in the laminar flow region, i.e. the

Darcy flow model will hold.

2.3.2 Resin transport

Considering the schematic in Figure 2.6, resin transport occurs through a geometry that includes

a resin source on one side and dry fiberbed on the other side. Various studies have confirmed the

application of the Darcy flow model in predicting the resin flow front progress in this unsaturated
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structure [67–69]. Resin is a viscous liquid, therefore application of the Darcy flow model does not

require the Klinkenberg modification.

Capillary pressure is a parameter that can considerably influence resin flow inside the fiberbed

[70]. Mortensen and Wong [71] derived an equation for capillary pressure (Pc) based on thermody-

namics:

Pc =−A f γrg cosθ (2.16)

where, A f is the area of the resin–fiber interface per unit volume of the matrix, γrg is the surface

tension between resin and gas, and θ is the wetting angle. The surface tension of polymers is in

the range of 0.03-0.04 N/m [72]. For comparison, surface tension of liquid Aluminum (at 700°C)

is about 0.87 N/m [73]. In general, the pressure drop due to capillary effect is negative in polymer

composites, since the measured wetting angle, θ , is lower than 90°. The resulting effect is that

capillary pressure generally enhances resin flow into the fiberbed. The contribution of capillary

pressure to resin flow is implemented in the Darcy flow model as an addition to the pressure gradient

term. Assuming the pressure gradient term in Equation 13 remains constant with distance, i.e.

dPr = ∆Pr [72]:

∆Pr = Pg +Pc−Pa (2.17)

Equation 2.16 assumes a homogenized distribution of fibers. However, the common fiberbed

architectures used in composites manufacturing are made of woven fiber tows, as shown in Fig-

ure 2.2. Therefore, the capillary effect is not even throughout the fiberbed, being negligible in

inter-tow regions and comparatively significant in intra-tow regions where fiber spacing is much

smaller, 5 -10 µm [70]. This motivated many studies on dual-scale characteristic of the woven

prepregs [52, 54, 74].
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Studies on dual-scale permeability commonly use a single ply of woven prepreg. This contrasts

the real-world layups that include stacks of prepreg plies. Babu and Pillai [75] examined the na-

ture of the dual-scale permeability in different fiberbed architectures in stacks. The authors tracked

the pressure profile at the resin inlet during flow-rate-controlled in-plane infusion tests. In fiberbed

architectures that maintain a dual-scale characteristic, a decrease in the inlet pressure curve is ex-

pected due to the delayed resin flow into the intra-tow regions. Surprisingly, results showed that the

inlet pressure history of the woven fiberbed remains linear. This led to the conclusion that inter-tow

regions need to form continuous uninterrupted macrochannels along the length of the mold for de-

layed infiltration to take place. Otherwise, despite the distinguishable inter and intra-tow regions of

a single ply, the stack cannot be classified as dual scale [76].

The manifestation of the dual scale characteristic also depends on resin flow velocity. Exper-

imental results showed that if resin flow is slow, intra-tow regions become infiltrated with resin

earlier than the inter-tow gaps [77]. This causes porosity formation within the inter-tow region due

to gas entrapment. In contrast, high resin velocity leads to porosity within intra-tow regions due to

delayed resin infiltration. Hence, an optimal velocity should be used that leads to simultaneous resin

infiltration into the inter and intra-tow regions. Multiple studies in the literature [78–81] associated

the observed dual scale characteristics with the ratio of the viscous to capillary effects, scaled by a

modified capillary number:

Ca∗ =
µν

γrg cosθ
(2.18)

In this equation, µ , ν , and γrg are the viscosity, velocity, and surface tension of the infiltrating liquid,

respectively. θ is the wetting angle. According to the experimental results in [78, 79], regardless of

the type of the liquid, an optimal range of capillary number, 0.003 – 0.02, balanced the flow rate in

inter and intra-tow regions and minimized porosity within both regions.
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2.3.3 Coupled gas/resin transport

A good understanding of the independent mechanisms of gas and resin transport has been developed

in the literature. The corresponding studies provided useful tools to estimate timescales for resin

flow front progression or remaining gas after debulk, or they served as different approaches for

characterizing the fiberbed permeability.

In an actual composite processing cycle, it is not possible to limit gas and resin transport to

a specific stage of processing. Experimental evidence such as partial resin infiltration during hot

debulk [47] or entrapped gas during cure [82] demonstrate situations where resin infiltration and

gas flow occur simultaneously. Therefore, a representative model for porosity evolution should

address the simultaneous flow of resin and gas in the fiberbed.

Gas entrapment during composite processing is a prime example of a process-induced defect

due to unbalanced gas and resin transport. Yeager et al. [83] conducted an analytical study on the

effect of the gas evacuation timescale on resin flow into a single fiber tow and the corresponding

porosity evolution. The study was intended to determine how the time that a part is subject to

vacuum influences resin infiltration and intra-tow porosity. For this purpose, the authors used a

closed-form equation for gas transport [65] to explain internal gas pressure variation with distance

from the vacuum port and the debulk time. An independent Darcy flow model is used for resin

transport prediction in which gas pressure appears in the resin pressure gradient term. Nonetheless,

gas pressure is calculated once as an initial state of the dry region of the fiber tow. In the subsequent

time steps, gas pressure is updated based on the ideal gas law and the volume variation due to resin

flow front progress.

The closed-form equation for gas pressure in this study assumes that gas transport is not affected

by resin infiltration into the fiber tow. Therefore, the geometry and permeability of the gas transport

channels remain constant. Moreover, this model does not account for transient gas pressure during
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resin flow simulation. This is not a realistic assumption because the gas entrapment only happens if

resin infiltration disconnects the gas transport channels from low gas pressure zones.

Helmus et al. [84] developed sequentially coupled models for air evacuation during the room-

temperature hold, and resin infiltration during the elevated-temperature portion of the cure cycle.

The authors used fiberbed compaction as an intermediate mechanism to connect these two stages

of processing. During the room-temperature hold, the vacuum-assisted evacuation reduces the gas

pressure inside the part. Subsequently, the reduced gas pressure leads to fiberbed compaction (σ ),

assuming:

Pa = Pg +σ (2.19)

In this equation, the resin and its role in pressure sharing with gas and fiber has been neglected

[17, 85]. Additionally, gas pressure is updated based on the remaining mass of the air after a certain

debulk time [61]. For this, the authors use the ideal gas law and the assumption that permeability re-

mains constant throughout the simulation. However, permeability variation is a natural consequence

of the transient fiberbed compaction.

Given the calculated compaction, resin infiltration into the fiberbed during elevated-temperature

cure is calculated assuming [86]:
∂σ

∂x
=

∂Pr

∂x
(2.20)

The resin pressure gradient from the equation above was then fed into the Darcy flow model to

evaluate resin flow front progress. The physical interpretation of the Equation 2.20 is that fiberbed

relaxation after the initial compaction leads to resin transport. Therefore, the gas pressure’s direct

contribution to resin infiltration is discarded. The evaluation of the developed model’s performance

showed that the thickness variation rate determined based on the experimental data decreased earlier
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Figure 2.7: Schematic of Kourkoutsaki et al. model for coupled gas and resin transport
during prepreg-based manufacturing, adapted from [87].

than what the model predicts. Helmus et al. [84] associated the observed discrepancy with the pos-

sibility that gas transport is occurring slower than predicted which in turn impedes resin infiltration.

Kourkoutsaki et al. [87] proposed a coupled gas/resin transport model to enhance the local resin

infiltration prediction under the influence of the transient gas flow. Figure 2.7 demonstrates the basis

of the model in which resin flow occurs through-thickness while air evacuates the fiberbed through

in-plane gas transport.

The Darcy flow model for gas transport predicts the internal gas pressure throughout the length

of the part. Gas flow is driven by the pressure gradient between the local gas pressure and the

vacuum pressure applied to the edges of the part, location x = 0 in Figure 2.7. Resin infiltration is

also explained by the Darcy flow model and is driven by the pressure gradient between the internal

gas pressure and the constant atmospheric pressure on top of the laminate. The gas pressure term in

the transport model for the resin is the basis of the coupling between resin and gas transport in this

model.
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A fundamental assumption made by Kourkoutsaki et al. [87] regarding gas transport was the

openness of the channels for gas flow. As a result, the corresponding model would not account

for entrapped gas compression due to continuing resin infiltration. Resin infiltration continues so

long as the pressure gradient due to the reduced gas pressure or increased applied pressure is pre-

served [88]. In these cases, neglecting the gas compression would overestimate the resin infiltration

advance.

Further, permeability and porosity in Darcy flow models for both gas and resin were assumed

to remain constant. In the case that fiberbed is at its maximum compaction state, it is reasonable

to consider constant geometry for the porous media channels wherein resin infiltration happens.

However, resin flow progress changes the geometry of the fiberbed channels for in-plane gas trans-

port. A smaller part of the initial dry fiberbed is available for gas transport as resin infiltration into

the fiberbed advances. Therefore, the assumption of constant fiberbed geometry in the case of gas

transport cannot be physically justified.

Another drawback with the independence of the gas transport model from resin transport is that

resin infiltration into the fiberbed does not influence the local gas pressure. Experimental evidence

by Centea and Hubert [89] suggests that for a constant applied pressure, final porosity remains

relatively constant, even without vacuum applied under the bag. This indicates that applied pressure,

and the resulting resin infiltration, can cause local gas compression, and eventually transport to low-

pressure regions outside of the part.

A conventional approach to model the interaction between two fluids during simultaneous flow

is based on how their flow progress changes the total permeability (K) of the porous media [90, 91].

According to this approach, a saturation term is defined as the volume fraction of the porous media

occupied by the wetting phase, e.g. resin in simultaneous flow of resin and gas. Then, permeability

for each fluid is defined as:
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Kr = Kr,resin ·K

Kgas = Kr,gas ·K
(2.21)

Kr,resin and Kr,gas are relative permeabilities of resin and gas, respectively. In the oil and gas lit-

erature, relative permeabilities are found experimentally for specific porous media, porous media

compaction, and groups of fluids. The drawback of this approach to composite processing applica-

tions is that the relationship between the relative permeability and porous media properties such as

porosity, and fluid properties such as viscosity and surface tension are not established. The limited

progress in this area has relied on case specific experimental characterization [76].

It is difficult to physically justify the concept of relative permeability. Assuming simultaneous

flow of fluids A and B, the increasing saturation of the porous media with fluid A would not change

the characteristics of the media in terms of the spacing between fibers or fiber diameter. However,

the increasing saturation level reduces the space in the porous media that was initially available

for fluid B’s flow, i.e. porosity. This does not change the intrinsic permeability of the remaining

un-infiltrated region.

The study by Shodja and Feldkamp [92] introduced an analytical framework for modeling the

coupled flow of two fluids in the porous media. In this study, one of the fluids is categorized as

wetting phase, e.g. resin, and the second one as non-wetting phase, e.g. gas. Similar to Kourk-

outsaki et al.’s [87] model, the gas pressure is embedded into the transport model for the wetting

phase through the pressure gradient term. However, an improvement to previous models is that the

porous media’s saturation with the wetting phase appears in the transport model for the gas. For this

purpose, the authors consider the porosity term in the continuity equation for gas, Equation 2.12, to

be a saturation-dependent variable:

ϕ = ϕ0(1−Sw(t)) (2.22)
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ϕ0 is the initial porosity of the fiberbed and Sw is defined as the volume fraction of the initial porosity

that is occupied by the wetting phase. The original model developed by Shodja and Feldkamp [92] is

related to the natural flow of water and gas in soil. Although the associated mechanisms are similar

to the gas/resin transport, modification and extension of this approach to composite processing

application has not been investigated.
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2.4 Internal stress-induced defects

2.4.1 Mechanical property evolution during cure

Historically, internal stress development received much attention as one of the main culprits in

manufacturing of defect-free composite parts [93]. In thermoset resins, internal stress development

can be traced back to the resin’s mechanical property evolution due to crosslinking reactions. This

evolution originates from the resin’s transition during cure, i.e. from the initial viscous liquid state

to a viscoelastic rubbery state, and finally to an elastic glassy solid state, Section 2.1.

Thorpe [94] characterized the shear modulus of the MTM45-1 toughened epoxy resin and its

evolution with cure, Figure 2.8. This resin system is partially pre-cured, about 10%, and it is not

a liquid at room temperature. Therefore, it shows a non-zero shear modulus at the beginning of

the temperature ramp. Initially, the shear modulus undergoes an initial drop when the temperature

ramp starts. The continuing temperature increase and the resulting crosslinking between polymer

molecules causes the shear modulus to build up and balance out the temperature increase effect.

This is followed by a jump after gelation where the shear modulus significantly increases. This is

an example of the shear modulus evolution with cure observed in thermosetting resins.

Bulk modulus is another important property that becomes critical when studying hydrostatic

stresses. Nawab et al. [95] used a dilatometry method to characterize bulk modulus of a Vinylester

resin as a function of degree of cure. Results showed that the bulk modulus evolves from 0.25 GPa

for the uncured resin to 2.5 GPa for the fully-cured resin, Figure 2.9. A key takeaway is that unlike

the shear modulus, the bulk modulus is not equal to zero for the uncured, liquid resin, and it has

a rather noticeable value at this state. When comparing with the shear modulus, the bulk modulus

does not experience a sudden, and large increase during cure.

The studies mentioned above use specific resin systems and methods for shear and bulk modulus

characterization. However, a survey of the literature [96–99] shows that regardless of the character-

ization method used, the following conclusions can be made:
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Figure 2.8: Shear storage modulus variation with cure progress for MTM45-1 resin, adapted
from [94].

Figure 2.9: Bulk modulus variation with cure progress for MTM45-1 resin, adapted from
[95].
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• Shear modulus is negligible prior to gelation;

• Shear modulus increases multiple orders of magnitude after gelation;

• Uncured, viscous liquid resin has a notable bulk modulus;

• Bulk modulus increases about one order of magnitude throughout cure;

• The value of the bulk modulus reported in the literature ranges between 0.25 to 4 GPa, re-

gardless of the chemistry of the resin system;

• In contrast, shear modulus values differ greatly between different resin systems.

2.4.2 Origins of internal stress

In composites processing, free strains are the root causes of internal stress formation [100]. Thermal

strain and cure shrinkage are two main sources of free strains. The word free refers to that these

strains do not form as a result of external applied stresses. Furthermore, free strains do not lead

to stress development in a homogeneous and unconstrained body. Therefore, internal stress in the

literature is studied after gelation when the resin forms a three-dimensional structure, withstands

load, and cannot flow like in the liquid phase. In this condition, the bonding between resin and fiber,

or any geometrical constraint on resin, accompanied by free strains, leads to stress development.

Internal stress development before gelation, has been attributed to the interaction between fiberbed

and tool without any influence from the resin [101, 102].

Thermal free strains, εT, f ree, can be calculated with the knowledge of the coefficient of thermal

expansion (CTE) of the resin:

εT, f ree = CTE×∆T (2.23)

The CTE of the resin changes when the material goes from a rubbery to a glassy state. Inside each

of these regions, the CTE varies with temperature, Figure 2.10 [100].

Characterization of the CTE before gelation is not common. Nonetheless, the experiments by

Mobuchon and Poursartip [103] indicated a slight decrease in resin CTE with cure progress in this
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Figure 2.10: Variation of the coefficient of thermal expansion with temperature, before and
after glass transition, adapted from [93]

region. Their results of testing toughened 8552 epoxy resin revealed about 12% CTE decrease

throughout the viscous liquid and rubbery regions, 0≤ DOC ≤ 0.4.

Volumetric shrinkage of the thermosetting resins originates from the formation of chemical

bonds during cure. Due to crosslinking of the polymer chains, the weak intermolecular van der

Waals forces are replaced with strong covalent bonds that have shorter bond length, hence volumet-

ric shrinkage [104]. Therefore, measurements of chemical cure shrinkage are complementary to

measurements of degree of cure and contribute to the understanding of the material behavior. Due

to its importance in design and manufacturing various methods and tools have been investigated for

cure shrinkage measurements.

Nawab et al. [105] examined cure shrinkage of Vinylester resin using dilatometry and found a

final resin shrinkage of 7.1% at cure completion. The authors reported a linear relationship between

cure shrinkage and degree of cure, throughout a complete cure cycle. A noteworthy observation

was that final cure shrinkage reduced by adding fibers to the system. Specifically, the 7.1% final

shrinkage of the neat resin reduced to 6.55 and 5.51% after incorporating 32 and 49 vol% of contin-
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Figure 2.11: Variation of the cure shrinkage with cure progress for different amounts of
additive in a model epoxy, adapted from [106].

uous fibers, respectively. This is interpreted as a direct influence of fibers in constraining stress-free

shrinkage of the resin.

Holst et al. [106] used a Laser Scanning Dilatometer to examine cure shrinkage of a model

epoxy resin with filler additives. Results showed that the additive content did not affect the linear

trend of the cure shrinkage evolution normalized by the additive volume fraction, Figure 2.11.

The linear relationship between cure shrinkage and cure kinetics has been verified in multiple

other studies, e.g. [103, 107]. This facilitates the calculation of the free shrinkage strain, εcure, f ree,

as:

εcure, f ree = ∆VTotal×DOC (2.24)

where, ∆VTotal is the total volumetric shrinkage ratio at complete cure state, i.e. DOC = 1.
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2.4.3 Internal-stress-induced defects

The knowledge developed about the cure-dependency of the resin properties and free strains enabled

the composite manufacturing community to understand internal stresses during processing [93].

This knowledge has traditionally been utilized to compensate dimensional changes of the final part

due to residual stresses. Residual stresses are the internal stresses that remain in the matrix after

processing [11, 108]. Dimensional changes are manifestations of the macro-level residual stresses

that arise due to the stress discontinuity between prepreg plies in a stack. However, the study by Li

et al. [7] on the cure cycle effect on matrix-cracking, also draws attention to micro-level residual

stresses. This type of stress arises due to the mismatch between the free strains of the resin and

fiber. Therefore, its systematic evaluation requires understanding of internal stresses evolving at the

resin level vs prepreg (resin + fiber) level, and their effect on the overall performance of a composite

structure.

In addition to the micro-level residual stress, the understanding of the internal stress effect at

the resin level has practical advantages in preventing defect formation in resin-rich areas. Resin rich

areas are common in composite parts and form at locations such as noodles in T-joint [8], inter-tow

resin pockets [109, 110], interlaminar layers [111], and gaps formed at corner radii of angled parts

[10, 112].

Studies on residual stresses focus on post-process part geometry deviations, since in the presence

of fibers, the corresponding high strength prevents local failure of the resin. However, in the absence

of fibers, neat resin will be highly prone to form internal stress-induced defects in the form of local

failure of the matrix [113].

Different approaches have been taken in the literature to investigate internal stress development

and defect formation during cure of neat resins. Generally, these approaches can be classified into

three types: in-situ stress measurement, in-situ strain measurement, and off-line free-strain mea-

surement coupled with in-situ resin behavior observations.
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Figure 2.12: Apparatus used for in-situ internal stress measurement by Merzlyakov et al.
[114], figure adapted with slight modifications.

Merzlyakov et al. [114] followed the in-situ stress measurement approach to investigate ther-

mal and cure shrinkage induced stresses. For this purpose, stainless steel tubes were instrumented

with strain gauges in both hoop and axial directions, Figure 2.12. The strain gauge readings were

calibrated against temperature variations of the empty steel tube and its known CTE. In another

calibration step, the stress readings of the apparatus were calibrated by pressurizing the steel tube

using a pressure-transmitting oil, up to a certain value. Different uncertainties undermine the re-

liability of this approach for accurate cure-shrinkage induced internal stress measurements. These

include multiple stages of calibration, the assumption of perfect adhesion between gauges and the

instrument, and the CTE calibrations for the gauges. Furthermore, the steel tube is opaque so it did

not allow in-situ observations of the resin behavior. For the sake of the tube’s reusability, the cured

resin was extracted destructively which eliminated the possibility of post-cure observations.

More importantly, the instrument used by Merzlyakov et al. [114] is calibrated for increased

internal hydrostatic pressure. This rules out the accuracy of any hydrostatic tensile stress, readings

that are expected due to cure shrinkage in the absence of thermal expansion. The researchers in-

creased the internal pressure of the resin to up to 40 MPa and studied its variation during the cure

cycle.
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The in-situ strain measurement approach by Harsch et al. [115] used fiber Bragg grating (FBG)

sensors to measure strain development by embedding the fiber sensors inside the curing resin. Fiber

Bragg grating consists of distributed Bragg reflectors in the optical fiber that reflect a particular

wavelength of light and transmit the rest. Any variation of the spacing between reflectors would

influence the wavelength of the reflected light. This principle along with accurate calibration make

FBG a precise strain gauge and justify its application in health monitoring of composite parts [115,

116]. By using such setup, Harsch et al. [115] reported that the gelation time indicated by the first

detectable strain closely matches the value from rheometry. For the rest of the cure cycle, the authors

qualitatively attributed variations in strain readings to resin evolution during cure. FBG inside the

resin acts as continuous glass fiber and contributes to resin strengthening that in turn influences the

stress-free cure shrinkage. Therefore, despite its common application as a strain gauge, a reliable

quantitative assessment of the cure shrinkage progress is not possible. Technical challenges with

the application of FBG include the precise calibrations required for thermal effect, the assumption

of perfect adhesion between FBG and resin, and the difficulty of distinguishing between strain

directions, e.g. hoop vs longitudinal.

The last two approaches mentioned above are focused on in-situ measurement of cure-induced

stress/strain. An advantage is that in-situ methods are not geometry dependent, e.g. strain gauges

can be attached to the surface of a steel tube as well as a spherical tool [117]. Although this is

an advantage to the industry for in-line monitoring, the errors, calibration, and the associated tech-

nical uncertainties make these methods unsuitable for fundamental research. The direct readings

of the stress/strain values eliminate the need for detailed materials characterization. For example,

an alternative to the direct stress data acquisition through sensors is to characterize the mechanical

properties and cure kinetics/shrinkage. Subsequently, for any arbitrary geometry and cure cycle,

the shrinkage-induced free strains and the corresponding stresses can be calculated. Nevertheless,
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Figure 2.13: Experimental setup and observations regarding internal stress induced defect
formation by Eom et al. [118], figure adapted with slight modifications.

recent advances in high fidelity characterization methods and tools promote the former approach

over in-situ methods in the case of the fundamental research work.

Eom et al. [118] have previously used the approach of off-line free-strain measurement to study

internal stress-induced defects in constrained neat resin. They injected epoxy resin into 9 cm long

glass cylinders with 5 mm diameter to observe the resin behavior during cure, Figure 2.13. This

geometry assisted in constraining the resin since epoxy has strong adhesion to glass. It is reported

that after increasing the temperature and initiation of polymerization, a primary void appeared at

the top of the vertically-standing cylinder. This void appeared when the resin was in the viscous

liquid state, and due to the total volumetric shrinkage of the resin. Later in the cure, a secondary

void formed after the resin reached the gelation point. Finally, the authors used the observed defect

formation point as a criteria for internal stress-induced defect formation and calculated its value

given the characterized shear modulus.

One of the challenges with the setup used is that due to the resin’s transparency it cannot be

confirmed whether at the point of defect formation the gelled resin was completely constrained.

Additionally, there is no information about the morphology of the secondary defect. Therefore, it
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is not possible to judge whether the observed void is a defect due to local resin failure, or if it is a

preexisting small void that started expanding after gelation.

For stress calculations, Eom et al. [118] used the generalized stress resulting from the Boltzmann

superposition integral with the hydrostatic component of the stiffness tensor defined as:

Ci =
(1−υ)E

(1+υ)(1−2υ)
(2.25)

where E, Young’s modulus, is calculated based on shear modulus characterization and:

E =
2G

1+υ
(2.26)

with υ , Poisson ratio set to 0.33. The shear modulus is of the order of a few Pascals at the time resin

reaches gelation. Therefore, the critical internal stress at the moment of secondary void formation

were reported in the range of 10−5 – 10 Pa. Equations 2.25 and 2.26 assume that the material is

fully-elastic. However, the resin is rubbery after gelation and Equation 2.25 should be substituted

with [99]:

Ci =
K
3

(2.27)

where, K is the bulk modulus. It should be noted that in contrast to the Young’s modulus of the

gelled resin, the bulk modulus is in the order of GPa.

In conclusion, the off-line free-strain measurement approach offers a robust way to observe and

analyze internal stress-induced defects, if accompanied by high-fidelity materials characterization.

However, the setup and analysis by Eom et al. [118] have some limitations.

A representative approach for cure-induced internal stress analysis and the corresponding defect

formation mechanisms would allow studying process optimization to predict and avoid such defects.
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The knowledge developed about defect control would enable minimizing micro-scale stresses dur-

ing composite processing and avoid defects in resin-rich regions of the composite part.

In composite processing, resin pressure and temperature are the main process parameters that

can be controlled. After gelation, when the resin forms a three-dimensional structure, it resists pres-

sure transfer as opposed to its liquid-like behavior before gelation. Merzlyakov et al. [114] have

previously shown that an initial hydrostatic pressure of about 140 MPa applied to resin in a con-

strained geometry is relieved during cure, due to the cure shrinkage. After gelation, resin rich areas

of composite structures, e.g. noodles, act as such constrained geometries. The gelled resin surround-

ing the resin-rich regions would not allow stress relaxation and it blocks the transfer of any external

pressure. Therefore, temperature control through cure cycle design should be examined with regards

to internal stress control in constrained geometries. Such approaches have been previously noted

in the literature [99, 119, 120]. However, a generalized analytical approach that addresses internal

stress control throughout a complete cure cycle, and is validated through representative experiments

has not been presented to date.
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Chapter 3

Thesis objectives

A large body of literature is devoted to understanding the mechanisms of porosity formation in

polymeric composites manufacturing. In this thesis, the goal is to investigate and address gaps in

the current understanding and to lay the foundation for a validated and practical analytical approach

to porosity management that covers the whole manufacturing process from the debulk stage up to

the resin vitrification point. With this overall goal, three research objectives have been defined:

1. Develop an effective and practical method for suppression of moisture-driven bubble growth:

It is expected that the classic bubble dynamics theories can be used to describe when bubbles

will grow due to moisture diffusion. However, the appropriate analytical approach and the

experimental evidence to validate it have not been investigated to date. The objective is

to develop an analytical approach to suppress moisture-driven bubble growth and provide

experimental validation of the approach.

2. Study and develop a mathematical model for the interaction between gas and resin flow during

heat-up and cure: Gas transport during debulk has traditionally been treated as a single-phase

flow in porous media. However, during cure, the resin viscosity drops due to temperature

increase and it slowly infiltrates the same porous bed that gas transport is occurring within.
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In the literature, gas and resin transport are studied independently through separate, and un-

coupled Darcy flow models. The objective in the present study is to develop experiments to

study and evaluate the interaction between gas and resin transport during cure and then to

investigate extensions to current flow models to account for this interaction.

3. Study and develop an understanding of defect formation in the post-gelation stage: Post-

gelation is one of the least studied stages of composites manufacturing in general. The con-

ventional belief is that at this stage, the matrix is set and solidified and does not allow porosity

to form or grow. The objective is to develop experiments that systematically evaluates the na-

ture and mechanisms of defect formation at the post-gelation stage.
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Chapter 4

Cure cycle design to suppress

moisture-driven bubble growth

This section presents an analytical approach to suppress moisture-driven bubble growth and porosity

during composites manufacturing. Conventional validated bubble dynamics theories are employed

for this purpose. Before presenting the approach, the basic assumptions made concerning bubble

dynamics theories are discussed. The main objective is to develop a validated approach that is

practical in the context of manufacturing and process design. Therefore, representative experiments

are conducted to validate the proposed approach.

4.1 Analytical approach

The problem of moisture-induced porosity is approached by considering a model system with a

single air-water bubble in a representative volume element (RVE). A 2D presentation of the RVE is

shown in Figure 4.1. This RVE has a resin pressure of Pr, temperature T and the contained resin

has been conditioned in an environment with a relative humidity of RH0. Because of the exposure

to humid air, the resin has a uniform equilibrium concentration of water, C∞, in the bulk and the
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concentration of water at the bubble-resin interface is Cs. In this model, viscous and capillary

effects at the resin/bubble interface are neglected. Therefore, the gas pressure inside the bubble, Pg,

is equal to the resin pressure, Pr. The bubble is small compared to the RVE and the concentration in

the bulk is assumed to be constant and not affected by any transport processes.

The main content of a preexisting bubble in the resin is air. At equilibrium, the water vapor

concentration inside this bubble is equal to the humidity of the ambient air which is about 0.02wt%,

at the standard condition [23]. The first part of the present chapter evaluates the effect of air inside

the preexisting bubble on its dynamics during processing. Considering the molar fraction of water,

αw, and partial pressure of water, Pw, Dalton’s law for a mixture of water and air gives:

Pw = αwPg (4.1)

Given Equations 2.2 and 2.3, water concentration at the bubble/resin interface at a specific

temperature and partial pressure of moisture is:

Cs = 4.061×10−8 K1ρr

Wr
exp(

9784
T

)P2
w (4.2)

In this equation, ρr and Wr are resin density and its weight fraction in a prepreg system, respectively.

K1 is the solubility coefficient of moisture solution in the resin. With respect to the findings of Kay

[25] for MTM45-1 5HS prepreg and of Kardos et al. [23] for T300/Narmco 5208, this coefficient is

set to 5.58×10−5. As a reminder from the Section 2.2.1, the equilibrium moisture concentration in

the resin is:

C∞ =
K1ρr

Wr
(RH0)

2 (4.3)

The ratio of the moisture concentration in the bulk of the resin to the saturation concentration at

the bubble/resin interface is defined as the relative saturation [35]:
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Figure 4.1: Two-dimensional representative volume element (RVE) of an air/water bubble in
a resin matrix with dissolved water. T : temperature; RH0: ambient relative humidity;
Pg: gas pressure; Pr: resin pressure; Pw: partial vapor pressure; αw: molar fraction of
water in the air–water mixture; C∞: equilibrium water concentration in the bulk; Cs:

water concentration at the bubble/resin interface.

RS =
C∞

Cs
(4.4)

When the relative saturation equals one (Cs =C∞), there is no driving force for solute diffusion

and a relative saturation of greater than one will cause bubble growth. The former condition results

in a concentration gradient driving the dissolved water molecules in the resin toward the bubble

interface.
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4.1.1 Stable and unstable bubble growth

At equilibrium, the relative saturation is equal to unity for a resin exposed to humid atmosphere.

Equations 4.2 and 4.3 give for a bubble inside the resin at equilibrium:

Cs =C∞→ Pw = RH0P∗w (4.5)

If the partial pressure of water vapor inside the bubble, Pw, is less than given by the equation

above, bubble growth occurs. The standard water vapor pressure at ambient temperature is only

a few percents of atmospheric pressure. Therefore, the partial pressure of water vapor inside the

bubble is very low at room temperature.

The standard water vapor pressure, P∗w, increases exponentially with temperature, refer to Equa-

tion 2.2. Equilibrium can be restored if water diffuses into the bubble, thereby increasing αw and Pw.

This path toward equilibrium results in stable bubble growth. Stable bubble growth during heat-up

and isobaric conditions continues until the molar fraction of water, αw, approaches 1. When αw = 1,

bubble growth becomes unstable or non-equilibrium.

By combining Equations 4.1 and 4.5, the relationship between the gas pressure inside the bubble,

Pg, and the equilibrium state of water solution is:

Pg =
RH0

αw
P∗w (4.6)

where, in the absence of viscous and capillary effects Pg = Pr, Section 2.2.2. Since resin pressure

is an important processing parameter, the gas pressure inside the bubble is presented as resin pres-

sure in the rest of the chapter. A plot of the resin pressure Pr versus temperature can be used to

identify the regions of stable and unstable growth. Figure 4.2 shows an example of such a plot for

a resin conditioned at a relative humidity of 75%. Three paths are marked in this figure to explain
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Figure 4.2: Equilibrium diagrams of water molar fraction (αw) in a bubble with air content of
(1.0−αw) at different resin pressure and temperatures. This diagram is related to the
resin conditioned at a relative humidity of 75%. Paths ”A“, ”B“, and ”C“ are used to

explain the application of the diagram in the text, Section 4.1.1.

the application of a Pr − T plot with respect to bubble growth control via manipulating process

parameters.

Path “A” shows an example in which resin initially experiences 1 atm pressure at 30°C. By

increasing the temperature under isobaric conditions, the equilibrium molar fraction of water in-

creases. This drives the solute from the matrix into the bubble to increase the current molar fraction

and restore the equilibrium state. Specifically, the relative saturation becomes greater than one and

moisture diffuses into the bubble. The plot shows that this process causes an increase in molar frac-

tion of water in the bubble and a stable bubble growth until a temperature of approximately 108°C.

With temperature increase beyond this point, vapor pressure equilibrium cannot be established and

unstable bubble growth will occur.
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In the case of path “B”, resin pressure reduces under isothermal condition. Similar to the pre-

vious case, the pressure drop results in moisture diffusion into the bubble to compensate for the

increase in equilibrium water vapor molar fraction. This continues until a resin pressure of approx-

imately 0.02 atm where bubble growth enters into the unstable zone. Path “C” shows how effective

high resin pressure is to suppress moisture-driven bubble growth. In comparison with path “A”, in-

creasing the resin pressure from one to six atmosphere leads to bubble shrinkage through moisture

diffusing out of the bubble. This is demonstrated by the decrease in water molar fraction inside the

bubble. Furthermore, the solute diffusion-driven shrinkage is accompanied by a volume shrinkage

due to ideal gas law. At this pressure, the bubble is expected to grow stably until a temperature of

approximately 170°C. Practically, resin pressure can be controlled with the processing equipment

such as an autoclave.

Previously, Wells [35] provided experimental evidence for both stable and unstable moisture-

driven bubble growth in MTM45-1 epoxy resin. His results showed that by increasing temperature

or decreasing pressure, bubble growth takes place. Furthermore, an interesting observation based

on the reported results is that if temperature and pressure are not in the critical region of unstable

growth, equilibrium can be restored and the growth is stable and limited.

The transition between stable and unstable bubble growth is given by Equation 4.6 and setting

the molar fraction of water to 1. The plot in Figure 4.3 displays the boundary for this transition with

resin pressure, Pr, divided by the initial relative humidity RH0 on the y-axis versus temperature on

the x-axis. By using this plot, the critical resin pressure or temperature that triggers unstable growth

for any RH0 can be determined graphically. For example, if the initial relative humidity is 75% and

the resin pressure is 1 atm, the figure shows that stable bubble growth is expected until a critical

temperature of approximately 108°C is reached.

In the case that cure temperature is 177°C, Figure 4.3 demonstrates that a Pr/RH0 of approxi-

mately 10 atm is required to prevent unstable bubble growth. A process engineer can also consider
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Figure 4.3: Plot used to determine pressure and temperature conditions for stable and
unstable moisture-driven bubble growth according to Equation 4.6.

the availability of the required facility. For example, if the maximum autoclave pressure is 5 atm,

the initial relative humidity must be less than 50%, to be able to ramp up the temperature to 177°C

without concern for unstable moisture-driven bubble growth.

Since the initial composition of an air-water bubble entrapped in a resin matrix is mainly air,

stable bubble growth with any temperature increase or pressure decrease is inevitable. The extent

of the stable bubble growth can be determined by considering a bubble initially at equilibrium state

and calculating the change in its size relative to the initial state.

Pressure or temperature variation disrupts the equilibrium and causes solute diffusion. The

resulting solute transfer changes the partial pressure of the vapor inside the bubble. Using the ideal

gas law, the variation of the air molar fraction, αa, with temperature, resin pressure, and bubble

radius Rb is:

αa = (1−αw) = (1−αw,0)

(
Pr,0T
PrT0

)(
Rb,0

Rb

)3

(4.7)
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Figure 4.4: Calculated equilibrium bubble radius for a resin pressure Pr = 1 atm at different
relative humidity levels. Vertical dashed lines show the critical temperatures for

unstable bubble growth, Equation 4.5.

In this equation, the subscript “0” denotes the initial state of the corresponding variable. This

equation includes the effect of both diffusion-induced and ideal gas law-driven bubble size variation.

By incorporating Equation 4.6 into Equation 4.7:

(
Rb

Rb,0

)3

=
1−αw,0[

1−RH0
P∗w
Pr

] Pr,0T
PrT0

(4.8)

Figure 4.4 illustrates the application of Equation 4.8 in predicting stable bubble growth as a

result of temperature increase for different initial relative humidity levels. In this test case, the

initial temperature is set to 20°C and the pressure is constant at 1 atm. The red dashed lines in this

figure correspond to the calculated critical temperature for unstable bubble growth at each humidity

level.
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Important interpretations can be made using Figure 4.4 and with respect to manufacturing pro-

cess design. Primarily, it can be understood that stable growth becomes significant when the tem-

perature is very close to the unstable growth criteria. Generally, the initial bubbles grow only two

times relative to their initial size when resin temperature is∼5°C away from the critical temperature.

Moreover, the maximum bubble growth in the stable growth zone is 6 times of the bubble’s initial

size. An example to put this statement in context is a large bubble with a radius of 50µm that would

grow to a radius of 300µm, prior to entering the unstable growth zone. With regards to the resin

in prepregs, the initial bubble size is typically much smaller than 50µm [35]. Additionally, isolated

voids in the resin contribute to less than 0.2% of the total porosity [50]. Therefore, stable bubble

growth has negligible effect in the context of porosity control in composites manufacturing. This

explains the trend in the literature that rarely discusses the growth of an initially-air-filled bubble.

The analytical approach discussed in this section provides a generalized and practical frame-

work to calculate the critical temperature for unstable bubble growth. In the context of composites

manufacturing, the process parameters can be optimized to avoid moisture-driven porosity by not

exceeding the critical temperature. Another aspect of the application of the analytical approach in

manufacturing is that bubble growth can take place while the resin is in the viscous liquid state.

Therefore, bubble growth is not expected after resin reaches gelation, even with cure temperature

exceeding the critical values calculated based on the moisture content of the resin. In the following

section, an experimental investigation is presented to confirm the validity of the analytical approach

for suppressing moisture-driven bubble growth and its application in composites manufacturing.

4.2 Experiments

4.2.1 Material

The experimental work for validation of the criteria for unstable bubble growth used coupons of

Cytec MTM45-1 neat resin film. MTM45-1 is a toughened epoxy resin system [32]. The coupons
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measured approximately 2000 mm2, 0.19 mm thickness, and were moisture conditioned in ac-

cordance with the ASTM E104−2 standard [121] for five days and at an ambient temperature of

22±1°C. Four levels of initial relative humidity RH0 were chosen for the experiments: 0, 33, 43

and 75%, and two repeat tests were performed at each humidity level.

To study the effect of fibers on bubble growth initiation criteria, prepreg coupons were used.

Every experiment in this part used a single ply of a partially-impregnated woven prepreg, MTM45-

1/5HS CF2426A by Cytec Solvay. This is a net resin, one-side-coated, out-of-autoclave-grade

prepreg. Uncured prepreg plies have an initial thickness of 0.5±0.05 mm. The resin weight fraction

is 36% giving a theoretical density of 1.495 g/cc for a porosity-free, cured prepreg [14]. Coupon

size and the conditioning method were similar to the case of neat resin samples.

The material characterization and model development by Shahkarami and Van Ee [21] for

MTM45-1 resin system were employed. MTM45-1 cure kinetics and viscosity models have been

developed based on extensive DSC, TGA, and rheometry testing. The cure kinetics model used is:

dx
dt

=
2

∑
i=1

ke f f ,i(1− x)li

(
1
ri
− x
)mi

(xn2,i +bi)
ni (4.9)

In this equation, all the parameters with subscript “i” are fitting parameters, x is the degree of cure,

and t is time variable. The viscosity model has the form:

µ = µ1(T )+µ2(T )
(

xg

xg− x

)(A+Bx+Cx2)

(4.10)

In this equation, µ is dynamic viscosity, x is degree of cure, xg is the degree of cure at gelation point,

and the rest of the parameters are found by fitting the model against rheometry tests. These models

are implemented in the commercial Raven software [22].

52



4.2.2 Experimental setup

Bubble growth tests were conducted by placing the samples on a 6 mm thick borosilicate glass tool

to enable real-time in-situ visualization of the bubble behavior through the tool, Figure 4.5. Prior to

every bubble growth test, the glass tool was cleaned and coated with a layer of FREKOTE 700-NC

release agent. A Keyence VHX-1000 digital microscope at 50X magnification was used to capture

and record the bubble behavior. The samples were heated using a HEATCON heating pad placed

on top of the sample, controlled by a thermocouple placed on the glass tool, close to the edge of the

sample.

Prior to heat up, tacky tape was placed along the perimeter of the sample to prevent resin flow.

Subsequently, the sample was covered with a layer of release film, Non-perforated Fluorinated

Ethylene Propylene (FEP) release-film (A5000 by Cytec). The release film placement aimed to

minimize the amount of gas escaping from the sample to the vacuum system during cure. The

amount of air entrapped during the sealing process was minimal. However, the as-received resin

film contained some bubbles prior to cure. The amount of the initial air was more noticeable in the

case of the prepreg coupons that included dry fiberbed regions. A 0.5mm thick caul-sheet, consisting

of two layers of precured carbon/epoxy laminates, was placed on top of the release film to uniformly

transfer the vacuum-bag-imposed pressure to the sample. The heating pad and vacuum bag were

placed on top of this setup. A vacuum pressure of 0.1 kPa was applied during the entire test, resulting

in a net pressure on the setup, and thereby resin pressure, very close to one atmosphere.

During the bubble growth tests, synchronized recordings of temperature and digital microscopy

images, recorded at 15s intervals, provided information of resin temperature and bubble size during

the heat-up and cure process. A magnification of 50X was used to cover a resin area of approxi-

mately 3mm×3mm to be able to track several bubbles simultaneously.
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Figure 4.5: Experimental setup for in-situ monitoring of bubble behavior; a) Schematic of the
test sample and bagging, b) Temperature control and digital microscopy setup.

54



4.2.3 Cure cycle design

Two types of cure cycles were used in the experiments. The first type, “standard cycle” was a

straight heat-up ramp at 2.2°C/min to the final cure temperature of 180°C. This standard cycle was

used to measure unstable bubble growth as a function of temperature at a constant resin pressure of

one atmosphere.

The second type of cure cycle was a “designed cycle” that consisted of a temperature ramp at

2.2°C/min to a pre-calculated temperature. This temperature was set to the critical temperature for

unstable bubble growth at any specific conditioning humidity level. Consequently, a cure cycle that

remains below the critical temperature is expected to suppress moisture-induced bubble growth and

porosity. The initial temperature ramp was followed by an intermediate hold. The duration of this

hold was determined based on the time required to gel the resin at any specific cure temperature.

Subsequently, the temperature was increased to the final hold temperature of 180°C to achieve full

cure. Both sets of experiments used coupons from the same batch that were conditioned simultane-

ously in the same container.

In the case of the “designed cycles”, the appropriate hold temperature to suppress unstable

bubble growth was determined using Equation 4.6 with αw = 1, or equivalently Figure 4.3, for

different initial relative humidity levels. The critical temperatures with a resin pressure Pr of 1 atm

and initial relative humidity levels of 0, 33, 43, and 75%, are infinity (i.e. no unstable bubble

growth expected), 134, 125, and 108°C, respectively. The three last temperatures were used as hold

temperatures for the moisture conditioned samples.

Determination of the intermediate hold length requires knowledge about the resin’s cure kinet-

ics and rheology. Based on material characterization outlined in Section 4.2.1 for MTM45-1 resin

system, the commercial software RAVEN [22] was used to determine the gelation time at any spe-

cific cure temperature. The results were 60, 95, and 260 min for hold temperatures of 134, 125, and
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Figure 4.6: Designed cure cycles to suppress moisture-driven bubble growth. An
intermediate hold is introduced below the critical temperature for unstable bubble
growth. The length of the hold is designed to gel the resin prior to increasing the

temperature.

108°C, respectively. Figure 4.6 shows a plot of the three designed cycles including temperature and

viscosity graphs. The plateau in the viscosity graph represents the gelation point.

4.3 Results and discussion

4.3.1 Standard cycles

Standard cure cycles were used in order to confirm that the initiation of unstable bubble growth

follows the analytically calculated values. Figure 4.7 shows an example of microscopy images from

the test with the resin conditioned at 75% RH. In this case, initially, no traceable bubble exists in the

frame captured by the camera. When the temperature reached about 113°C, small bubbles appeared

in the resin. These small bubbles continued growing rapidly as a sign of unstable bubble growth.
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Figure 4.7: Time-lapse images during the cure cycle for a sample conditioned at RH0 = 75%,
cured by a straight heat-up ramp to 180°C. Bubbles are shown in white for improved

clarity.

The calculated critical temperature for unstable bubble growth for a sample conditioned at RH0 =

75% is 108°C.

Figure 4.8 shows the movement of the bubbles inside the recorded image frame. This movement

is due to the formation and growth of the bubbles inside a confined geometry accompanied by the

low viscosity of the resin at increased temperatures. The present study investigates the arrest of any

bubble growth. However, in a broader context, this observation demonstrates bubbles’ ability to

move inside the resin.
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Figure 4.8: An overlay of the results in Figure 4.7 showing the relocation of the bubbles
inside the resin upon reaching the critical temperature.

A general trend in the results is that before heat-up, small pre-existing bubbles were present

within the resin, e.g. Figure 4.9. The volume fraction of these bubbles was much less than one

percent. The preexisting bubbles ranged in size from about 30 to 100 µm in diameter. Furthermore,

in the early stages of heat-up, no noticeable change in bubble size was observed from the microscopy

images.

Figure 4.10 shows an example of time-lapse imaging related to the resin film conditioned at

RH0 = 43%. In this test, two preexisting bubbles were detected, highlighted by blue and red ar-

rows. The large bubble’s diameter exceeds the thickness of the resin film that is about 0.19 mm,

therefore, it has been discarded. The small preexisting bubble demonstrates the correlation between

the critical temperature and initiation of bubble growth. When the temperature reached the critical

value, initiation and rapid growth of the bubble was observed. Similar behavior was observed in

other tests including preexisting bubbles, except the tests that used desiccated samples, i.e. RH0 =
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Figure 4.9: Initial state of the resin film before cure showing preexisting bubbles

0%. Table 4.1 summarizes the observed critical temperature for bubble growth versus the calculated

values.

Table 4.1: Critical bubble growth temperature, calculated from the model (Equation 4.6), and
observed in standard cycle experiments using neat resin film samples.

RH0 75% 43% 33% 0%

Calculated (°C) 108 125 134 ∞

Measured (°C) 113±2 128±2 134±2 N/A

4.3.2 Designed cycles

The designed cycles, Figure 4.6, were used to cure samples conditioned at 33, 43, and 75% relative

humidity. No bubble growth was detected for any of the samples during or after the tests. This

demonstrates several things. First, by not exceeding the calculated critical temperature during the

intermediate hold, unstable bubble growth can be suppressed by holding the resin at an elevated

temperature for an extended period. Second, gelation of the resin acts to suppress unstable bubble

growth by mechanically constraining the bubbles from growing despite a high initial moisture con-
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Figure 4.10: Time-lapse images during the cure cycle for a sample conditioned at RH0 =
43%, cured by a straight heat-up ramp to 180°C. The parallel-line pattern in the
background is only a reflection of the release film on which resin is placed on.

tent of the resin. Third, the experiments showed that we can design cure cycles to suppress bubble

growth entirely by analytical means.

4.3.3 Porosity in cured samples

The initiation or arrest of bubble growth in the present study was examined through microscopy.

However, after each test, the related samples were removed from the test setup and evaluated for

the extent of porosity evolution throughout the whole sample. The objective was not to quantify

the amount of porosity but to establish whether moisture driven bubble growth had occurred in the

sample. In samples where no bubble growth was observed in-situ during cure, a limited number
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Figure 4.11: Images of cured samples conditioned at RH0 = 75%. a) Standard cycle resulted
in a highly porous test sample, b) The designed cycle resulted in no observable

moisture-driven bubble growth. The voids seen in b) were pre-existing and did not
grow appreciably during the test.

of voids are detected, similar to the initial state of the uncured resin samples. In samples where

bubble growth was observed in-situ, large voids distributed throughout the sample were observed

at a macroscopic scale. Figure 4.11 shows an image of two samples after cure, both conditioned at

RH0 = 75%, one cured with a standard cycle and another with a designed cycle.

Note that the samples were bagged so that there was limited ability for any gas generated during

cure to escape the samples. This exacerbates the amount of porosity found in the cured samples

compared to the normal practice of curing prepreg-based laminates. When curing a prepreg laminate

using the same resin and humidity conditioning, moisture can be extracted through transport out of

the laminate prior to gelation of the resin. Moisture transport to the outside of the laminate lowers

the moisture content in the resin, hence increases the critical temperature for unstable bubble growth.

The sample thickness was measured to qualitatively measure the porosity level. Given that the

starting film thickness was the same for all samples, any thickness increase in the cured samples

was approximately proportional to the level of porosity. The thickness increase also confirms that

bubble growth in that specific experiment occurred. Table 4.2 shows the measured average cured

sample thickness for the seven test conditions used in this study. The thickness of all samples cured
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Table 4.2: Measured average sample thickness after cure for moisture conditioned samples
cured using standard and designed cure cycles.

RH0 75% 43% 33% 0%

Standard cycle (mm) 1.22 1.49 1.11 0.38

Designed cycle (mm) 0.38 0.37 0.38 −

using designed cycles was within ±2% of the desiccated sample’s thickness, supporting the visual

observation of no porosity in any of these samples. In all other samples, the cured thickness was

significantly greater, supporting the observation of significant porosity and affirming that bubble

growth occurred.

4.3.4 Moisture conditioned prepreg experiments

Similar to the experiments using neat resin film coupons, two sets of experiments were conducted

using conditioned prepreg samples. The intermediate hold temperature and time were set as pre-

sented in Figure 4.6. Figures 4.12 and 4.13 show time-lapse images in the case of prepreg coupons

conditioned at RH0 = 75%, and cured using standard and designed cure cycles, respectively. It is

observed that if the resin temperature exceeds the calculated critical temperature significant bubble

growth occurs. However, introducing an intermediate temperature hold prevented moisture driven

bubble growth.

A major difference between the prepreg and neat resin samples is that prepreg samples contain

high level of initial entrapped air. Fundamentally, this is not expected to change the resin behavior

with respect to bubble growth. However, entrapped air expansion due to heating and resin infusion

into fiber tows obstructed detecting the critical point for moisture-driven bubble initiation. Nonethe-

less, the bubble growth progress was clearly traced, as shown in Figure 4.12, in the cases where it

occurred.
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Figure 4.12: Time-lapse images of the prepreg ply conditioned at 75%RH and cured using a
standard cure cycle. Images show appearance and growth of bubbles when the cure
temperature exceeds the critical temperature for moisture-induced bubble growth.

63



Figure 4.13: Time-lapse images of the prepreg ply conditioned at 75%RH and cured using a
designed cure cycle. Moisture-induced bubble growth suppression is demonstrated by

no bubble formation and growth observed in images C to F.
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Figure 4.14: Variation of the prepreg ply thickness upon cure with and without designed
intermediate hold. Initial thickness of the prepreg plies = 0.55±0.02mm.

The initial thickness of the prepreg plies was compared to the final thickness after cure to evalu-

ate the ability of the designed cure cycles in preventing bubble growth in the presence of fibers. The

initial prepreg ply thickness is similar in all tests, 0.55±0.02mm. Figure 4.14 shows the variation

of the initial thickness after cure. In the case that the prepreg is desiccated, i.e. RH0 = 0%, the final

thickness reduces about 15%. This thickness reduction was not expected due to the experimental

setup used that prevents gas transport to the outside of the system. However, partial infiltration of

the resin into the dry fiberbed is a possible explanation for this thickness reduction. The partial resin

infiltration is assisted by the pressure imposed on the sample through the vacuum bag as well as the

low viscosity at increased temperatures.

A similar level of thickness reduction was observed in the case of samples conditioned at in-

creased levels of humidity and cured using designed cure cycles. This shows that the intermedi-

ate hold neutralized the effect of dissolved moisture and eliminated bubble growth. In the case

of samples cured without an intermediate hold, the final thickness increased. Thickness increase
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was proportionate to the conditioning humidity level. This is evidence for initiation and growth of

moisture-induced bubbles.

4.3.5 A note on diffusion timescale

Based on the discussion in Section 2.2.1, the moisture concentration in the resin is equal to the vapor

(gaseous state of moisture) concentration in a preexisting bubble inside the resin, i.e. Cs = C∞, at

the equilibrium state. A fundamental assumption with regards to bubble growth has been that any

temperature-increase leading to Cs <C∞ would cause instantaneous bubble growth. Consequently,

the cure temperature during experiments was set to the critical temperature above which this criteria

holds.

Instantaneous bubble growth is equivalent to instantaneous moisture diffusion into the bubble.

This is a conservative assumption since a diffusion timescale slower than the normal processing

timescale delays bubble growth, or increases the temperature required to initiate bubble growth.

According to the Equation 2.7, the timescale for diffusion (td) around a spherical bubble is:

td =
R2

πD
(4.11)

where, R is radius and D is moisture diffusion coefficient in the resin. The moisture diffusion

coefficient in the uncured resin is between 10−11 to 10−8 m2s−1 in a temperature range of 0 to

120°C [122, 123]. Cure temperatures used in this chapter were between 100 to 140°C. Assuming

a distance of 50 µm away from a bubble and a diffusion coefficient of 10−8 m2s−1, the timescale

for moisture diffusion is about 0.08 s. This is much faster than the normal processing timescale,

e.g. MTM45-1 resin gels after 100 min cure at 120°C. This simple check demonstrates that the

assumption of instantaneous diffusion in the present experimental work is realistic.

Reports in the literature show moisture diffusivity in the resin reduces with cure progress [124],

resulting in increased diffusion timescale. Cure progress and the resulting viscosity development
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however, also constrains the bubble dynamics [39]. The interaction between diffusion, cure, and

bubble dynamics mechanisms is beyond the scope of the present study.

4.4 Summary

The work presented in this section showed how simple and established theories for moisture satu-

ration, diffusion and the behavior of air-water mixtures can be used to calculate the resin pressure

and temperature conditions to avoid unstable moisture driven bubble growth. The criteria for unsta-

ble growth predicted the observed temperature for bubble growth within 5°C for a range of mois-

ture conditions. The criteria used for unstable growth relies on simple equilibrium considerations.

Therefore, time-dependent effects are not explicitly included such as surface tension, resin viscosity

or moisture diffusivity. This makes the developed approach suitable to predict the onset of growth

but not the time-dependent evolution.

Furthermore, it was found that an intermediate hold in the cure cycle at a temperature just below

the critical temperature and until the resin is gelled can prevent bubble growth. In addition to its

practical value, this observation confirms that moisture-induced bubble growth is suppressed by the

three-dimensional structure of the resin after gelation.
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Chapter 5

Coupled gas/resin transport during cure

5.1 Introduction

Gas and resin transport are important mechanisms with respect to porosity control in composites

manufacturing. During cure, the resin viscosity initially drops due to the temperature increase.

This allows the resin to become mobile and infiltrate into the fiberbed, hence reducing the porosity.

A common assumption at this stage is that gas transport has been completed during the previous

debulk stage. However, common scenarios such as deficient vacuum during debulk and remaining

gas as well as volatile desorption during cure demonstrate that neglecting gas transport during cure

is not always appropriate. Furthermore, pre-mature resin infiltration during elevated-temperature or

extended debulk are situations where resin transport during debulk becomes critical. Therefore, a

representative transport model should consider gas and resin transport as coupled mechanisms.

An important characteristic to be considered in modeling coupled gas/resin transport is that

the geometry of the gas transport channels inside the fiberbed is changing with resin infiltration.

During processing, the fiberbed is both saturating and deforming, due to resin infiltration and applied

pressure variation during cure, respectively. A simplifying consideration in the present study is that
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the applied pressure remains constant, hence the fiberbed does not exhibit deformation during the

process.

In both the experimental and analytical parts of the present study, a homogenized model of the

fiberbed is considered. This means that the effect of dual-scale permeability is assumed negligible

and porosity is defined as the sum of inter-tow and intra-tow voids in the woven prepreg. Experi-

mental measurements of porosity use the density method, which gives the total volume fraction of

the voids in the bulk.

The nature of the interaction between resin and gas transport is initially investigated experimen-

tally. Following that, a coupled transport model is developed, and the experimental data is used

to validate the model. Finally, the utility of the developed model is examined through parametric

test-cases.
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5.2 Experiments

5.2.1 Design of experiments

Two sets of experiments were designed to investigate the interaction between gas and resin transport

and the effect on porosity: 1) Reduced bag pressure (RBP) experiments, and 2) Increased applied

pressure (IAP) experiments. In the RBP experiments, the applied pressure, Pa, on the laminate

remains constant (equal to atmospheric pressure) and different levels of reduced bag pressures, Pb,

are used. Bag pressure, Pb, is the gas pressure inside the vacuum bag and varies with the application

of vacuum, from 1 atm for a vented part, i.e. no vacuum, to 0 atm with the application of perfect

vacuum. In the IAP experiments, the bag pressure remains constant (equal to atmospheric pressure)

and the applied pressure, Pa, is increased using an autoclave. The IAP experiments are intended

to give a net pressure, Pn = Pa− Pb, similar to out-of-autoclave conditions without full-vacuum

imposed under the bag.

5.2.2 Experimental setup and materials

For all experiments in this study, the partially-impregnated woven prepreg, MTM45-1/5HS

CF2426A by Cytec Solvay, was used. The cure kinetics and viscosity models for MTM45-1 resin

system are outlined in Section 4.2.1. Permeability of this prepreg system has also been character-

ized in multiple studies [14, 25, 45, 61] and is employed in the present thesis. The initial thickness

of the uncured prepreg is 0.5±0.05 mm. The theoretical density is 1.495 g/cc for the porosity-free,

cured prepreg [14].

The main volatile leading to porosity formation in the current material system is dissolved mois-

ture, Section 2.2. Therefore, all prepregs were placed in a silica gel environment for 5 days, prior

to layup and cure, to eliminate the possibility of moisture-driven porosity. Cross-ply laminates con-

sisting of four 6.4×30 cm2 woven plies were laid-up on an aluminum tool. A brief 5-minute initial
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debulk was used to compact the lay-up by connecting the vacuum bag to a vacuum source. The

vacuum source was disconnected after 5 min and the bag was vented to atmospheric pressure.

The bagging scheme of the parts is shown in Figure 5.1. To promote a 1D gas transport, three

edges of the laminates were sealed with tacky tape to avoid in-plane gas transport, except through

the breathing edge connected to the vacuum port. Non-perforated FEP release-film (A5000 by

Cytec) was placed on top and bottom of the laminates to limit through-thickness gas transport. Care

was taken to avoid entrapment of air pockets between the laminate and the release film on top and

bottom. Additionally, a strip of tacky tape was placed at 2 cm from the vacuum edge between the

laminate and the release film on top of it, to promote gas transport through the laminate. A 5.5 mm

thick cork dam wrapped with a breathing sheet (Bleeder Lease B by Airtech) was placed at the edge

to avoid edge pinching. The entire setup was then vacuum bagged with Stretch-VAC 2000 nylon

sheet.

For all experiments, a 4-hour room-temperature debulk was followed by a cure cycle consist-

ing of a temperature ramp at 1.5°C/min to 120°C, a 4-hour hold, and finally cool-down to room-

temperature at 5°C/min. For the regular out-of-autoclave cure cycles in RBP experiments, a Blue-M

oven was used. For pressurized cure cycles in IAP experiments, an American Autoclave was used.

Bag pressure was controlled using a pressure transducer and a vacuum bleeder, Figure 5.2.

After cure, each laminate was cut into 6 sections along the length of the laminate for porosity

measurements. The first section that contains tacky tape close to the edge of the laminate was

discarded. The average porosity of the 5 remaining sections was measured using the density method,

following ASTM standards [125]:

ϕ =

(
1−

ρexp

ρth

)
×100 (5.1)
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Figure 5.1: Layup and bagging used to promote 1D gas flow. White dashed lines show where
samples were sectioned for porosity measurements.

ρexp is the measured density of the sample and ρth the theoretical density of a porosity-free laminate.

Density was measured using Archimedes’ principle, by weighing the sample in air and distilled

water.

5.2.3 Experimental results

The experimental test conditions and corresponding measured porosity for RBP and IAP exper-

iments are given in Table 5.1; pressure values are reported in atmospheres (atm), which equals

101.32 kPa in SI units. Pb the bag pressure, Pa the applied pressure, and other important parameters

are schematically described in Figure 5.3. Pressure values reported throughout this chapter are the

absolute pressure values. Porosity values in this table are average values of measurements based
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Figure 5.2: Bag pressure control setup for RBP experiments.

on five samples sectioned from each laminate, Section 5.2.2. RBP experiments at Pb = 0.0, 0.3,

and 1 atm, and IAP experiments with debulk at Pb = 0.2 and 1 atm were repeated to confirm the

variability of the results. For these repeats, the porosity reported in Table 5.1 is the average of all

measurements. The highest density measured was 1.492 g/cc for samples debulked and cured under

full-vacuum, i.e. Pb = 0, Pa = 1 atm. This density was set as the theoretical density of a porosity-

free laminate, ρth, in Equation 5.1. Laminates with Pa = Pb = 1 atm during debulk and cure provide

an estimate of the initial porosity of the laminates in the present study, 19.7%±1.2%.

Figure 5.4 shows cross-sectional micrographs of the samples cured under (Pb = Pa = 1 atm),

(Pb = 0.43, Pa 1 atm), and (Pb = 0, Pa = 1 atm), with corresponding porosity levels of 19.7, 1.1,

and 0.0%, respectively. No porosity was detected in the case of the sample debulked and cured

under a full vacuum. This validates the use of the density of this sample as a reference for porosity

calculation.
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Figure 5.3: Schematic of the structure of a partially impregnated prepreg and the
corresponding advection transport mechanisms active during cure. The red dashed line

shows the representative volume element (RVE) used in the model development. T :
temperature; Pa: applied pressure; Pb: bag pressure; Pr: resin pressure; Pg: gas pressure;
Kz: through-thickness permeability (for resin); Kx and Ky: in-plane permeabilities (for

gas); h: fiberbed thickness.

The results from the RBP experiments in Table 5.1 show that even with relatively high bag

pressures during debulk and cure, i.e. Pb > 0, the final porosity is significantly lower than the initial

porosity of 19.7%. For instance, the porosity of a sample debulked and cured using Pb = 0.43 is

1.1%. A simple analysis shows that this porosity reduction, from the initial 19.7%, is not likely to

occur solely due to air removal during debulk. The initial (subscript 1) volume of the gas in the

laminate is:

Vg,1 = ϕ1Vth (5.2)

where ϕ1 is the initial porosity and Vth is the theoretical volume of a porosity-free laminate. After

a long debulk, the gas pressure inside the fiberbed, fiber + gas region in Figure 5.3, is in equilib-

rium with the bag pressure, Pb. If there is no further gas flow out of the laminate after the room
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Table 5.1: Experimental test conditions and porosity results for gas/resin experiments.

Test # Test type
Bag

pressure
Pb−debulk

Bag
pressure
Pb−cure

Applied
pressure
Pa−cure

Density
ρexp

(g/cc)

Porosity
ϕ (%)

1 Initial porosity 1 1 1 1.201 19.7±1.2

2 RBP experiments 0.88 0.88 1 1.417 4.8±0.3

3 0.70 0.70 1 1.456 2.4±0.3

4 0.43 0.43 1 1.475 1.1±0.2

5 0.31 0.31 1 1.482 0.7±0.2

6 0.23 0.23 1 1.484 0.5±0.1

7 0.0 0.0 1 1.492 0.0±0.2

8 IAP experiments 1 1 2 1.488 0.5±0.2

9 0.20 1 2 1.483 0.6±0.1

10 0.10 1 2 1.485 0.4±0.2

11 0.0 1 2 1.475 0.5±0.2

temperature debulk, resin flow during heat-up and cure will compress the entrapped gas inside the

laminate until the internal gas pressure, Pg,2, equilibrates with the applied pressure (i.e. Pg,2 = Pa).

Consequently, the porosity after cure is:

ϕ2 =
Vg,2

Vth
= ϕ1

Pb

Pa
(5.3)

In this simplified scenario, we would expect porosity in all laminates that do not have perfect

vacuum, Pb = 0 atm, under the bag. Comparison of measured porosity for the RBP experiments

and the porosity estimated using the simplified analysis above, dashed line in Figure 5.5, shows

that porosity estimates are much higher than experimentally measured values. This indicates that

additional gas transport occurs after the room-temperature debulk.
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Figure 5.4: Micrographs (SEM images in backscatter mode) showing the cross-section of (a)
the initial state of the prepreg, (b) a cured sample with 1.1% porosity, and (c) a
porosity-free cured sample. Red lines are highlighting regions with porosity.

The results from the IAP experiments in Table 5.1 show that even with no debulk, Pb = 1 atm,

porosity decreases from the initial 19.7% to about 0.5%, by increasing the applied pressure on the

laminates to Pa = 2 atm during cure. This observation is further evidence that resin flow during

heat-up and cure promotes gas transport out of the laminate, and that there is a coupling between

these two transport mechanisms.
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Figure 5.5: Comparison of experimental results and porosity estimated using Equation 5.3.
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Figure 5.6: Representative volume element (RVE) for coupled transport model. The RVE
represents 1D gas transport along the x axis and 1D resin infiltration along the z axis.

The RVE refers to the red dashed line element in Figure 5.3.

5.3 Coupled gas/resin transport model

5.3.1 Model development

The Representative Volume Element (RVE) used in the present study is shown in Figure 5.6. This

RVE simplifies a multi-ply layup of prepregs to a homogenized unit cell where both through-

thickness permeability for resin and in-plane permeability for gas are average values. This approach

has been employed in previous studies using the same material system [25, 50].

The continuity equation for the gas phase in the RVE is [91]:

∂

∂ t
(ρgϕ)+O · (ρgνg,ξ ) = ṁ

νg,ξ = (νg,x, νg,y, νg,z)

(5.4)
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where ρg and νg,ξ are the density and superficial velocity vector of the gas, respectively. ṁ [ kg
m3s ] is a

source term for gas generation (e.g. volatile release) and ϕ is the fiberbed porosity. Using the ideal

gas law, the density of the gas phase is:

ρg =
PgMg

RT
(5.5)

Mg is the molecular mass of the gas, T is temperature, and R is the ideal gas constant. The superficial

velocity (volumetric flow rate/unit area) of the gas based on the Darcy flow model is:

νg,ξ =
−Kξ

µg

∂Pg

∂ξ

ξ = x, y, z
(5.6)

µg is the gas viscosity and Kξ is fiberbed permeability in each principal direction. By incorporating

Equations 5.5 and 5.6 into Equation 5.4:

∂

∂ t
(Pgϕ)−

[
∂

∂x

(
KxPg

µg

∂Pg

∂x

)
+

∂

∂y

(
KyPg

µg

∂Pg

∂y

)
+

∂

∂ z

(
KzPg

µg

∂Pg

∂ z

)]
= ṁ

(
RT
Mg

) (5.7)

R, T , Mg, and µg are considered constants in the present model. This is a general form of the gas

transport equation in a 3D RVE. However, considering the physical characteristics of the current

prepreg, gas transport through-thickness is negligible due to the resin-rich layer on the prepreg

surface. Furthermore, considering the 1D experimental gas flow setup in this study, gas transport can

only occur along the length of the laminate. Therefore, the y and z components of the gas pressure

gradients are effectively equal to zero. Furthermore, by eliminating the desorption of dissolved

species, moisture in the present case, ṁ ≈ 0. Resin infiltration changes the volume fractions in the

RVE, thus porosity. By considering ϕ as a time-dependent variable and accounting for the above

assumptions, Equation 5.7 becomes:
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ϕ
∂Pg

∂ t
+Pg

∂ϕ

∂ t
=

∂

∂x

(
Kx

µg
Pg

∂Pg

∂x

)
(5.8)

At low gas pressures, the average distance that a gas molecule travels before colliding with

another gas molecule, or the mean free path, increases due to the reduced number of molecules in

a constant volume of space. This increase continues until the mean-free-path becomes comparable

with the diameter of the containing channel. In this condition, the no-slip boundary condition

does not hold, and the flow is faster than the Darcy flow model would predict. This is know as

Klinkenberg effect. The permeability term can be corrected for the Klinkenberg effect [63]:

Kx = Kx,0

(
1+

b
Pg

)
(5.9)

where b is Klinkenberg parameter and Kx,0 is initial permeability or permeability under a constant

applied pressure.

As for the gas transport equations, the continuity equation for the resin phase can be simplified

based on the physical characteristics of the prepreg RVE. The components of resin velocity in x

and y directions are negligible since the ratio of the width/length to thickness in a prepreg ply

is normally about 104. Additionally, because of the location of the resin film on top of the gas-

occupied fiberbed, only the z component is relevant to the resin/gas transport interaction. The resin

velocity along z-axis can be estimated by Darcy flow model:

ν̂r,z =
−Kz

µr(1−Vf )

dPr

dz
(5.10)

with Kz fiberbed permeability in the z-direction, ν̂r,z is resin velocity, µr is resin viscosity, Pr is

resin pressure, and Vf is fiber volume fraction. Fiberbed compaction, hence fiber volume fraction,

is assumed constant. This simplifying assumption is discussed further at the end of this section.
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The resin infiltration rate through the thickness corresponds to the porosity variation rate of the

RVE. Moreover, the resin pressure gradient is the difference between the applied pressure, Pa, gas

pressure, Pg, and the capillary pressure, Pc. Therefore, Equation 5.10 can be written as:

ν̂r,z =
dγ

dt
=−h

dϕ

dt

=− −Kz

µr(1−Vf )

(Pg +Pc−Pa)

h(1−ϕ)

(5.11)

where h is the fiberbed thickness as shown in Figure 5.3. Using the above equations, the coupled

gas/resin transport model can be written as:



ϕ
∂Pg

∂ t
=

Kx,0

µg

∂

∂x

((
1+

b
Pg

)
Pg

∂Pg

∂x

)

+
Kz

h2µr(1−Vf )

Pg(Pg +Pc−Pa)

(1−ϕ)

dϕ

dt
=− Kz

h2µr(1−Vf )

Pg +Pc−Pa

(1−ϕ)

(5.12)

The non-dimensional form of Equation 5.12 is used for numerical implementation of the cou-

pled resin/gas transport model:



ϕ
∂P∗g
∂τ

=
∂

∂ξ

((
1+

b∗

P∗g

)
P∗g

∂P∗g
∂ξ

)

+
β

1−ϕ
P∗g (P

∗
g +P∗c −P∗a )

dϕ

dτ
=− β

1−ϕ
(P∗g +P∗c −P∗a )

ξ =
x
L
, P∗g,a,c =

Pg,a,c

Pg,0
, b∗ =

b
Pg,0

τ =
Kx,0Pg,0

µgL2 t, β =
KzµgL2

(1−Vf )Kx,0µrh2

(5.13)
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In this equation, L and Pg,0 are characteristic length and reference gas pressure, set to 1 m and

101.35 KPa, respectively. These parameters are solely added to remove physical length and pressure

dimensions.

In previous studies, resin infiltration predictions are possible only while the edge close to the

vacuum port is not fully infiltrated by resin and the gas paths to the vacuum system are open [87].

However, resin infiltration will continue until either the entrapped gas pressure is equal to the applied

pressure, or the resin gels. To address this issue, a conditional boundary-condition assignment

scheme is used in the developed model that enables resin infiltration into the regions disconnected

from the vacuum source, but with reduced gas pressure.

The boundary conditions for in-plane gas flow are set to P∗g = Pb at the breathing edge of the

laminate and dP∗g
dξ

= 0 at the far, closed edge. When porosity at any location, including the breathing

edge, reaches to zero, that location becomes impervious to gas flow. Therefore, a fully-developed

boundary condition, i.e. dP∗g
dξ

= 0, must be applied around the fully-impregnated location. Phys-

ically, this allows the model to predict resin infiltration into the locations disconnected from the

vacuum source, i.e. regions of reduced-pressure entrapped gas. The conditional boundary condition

assignment scheme for the ith cell in the domain is:

if ϕi = 0,
dP∗g,i
dξ

= 0 at Ω ,σ (5.14)

where ϕi and P∗g,i denote porosity and gas pressure of the ith cell, respectively. Ω and σ stand for

the domain field and the domain boundary, respectively.

The permeability terms, Kx0 and Kz, are assumed constant in the present analysis, which is

consistent with constant fiber volume fraction and fiberbed compaction during processing [17]. It

has been shown by Farhang [14] that the fiberbed becomes compressed when vacuum is applied

under the bag at room temperature, but that a steady state is reached after a few minutes with a

constant fiberbed compaction and permeability. For applied pressures higher than one atmosphere,
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empirical models that relate fiberbed compaction, fiber volume fraction, and permeability are well-

established in the literature [55, 56] as well as the corresponding implementation methods [18].

These models can be incorporated in the present model to provide pressure-dependent permeability

values.

5.3.2 Model implementation

The implementation of the coupled gas/resin transport model is based on gas transport in the trans-

verse direction of the resin infiltration. Therefore, a 1D finite volume method is employed to simu-

late the gas flow.

The form of Equation 5.13 to be implemented is:

ϕ
∂P
∂τ

=
∂

∂ξ

((
1+

b∗

P

)
P

∂P
∂ξ

)
+ f (p)

f (P) =
β

1−ϕ
P∗g (P+P∗c −P∗a )

(5.15)

In this equation, P∗g notation is replaced with P for the sake of clarity in the rest of the section. By

integrating above equation over the ith control volume, and using Gauss theorem:

ϕi
∂Pi

∂τ
=

1
∆ξ

(
Pi

(
1+

b∗

Pi

)
∂Pi

∂ξ

)i+ 1
2

i− 1
2

+ f (Pi) (5.16)

Then, a second-order centered scheme for space discretization, and Implicit Euler time advance

scheme give:

ϕi
Pn+1

i −Pn
i

∆τ
= Pn+1

i

(
1+

b∗

Pn+1
i

)
Pn+1

i+1 −2Pn+1
i +Pn+1

i−1

∆ξ 2 + f (Pn+1
i ) (5.17)
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Moreover, the non-linear term ( f (P)) can be linearized using Newton’s method as:

δϕi
δP
∆τ

= Pn
i

(
1+

b∗

Pn
i

)
Pn+1

i+1 −2Pn+1
i +Pn+1

i−1

∆ξ 2 +[ f (Pn
i )+ f ′(Pn

i )δP]

δP = Pn+1
i −Pn

i

(5.18)

In this equation, the Pn
i

(
1+ b∗

Pn
i

)
is also estimated based on the current time step, i.e. step n instead

of n+1, to further linearize Equation 5.17.

A solver based on tri-diagonal matrix algorithm, the Thomas solver, is used to update gas pres-

sure at each cell using Equation 5.18. Further, porosity is updated at each time step as:

ϕ
n+1
i = ϕ

n
i +∆τβi(Pn

i +P∗c −P∗a ) (5.19)

The discretized model was then implemented using the open-source DevC++ 5.11 compiler,

Appendix A. In the implemented model, the length of the domain, i.e. length of the transport

channel is variable, L. Using an element size of 0.01, the number of elements varies with length

as L/0.01. The time scale of resin infiltration is significantly slower than the timescale for gas

transport. Therefore, a large time-step would lead to unstable results. It was found that a time-step

of 0.0001s results in stable results. The criteria for stability was found as the largest time-step below

which results, gas pressure and resin impregnation, remain time-step independent.

5.3.3 Numerical simulation

The material properties used in the numerical simulation are shown in Table 5.2. The cure kinetics

and viscosity models developed by Shahkarami and Van Ee [21] and implemented in the commercial

software RAVEN [22] were used in this study. The calculated resin viscosity profiles during the

current cure cycle in Figures 5.7 and 5.8 show a drop in viscosity from 4.2× 104 Pas at room

temperature to about 11 Pas at minimum viscosity where the 120°C temperature-hold starts. The
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Table 5.2: Material properties and parameters used in numerical test cases for the coupled
gas/resin transport model.

Parameter Nomenclature Value Reference

Uncured prepreg thickness h 0.1 mm Measured

Initial prepreg porosity ϕ0 19.7% Measured

Initial gas pressure Pg,0 101.3 kPa −

Characteristic length L 1 m −

Through-thickness permeability Kz 3.5×10−16 m2 [17, 126, 127]

Initial in-plane permeability Kx,0 5.0×10−15 m2 [14, 25, 57]

Fiber volume fraction Vf 54% [32]

Klinkenberg parameter b 13 kPa [25]

Gas (air) viscosity µg 1.8E-05 Pas [128]

Resin viscosity µr Viscosity model [22]

in-plane permeability for gas and through-thickness permeability for resin are found in the literature

for similar prepregs [14, 17, 25, 57, 126, 127].

The capillary pressure in Equation 5.13 (P∗c ) is set to zero. The maximum capillary pressure

for uniaxial infiltration of low viscosity (0.01 Pas) epoxy resin into a fiber tow has been reported to

reach about 14 kPa [72]. This is about 14% of the expected pressure difference in out-of-autoclave

processing, i.e. 101.3 kPa. In the present study, resin infiltration occurs through-thickness of a

woven fiberbed that includes inter-tow regions with large spacing, in comparison to the small fiber

spacing in unidirectional fiber tows. The minimum viscosity of the resin system used is 10 Pas.

Therefore, the capillary pressure contribution is not significant for the resin system and fiberbed

architecture in the present study.

Figure 5.7 shows the porosity evolution as a function of time during debulk and cure, as pre-

dicted numerically for an IAP test case. The bag and applied pressures were set to Pb = Pa = 1 atm

during debulk, and the applied pressure was increased to Pa = 2 atm during cure. The coupled
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Figure 5.7: Predicted porosity evolution for an IAP test case with Pb = Pa = 1 atm during
debulk, and Pb = 1 and Pa = 2 atm during cure. IAP: increased applied pressure; Pa:

applied pressure; Pb: bag pressure.

gas/resin transport model prediction suggests that even with no debulk, final porosity reaches zero,

given an increase in applied pressure. This observation is consistent with the experimental results

for the IAP setup where regardless of the debulk condition the final porosity was found to be close

to zero.

Figure 5.8 shows the porosity evolution as a function of time during debulk and cure, as pre-

dicted numerically for an RBP test case with Pb = 0.43 and Pa = 1.0 atm, during debulk and cure.

A slight porosity reduction of about 0.35% during debulk is predicted. In this case, the difference

between applied pressure and bag pressure during the room temperature debulk causes a minor in-

filtration of the high viscosity resin into the un-infiltrated fiberbed. However, the main porosity

reduction occurs in the heat-up region where the resin viscosity drops. At around the minimum
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Figure 5.8: Predicted porosity evolution for a RBP test case with Pb = 0.43 and Pa = 1 atm
during debulk and cure. RBP: reduced bag pressure; Pa: applied pressure; Pb: bag

pressure.

resin viscosity, resin infiltration closes the breathing edge of the laminate and stops further gas

evacuation. Moreover, the viscosity increase followed by gelation inhibits further resin infiltration.

5.3.4 Numerical results and discussion

The predicted porosity using the developed model are shown in Figure 5.9 for RBP experiments.

Similar to average porosity calculations in the experimental part, the predicted porosity reported in

this figure is the average of porosity throughout the length of the laminate. The comparison between

measured and predicted porosity in this figure shows that the developed explicitly-coupled model

explains the experimental data well, based on the model input parameters from the literature. It

also shows that a simple estimation based solely on gas transport during debulk significantly over-

estimates the porosity. In Figure 5.9, the porosity at Pb = 1.0 atm is the initial porosity of the

fiberbed, 19.7%.
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Figure 5.9: Comparison of experimental results, porosity estimated using Equation 5.1, and
porosity predicted using the explicitly coupled transport model.

The material properties used in the coupled transport model, Table 5.2, are based on extensive

material characterizations and robust modelling [21]. However, the reported fiberbed permeability

for the same material system varies slightly in different studies [25]. Model predictions with a±20%

variation in permeability values were studied to evaluate the robustness of the coupled transport

model against uncertainties in permeability characterizations. Figure 5.10 and Figure 5.11 present

the results with through-thickness and in-plane permeability variation, respectively. According to

the results, the model predictions do not change significantly by varying the permeability within

the range explored. Furthermore, the model tends to be more sensitive to in-plane permeability for

gas transport than through-thickness permeability for resin infiltration. Specifically, the maximum

variation in predicted porosity is 15% with ±20% variation of the in-plane permeability. For the

same range of variation in through-thickness permeability, the maximum porosity variation is 8%.
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Figure 5.10: Variation of the porosity predicted using the coupled transport model with
through-thickness permeability (Kz). The in-plane permeability is fixed at

Kx,0 = 5.0×10−15.

Figure 5.11: Variation of the porosity predicted using the coupled transport model with
in-plane permeability (Kx,0). The through-thickness permeability is fixed at

Kz = 3.5×10−16.
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Figure 5.12: Measured porosity for all experiments (RBP and IAP) as a function of the net
pressure, Pn = Pa−Pb.

IAP: increased applied pressure; RBP: reduced bag pressure; Pa: applied pressure; Pb:
bag pressure.

The experimental and analytical work in this section further highlighted the importance of the

net pressure on the laminate during cure. This can be understood by accumulating the results of

both IAP and RBP tests in Figure 5.12. This figure shows that the measured porosity correlates well

with the net pressure on the laminate for both RBP and IAP tests. It also shows that by maintaining

a net pressure higher than 0.5 atm, the final porosity reduces below the 2%, for both RBP and IAP

tests. This suggests that a room-temperature debulk is less important than what is typically believed.

Nonetheless, the laminates used in the present study are comparatively small [61] which increases

the ability for gas to escape the laminate during cure.

The effect of bag and applied pressures in the case of longer laminates were evaluated via a

parametric study using the explicitly-coupled model. For this purpose, a cure cycle, like that in
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Figure 5.7, was used, but with variable debulk time. The same model parameters as in the previous

case, Table 5.2, were used.

Figure 5.13 shows the minimum debulk time required to achieve a part with average porosity

below 1.0% as a function of bag pressure. In these parametric tests Pa = 1 atm and Pb = varying,

during debulk and cure. The figure shows that the required debulk time increases with the size

of the laminate or the length of the gas transport channels. With the application of full-vacuum

(Pb = 0 atm) during cure, no debulk is required for laminates with a length below 50 cm; however,

a 98-hour debulk is needed to manufacture a 5-meter long laminate with an average porosity below

1.0%. Furthermore, reducing the bag pressure increases the required debulk time. A debulk time

of 20 h is required to reduce the average porosity of a 2-meter laminate to below 1.0% with full

vacuum. This increases to about 68 h with a 10% bag pressure reduction during debulk and cure.

Note that the current model simulates gas transport in one dimension, with a symmetric bound-

ary at one end,
dP∗g,i
dξ

= 0. Therefore, the solution for an L-meter laminate corresponds to a 2L-meter

long part that is connected to the vacuum at both ends.

The current implementation of the model is 1D. A 1D model gives a conservative estimate of

porosity, since adding gas flow in a second perpendicular direction (i.e. a 2D solution) will increase

the rate with which gas is removed and gives a porosity that is lower than predicted with a 1D

solution. The 1D solution should be applied to the smallest in-plane dimension in a case where

there is 2D flow.

The observed debulk time variation can be explained by considering the change in time scales

for resin and gas transport with part size. Laminate thickness remains constant giving a constant

time scale for resin transport through-thickness for a given cure cycle, whereas the time scale for

gas evacuation varies with the length squared; see the equation for the dimensionless time in Equa-

tion 5.13.
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Figure 5.13: Minimum debulk time required to obtain an average porosity below 1.0% as a
function of part length and bag pressure. Pa = 1 atm and Pb varying, during debulk and

cure, i.e. RBP setup.
RBP: reduced bag pressure; Pa: applied pressure; Pb: bag pressure.

The discussion above was focused on out-of-autoclave process conditions, i.e. Pa = 1.0 atm.

However, shorter required debulk times are expected if the applied pressure during cure is increased

using an autoclave. Figure 5.14 shows the minimum debulk time required to achieve porosity below

1.0% for a 5-meter and a 2-meter laminate as a function of the applied pressure during cure. Debulk

is conducted under regular conditions: Pa = 1.0 and Pb = 0.0 atm, and cure with Pa = varying and

Pb = 0.0. As expected, the required debulk time decreases significantly with an IAP setting during

cure.

In the present parametric study, the applied pressure effect on porosity is due to the extent

the entrapped gas can be compressed after the breathing edge of the laminate closes due to resin
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Figure 5.14: Minimum debulk time required to obtain average porosity below 1.0% as a
function of applied pressure during cure. Pa = 1 atm and Pb = 0 atm during debulk,

Pa = varying, and Pb = 0 atm during cure.
Pa: applied pressure; Pb: bag pressure.

infiltration. Figure 5.15 shows an example of a 2-meter long laminate debulked for 52 min at

Pa = 1.0 and Pb = 0.0 atm, and cured under Pa = 8.0 and Pb = 0.0 atm. The first line shows the

porosity contour after 30 min into the cure when the average gas pressure inside the laminate is

1.1 atm. This increased gas pressure is due to resin infiltration and compression of the gas. After

about 35 min into the cure, the edge connected to the vacuum source closes due to resin infiltration.

The average gas pressure at this time has also increased further. After this point in time, the internal

gas pressure increases until it reaches the applied pressure of 8 atm, which occurs 42 min after cure

starts.
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Figure 5.15: Predicted porosity evolution for a 2-meter long laminate, debulked for 52 min at
Pa = 1.0, Pb = 0.0 atm and cured under Pa = 8.0, Pb = 0.0 atm. Top line: 30 min after
beginning of heat-up; middle line: when the edge close to the vacuum source closes;
bottom line: when the gas pressure inside the laminate reaches the applied pressure.

In the experimental and analytical parts of the present study, a single cure cycle was used for the

sake of consistency. The resin infiltration rate can also be controlled via cure cycle manipulation,

e.g. by manipulating heating rates and/or hold temperatures. Altering the cure cycle changes the

timing for resin gelation or vacuum channel closure that can both lead to incomplete resin infiltra-

tion, thus porosity formation. The developed gas/resin transport model is a simple tool for opti-

mizing processing parameters such as cure cycle, bag, and applied pressures, to minimize porosity

formation due to entrapped gas or incomplete resin infiltration.

5.4 Summary

In this study, the effect of resin and gas transport on porosity during the processing of partially-

impregnated prepreg was investigated. An experimental setup was developed to isolate the effect of

the bag and applied pressure on final porosity. Porosity measurements suggest that resin infiltration

causes a pressure increase in the remaining gas within the prepreg that is in direct contact with the

resin flow-front. This is a driving factor for further gas transport out of the laminate and porosity

reduction during heat-up and cure.

Informed by the experimental observations, an explicitly-coupled transport model was devel-

oped that includes the resin and gas interaction during the processing of partially-impregnated
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prepregs. The model predicted the experimental data well based on material parameters from the

literature.

It was shown that an increase of the applied pressure on the laminate could compensate for

the effect of an RBP during debulk and cure. However, the effectiveness of gas transport and the

resulting porosity reduction, due to both applied pressure on the laminate or imposed bag pressure,

is highly size-dependent. Numerical case studies highlighted this dependency and showed that the

developed model serves as a good tool to explore and better understand the coupled nature of resin

and gas transport and their effect on porosity.
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Chapter 6

Post-gelation internal stress defects

6.1 Introduction

Internal stress development due to constrained free strains is a poorly-understood source of defect

formation during composites manufacturing. The present work investigates internal stress-induced

defects within the processing window from gelation to glass transition. After gelation, the rubbery

resin has formed a 3-dimensional structure that suppresses mechanisms such as bubble growth or

infiltration. However, the resin’s ability to withstand stress accompanied by free strain development

cause internal stresses in the resin matrix. These stresses can lead to matrix defects upon reaching

critical values.

The goal of this chapter is to investigate the mechanisms of defect formation after gelation, and

use the developed knowledge for process design and optimization. This requires an experimental

setup that allows observing the resin behavior during cure at the critical stage, post-gelation and

before glass transition.

In the first part of this chapter, the experimental setup used is described along with the material

characterization conducted. This is followed by an experimental study of the post-gelation defect
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formation. Finally, an analytical approach for processing to avoid such defects is presented and

experimentally validated.

Two main sources of free strain in the thermosetting resins are thermal strain and cure-induced

volumetric shrinkage. Free strains lead to internal stress development only in the presence of the ge-

ometrical constraints. Therefore, the basic assumption in discussions about internal stress-induced

defects is that free strains develop in a fully-constrained unit of volume. Free strains may be additive

or subtractive depending on the temperature variation. Therefore, while examining the fundamen-

tals of the defect formation, the thermal strain effect was isolated by conducting the experiments

isothermally. Nonetheless, the analytical approach to suppress post-gelation defects captures both

thermal strain and cure shrinkage effects.
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6.2 Materials characterization

A resin-infusion-grade epoxy system is used in the present study, Rhino 1411 resin and Rhino 4111

hardener mixed with a 100:30 ratio by weight [129]. Low room-temperature viscosity, fast cure,

and adhesion to glass surface are the main characteristics of this resin system that facilitate the

shrinkage-defect experiments. Different material properties were characterized in order to develop

a comprehensive material model.

In the case of properties such as coefficient of thermal expansion (CTE), the data from char-

acterization was directly employed to find the desired properties. In other cases such as cure ki-

netics characterization that required extensive data preparation and model fitting, the commercial

KERMODE software [130] was used. All material properties and developed models were then im-

plemented in the commercial RAVEN software [22]. The material properties characterized and the

related methodologies are described below in detail.

6.2.1 Cure kinetics and glass transition temperature

Material property evolution in the case of a thermosetting resin depend on its cure kinetics. There-

fore, an extensive set of Dynamic Scanning Calorimetry (DSC) tests were conducted using TA 2500

equipment for detailed cure kinetics characterization.

Three types of DSC tests were conducted: isothermal, dynamic, and interrupted tests. Isother-

mal tests targeted complete cure by holding a sample at a set temperature for an extended time.

Isothermal test temperatures were 25, 40, 60, and 80°C with hold-times of 900, 360, 240, and

120 min, respectively. During dynamic DSC tests, samples were heated from −80 to 200°C at 2,

3, 4, and 5°C/min. The goal of the dynamic tests is to measure the total heat generated due to the

complete cure of the resin. The interrupted DSC tests helped with data augmentation to enhance the

accuracy of the cure kinetics models. These tests consist of a hold at a set temperature for a certain
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Table 6.1: Temperatures and hold times used for the interrupted DSC tests.

Temperature (°C) Hold (min) Temperature (°C) Hold (min)
25 30 40 180
25 240 40 300
25 720 60 5
40 10 60 10
40 30 60 30
40 60 60 60
40 120 60 120

time, cooling the sample to -80°C, and measuring the residual heat using a temperature ramp to

200°C at 2°C/min. In total, 14 interrupted tests were conducted; details shown in Table 6.1.

Each DSC experiment used a small amount of neat resin, 8±2 mg, with mix-to-test time of

7±2 min, at room temperature. Experiments were conducted in a modulated temperature ramp

mode which enabled the calculation of the reversible heat capacity. The glass transition temperature

(Tg) was then determined graphically by a deflection that happens at this temperature in a plot of

heat capacity versus temperature [94]. The Trios software built into the DSC system was used for

analyzing the heat flow baseline and the deflection point of the heat capacity diagram. Figure 6.1

shows the residual heat flow and heat capacity measurements for an interrupted test with a sample

pre-cured at 60°C for 60 min.

The data from DSC tests was fitted against a cure kinetics model with cure rate, ẋ, defined as

[22]:

ẋ = (∑n
i=1 1/ẋi)

−1

ẋi = Ai exp
(

−Bi

CiT −DiTg +Ei

) (6.1)

Here, Ai, Bi, Ci, Di, and Ei are fitting parameters defined as functions of degree of cure, n is the

number of reactions, T is temperature, and Tg is glass transition temperature. Figure 6.2 shows
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Figure 6.1: A sample analysis to find the baseline for heat-flow and the deflection point for
the heat capacity diagram, using the Trios software. In this example, the sample was

pre-cured at 60°C for 60 min.

the model prediction versus experimental data from interrupted DSC tests. Due to the resin’s fast

cure at 80°C, no interrupted test was conducted at this temperature, i.e. only isothermal test at this

temperature was used for model fitting. Isothermal tests consisted of holding the uncured sample at

a constant temperature until cure completion, in contrast with the interrupted tests where the cure

cycle was cut before completion. The goodness of fit, R-square of measured and predicted degree

of cure, for the isothermal tests was 72.2%, according to the KERMODE software.

The measured glass transition temperatures were fitted against the DeBenedetto equation:

Tg = Tg0 +
λx(Tg∞−Tg0)

1− (1−λ )x
(6.2)
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Figure 6.2: Cure kinetics modeling results. The solid lines show model predictions and dots
show the experimental results of the interrupted DSC tests.

Table 6.2: DeBenedetto model parameters determined for Rhino 1411 fast cure.

Parameter Value Unit
Tg0 -49.5 °C
Tg∞ 90 °C
λ 0.5 –

where, x is the degree of cure, Tg0 is the glass transition temperature of the uncured resin, Tg∞ is

the glass transition temperature of the fully-cured resin, and λ is the DeBenedetto parameter, a

material constant. The parameters determined for Rhino 1411 fast cure are shown in Table 6.2.

Figure 6.3 shows a comparison between the model predictions and the measured Tg. The goodness

of fit, R-squared, between measured and predicted Tg is 98.3%.

6.2.2 Cure shrinkage

Volumetric cure shrinkage is one of the main sources of free strain development in the constrained

curing resin. Therefore, an understanding of the cure shrinkage evolution during cure is critical.
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Figure 6.3: Glass transition temperature (Tg) model results. The solid line shows the
DeBenedetto equation predictions and dots show experimental measurements using

interrupted and isothermal DSC tests.

Cure shrinkage characterization for Rhino 1411 fast-cure was performed using the Drop Shape

Analysis (DSA) method [103]. In this method, shape variation of a droplet of resin with cure is

tracked by time-lapse imaging. Volumetric shrinkage as a function of cure time is then calculated

using advanced image processing based on the recorded images.

For the resin system in the present study, cure shrinkage was characterized during isothermal

cure at 25, 40, and 60°C. Given the developed cure kinetics model, the data was transformed to

volumetric shrinkage versus degree of cure. As expected from the discussion in Section 2.4.2, the

cure shrinkage was found to vary linearly with the degree of cure with a relatively constant slope, at

all temperatures, Figure 6.4. In this figure, the average slope of the shrinkage diagrams is 0.1±0.01.

The shrinkage increase at high DOC in the 40 and 60°C tests is related to cool-down from testing

temperature to the room-temperature, 25°C.
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Figure 6.4: Experimental results of the DSA (Drop Shape Analysis) tests for cure shrinkage
characterization. Shrinkage variation demonstrates linear variation relative to degree of

cure with a relatively constant slope.

Considering the shrinkage characterization data, a linear model was implemented to explain the

volumetric cure shrinkage, ∆νcure:

∆νcure = kx (6.3)

In this equation, x is degree of cure, and k is a constant calculated based on the maximum cure

shrinkage, at DOC = 1.0. This constant was estimated to equal 0.1 for the resin system used. The

cure shrinkage model prediction results are shown in Figure 6.5.

6.2.3 Coefficient of thermal expansion (CTE)

Thermal expansion is another source of free strain during cure. To account for this effect, the

Coefficient of Thermal Expansion (CTE) was measured using Thermomechanical Analysis (TMA)

with a TA Q400 instrument. Sample preparation and CTE calculation from the displacement versus

temperature data followed the E831-14 ASTM standard [131].
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Figure 6.5: Model predictions of volumetric cure shrinkage and cure kinetics evolution at
different isothermal cure temperatures.

Cubic samples with a volume of about 25 mm3 were extracted from a block of fully-cured resin.

The manufacturer-recommended cure cycle used for full-cure consisted of 4 h hold at 65°C followed

by 2 h hold at 85°C [129].

The CTE measurement samples were heated from 0 to 110°C at 5°C/min and cooled back to

0°C at 5°C/min. This cycle was then repeated two more times. The results in Figure 6.6 show that

except the inflection around the glass transition temperature the slope of the displacement versus

temperature remains almost constant, hence constant coefficient of thermal expansion.

The first temperature cycle during each measurement was ignored due to the unwanted sample

movement at the beginning of the test. The CTE was measured based on the second and third

cycles, consistently giving a CTE of 208×10−6 and 58×10−6 C−1 for the rubbery and glassy resin,

respectively, with a standard deviation of 0.54×10−6
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Figure 6.6: Results of CTE measurements using Thermomechanical Analysis (TMA).

6.2.4 Shear modulus and gelation point

Characterization of the shear modulus serves two main goals. A standard approach for gelation

point measurement is based on examining the shear modulus evolution during cure using dynamic

rheometry tests. The cross over between the storage shear modulus and the loss shear modulus

is an indication of gelation. Since, the present study aims to study the post-gelation defects, a

reliable estimation of the gelation point is necessary. Another application of the shear modulus

characterization is to track stress development inside the resin during cure.

In the present study, the shear modulus was characterized using an Anton Paar MCR 502

rheometer. The uncured liquid resin was placed between parallel plates and an oscillatory torque

was applied with a declining rotation amplitude of 7 to 0.3%, at a constant frequency of 1.0 or

0.1 Hz. Isothermal tests were conducted at 25, 40, 60, and 80°C with a repeat at each temperature

while changing the oscillation frequency to ensure results are frequency independent.

105



Figure 6.7: A sample rheometry test result for the isothermal cure at 60°C. The crossover
between storage and loss shear modulus occurs at DOC ≈ 0.64. The cross over point is
an indication of gelation. Degree of cure is calculated based on the cure kinetic model

developed in Section 6.2.1.

An example of the rheometry result in the case of testing at 60°C is shown in Figure 6.7. Using

the cure kinetics model, the degree of cure at each stage was calculated. It was found that the resin

consistently reaches gelation at a 0.65±0.02 degree of cure at all temperatures.

Another observation is that in all tests, the shear modulus before gelation is below 1 MPa. This

is expected given to the viscous liquid nature of the resin before gelation, Section 2.4.1.

6.2.5 Young’s modulus

Due to the maximum force limitation of the rheometry equipment, shear modulus characteriza-

tion was possible until slightly after gelation. Therefore, additional Dynamic Mechanical Analysis

(DMA) tests were conducted to provide data for the mechanical properties of the resin after gelation.

The measurements used the TA Q800 1616 equipment and fully-cured 50×10×3 mm3 samples. The

cure cycle was similar to the one used to prepare CTE measurement samples, Section 6.2.3. Dy-
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Figure 6.8: Result of a temperature-sweep Dynamic Mechanical Analysis (DMA) test. The
glass transition temperature of the fully-cured sample used is ≈90°C.

namic tests were conducted in a three-point-bending configuration with amplitude and frequency

equal to 100 µm and 1.0 Hz, respectively. The DMA test was repeated one more time, using a new

sample, to ensure data accuracy. The root mean square deviation between two repeats was 69 MPa,

with a maximum modulus of 3.6 GPa at 0°C.

The glass transition temperature of the fully-cured sample is 90°C. According to the DMA test

results in Figure 6.8, above this temperature, the modulus drops significantly while the material

transitions from a glassy state to a rubbery state.

Common material models describe modulus (shear, bulk, or Young’s) as a function of T −Tg

to simultaneously account for temperature and cure dependencies. With the application of a fully-

cured sample for DMA testing, Tg remains constant throughout the test. However, a temperature

sweep provides modulus data in a range of T −Tg. Consequently, this data can be fitted against a

modulus model to find the corresponding material constants. This approach, in addition to the data

from rheometry and DMA test, was used to find material parameters for a calibrated CHILE (cure

hardening instantaneously linear elastic) model [132] for both shear and bulk modulus. CHILE
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models behave similar to pure elastic models with respect to time, i.e. modulus remains constant

at each instant of time. However, the modulus in CHILE models is a function of temperature and

degree of cure:

G′ =

Gr +(Gg−Gr)σ f it x > Xgel

Gmin x≤ Xgel

K′ =

Kr +(Kg−Kr)σ f it x > Xgel

Kmin x≤ Xgel

E =
9K′G′

3K′+G′

(6.4)

E, K, and G are Young’s modulus, bulk modulus, and shear modulus, respectively. The subscripts

”r“ and ”g“ refer to rubbery and glassy states, respectively. σ f it is a fitting parameter and a function

of degree of cure, x. xgel refers to the degree of cure at gelation.

The bulk modulus was not independently characterized in the present thesis. Kr and Kg were

found to be 1.67 and 4.74 GPa, respectively, by manually fitting the Young’s modulus and shear

modulus data against the material model.

6.2.6 Summary of materials characterization

In the present study, internal stress-induced defects are investigated through characterization and

calculation of the free strains during cure. Therefore, the development of the high fidelity material

models for cure kinetics, Tg, CTE, gelation point, and cure shrinkage was an important part of

the study. The mechanical property characterization also provided fairly accurate models for a

qualitative study of the stress state at the time of defect formation.

Figure 6.9 summarizes the resin property evolution during isothermal cure at 60°C. The imple-

mented bulk modulus model assumes a zero value before gelation. This is not physically correct

since the viscous liquid has a bulk modulus comparable with the rubbery resin. However, the present
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Figure 6.9: An example showing resin property evolution during isothermal cure at 60°C,
based on material models developed and implemented in the RAVEN software [22].

section studies post-gelation resin behavior, hence the value before gelation is not relevant in this

context.

In general, a direct correlation between degree of cure and cure shrinkage can be found. Fur-

thermore, the shear modulus is significantly lower than the bulk modulus throughout the isothermal

cure.
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6.3 Experimental setup

The experimental setup used for studying the cure-shrinkage effect in a constrained geometry is

shown in Figure 6.10. The setup consisted of a 25 cm long glass tube with inner and outer diameters

of 3.0 and 3.5 mm, respectively. Each glass tube was washed with water, rinsed with alcohol, and

finally dried with pressurized air.

Carbon-fiber tracers, 1.0±0.5 mm long, with a low volume fraction of < 0.02%, were added to

the resin while mixing it with the hardener. At such low volume fraction, the change in properties,

e.g. strength and rheology, of the resin is negligible. The purpose of the fiber-tracers inside the resin

was to trace the movement of the transparent resin inside the glass tube, and quantify this movement

via image processing.

The mix of resin/hardener + tracers was degassed for 10 min, then injected into the glass tube.

Vacuum grease was applied to two ends of the tube to avoid resin flow-out without constraining

the resin inside the tube. The mix-to-test time was consistently 20±2 min at room temperature,

22±1°C, in all experiments.

A heating pad was placed under the glass tube in the case of experiments at elevated tempera-

tures. In these cases, an aluminum plate was also located on the heating pad, below the glass tube

for even temperature distribution along the tube. A glass shield on top of the tube further minimized

the airflow, hence temperature variation. Four thermocouples were used to record temperature at

center-top and center-bottom, and 3 cm from the two ends of the test tube. The temperature varia-

tion between readings from thermocouples was±1.0°C showing that the temperature was consistent

along the length and at the surface of the test tubes.

Time-lapse imaging using a Nikon Stereo microscope captured images with a 2×2 cm2 window

at 50X magnification and at 15-second intervals.

In two control experiments at 60 and 80°C, an extra tube injected with resin was heated simul-

taneously alongside the main test sample. These control samples included thermocouples inside the
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Figure 6.10: The experimental setup used for the constrained resin cure shrinkage
experiments.

tube close to the center to evaluate the possible effect of exothermic cure reactions. Results showed

temperature variation between the core and surface of the tube remained below 2°C throughout cure.

The geometry of the tube (3mm-diameter) contributes to this low temperature-variation, since the

generated heat can rapidly be transferred to the surface.
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6.4 Analytical methods

6.4.1 Data analysis

The experimental setup used in the present study provided synchronized temperature recordings

and time-lapse imaging. The time-lapse imaging enabled tracking of the resin behavior and defect

formation/propagation. The corresponding observations were then associated with the resin’s cure

progress and properties evolution from the temperature recordings.

The manual feature-tracking in the ImageJ software (Fiji) [133] was used to track and quantify

the movement of the tracers added to the resin. Due to the high length/radius ratio, radial movement

of the tracers was insignificant. Therefore, the data discussed in the following sections is related to

tracers movement along the length of the test tube.

In addition to capturing the moment of formation, the propagation rate of any defect was tracked

based on size measurements using the ImageJ software. Post gelation defect morphology was fur-

ther assessed based on circularity defined as the ratio between the minor and major diameter of a

defect. Circularity is equal to 1.0 for a spherical defect, and equal to zero for a planar defect.

6.4.2 Numerical simulation

Numerical simulation was employed to evaluate the post-gelation stress evolution during cure. For

this purpose, the ABAQUS software and the COMPRO plugin [134] were used. The implemented

geometry resembled the experimental glass tubes. The element type for meshing the geometry was

C3D20, a 3D 20-node quadratic element for stress analysis. The element size in the mesh was set

to 5 mm along the length of the tube and 0.3 mm along the radial direction, Figure 6.11.

Prior to gelation, the resin is not geometrically constrained; the experimental evidence in support

of this hypothesis is discussed in the following section. Consequently, the stress development before

gelation is negligible. With this consideration, the starting point of the simulations was set to a
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Figure 6.11: Geometry and mesh used for the numerical simulation of the cure shrinkage
experiments using COMPRO plugin. Element size is set to 5 mm along the length and

0.3 mm along the radius.

degree of cure of 0.65. According to the material characterization discussed in Section 6.2.4, the

resin reaches gelation at this degree of cure.

A fixed boundary condition was applied at the perimeter of the tube, to simulate perfect bonding

of the resin to the tube. The two ends of the tube were not constrained throughout the simulations.

The goal of the study is to study the effect of cure shrinkage, i.e. free strain, therefore no external

loading was applied during simulations. This means that stress development throughout the simula-

tion is solely due to free strain development in a constrained geometry. As part of the problem setup

in the ABAQUS software, the minimum and maximum time steps during the analysis are set to 0.1

and 60 s, respectively.
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6.5 Results and discussion

6.5.1 Post-gelation resin behavior

The constrained resin’s behavior during cure was initially studied using isothermal conditions to

eliminate the effect of thermal strain. Isothermal experiments included tests at 25, 40, 60, and 80°C,

with repeats at each temperature. Figure 6.12 shows the time-lapse imaging results for an exper-

iment conducted at 25°C. In these images, the added tracers, a preexisting bubble, and formation

and growth of the new defects are observed. In the case of the experiment at 25°C, a planar light

source was placed under the tubes for better visualization. In all other experiments, the light source

remained above the samples due to the heating pads located underneath. Figure 6.13 shows the

results from the experiment conducted at 60°C.

Prior to gelation, the resin is a viscous liquid and moves inside the test tube due to the volumetric

cure shrinkage. The red dashed lines in Figures 6.12 and 6.13 highlight this movement by the

relocation of the tracers. It is noted that due to the location of the tube being observed under the

microscope, tracers in the 25°C case move to the left. In the case of the test at 60°C, tracers move

in the opposite direction. Additionally, the initial bubbles are in contact with the surface of the glass

tube. The resulting surface tension appears to have stopped their movement with respect to the local

resin flow.

In all experiments tracers became steady when the resin reached gelation, demonstrating ini-

tiation of a geometrical constraint. To further evaluate this, the tracers’ movement and the size

variation of the preexisting bubbles were tracked using image processing with results shown in

Figures 6.15 and 6.14, respectively. A preexisting bubble was not observed in tests conducted at

80°C.

The superimposition of the timescales of fiber movement and bubble growth on the cure kinetics

diagrams is shown in Figure 6.16. According to this figure, resin movement initiates and contin-

ues with cure. Fiber movement ends around gelation, when the preexisting bubbles start growing.
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Figure 6.12: Time-lapse images of cure shrinkage-induced growth of a preexisting bubble
and formation/growth of new defects during isothermal cure at 25°C. Two tubes are

shown in the figure, containing the same resin mixture and curing simultaneously; only
tube #2 contains a preexisting bubble.

A displacement of < 5µm in two consequent time-steps was considered as the criteria for fiber

steadiness. The observations related to fibers movement and preexisting bubble growth manifest the

geometrical constraint imposed on the resin after gelation and justify the fixed boundary condition

setup used in the numerical analysis. In all experiments, the initiation of the geometrical constraint

correlates with the gelation time. However, in the case of the test at 25°C, the resin became con-

strained shortly before gelation, DOC ≈ 0.59.

The expansion of the preexisting bubbles was not due to moisture diffusion. First, experi-

ments were conducted isothermally. Therefore, volatile solubility remained constant before and

after gelation. Second, the degassing step during sample preparation ensured that minimal amounts

of volatiles were dissolved in the matrix. Additionally, control experiments at 25°C were conducted
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Figure 6.13: Time-lapse images of cure shrinkage-induced growth of a preexisting bubble
and formation/growth of new defects during isothermal cure at 60°C. The black

dashed lines indicate the surface of the tubes.

with resin desiccated in a silica-gel environment for three days, prior to mixing with hardener. No

difference was detected in comparison to other experiments, suggesting that volatiles are not the

cause of the observed bubble expansion. As cure shrinkage leads to development of hydrostatic

tensile stresses, volatile solubility inside the resin may change. This effect has not been studied in

the present work.

6.5.2 Numerical simulation of constrained resin

The COMPRO plugin built into the ABAQUS software was used to investigate the stress develop-

ment inside the resin during cure and after gelation, Section 6.4.2. Simulation trials were run for
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Figure 6.14: Preexisting bubble size variation during isothermal cure at different
temperatures. Every point represents one size measurement. At each temperature one

bubble was tracked.

Figure 6.15: Movement of a representative tracer inside the resin during cure at different
temperatures. Movement tracking in the case of the test at 80°C started when

DOC ≈ 0.37.
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Figure 6.16: Timescale of the tracer movement and growth of preexisting bubbles,
superimposed on the volumetric cure shrinkage graphs. Volumetric cure shrinkage was

found to be a linear function of cure progress, refer to Section 6.2.2.

isothermal cure tests conducted at 40, 60, and 80°C. Due to the very long cure at 25°C, numerical

simulation at this temperature was not performed.

The numerical results of hydrostatic and shear stress development in the resin due to cure at

40°C until DOC = 0.75 are shown in Figure 6.17. The two ends of the tubes were not constrained

during simulations, as in the experimental test. The results show that the hydrostatic tensile stress is

maximum at the central regions of the tube. Shear stress is maximum at the surface of the tube and at

regions very close to the edge of the tube. Figure 6.18 shows the shear stress results extracted along

the length and on the surface of the tube. The results in this figure are also related to DOC =0.75.
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Figure 6.17: Numerical simulation results of (a) hydrostatic and (b) shear stresses (τxz) for
the constrained resin curing isothermally at 40°C. Results related to DOC = 0.75.

Figure 6.18: Numerical simulation results of hydrostatic and shear stresses for the
constrained resin cured isothermally until DOC = 0.75. Shear stress results are

extracted along the length and on the surface of the tube (τxz). Hydrostatic stress (σ ) in
the graph corresponds to the results along an axis at the center of the tube.
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6.5.3 Internal stress-induced defects

According to the time-lapse images in Figures 6.12 and 6.13, new defects form as cure progresses

after gelation and before glass transition, where the resin is still rubbery. These defects are manifes-

tations of internal stress development in a geometry constrained after gelation.

A comparison between the internal surface of a preexisting bubble and a spherical post-gelation

defect, Figure 6.19, further highlights the fracture characteristic of defects forming after gelation.

The internal surface of the spherical defect forming after gelation is jagged with features demon-

strating matrix rupture. In contrast, the internal surface of preexisting bubbles is smooth. The

smooth surface is a characteristic of bubbles in a liquid matrix, which is the state of the resin before

gelation.

Given the observed characteristics, the formation of post-gelation defect creates volume. This

is evidence of cavitation and resembles the initiation of the crazing deformation mechanism [135].

This mechanism is in contrast with the shear yielding that occurs approximately at a constant vol-

ume. Cavitation initiates with the formation of microvoids that nucleate at high stress points in

the polymer created by scratches, flaws, cracks, dust particles, and molecular heterogeneities [136].

Furthermore, volume creation due to cavitation requires the presence of hydrostatic stresses. The

stress state at the location of defect formation is discussed later in this chapter.

The formation of initial defects during isothermal cure at different temperatures and their asso-

ciated degree of cure are presented in Figure 6.20. A DOC of ≈ 0.76 in this figure tends to be the

critical point for defect formation. Defect formation also tends to occur earlier during the tests at

25°C, DOC ≈ 0.65. Room temperature variation is a possible source of the observed deviation. In

all cases defect formation occurs before the resin vitrifies.

A notable finding was that the morphology of the post-gelation defects varies with cure temper-

ature, Figure 6.21. As the cure temperature increased, a transition from spherical defect shape to

planar defect morphology was observed.
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Figure 6.19: Cross sections of the resin cured inside the tube showing internal surfaces of (a)
a preexisting bubble expanding after gelation, and (b) a spherical defect forming after

gelation; both tubes are related to the isothermal cure at 25°C.

Figure 6.20: Graphs showing degree of cure when the first defect was detected, the tracers
became steady (stopped moving), and glass transition occurred, at different isothermal

cure temperatures. The accuracy of the DOC reported is ±0.01.
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Figure 6.21: Common defect morphologies observed at different isothermal cure
temperatures. Black dashed lines highlight the glass tube surface. Circularity was

calculated as a/b shown in this figure.

The planar defects formed after gelation and before glass transition had a ragged surface,

demonstrating a radial propagation pattern. This characteristic distinguished these defects from

cracks formed after vitrification, which had a smooth surface, Figure 6.22. Matrix cracking after

vitrification happens due to thermal stresses forming during cool-down. Post glass transition crack

formation was rarely observed in the present experiments, and was not included in the experimental

data analysis.

The bar chart in Figure 6.23 shows the spatial distribution of the defects along the length of

the test tubes. In this graph, each test tube was divided into 5 sections of equal length and the

total number of defects in each of these sections was counted. Generally, defects were found in

all regions, however, a higher concentration was observed at the central regions of the tube. No

apparent correlation was observed between cure temperature and the spatial distribution of defects.
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Figure 6.22: Surface of the (a) planar defects forming after gelation and before glass
transition, and (b) a crack formed after glass transition.

Figure 6.23: Spatial distribution of all shrinkage-induced defects detected in isothermal cure
tests. Preexisting bubbles are not included in this chart.
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The higher defect concentration in the central regions can be explained by the stress variation

along the tube as shown in Figure 6.24. In this figure, hydrostatic and shear stresses are based on

the numerical results presented in Section 6.5.2. Specifically, the average stress values in every

5 cm of the numerically simulated test tubes, Figure 6.18, were calculated. Then, stress values were

normalized with respect to the maximum hydrostatic and shear stresses, and finally averaged over

all cure temperatures. The error bars in this figure represent the stress value variation at different

isothermal cure temperatures.

A direct correlation was found between the defect concentration and hydrostatic stress. Specif-

ically, the highest defect count was observed in the central regions of the tubes where hydrostatic

stress is at its maximum. In contrast, the shear stress in this region is negligible. Shear stress in-

creases at regions of the tube close to two ends where defect count was the lowest. It is worth

noting that in these regions hydrostatic stress is not negligible. In conclusion, shear stress does not

correlate with post-gelation defect count.

Another important conclusion is that the nature of the internal stress, hydrostatic versus shear,

is not a source of change in defect morphology. The shear stress in the central zone where most

defects, including planar ones, were detected is effectively equal to zero, Figure 6.18.

Defect morphology was quantified using circularity defined as the ratio between the minor di-

ameter over major diameter of a defect, ’a‘ and ’b‘ in Figure 6.21. For example, in the case of a

spherical defect, circularity is equal to 1.0 and it is equal to zero for a planar defect.

A comparison between the average defect circularity, defect propagation rate, and shrinkage

rate in Figure 6.25 suggests that the variation of cure rate with temperature influences defect mor-

phology. Specifically, at higher temperatures where the defect propagation rate is higher, lower

circularity is observed. In this figure, shrinkage rate was calculated at the degree of cure of 0.65. A

quantitative study of the rate dependency of the defect morphology is out of the scope of the present

study.
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Figure 6.24: Variation of the shear and hydrostatic stresses along the length of the tube, and
their effect on total defect counts. Preexisting bubbles are not included in the counts.

Stress values are averaged over zones along the length and cure temperatures, based on
the results in Figure 6.18. The error bars show stress variation with cure temperature.
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Figure 6.25: Cure temperature effect on post-gelation defect morphology, shrinkage rate, and
defect propagation rate. Shrinkage rate was calculated at DOC = 0.65.
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6.6 Cure cycle design

6.6.1 Stress at defect formation

The constrained resin behavior during cure and after gelation was studied using isothermal-cure

experiments at different temperatures. The key findings with regards to defect formation were that

defects form after the resin is completely constrained due to gelation, and that post-gelation defect

formation is hydrostatic stress-driven. The hydrostatic stress needed for defect formation must be

sufficient to provide the surface free-energy to nucleate cavitation and must also be sufficient for

the nucleated center to grow. Different studies in the literature investigated criteria for cavitation,

and crazing initiation, as a function of intrinsic material properties as well as hydrostatic stress

component [137]. In the present study, only the hydrostatic stress component is considered as a

criterion for defect formation. This approach was justified given the statistical nature of the cav-

itation formation that depends on matrix and molecular inhomogeneities rather than sole material

properties.

The stiffness tensor was considered solely a function of the bulk modulus in the case of the

rubbery resin, Equation 2.27. With this consideration, the hydrostatic stress developing during cure

was calculated as:

σ =
∫ t

0
K

dV
3dτ

dτ

dV = 3(dε +dε f ree)

dε f ree = dεcure +dεthermal

(6.5)

where, K is the resin bulk modulus, dV is the volumetric change, εthermal is thermal free strain, and

εcure is cure shrinkage free strain. Due to the geometrical constraint, dε ≈ 0, and in the case of the

isothermal cure dεthermal = 0. Given time-lapse images from microscopy, the hydrostatic stress at

the time of the first defect formation can be calculated.
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Table 6.3: Hydrostatic tensile stress at defect formation observed during cure, and calculated
based on Equation 6.5.

Temperature (°C) 25 40 60 80

Stress value (MPa) 3.0±2.0 15.0±2.0 22.0±4.0 12.0±1.0

An example is shown in Figure 6.26 for the isothermal test at 60°C. In this figure, the hydrostatic

stress is equal to the cure shrinkage-induced stress, since the thermal free strain is equal to zero. As

shown in the graph, the first defect formation was detected when the degree of cure is about 0.76

(Figure 6.20) and the hydrostatic tensile stress is about 19.5 MPa.

Similarly, the stress values at other temperatures were calculated with values ranging from 12-

22 MPa, Table 6.3. This wide range of critical stresses is due to the statistical nature of the cavitation

that depends on matrix and molecular inhomogeneities. The critical stress value for the test at 25°C

is very low which corresponds to defect formation at the low degree of cure at this temperature. It

is worth mentioning that the ultimate tensile strength of the fully-cured Rhino 1411 fast-cure (DOC

= 1.0) is about 71 MPa, according to the manufacturer [129]. Notably, the variability of the stress

values, maximum 20%, is higher than the variability of the calculated degree of cure, maximum

3%, at the time of defect formation. This is expected from the fast development of the mechanical

properties of the resin during cure after gelation, Figure 6.9.

6.6.2 Cure cycle design approach

The understanding developed based on the isothermal tests was used to design cure cycles to sup-

press internal stress-induced defect formation after gelation and before glass transition. The pri-

mary idea behind the approach is to avoid hydrostatic tensile stress development above the critical

strength found through isothermal experiments, i.e. 12-22 MPa. Since, this is a relatively wide

range of stress, a conservative approach would consider the minimum value of the range for design

purposes.
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Figure 6.26: Calculated hydrostatic stress development during isothermal cure at 60°C. The
red dashed line shows the timing of the first defect formation detected via time-lapse

imaging.

The methodology to avoid excessive stress development starts with curing the resin at a rela-

tively low temperature until gelation. At this state, the resin becomes constrained, therefore a subse-

quent temperature ramp causes development of compressive stresses due to the thermal free strain.

These stresses counterbalance the cure shrinkage-induced tensile stress and eliminate the driver for

defect formation. The balance between compressive and tensile stresses can be controlled by cure

cycle adjustments based on characterized material properties and stress calculations, Equation 6.5.

Figure 6.27 shows an optimized cure cycle in which the hydrostatic tensile stress remains below

critical values until glass transition occurs. The thermal free strain caused by the thermal expansion

of the resin generates compressive stresses, hence the negative values. This compressive stress

dominates the tensile, cure-induced stresses. The initial hold temperature, temperature ramp rate,

and the second hold temperature are important parameters with regards to cure cycle optimization.

These parameters were found using a trial-and-error approach in the case of the optimal cure cycle.
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Figure 6.27: Variation of the cure shrinkage, thermal and total stresses during cure for an
optimized cure cycle that suppressed defect formation. Regions highlighted in red

represent the critical hydrostatic tensile stress region, 12-22 MPa.

The glass tube containing the resin cured using the optimal cycle is compared with a glass tube

containing cured resin including defects in Figure 6.28.

To confirm that post-gelation defects were suppressed solely due to cure cycle optimization, five

different non-optimal cycles were experimentally examined. All these cycles led to cure defects

with the stress level at the time of defect formation shown in Table 6.4. Defect formation in all

cases happened at the post-gelation state, before glass transition. In the case of trials 3, 4, and

5, defects formed during second temperature hold. In other cases, the critical stress values were

reached during temperature ramp.
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Figure 6.28: The result of curing the constrained resin using (a) the optimal cycle in
Figure 6.27, and (b) a non-optimized cycle leading to defect formation. Arrows mark

the location of defects.

Table 6.4: Experimental trials conducted to evaluate the cure cycle optimization approach.
The cycles vary in initial hold temperature (T1), temperature ramp rate (R1), and the second
hold temperature (T2). Critical stress demonstrates the calculated stress at the time of
defect formation.

Trial T1 (°C)
R1

(°C/min)
T2 (°C)

Critical stress
(MPa)

Defect-free
reference

40 2.0 100 –

1 No hold 1.0 90 14.3
2 No hold 3.0 80 19.5
3 60 2.0 80 12.5
4 60 10.0 80 14.4
5 60 2.0 90 12.5
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6.7 Summary

In this study, defect formation in constrained resin after gelation and before glass transition was

investigated. The experimental setup allowed direct observation of the resin behavior as well as de-

fect formation/propagation. It was observed that the resin becomes geometrically constrained after

gelation. Cure continuation and the resulting internal stress development led to defect formation.

Moreover, stress development inside the resin was investigated via numerical simulation. The

results confirmed that defect initiation is hydrostatic stress driven. Furthermore, it was found that

defect morphology is cure temperature-dependent. More importantly, this dependency is related to

the variation of the cure rate with temperature.

The findings based on the isothermal experiments were used to systematically optimize the

cure cycle and avoid shrinkage-induced defects. The presented approach relies on a comprehensive

material characterization and tracking of the hydrostatic tensile stress throughout cure. The goal is

to avoid tensile stress development above the strength limit of the rubbery resin. This approach takes

advantage of the thermal expansion of the gelled resin to counterbalance the cure shrinkage-induced

tensile stresses.
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Chapter 7

Conclusions, contributions and future

work

7.1 Conclusions

Defects forming in the resin matrix of fiber-reinforced polymeric composites during processing dra-

matically reduce the in-service performance of manufactured parts. Therefore, process engineers

spend significant time and resources to find the optimal manufacturing conditions to avoid matrix

defects. In this area, trial-and-error is still the dominant approach for process design and optimiza-

tion. The main reason is that matrix defect formation is a complex problem with several sources

and mechanisms. Although a decade of research has already uncovered the main sources of such

defects, the developed knowledge has not been adequately translated to real-world manufacturing

practices. For this purpose, the source of the defect, the underlying physics, the corresponding

analytical model, and its application in process design should be addressed.

The present study investigated different sources of matrix defects throughout the whole pro-

cessing spectrum, from the liquid resin state to its rubbery state just before glass transition. For

this purpose, the bulk of the work was divided into two regions before and after gelation. Before
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gelation the resin is liquid-like, i.e. it flows upon applying a shearing force. At this stage, any matrix

defects are in the form of porosity, regions of the fiberbed that are devoid of resin. Volatile release,

entrapped air, and incomplete resin infiltration are the main sources of porosity. Volatile release

is controlled by diffusion mechanisms. However, the dynamics of air entrapment and incomplete

resin infiltration are explained by transport mechanisms. Therefore, the sources of porosity before

gelation were studied in two sections. The three-dimensional structure of the resin after gelation

suppresses bubble growth and resin infiltration mechanisms, hence these sources of porosity. How-

ever, free strains in a constrained geometry can lead to internal stress development and post-gelation

defects. Therefore, the research work in the present study was conducted in three parts.

The application of existing bubble dynamics theories to predict stable and unstable moisture-

driven bubble growth with cure temperature and resin pressure was examined. A simple analysis

concluded that stable bubble growth is negligible in the context of composite manufacturing. The

criterion for unstable bubble growth predicted the observed temperature for bubble growth within

5°C for a range of moisture conditions. The criterion used for unstable growth was derived based

on an equilibrium condition, therefore, time-dependent effects are not explicitly included. This is

consistent with the present work’s objective to predict the onset of growth but not the time-dependent

evolution. Moreover, it was shown that a temperature hold below the critical temperature until resin

gelation can suppress moisture-induced bubble growth. This validates an analytical approach to

avoid bubble growth and porosity by cure cycle design for any moisture condition, even for ambient

pressure processes such as out-of-autoclave prepreg processing.

The presented bubble growth criteria assumes that moisture can only be transported within the

RVE between the resin and the air–water bubble. Experiments were designed to mimic this con-

dition by suppressing water vapor escaping the test sample. In real composite structures, there are

transport paths for water dissolved in the resin within partially impregnated plies. Examples are

laps and gaps in the lay-up that allow moisture to be transported away from the resin towards the

134



vacuum system during debulk. However, these gas and moisture transport pathways will close off

when resin flow progresses due to the increase in temperature early in the cure cycle. This means

that the moisture level in the resin when the transport pathways are closed off and moisture diffu-

sion to enclosed bubbles becomes important will always be less than expected based on the initial

relative humidity. This makes the presented bubble growth suppression approach conservative and

useful for practical applications.

The porosity formation due to gas entrapment and resin infiltration was investigated through the

underlying transport mechanisms. Gas transport in composite manufacturing relies on the appli-

cation of vacuum pressure, and the applied pressure is the main driving force for resin transport.

The experimental setup used isolated the effect of vacuum and applied pressure on final porosity.

The results showed that resin infiltration directly influences gas transport by reducing the avail-

able pathways for gas transport, i.e. initial porosity. Subsequently, a fully coupled transport model

was developed to explicitly include the resin and gas interaction during processing of partially-

impregnated prepregs. The model predicted the observed trends in the experimental data based on

material parameters from the literature.

In addition to offering a physics-based model, the present study demonstrated that the typical as-

sumption of constant porosity in the continuity equation for the non-saturating phase (i.e. gas) is not

plausible in the context of composites manufacturing. Moreover, by including general physics, the

developed model is not limited to a specific processing method. For example, the model can capture

resin flow under applied pressures ranging from below-atmospheric pressure (causing desaturation)

up to high ambient pressures in an autoclave. Another feature to be noted is the application of a con-

ditional boundary-condition assignment scheme. This allows for the prediction of resin infiltration

into regions disconnected from the vacuum channels prior to cure or regions isolated due to resin

infiltration during cure.
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The transition from a liquid to a rubbery state of the resin complicates studies on the resin be-

havior after gelation. Furthermore, since the rubbery resin is difficult to handle, process-induced

defects after gelation are typically studied based on the cured and solidified resin after glass transi-

tion. The experimental setup used in this study allowed direct observation of the resin behavior as

well as defect formation/propagation within the critical processing window from gelation to glass

transition. Results showed that the resin becomes geometrically constrained after gelation and the

resulting internal stress development leads to defect formation.

By studying the distribution of the defects and using a numerical simulation of the experiments,

it was found that post-gelation defect formation is hydrostatic stress-driven, and that the morphology

of the defects varied from spherical to planar shapes with isothermal cure temperature. Through

further analysis, it was concluded that the variation of the post-gelation defect morphology is related

to the variation of the cure kinetics, hence shrinkage rate, with cure temperature.

More importantly, this study examined an analytical approach to avoid post-gelation defects

based on a comprehensive material characterization and stress evolution tracking during cure in a

constrained geometry. In a real composite structure, the resin may not be completely constrained

or resin-rich regions may not be abundant. However, the setup and analytical approach used in this

study can be used as a conservative analytical approach for cure cycle design to keep the internal

stress evolution in critical zones in check and avoid defects. Considering the emphasis in the litera-

ture on controlling stresses at the matrix level, the present study also reduces the internal stress level

at regions where defect formation is not anticipated such as regions with a high volume fraction of

fiber.
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7.2 Contributions

The primary contributions of this study include:

• As a result of the representative experiments, the underlying physics of different mechanisms

for defect formation have been examined and better understood. This can guide future en-

deavors for detailed process simulation by providing insights about the key mechanisms for

defect formation during processing of the resin matrix.

• In addition to knowledge development, analytical models and approaches have been intro-

duced and validated for process optimization to avoid defects. The application of these models

can reduce the manufacturing cost by replacing the conventional trial-and-error approaches

for process design and trouble-shooting.

• The most important contribution of the work is to provide evidence for the hypothesis that

cure cycle design is an effective mean for defect-free manufacturing. This becomes highly

valuable in cases were changing the matrix resin to reduce defects is not a viable option.

Specific contributions of the present study include:

• The experimental work on moisture-induced porosity shows that the conventional bubble

dynamics model is applicable in the case of composites manufacturing using thermosetting

resins.

• In the context of composites manufacturing, moisture-induced bubble growth in the gelled

resin may not be as important as some studies in the literature have emphasized. Resin gela-

tion was used as a criterion for stopping the moisture-induced bubble growth, in this study.

However, internal stress-induced bubble growth in the rubbery resin should be accounted for

to accurately track porosity evolution during manufacturing.
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• The assumption of constant porosity or that the porous geometry only deforms due to com-

paction is not plausible in the context of prepreg-based composites manufacturing. The con-

tribution of resin infiltration in changing the geometry of the porous media with respect to gas

transport should be considered using a fully coupled transport model.

• Experimental evidence show that crack-like defects can form in a hydrostatic mode and inside

the rubbery resin. Moreover, a distinction has been made between these defects and matrix

cracking after glass transition.

7.3 Future work

This study investigated the underlying physics of three different sources for process-induced matrix

defects. Through the developed knowledge, analytical models were developed for process design,

and a foundation has been provided for further fundamental studies. Suggestions for studies and

tasks that would expand the utility of the proposed approaches in composites manufacturing are

presented below.

• The focus of the study considering moisture-induced porosity was to suppress any bubble

growth. It would be valuable to study the extent of bubble growth and the effect of processing

parameters on the growth rate. Such analysis would add a level of accuracy to the process

design by providing a tool to identify bubbles formed before resin reaches gelation.

• Moisture desorption in the presence of open transport channels is considered as a source term

in the gas transport problem. This study used desiccated prepregs for transport studies, hence

the corresponding source term was set to zero. A valuable extension to the experimental work

related to the coupled transport would be to examine the effect of dissolved moisture on gas

extraction and porosity evolution.
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• The scalability of the proposed coupled transport model has been examined through analytical

analysis. An experimental evaluation using laminates of different sizes would add a higher

level of confidence to the application of the coupled transport model.

• An investigation on the mechanism behind the cure rate-dependency of the post-gelation de-

fect morphology may reveal currently unknown approaches for a more advanced cure cycle

design. Such analysis on rate-dependent resin behavior would require characterization of the

viscoelastic properties of the resin. Having such a model readily available would allow a

deeper analysis of the existing experimental results.

• For the sake of consistency, the present study used a fixed geometry for investigating the

internal stress-induced defects, wherein shear stress was negligible. An extension to this study

would examine the effect of different constrained geometries and possibly shear stresses on

the post-gelation behavior of the resin and defect formation.

• Another extension to this study could evaluate the behavior of the gelled resin in the presence

of continuous fibers inside the glass tube. This could potentially reveal interesting results

about the interaction between the fiber and the gelled resin such as strengthening of the resin

or deformation of the fibers in the form of wrinkles due to the longitudinal compressive forces.

• This study provided different components of a comprehensive analytical approach for cure

cycle design to avoid matrix defects. An integrated multi-objective optimization approach

would be valuable by automating the search for an optimal cure cycle based on the developed

models.
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Appendix A

Coupled transport model

implementation code

The code developed to implement the coupled transport model is included in this section. The

code was used to generate the numerical results in Chapter 5. The code is written in C++ and is

divided into two files. The file prelim.h includes the preliminary package initialization and material

properties definitions. The file coupled.cpp includes all the functions and model implementations.

prelim.h

#ifndef prelim h included

#define prelim h included

#include <fstream>

#include <iostream>

#include <stdio.h>

#include <cmath>

#include <vector>

#include <cstdlib>

#include <sstream>

#include <stdlib.h>
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using namespace std;

// *** Processing parameters *** //

// material constants needed to update the betha variable

// units are length[m] ; viscosity[Pa.S]; permeability[mˆ2];

const double size = 2.0; // Size of the laminate; unit: [m]

const double d time = 240.0; // debulk time [min]

const double ac press = 1.0; // Autoclave pressure [atm] NOTE: this pressue is

// Vacuum pressure is set to 1.0 if AC pressure > 1.0 // applied after debulk time (d time)

double p v = 0.0; // pressrue at vacuum vavle or right boundary

const double p 0 = 1.0; // initial pressure

const double L = 1.0; // dimentional length (NOTE: do not change)

const double K yy = 1.0e−16; // through−thickness permeability; resin transport

const double K xx = 3.2e−15; // in−plane permeability; resin transport

const double mu g = 1.81e−05; // gas (air) viscosity

const double h = 0.1e−03; //thickness of the fiber−bed

const double p0 = 101320; // normal atmospheric pressure [Pa]

const double phi0 = 0.46; // fiber−bed porosity (phi0 = 1.0 − fiber volume fraction)

const double p c = 0.00; // capillary pressure

const double init imp = 0.803; // initial impregnation

const double klin = 0.1283/p 0; // this should be nondimentionalized

// Klinkenberg constant suggested by James Kay for MTM45−1

// impregnation coeff or betta = betta cst / (mu r)

const double betta cst = mu g*K yy*(L*L)/K xx/(h*h)/phi0;

// time−constant; dimensional time = time−constant * tau

const double time cst = mu g*(L*L)/K xx/p0;

// ******************************* //

// ****** Model parameters ****** //

const double dx = 0.01; // set space discritization

const int nx = size/dx; // cell number

const double t max = 1000.; // time limit

const double dt = 0.0001; // time step

const double p a 0 = 1.0; // atmospheric pressure

// ****************************** //
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// update field variable

void update f(double aux f[nx+2], const double ap a[nx+1], const double aomega[nx+1],

const double a beta[nx+1], double time);

// update flux at faces

void update fi(const double auxf[nx+2], double auxfi[nx+1], const double ap a[nx+1],

const double aomega[nx+1], const double abetta[nx+1]);

// update cell impregnation

void update omega (const double aux f[nx+2], const double ap a[nx+1],

double omega aux[nx+1], const double abetta[nx+1]);

// update impregnation coeff accor. viscosity data

void update beta(const double time, const double debulk time, double abetta[nx+1],

double data [1000][3], const int auxnumb);

// update ghost cells

void set gcells (double aux[nx+2], double time);

// Thomas solver for a tri−diagonal system

void SolveThomas(double LHS[nx+2][3], double RHS[nx+2],

const int iSize);

void generate csv(const double auxf[nx+2], const double aux omega[nx+1],

const double aux res[nx+1],int s);

// reads data from a file and stores in array;

int read data(double aux data[][3]);

// aux data[][0]:Temp; aux data[][1]:DOC; aux data[][2]:viscosity

// returns l2 error of solution convegence

double error anly(const double aux1[nx+2],const double aux2[nx+2]);

#endif

coupled.cpp

/** defaul format for material data file:

− every line represents 1 minute time progress

− evey row contains 4 columns:

"Time(min)" "Temperature[c]" "Degree of Cure" "Resin Viscosity (Pas)"

**/

#include "prelim.h" // definition of all constants, global variables and functions

///////////////***** M A I N *****///////////////

int main ()

{
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FILE *out2, *out3, *out4;

out2 = fopen ("Report.txt", "wt");

fprintf (out2,"%s\t\t %s\t %s\t %s\t %s\t %s\t %s\t %s \n\n","time", \

"Di−time(min)","Porosity(%)", "Average press.", "Vac.Pres(Pa)" , "Atm.Pres(Pa)"\

, "Betha coeff", "Convergence");

out3 = fopen ("Pressure.txt", "wt");

out4 = fopen ("Porosity.txt", "wt");

double t = 0.; // time variable

// assign and initialize global variables

double f[nx+2]; std::fill n(f, nx+2, p 0); // set domain variables+2 ghost cells

double p a[nx+1]; std::fill n(p a, nx+1, p a 0); // set atmospheric pressure field

double omega[nx+1]; std::fill n(omega, nx+1, init imp); // impregnation coefficient

//## 1 cell is added just to count from 1 to nx

double betaa[nx+1]; // source term (squeeze flow) coefficient

// defined as vector in case spacial variation exists

//*// comment this part if material file available

//*// otherwise viscosity is set to a constant

double const viscosity = 10000.0;

std::fill n(betaa, nx+1, betta cst/const viscosity);

double data [1000][3];

int lnumb; // records the number of lines in the input data file (equivalent to time in min)

int q =0; // counter of step number

lnumb = read data(data);

while (t < t max) /////**** IMPLICIT EULER ****/////

{

if (int((t*time cst)/60.) > d time)

{

if (ac press > 1.0) // if autoclave pressure (hgiher that 1 atm)

p v = 1.0; // disconnect vacuum, i.e. Pv = 1 atm

std::fill n(p a, nx+1, ac press);

}

//*// uncomment if material file available
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//*// otherwise visocisty and betha paramater remain constant

//update beta (t,d time,betaa,data,lnumb);

double pre f [nx+2] = { };

for (int i=1; i < nx+1; i++) pre f [i] = f[i]; // record previous solution for error analysis

update f (f,p a,omega,betaa,t); // update field variable − advance 1 time step

update omega (f,p a,omega,betaa); // updates impregnation of the cell at the current times step

// inputs are resin viscosity and pressure distribution

double phi = 0.0; // stores average impregnation

double ave pressure = 0.0 ; // stores average pressure

for (int i=1; i < nx+1; i++){

phi += omega[i]/(nx); // calcualtes the average poroisyt throughout the length of the laminate

ave pressure += f[i]/nx;

}

fprintf (out2,"%f\t %f\t %f\t %f\t %f\t %f\t %f\t %2.5e \n",t, \

(t*time cst)/60., (1.−phi)*100, ave pressure, p v, p a[20], betaa[20], error anly (pre f,f)); // Print report

t += dt ; // update time

q++;

if (q%100 == 0)

{

fprintf (out3,"%f\t ", ((t*time cst)/60.));

fprintf (out4,"%f\t ", ((t*time cst)/60.));

double gas resid [nx+1];

for (int i=1; i < nx+1; i++)

{

double aux = f[i];

double aux1 = (1.0− omega[i])*100;

fprintf (out3,"%f\t ", aux);

fprintf (out4,"%f\t ", aux1);

}

fprintf (out3,"\n ");

fprintf (out4,"\n ");

}

if ((int((t * time cst)/60.) − d time) > lnumb){

if (error anly (pre f,f) < 1.0e−8) cout << "Convergence reached ..." << endl;
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phi=0;

for (int i=1; i < nx+1; i++) phi += omega[i]/(nx);

cout << (1−phi)*100 << endl;

break;

}

}

double gas resid [nx+1];

for (int i=1; i < nx+1; i++) gas resid[i] = (1.− omega[i])*f[i];

generate csv(f,omega,gas resid,t);

fclose (out2);

fclose (out3);

fclose (out4);

return 0;

}

///////////////***** UPDATE VARIABLES IN TIME ******///////////////CCCCCC

void update f (double aux f[nx+2], const double ap a[nx+1], const double aomega[nx+1],

const double a beta[nx+1], double time)

{

double fi[nx+1] = { }; // variable to record f flux integral

set gcells(aux f,time); // update ghost cells

update fi (aux f,fi,ap a, aomega,a beta); // update flux intergal

double mrhs [nx+2] ; // b (in Ax=b) as a vector

mrhs [0] = mrhs [nx+1] = 0.; // impose bdc (ghost cells)

double mlhs [nx+2][3]; // update tridiagonal matrix A (in Ax=b) as 3 vetors

mlhs[0][1] = −1. ; mlhs[0][2] = 1.; // impose Neumaan bdc on left bdr

mlhs[nx+1][0] = 1.; mlhs[nx+1][1] = 1.; // impose Dirichlet bdc on right bdr

for (int i=1; i < nx+1; i++)

{

double n term = aux f[i]*(1.0+(klin/aux f[i])); // non−linear term including the Klinkenberg term

mrhs [i] = fi[i]; //### source term is added when updating flux integral

mlhs [i][0] = −(n term/dx/dx);

mlhs [i][1] = ((1. − aomega[i])/dt) + (2.*n term/dx/dx) − (a beta[i]*(ap a[i] − (2.*aux f[i])+p c)/aomega[i]);

mlhs [i][2] = −(n term/dx/dx);

}
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SolveThomas(mlhs, mrhs,nx+2); // Thomas solver

for (int i=1; i < nx+1; i++){

aux f[i] += mrhs [i];

}

}

////////////////****** UPDATE GHOST CELLS *****////////////////

void set gcells(double aux[nx+2], double time)

{

aux[0] = aux[1]; // left bdc = Newmann − fully−developed

aux[nx+1] = (2.*p v) − aux[nx]; // right bdc = Dirichlt − constant

}

////////////////****** UPDATE FLUX *****////////////////

void update fi (const double auxf[nx+2], double auxfi[nx+1], const double ap a[nx+1],

const double aomega[nx+1], const double abetta[nx+1])

{

for (int i=1; i < nx+1; i++)

{

double upper = auxf [i+1]; // auxf is defined as constant in this function

double lower = auxf [i−1];

if (aomega[i+1] == 1.0) upper = auxf[i]; // impose Newmann bdc if right cell is fully−impregnated

if (aomega[i−1] == 1.0) lower = auxf[i]; // impose Newmann bdc if left cell is fully−impregnated

double n term = auxf[i]*(1.0+(klin/auxf[i])); // non−linear term including the Klinkenberg term

auxfi[i] = (n term*((upper − 2.*auxf[i] + lower)/dx/dx))

+ (abetta[i]*auxf[i]*(ap a[i] − auxf[i])/aomega[i]);

if (aomega[i] == 1.0) auxfi[i] = 0.0; // flux is equal to zero if the cell is fully−impregnated

}

}

////////////////****** UPDATE CELL IMPREGNATION *****////////////////

void update omega (const double aux f[nx+2], const double ap a[nx+1],

double omega aux[nx+1], const double abetta[nx+1])

{

for (int i=1; i < nx+1; i++)
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{

omega aux[i] += dt*abetta[i]*(ap a[i] − aux f[i]+p c)/omega aux[i];

if (omega aux[i] > 1.) omega aux[i] = 1.;

}

}

////////////////****** UPDATE IMPREGNATION COEFFICIENT *****////////////////

void update beta(const double time, const double debulk time, double abetta[nx+1],

double data [1000][3], const int auxnumb)

{

// Assumption: data in material data file

// is recorded one line per minute, starting with the time = 0 min

double di t = (time * time cst) / 60.; // dimentional time − unit : minute

double aux beta = 0.0;

if (di t < debulk time){ // assign room temp viscosity (first line of the material file) if debulk is running

aux beta = betta cst / data [0][2];

}

else{

double aux time = di t − debulk time;

aux beta = betta cst / data [int(aux time)][2];

}

// if simulation time exceeds recorded time in data input file

if (int(di t−debulk time) > auxnumb−1) aux beta = betta cst / data [auxnumb−1][2];

std::fill n(abetta, nx+1, aux beta); // assuming squeeze flow coeff is spatially constant

}

////////////////***** THOMAS SOLVER ******** /////////////////

void SolveThomas(double LHS[nx+2][3], double RHS[nx+2], const int iSize)

{

int i;

// This next line actually has no effect, but it −does− make clear that

// the values in those locations have no impact.

LHS[0][0] = LHS[iSize−1][2] = 0;

// Forward elimination //
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for (i = 0; i < iSize−1; i++)

{

LHS[i][2] /= LHS[i][1];

RHS[i] /= LHS[i][1];

LHS[i+1][1] −= LHS[i][2]*LHS[i+1][0];

RHS[i+1] −= LHS[i+1][0]*RHS[i];

}

RHS[iSize−1] /= LHS[iSize−1][1];// Last line of elimination //

// Back−substitution //

for (i = iSize−2; i >= 0; i−−) RHS[i] −= RHS[i+1]*LHS[i][2];

}

////////////////***** OUTPU CSV FILE ********/////////////////

void generate csv(const double auxf[nx+2], const double aux omega[nx+1],const double aux res[nx+1],int s)

{

FILE *out1;

char name[50];

int m = 0;

m = (int) (s);

sprintf (name, "Results %d.dat",m);

out1 = fopen(name, "wt");

for (int i = 1; i < nx+1; i++){

fprintf (out1,"%d\t %2.10e\t %2.10e\n",i, auxf[i], aux omega[i]);

}

fclose (out1);

}

////////////////***** READ DATA FORM FILE, STORE IN ARRAY ********/////////////////

int read data(double aux data[1000][3])

{

ifstream data;

data.open("data nodebulk.txt");

int x = 0;

std::string line;

while (std::getline(data, line))
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{

istringstream ss(line);

double a, b, c, d;

while( ss >> a >> b >> c >>d)

{

aux data [x][0] = b;

aux data [x][1] = c;

aux data [x][2] = d;

++x;

}

}

return x;

}

////////////////***** SOLUTION CONVERGENCE − L2 ERROR ********/////////////////

double error anly(const double aux1[nx+2],const double aux2[nx+2])

{

double l2 = 0.;

for (int i = 1; i<nx+1; ++i)

l2 += (aux1[i] − aux2[i])*(aux1[i] − aux2[i]);

return sqrt(l2);

}ines (231 sloc) 9.57 KB

/** Please cite: Mohseni M, Zobeiry N, Fernlund G. Journal of Reinforced Plastics

and Composites. 2019 Jul 19:0731684419865783.**/

/** coupled gas/resin flow simulation using FVM and Implicit Euler **/

/** V3: Klinkenberg effect has been added **/

/** defaul format for material data file:

− every line represents 1 minute time progress

− evey row contains 4 columns:

"Time(min)" "Temperature[c]" "Degree of Cure" "Resin Viscosity (Pas)"

**/

#include "prelim.h" // definition of all constants, global variables and functions

///////////////***** M A I N *****///////////////
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int main ()

{

FILE *out2, *out3, *out4;

out2 = fopen ("Report.txt", "wt");

fprintf (out2,"%s\t\t %s\t %s\t %s\t %s\t %s\t %s\t %s \n\n","time", \

"Di−time(min)","Porosity(%)", "Average press.", "Vac.Pres(Pa)" , "Atm.Pres(Pa)"\

, "Betha coeff", "Convergence");

out3 = fopen ("Pressure.txt", "wt");

out4 = fopen ("Porosity.txt", "wt");

double t = 0.; // time variable

// assign and initialize global variables

double f[nx+2]; std::fill n(f, nx+2, p 0); // set domain variables+2 ghost cells

double p a[nx+1]; std::fill n(p a, nx+1, p a 0); // set atmospheric pressure field

double omega[nx+1]; std::fill n(omega, nx+1, init imp); // impregnation coefficient

//## 1 cell is added just to count from 1 to nx

double betaa[nx+1]; // source term (squeeze flow) coefficient

// defined as vector in case spacial variation exists

//*// comment this part if material file available

//*// otherwise viscosity is set to a constant

double const viscosity = 10000.0;

std::fill n(betaa, nx+1, betta cst/const viscosity);

double data [1000][3];

int lnumb; // records the number of lines in the input data file (equivalent to time in min)

int q =0; // counter of step number

lnumb = read data(data);

while (t < t max) /////**** IMPLICIT EULER ****/////

{

if (int((t*time cst)/60.) > d time)

{

if (ac press > 1.0) // if autoclave pressure (hgiher that 1 atm)
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p v = 1.0; // disconnect vacuum, i.e. Pv = 1 atm

std::fill n(p a, nx+1, ac press);

}

//*// uncomment if material file available

//*// otherwise visocisty and betha paramater remain constant

//update beta (t,d time,betaa,data,lnumb);

double pre f [nx+2] = { };

for (int i=1; i < nx+1; i++) pre f [i] = f[i]; // record previous solution for error analysis

update f (f,p a,omega,betaa,t); // update field variable − advance 1 time step

update omega (f,p a,omega,betaa); // updates impregnation of the cell at the current times step

// inputs are resin viscosity and pressure distribution

double phi = 0.0; // stores average impregnation

double ave pressure = 0.0 ; // stores average pressure

for (int i=1; i < nx+1; i++){

phi += omega[i]/(nx); // calcualtes the average poroisyt throughout the length of the laminate

ave pressure += f[i]/nx;

}

fprintf (out2,"%f\t %f\t %f\t %f\t %f\t %f\t %f\t %2.5e \n",t, \

(t*time cst)/60., (1.−phi)*100, ave pressure, p v, p a[20], betaa[20], error anly (pre f,f)); // Print report

t += dt ; // update time

q++;

if (q%100 == 0)

{

fprintf (out3,"%f\t ", ((t*time cst)/60.));

fprintf (out4,"%f\t ", ((t*time cst)/60.));

double gas resid [nx+1];

for (int i=1; i < nx+1; i++)

{

double aux = f[i];

double aux1 = (1.0− omega[i])*100;

fprintf (out3,"%f\t ", aux);

fprintf (out4,"%f\t ", aux1);

}
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fprintf (out3,"\n ");

fprintf (out4,"\n ");

}

if ((int((t * time cst)/60.) − d time) > lnumb){

if (error anly (pre f,f) < 1.0e−8) cout << "Convergence reached ..." << endl;

phi=0;

for (int i=1; i < nx+1; i++) phi += omega[i]/(nx);

cout << (1−phi)*100 << endl;

break;

}

}

double gas resid [nx+1];

for (int i=1; i < nx+1; i++) gas resid[i] = (1.− omega[i])*f[i];

generate csv(f,omega,gas resid,t);

fclose (out2);

fclose (out3);

fclose (out4);

return 0;

}

///////////////***** UPDATE VARIABLES IN TIME ******///////////////CCCCCC

void update f (double aux f[nx+2], const double ap a[nx+1], const double aomega[nx+1],

const double a beta[nx+1], double time)

{

double fi[nx+1] = { }; // variable to record f flux integral

set gcells(aux f,time); // update ghost cells

update fi (aux f,fi,ap a, aomega,a beta); // update flux intergal

double mrhs [nx+2] ; // b (in Ax=b) as a vector

mrhs [0] = mrhs [nx+1] = 0.; // impose bdc (ghost cells)

double mlhs [nx+2][3]; // update tridiagonal matrix A (in Ax=b) as 3 vetors

mlhs[0][1] = −1. ; mlhs[0][2] = 1.; // impose Neumaan bdc on left bdr

mlhs[nx+1][0] = 1.; mlhs[nx+1][1] = 1.; // impose Dirichlet bdc on right bdr

for (int i=1; i < nx+1; i++)
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{

double n term = aux f[i]*(1.0+(klin/aux f[i])); // non−linear term including the Klinkenberg term

mrhs [i] = fi[i]; //### source term is added when updating flux integral

mlhs [i][0] = −(n term/dx/dx);

mlhs [i][1] = ((1. − aomega[i])/dt) + (2.*n term/dx/dx) − (a beta[i]*(ap a[i] − (2.*aux f[i])+p c)/aomega[i]);

mlhs [i][2] = −(n term/dx/dx);

}

SolveThomas(mlhs, mrhs,nx+2); // Thomas solver

for (int i=1; i < nx+1; i++){

aux f[i] += mrhs [i];

}

}

////////////////****** UPDATE GHOST CELLS *****////////////////

void set gcells(double aux[nx+2], double time)

{

aux[0] = aux[1]; // left bdc = Newmann − fully−developed

aux[nx+1] = (2.*p v) − aux[nx]; // right bdc = Dirichlt − constant

}

////////////////****** UPDATE FLUX *****////////////////

void update fi (const double auxf[nx+2], double auxfi[nx+1], const double ap a[nx+1],

const double aomega[nx+1], const double abetta[nx+1])

{

for (int i=1; i < nx+1; i++)

{

double upper = auxf [i+1]; // auxf is defined as constant in this function

double lower = auxf [i−1];

if (aomega[i+1] == 1.0) upper = auxf[i]; // impose Newmann bdc if right cell is fully−impregnated

if (aomega[i−1] == 1.0) lower = auxf[i]; // impose Newmann bdc if left cell is fully−impregnated

double n term = auxf[i]*(1.0+(klin/auxf[i])); // non−linear term including the Klinkenberg term

auxfi[i] = (n term*((upper − 2.*auxf[i] + lower)/dx/dx))

+ (abetta[i]*auxf[i]*(ap a[i] − auxf[i])/aomega[i]);

if (aomega[i] == 1.0) auxfi[i] = 0.0; // flux is equal to zero if the cell is fully−impregnated
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}

}

////////////////****** UPDATE CELL IMPREGNATION *****////////////////

void update omega (const double aux f[nx+2], const double ap a[nx+1],

double omega aux[nx+1], const double abetta[nx+1])

{

for (int i=1; i < nx+1; i++)

{

omega aux[i] += dt*abetta[i]*(ap a[i] − aux f[i]+p c)/omega aux[i];

if (omega aux[i] > 1.) omega aux[i] = 1.;

}

}

////////////////****** UPDATE IMPREGNATION COEFFICIENT *****////////////////

void update beta(const double time, const double debulk time, double abetta[nx+1],

double data [1000][3], const int auxnumb)

{

// Assumption: data in material data file

// is recorded one line per minute, starting with the time = 0 min

double di t = (time * time cst) / 60.; // dimentional time − unit : minute

double aux beta = 0.0;

if (di t < debulk time){ // assign room temp viscosity (first line of the material file) if debulk is running

aux beta = betta cst / data [0][2];

}

else{

double aux time = di t − debulk time;

aux beta = betta cst / data [int(aux time)][2];

}

// if simulation time exceeds recorded time in data input file

if (int(di t−debulk time) > auxnumb−1) aux beta = betta cst / data [auxnumb−1][2];

std::fill n(abetta, nx+1, aux beta); // assuming squeeze flow coeff is spatially constant

}
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////////////////***** THOMAS SOLVER ******** /////////////////

void SolveThomas(double LHS[nx+2][3], double RHS[nx+2], const int iSize)

{

int i;

// This next line actually has no effect, but it −does− make clear that

// the values in those locations have no impact.

LHS[0][0] = LHS[iSize−1][2] = 0;

// Forward elimination //

for (i = 0; i < iSize−1; i++)

{

LHS[i][2] /= LHS[i][1];

RHS[i] /= LHS[i][1];

LHS[i+1][1] −= LHS[i][2]*LHS[i+1][0];

RHS[i+1] −= LHS[i+1][0]*RHS[i];

}

RHS[iSize−1] /= LHS[iSize−1][1];// Last line of elimination //

// Back−substitution //

for (i = iSize−2; i >= 0; i−−) RHS[i] −= RHS[i+1]*LHS[i][2];

}

////////////////***** OUTPU CSV FILE ********/////////////////

void generate csv(const double auxf[nx+2], const double aux omega[nx+1],const double aux res[nx+1],int s)

{

FILE *out1;

char name[50];

int m = 0;

m = (int) (s);

sprintf (name, "Results %d.dat",m);

out1 = fopen(name, "wt");

for (int i = 1; i < nx+1; i++){

fprintf (out1,"%d\t %2.10e\t %2.10e\n",i, auxf[i], aux omega[i]);

}

fclose (out1);

}
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////////////////***** READ DATA FORM FILE, STORE IN ARRAY ********/////////////////

int read data(double aux data[1000][3])

{

ifstream data;

data.open("data nodebulk.txt");

int x = 0;

std::string line;

while (std::getline(data, line))

{

istringstream ss(line);

double a, b, c, d;

while( ss >> a >> b >> c >>d)

{

aux data [x][0] = b;

aux data [x][1] = c;

aux data [x][2] = d;

++x;

}

}

return x;

}

////////////////***** SOLUTION CONVERGENCE − L2 ERROR ********/////////////////

double error anly(const double aux1[nx+2],const double aux2[nx+2])

{

double l2 = 0.;

for (int i = 1; i<nx+1; ++i)

l2 += (aux1[i] − aux2[i])*(aux1[i] − aux2[i]);

return sqrt(l2);

}
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