Effects of Fiber Architecture and Through-the-Thickness Stitching on

Permeability and Compaction of Textile Preforms
by

Kandathil Eapen Verghese

Thesis submitted to the Faculty of the
Virginia Polytechnic Institute and State University
in partial fulfillment of the requirements for the degree of
Master of Science
in

Materials Science and Engineering

C

Alfred C. Loos, Chair

Ricke, 1 R RLLL

Richey M. Davis Ronald G. Kander

February, 1996

Blacksburg, Virginia



S58SD

VRER
19330
(VX%



ABSTRACT

The present work is a detailed study of the parameters that are involved in the

characterization of fabric systems. These fabric systems are used as reinforcements in
composite structures. Processes such as Resin Transfer Molding and Resin Film
Infusion Molding that are used to manufacture composite structures, depend heavily
on the responses of these reinforcements for their success. Fabric systems have
undergone rapid changes over the years and have reached extremely advanced and
complex forms. Near net shape preforms have become popular, and techniques such
as multi-axial warp knitting and 3-D braiding are used to éccomp]ish this. Further, the
combination of these preforms with manufacturing processes such as Resin Transfer
Molding and Resin Film Infusion Molding have resulted in the fabrication of complex
composite components. The viability of these techniques for mass production has
resulted in wide spread attention over recent years.

The problem of estimating the resistance of a given textile preform to the flow
of resin or any fluid medium is characterized by it’s permeability. This quantity is
dependent on the pore architecture and is therefore system dependent. The
permeability of a preform changes with fiber volume fraction due to the changes in
pore architecture. It is therefore critical to understand this quantity apriory, in order

to ensure efficient fabrication of composite structures.
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The complex nature of the pore architecture, makes permeability assessment an
extremely difficult issue. Repeatability of test runs can become a difficult task as small
inherent changes in the preform, can result in differences in pore structure and
therefore result in different permeabilities. This study therefore tries to address this
issue by incorporating a special study on the effects of statistics in permeability
measurements. High costs of material handled, leads to limited testing and therefore
small data bases. It is therefore important to take care while selecting the descriptive
population distribution. The Student’s t Test was used in this study to generate 50%
confidence bands around the steady-state permeability data obtained on tests run using
Type 162 E-glass fabric. The results were then compared with a similar advancing
front permeability test. The results were found to be extremely encouraging.

The following work also involves the detailed study of compaction behavior of
both multi-axial warp knit and braided preforms. Power law regression fit curves were
obtained on the data in order to describe the change in fiber volume fraction with
respect to applied external pressure, over a range of fiber volume fractions. Since the
advent of composites, weak interfacial properties such as delamination and impact
resistance have caused considerable concern in the community. Recently, through the
thickness reinforcing techniques such as stitching have gained importance as being an
inexpensive solution to this apparent problem. The present work involves the study of
the effects of stitching density on compaction and permeability. Preforms with four
stitching densities were tested along with a similar batch of unstitched preform, and
regression curves were fitted to the data obtained. The effects of braiding angle in 2-
D, triaxially braided preforms was also studied as a part of trying to understand this

i
ABSTRACT



ancient yet extremely interesting form textile manufacturing. Effects of thickness in 2-
D, triaxially braided preforms was also examined. A small amount of work was also
done to study the effects of sizing/finishing on compaction and permeability. Both,

7781, E-glass and AS4 Graphite fabric were tested.
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Chapter 1

INTRODUCTION

Over the years, several composite manufacturing techniques have been tried

and tested. However, resin transfer molding (RTM) has shown greater promise than
most others as being a good and effective mass production technique. One of the
reasons for this increase in popularity is the ability to use near net shape techniques to
manufacture complex shapes. Another reason for it’s success are the relative low
investment costs involved. Today, both the automotive as well as aerospace industries

are beginning to accept this process.

Resin transfer molding has several offshoots that essentially use the same basic
principle, but also incorporate modifications. Reaction injection molding (RIM),
combines multiple thermosetting monomers into a single chamber by high speed
impingement mixing. The resultant mix is then hydraulically pumped into a closed
mold whereupon the monomers react to form the hardened thermosetting polymer.
Since this process does not include reinforcing fibers, structurally strong parts cannot
be fabricated. To overcome this difficulty, reinforced reaction injection molding
(RRIM) is used. However, the use of just 10-15% fiber volume fraction, limits the use
of the resulting products. Structural reaction inj_ection molding (SRIM) makes use of

a fabric preform, and therefore results in the fabrication of stronger structural parts.
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The vacuum assisted resin injection (VARI) process, makes use of vacuum along with
injection pressure [1]. All the above techniques share common features which include
use of liquid resin feed stock, that hardens through an exothermic chemical curing

process, and requires a matched mold.

Resin transfer molding involves injecting resin into a closed mold containing a
pre-placed dry fabric reinforcement. The reinforcement could be arranged in any
direction depending on design requirements. The mold faces are compressed agaix;st
the preform in order to achieve the desired fiber volume fraction. A pressure pot or
constant flow rate pump is used to deliver resin at the required pressure and
temperature. Before injection, the resin is placed in a vacuum oven to remove
entrapped gases which tend to form voids in the final part. Sometimes, vacuum is
applied at the outlet during actual injection in order to assist both the flow of a low
viscosity resin into the preform as well"as reduce the probability of creating voids.
Once the resin has completely infiltrated the preform, the cure cycle is initiat_gd in
order to cure the resin. After the cure cycle is complete, the component is released
from the mold. More recently, resin film infusion (RFI) molding has been gaining
popularity in the aerospace industry to manufacture complex near net shape parts such
as wing structures. The technique uses a degassed film of resin that is placed on the
tool. The preform is then placed on top of this film and the assembly is then placed
inside a mold. A vacuum bag is placed over the mold and a strong vacuum is drawn.
The vacuum together with the mechaniéal force applied onto the preform to get it to

the desired fiber volume fraction, forces the resin to move through the thickness of the
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preform to saturate it. The resin saturated preform is then cured. One of the main
objectives of this research is to address the relationship between preform compaction
and permeability. Permeability, is a measure of the resistance offered by a preform to
fluid flow through it. It is extremely important to estimate this, as the resistance
changes dramatically with external compaction and can therefore change the required
injection pressure significantly. =~ Both the inplane and through-the-thickness

permeabilities of the preform were investigated.

A statistical analysis was performed to determine the confidence limits on the
permeability data. The small density of population that one is able to generate from
the inherent .nature of the test as well as the prohibitive costs involved in repetitive
testing. The section tries to impress the existence of small inherent variations in the
fabric that are beyond the control of the user that makes repeatability of test results an
area of importance. Confidence limits therefore become a necessity while trying to
report permeability data. The statistical results obtained for E-glass fabric when input
into the standard 1-D model to predict infiltration times, has proven to be of great
success when compared to actual panel production times. Chapter 4, deals with the

discussion of these results.

In recent years there has been considerable interest in the use of through-the-
thickness reinforcement to enhance the interlaminar strength and damage tolerance of
textile structural composites. One commonly used technique to achieve this is

through-the-thickness stitching. An important part of this research is therefore, to
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study the permeability and compaction, of preforms consisting of different stitching
densities. The preform was a multiaxial warp knit fabric, made up of AS4 Carbon
fiber, stitched in the through-the-thickness direction. Stitching density is altered by
either changing the stitch spacing or stitch pitch. Results form all of the above
mentioned tests have been presented in chapter 5. The chapter also presents
permeability and compaction data obtained from 2-D braided preforms with different
braid angles and thickness. Finally, tests were performed with different test fixtures to
study the effects of sample size on the permeability. The results of these tests are

discussed at the beginning of chapter 5.

Over the years, much research has been focused on the interface between the
fiber and matrix. In order to improve the properties of the interface, different finishes
are applied to the fibers or sizings are used to coat the fiber. Permeability and
compaction results of E-glass fabrics with different finishes and ‘W’ sized and unsized

carbon fabric systems are reported.
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Chapter 2

LITERATURE REVIEW

Resin Transfer Molding (RTM) came into existence due to two important
factors in the late 1970’s. The first one was the oil embargo that created a shortage in
the supply of petrochemicals, which in turn resulted in the sharp increase in prices of
polyester resins, glass, peroxides and other related materials that were being used at
that time by the Fiberglass Reinforced Polyester (FRP) industry. The second was the
new governmental regulations on styrene emissions not only at the place of work but
also in the exhausted air. Several advantages such as light weight molds, lower
tooling costs, and overall energy savings ensured the early growth of the process and
today it is considered to be the most viable process for the manufacture of high
performance composite structures and has therefore become of great interest to both
the aerospace as well as the automotive industries. Over the past couple of years,
work has been focused on trying to understand issues such as mold design, optimum
inlet, outlet and vent placement, preform permeability, preform compaction, fiber
resin interaction; e.g., contact angle, capillary pressure and surface tension. Several
research groups have also made attempts to try and model the actual process either

numerically or analytically.
2.1 PERMEABILITY
The following section details the various governing relationships that are used

in the study of permeability. Some of the following relationships are used more

frequently than others. The section will also try to highlight the various models
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that have been proposed in order to study this otherwise, extremely complex area of

transport.
2.1.1 Relationships

The commonly used model for flow of resin through a reinforcement is one
that was put forth by Darcy [2]. This model describes the flow of Newtonian fluids
through porous media and it states that the flow rate (@) through a constant area
specimen is proportional to it’s cross sectional area (A), the pressure drop across the
specimen (AP) and inversely proportional to the viscosity of the fluid (u) and the
length (L).

The equation is then given by

sAar

Q= WL @.1)

The above equation is known as the Darcy’s Law, and (S) in the equation stands for
the all important parameter, “Permeability”. It is a constant for the fabric under a
fixed compaction load and has dimensions of [m’]. The differential form of Darcy’s

law for an anisotropic medium can be expressed as

i m (2.2)

where §, is the permeability tensor. There has however been some debate in
the past couple of years on the validity of Darcy’s Law. Gauvin and Chibani [3]

have reported experimental RTM results, where the flow was not linearly
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proportional to the pressure gradient. They assume that the reason for the
discrepancies is that the resin does not behave like a Newtonian fluid. Molnar,
Trevino and Lee [4] have also reported similar results while Fracchia and Tucker [5]
and Gebart, Strombeck and Lundemo [6] have reported excellent agreement between
experiments and Darcy’s Law.

In composites manufacturing it is often required to know the influence of
fiber volume fraction on the permeability as it is the fiber volume fraction ( Vf) that
determines the mechanical properties of the final product. This relationship

described by the Kozeny-Carman equation

3
2(1-V)
R
5= - 23
4k : (2.3)
f

where (k) is the so-called Kozeny constant [7]. This equation was initially
developed for isotropic granular beds consisting of ellipsoids and it has been assumed
to be valid for a fiberous porous medium where flow is along the fibers. The fiber

volume fraction is determined by the following equation:

= — 2.4
V= A (2.4)

where p is the fiber density , W is the total mass of the fibrous network, & is the
thickness and A is the flow area normal to the direction of flow.

The obvious inaccuracy in the transverse permeability of an aligned fiber bed
calculated by the Kozeny Carman equation led to the modification of the above
equation by Gutowski et al. [8]. Gutowski et al. [8] proposed the following

model

LITERATURE REVIEW



3

(2.5)

where (V;z) and (k') are the fiber volume fraction at which flow is completely cut off

and the Kozeny constant in the transverse direction, respectively. The model was
developed using a modified Kozeny-Carman equation and then defining the
individual quantities in the equation by assuming a certain fiber geometry for

transverse flow. The equation agrees with the standard Kozeny Carman equation

*

when Va is equal to 1, but gives a much lower value for permeability when V;: is less

than 1. Hercules AS-4 and Hysol-Grafil XA-S (Courtaulds) graphite fiber systems

were used in order to validate the proposed model.

Gebart, Strombeck and Lundemo [6] have developed equations that explain
both the flow of fluid perpendicular and parallel to the fibers. The method used
essentially involved defining a “representative cell”, which consisted a of periodic
arrangement of fibers in a given region. The assumptions made are that the variation
in area is slow so that the inertia effects can be neglected and that all the fibers are

perfectly aligned with one another and are continuous. The equations are
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16
S = -1 R
1 quad 9p\/; Vf (2.6)

and

7
Vv 2

JSmax 2
|4
f

-1 R

16
S =
1 hex QP'JE 2.7)

where S, and §,,,  are the permeabilities perpendicular to the fiber for quadratic

and hexagonal packing, R is the fiber radius and V_, is the maximum fiber volume
fraction. A modified Kozeny-Carman equation is used to determine the permeability

parallel to the fiber direction and s written as

2 (2.8)

where the constant ¢ takes on values depending on the nature of packing or what is
also known as the shape factor. For the quadratic packing sequence ¢ is 57 and for

hexagonal c is 53.

Kim et al. [9] have proposed an empirical model which is of the following form
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(2.9)

here A and B are constants for the model.

Recently, Skartsis, Kardos, and Khomami [10] reviewed the theoretical and
experimental studies concerned with the flow of resin through an alligned porous
medium and have concluded that the Kozeny-Carman equation does not accurately
describe the permeability behavior even though the flow might be Newtonian and
have attributed this to the existence of bed non-uniformities. They have also stated
that the Kozeny constant is valid only for a narrow range of porosities, usually

greater than 0.6.

Permeability of porous materials depends very strongly on the morphological
structure. Due to the complexity of the fiber architecture and the lack of a
standardized permeability test method, many researchers have attempted to determine

the permeability either analytically or numerically.

Gauvin and Chibani [11] have done a considerable amount of detailed work
on the modeling of permeability of non-woven fiber mats. They have tired to include
the effects of shear flow and drag on the fluid as it passes over the individual fiber
rovings. Their expressions for the losses stem from the equations of continuity and
momentum. They have also used the Lamb's equation to compute the drag
coefficient. They introduced a new parameter representing the surface density of a
constitutive layer, which while depending on the roving diameter, also depended on
the rovings pattern. They did find excellent agreement in the values obtained

from their model and experiments.

10
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Greve and Soh [12] performed some of the early work on measuring the
permeability of anisotropic media. Their work consisted of both analytically
modeling anisotropic infiltration as well as performing experiments to actually
confirm the results. The modeling essentially made use of the equation for continuity
and the Darcy's Law, in conjunction with the relevant coordinate transformations in
order to correctly fit the elliptical profile of the flow front through the anisotropic
porous medium. They were able to present results that showed that the effective
isotropic permeability was the geometric mean of the principal permeabilities. Their

experimental results matched well with the model prediction.

Parnas and Phelan [13] were able to successfully take into account the effects
of heterogeneities in preforms. They classified the heterogeneities into two
categories, the first one being due to the structure of the fiber bundles itself and the
second one being due to the boundaries such as edges etc. They were able to use the
Brinkman equation to estimate the effects of the boundary heterogeneities. They also
found that the heterogeneities due to the fiber bundle structure was actually

responsible in the creation of voids and therefore higher effective permeabilities.

Phelan [14] also used the Brinkman equation to model axial and transverse
flow through square arrays of solid and porous cylinders. These cylinders are
analogous to fiber bundles. Calculations showed that the flow rate can be enhanced
by the cylinder permeability. Preliminary experimental results also indicated that

permeability could affect the fluid mechanics of the flow around the fiber.

Sadiq, Parnas and Advani [15] recently published experimental results

of fluid flow in an ideal fiber bed consisting of cylindrical rods, either aluminum or
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nylon, in a square arrays which verified the air entrapment mechanism assumed in the
model published by Parnas and Phelan [13]. Their experiments showed that the voids
formed when the resin flow front tended to encompass the fiber bundles and then
kept them stable. The fluid was injected into the mold transverse to the rods. Lower
volume fractions inside the tows produced smaller voids. The experimental

permeability was higher than that of the solid rods with the same diameter.

Berdichevsky and Cai [16] used their self consistent model to evaluate the
permeability of an aligned fiber bundle. The major idea in any self consistent model
is to substitute the effects of the tow on one fiber by the effect of some continuum
medium with unknown properties on this fiber. The properties are to be such that
some consistency conditions be satisfied in order to generate the necessary equations
for determining these properties. The consistency conditions used by Berdichevsky
and Cai, were the standard equivalence of the average flow near the fiber to that in
the fiber mat condition, and the added consistency of energy dissipation condition.
Their model gives formulas for both longitudinal and transverse permeabilities as a
function of the fiber volume fraction. The normalized longitudinal permeability is

expressed as

) (=

where V, is the fiber volume fraction. Likewise, the expression for the normalized

transverse permeability is given by

2
1-v
1 1 f;
s* = In - (2.11)
z 8V, v2 1+v2 ‘
LS f
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In addition to the above, their finite element simulation considered the effect of four
idealized packing structures on the permeability. The packings were square,
hexagonal, hollow square and hollow hexagonal. The plots comparing the results
obtained using the self consistent model and the finite element solutions, showed that
knowledge of the fiber structure was also important in addition to the volume fraction

or porosity in order to predict the permeability correctly.

Finally a unified model, composed of both the self-consistent method and the
finite element simulation, was proposed which evaluates the permeability as a
function of two variables, the ultimate fiber volume fraction similar to that defined by
Gutowski [8], and the actual fiber volume fraction. This model accurately portrays
the physics of flow passing through obstacles, and therefore, different fiber packing

arrangements can be considered.

Astrom, Pipes, and Advani [17] developed flow rate versus pressure gradient
relationships for flow of Newtonian fluids through spherical and cylindrical beds.
For the flow past spherical beds they have used the Carreau viscosity model in
conjunction with the capillary flow assumption. The inertia terms were neglected in
the equation of motion and the capillary region was assumed to be circular. The
average velocity equation thus obtained was then used with the appropriate hydraulic
radius for spherical beds in order to obtain the required relationship. For flow past
cylindrical beds the same approach was used, however a correction in the hydraulic

radius was made to accommodate the change in geometry.

Lastly, Gauvin, Kerachni and Fisa [18] have studied the effects of mat surface
density, and have developed a model which takes into account the variations in

the surface density. They reported that variations in mat surface density tend to
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