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(ABSTRACT)

The resin transfer molding (RTM) process has been identified as a cost-effective fabri-
‘ cation technique for producing composite materials from geometrically complex re-

inforcements. Processing models can be used to determine the temperature and pressure

cycles which will produce a finished part with the best properties in the shortest time.

This work involved the development and Verification of a processing model for RTM.

The processing model is based on the assumption that infiltration can be described as

flow through a porous medium. Flow through porous media, as governed by D’Arcy’s

law, depends on the viscosity of the fluid and the microstructure of the interconnected

pores. Infiltration by thermosetting resin systems is assumed to behave as a Newtonian

fluid with a time and temperature dependent viscosity. The kinetics of the resin can be

described by mathematical expressions determined from standard thermal analysis tech-

niques. The reinforcement is assumed to be a homogenous, anisotropic material which

exhibits strain stiffening, hysteresis and plastic deformation. D’Arcy’s law describes the

porous material in terms of the material permeability. Kozeny-Carman’s relationship is

used to relate the porosity to the permeability. Solution of D’Arcy’s law is accomplishcd

in a quasi-steady state manner by an evolving mesh finite element technique.



After infiltration is completed, the model continues to predict the temperature, degree
of cure and viscosity of the resin. The equations governing the unsteady heat transfer
are solved with an existing cure model by the finite difference method. Results of the
processing model include estimates of infiltration, gel and cure times as well as the cured
thickness and fiber volume fraction. Test laminates were fabricated, mechanically tested,
and compared to prepregged laminate results. Construction of one of the test laminates
was simulated with the processing model to verify the accuracy of the simulation.
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1.0 INTRODUCTION

The use of composite materials in the aerospace and transportation industries has grown

quickly in the last decade. Along with this growth has been an increase in the problems

associated with implementing these materials into new and existing designs in a cost ef-

fective manner. The most common method of manufacturing composite structures is to

use aligned fiber systems which have been preimpregnated with a thermosetting epoxy

resin (prepreg). New materials are being developed to replace unidirectional prepregs in

order to exploit the unique multi-directional characteristics of woven, knitted, and

braided textile preforms. These materials offer additional advantages over aligned fiber
systems for their adaptability to automated production and materials handling.

The manufacture of aligned fiber prepreg begins with untwisted bundles of filaments

called tows. The tows are fed through a device which separates and collimates the fibers.

The fibers are then dipped into a bath of resin at elevated temperature. Spreading the

tows allows the resin to completely penetrate and wet the filaments. Often the tows

travel through a series of rollers in the resin bath to aid in impregnation and to remove

any trapped air. As the fibers are pulled out of the resin, a final set of rollers removes
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excess resin and consolidates the material. The wet material is applied to a sheet of
backing paper and allowed to cool. The material is generally stored in this form until
just before the final construction of the composite laminate.

Individual prepreg plies are cut from the unidirectional sheets, and placed in a specified
orientation (laid-up) by hand. If a part with complex geometry is desired, the plies are
often placed directly onto the tooling. The material is then cured in an autoclave, or a
matched metal mold, by applying elevated temperature and pressure. After two to six
hours, the part is removed from the tooling for final machining and assembly.

Three major disadvantages exist for this method of composite manufacture; prepreg
storage requires an environment which is cool and dry, large amounts of time are re-
quired to place the raw material in the proper configuration, and interlaminar fracture
toughness of the cured laminate is low. _ One solution to these problems is to use a ma-
terial with a three-dimensional fiber orientation which is infiltrated and cured in one

step. Often these materials are fabricated near net-shape by automated machines, thus
reducing the number of fabrication steps after cure and reducing the total number of
parts.

One example of how this technology can be used is in stiffened panel fabrication. With
prepreg, the stiffeners are often constructed separately and then bonded to a composite

skin with an adhesive. The bonded stiffeners are often riveted or bolted to the outer
panel to prevent stiffener/skin delarnination. This adds several costly fabrication steps,

causes stress concentrations around the holes, and increases the overall complexity of
the part. With a woven preform, the same part could be automatically constructed from
individual tows and contain through-the-thiclmess reinforcement within the part and

I

between the stiffener and the skin. For example, the skin and stiffener could be con-
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structed from woven fabric. Several layers of fabric could be stitched together to form
the skin and other layers for the stiffener. The stiffener could then be stitched to the
panel to prevent debonding. The stitching material will increase the through-the-

thickness strength and will act as crack arresters in the event of interlaminar damage.

In general, it would be difficult to prepreg a three-dimensional preform with currently
available prepreg technology due to the complex geometry. An alternative method is to

place the dry preform in a mold and inject it with a liquid resin. This process is called

resin transfer molding (RTM). The process is quite complex; the resin must be heated

to lower its viscosity, the material must be compressed to hold it in place during infil-

tration and increase its volume fraction, the resin must displace all of the entrapped air,

and it must completely fill the preform before it gels. An analytical model can help

identify the significant parameters in the processing cycle which will lead to a better
understanding of the physical problem. The model can also eliminate the trial—and-error

approach to process development and eventually lead to optimal procedures for infil-
tration and cure. Consequently, the objective of this research is to develop and test an
analytical processing model to simulate the inültration and cure of advanced composite

materials via the resin transfer molding process.

The development and testing of the processing model is discussed in the following
chapters. First, the current literature which pertains to this work is discussed. Chapters
3 and 4 outline the infiltration and cure sub-models which compose the processing

model. Numerical solution of the goveming equations is discussed in Chapter 5. Ex-
perimental methods for testing individual parts of the model and cured laminate exper-
iments are discussed in Chapter 6. Experimental results and conclusions are discussed

I

in Chapter 7. Chapter 8 contains the process model verification and several parametric
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studies of intiltration. Finally, Chapter 9 contains the major conclusions of this work
and suggests several possible areas for future work.
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2.0 LITERATURE REVIEW

Previous studies of composite process modeling have dealt with the use of pre-
impregnated, unidirectional materials. Consolidation of the reinforcing material and
flow of resin are typically assumed to behave similarly to a saturated porous media. The

RTM process is slightly different because the reinforcement is initially unsaturated. The

material is compressed when dry and then infiltrated with a reactive resin. The infil-

trated preform is then cured in a manner similar to pre-impregnated materials. This lit-

erature review is divided into two sections, infiltration and cure, to mimic the RTM

process.

2.1 INFILTRATION

Infiltration is the process by which one material permeates another. In RTM, a reactive

resin permeates a network of fibers. Two approaches have been used to describe this
process, a microscopic lubrication theory proposed by Lindt [1], and macroscopic flow
theories which assume the fibrous network to behave as an elastic porous medium.
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Lindt’s work has not been used widely to model composites processing. If the porous

media approach is adopted, orientation and distribution of fibers can be quantified by

the porosity and permeability of the material. Motion of fibers due to consolidation or

applied pressure can be described by the changes in these parameters. The permeability

is primarily dependant on the interstitial microstructure of the porous material. As the

pore volume decreases, the permeability will increase and slow the fluid. The following

is a brief review of current theories pertaining to infiltration of an anisotropic,

homogenous, elastic, porous medium.

2.1.1 Flow

If inertial effects are ignored, the flow of a Newtonian viscous fluid into a porous me- A

dium is governed by D’Arcy's law. In a saturated, three-dimensional material, Rice,

Fontugne, Latini, and Barduhn [2] express D’Arcy's law in the following fonn,

V. —— ima. (211)I
—

M I] ’]
' °

where v, is the velocity vector, p is the fluid viscosity, IQ, is the permeability tensor, and

gb represents the hydrodynamic potential. The hydrodynamic potential is the sum of the

forces from the applied pressure acting on the fluid and gravity. This form of D’Arcy's

law ignores surface effects between the solid material and the saturating fluid. Flow in

directions other than the applied pressure gradient are possible due to the off—diagonal

terms in the permeability tensor,
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Coulter, Smith, and Güceri [3] attempt to simulate infiltration by uncoupling D’Arcy’s

law for two-dimensional flow. A stream function, gb, is introduced and Equation 2.1.1

becomes,

62 K 62
ll Ä+ Ä Ä = 0 (2.1.2)öx x öy

which is solved using a quasi—steady state approach. A computational technique using

a boundary fitted coordinate system is used to solve the Equation 2.1.2 and obtain the

position of the advancing resin front as a function of time. The permeabilities K, and
K} and the viscosity are assumed to be known constants. A flow simulation is performed
for a rectangular mold geometry with the fluid entry and exit points at diagonal comers.
Correlation between experiment and simulation is good away from the mold boundaries.

Martin and Son [4] approach the infiltration process in a similar fashion. A finite ele-

ment routine is used in a quasi—steady state procedure to calculate the position of the
resin front. Permeabilities are obtained from the material porosity. Results of a two-
dimensional, constant viscosity simulation from a point source to a line sink compare

favorably with experimental results.

2.1.2 Compaction

The porosity is defined as the volume of the interstitial spaces which can be saturated
with fluid, divided by the bulk volume. If the material is completely saturated, the

porosity qö, resin volume fraction v,, and the solid volume fraction vf, are related as fol-
lows,
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¢> = v, = 1-1y (2.1.3)

When a compressive load is applied to the porous material, the porosity will decrease.

The porosity can be related to the applied compaction pressure in several ways. Three

approaches have been used for composite process modeling: a strength of materials
approach, an empirical approach, and a relationship based on the bulk density of the

material.

Gutowski, Kingery, and Boucher [5] relate the compaction of dry, unidirectional, prepreg

plies to the stiffness of a representative element. The element is composed of a curved

section of fiber within a specific volume of material as shown in Figure 1. Curved beam
theory is used to model the pressure-deflection characteristics of the wavy fiber with

generic end conditions. The pressure-deflection relationship is given in the following
expression,

P = —¥——@‘i— 6 (2.1.4)64 ocDL4

where P is the applied pressure, 6 is the deflection of the fiber, E is Young's modulus,

L is the length of the curved beam element, D is the depth of representative volume el-

ement, d is the fiber diameter, and ot is a constant which is related to the end conditions.

Two cases are considered for the deformation of the representative volume element.
Case l assumes the element depth to be equal to the height throughout the deformation.
In Case 2, the depth of the representative volume element is fixed, thus the material can

deform in only one direction. The relationship between the pressure applied to the fibers
and the changes in the solid volume fraction can be stated by the following expressions,
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:':¤':

DFigurel. Gutowski, Kingery and Boucher [5] representative volume element for liber deformation.
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Case 1:

„ / JL 1
P = 2_ _

64 aßd

<

va )4 ( 1

/7* —l
f

Case 2:

Vo

P64
-1

4
‘7

where vg and vg represent the minimum possible volume fraction for Case 1 and Case 2,
respectively, vg represents the maximum volume fraction (ie. P = 0), and ß is related to
the waviness of the über. Pressure versus volume fraction data for Hysol-Graül XA-S,
Hercules AS-4, and S-2 glass übers is reported by Gutowski er al. [5] for compaction
pressures from 0 to 4200 kPa. Excellent correlation is achieved with Case l and Case 2
expressions.

A macroscopic stiffness formulation is used by Hou [6]. The behavior of a bundle of dry
aligned übers is simulated by a ünite length, nonlinear stiffening spring. The form of the
relationship is,

K /10 — hP = ——-————— 2.1.7A ho _h „ ( )
1 _, ?—Thf

where K is the stiüness of the über bed, A is the area, /1 is the thickness of the sample,
and n is an empirical constant which accounts for material non—linearities. The quanti-

LITERATURE REVIEW 10



ties h, and hf represent the bed thickness when P = 0 and as P —> oo respectively. Sample
thickness can be related to the volume fraction with the following expression,

V hL- = L (2.1.8)VO hf

where v; is the volume fraction at zero pressure. Using Equation 2.1.8, the pressure-
dellection relationship becomes,

O‘7" W
WP = I§·"*'*"" (2.1.9)

0 n‘7" W
V

* ·7 ‘ *7vl
where,

KhoIQ = (2.1.10)

and v} is the volume fraction as P -> oo . Hou uses Equations 2.1.9 and 2.1.10 with the

values ol; v; = 0.5, v§= 0.8, K = 50, and rz = 1.475 to achieve excellent correlation with

data reported by Gutowski [7].

The second modeling approach used in the current literature is empirically based. Dave,
Kardos and Dudukovic [8] relate the effective stress applied to a liber preform, P, to the
void ratio, 6, by the non-linear compaction law from Davis and Raymond [9]. Davis and

Raymond developed the following three parameter relationship for normally consol-
idated clay soils,
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Pe = c,—CClOg,0(T) (2.1.11)1

where Dave er al. [8] relates the void ratio in terms of the resin volume fraction by,

ve = —L— (2.1.12)1 ·· v
The void ratio e, is measured at a specified effective stress of P,. The parameter C„, is

called the compression index and is determined by experimentation. ’

Williams, Donnellan and Trabocco [10] introduce a "bed compressibility factor", E, to

obtain the following relationship,

P = E é— —l—— (2 1 12)VF
__

vroo Vro
—

vroo
. •

where v, is the resin volume fraction, and v„,, v,„ are the resin volume fractions when

P = 0 and as P —> oo respectively. Williams, Donnellan, and Trabocco [11] report data

values for a plain weave, glass fiber cloth and unidirectional graphite fibers. Equation

2.1.13 is used with modest results for the graphite fibers. Appreciable scatter is observed

for the glass cloth when compared to either the graphite fibers or the data reported by

Gutowski er al. [5]. Deviations between Equation 2.1.13 and the glass data are attri-

buted to drift in the displacement transducer used to measure fabric thickness.

The bulk density concept is used by Gauvin, Chabani, and LaFontaine [12] and Adams,

Miller, and Rebenfeld [13]. lf the saturating fluid is assumed to be much less dense than
the solid constituents, the total mass of the material, M,,,,,,, can be written as,

LITERATURE REVIEW 12



Mtotal = pBulk“VBuIk = psys (2·l·l4)

where p8,,,,, and p, represent the bulk and solid densities, and ¥„„,,, and ·V, are the bulk and

solid volumes. The bulk density of the material is related to the thickness and the areal

weight, where the areal weight é, is defined as the mass of material per unit surface area.

Using the definition of the solid volume fraction, the following expression is obtained,

éxy = (2.1.15)

where t is the material thickness. Additional knowledge of how the thickness changes

with the applied load is necessary for characterization of the pressure-porosity behavior
of the material.

2.1.3 Porosity-Permeability

Two major approaches have been used to relate the material porosity to the

permeability. Early work by Springer [14,15], Loos and Springer [16], and Hou [6] use

D’Arcy's law to model the saturated flow of resin through aligned fiber prepreg normal

the the plane of the plies. Halpin, Kardos and Dudukovic [17] use a quasi-three di-

mensional form of D’Arcy's law, and Coulter er al. [3] use a quasi-two dimensional

form, to simulate the resin flow. Each of these approaches assumes the permeability to

be independent of the compaction pressure during the manufacturing cycle.

To account for the permeability changes in the fibrous preform during processing,

Williams et al. [10] and Martin and Son [4] use the Kozeny theory. Kozeny's expression
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is an example of a hydraulic radius theory for flow through porous media. The
permeability is related to the porosity as follows,

64.2
K — S2 (2.1.16)

where C is a constant based on the cross-sectional shape of an idealized stream tube, gb

represents the material porosity, and S is the surface area per unit volume. For complex

geometries, the Kozeny constant, C, is often empirically determined since the fluid

channel does not have a constant cross-section, and is not straight.

The majority of the current processing models use a modification of Kozeny’s theory

attributed to Carman [7,13,17-22]. When the porous medium is composed of fibers of

diameter df, the Kozeny-Carman can be expressed as,

.12 3K = (2.1.17)(1 — ¢)

where rc is constant for a particular material and is usually determined by experiment.

Gutowski, Cai, Bauer, Boucher, Kingery, and Wineman [23] use Kozeny's original the-

ory to develop a slight modification of the Kozeny-Carman expression. The curved fiber

geometry and a Case 1 deformation behavior discussed in Section 2.1.2 are used to ob-

tain,

/22 _ , 2
.1,2 WK = WT (2.1.18)
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where v, is "the volume fraction for which all flow is essentially shut off'. Equation

2.1.18 and experimental data correlate well for the simulation of prepreg composite
manufacture.

2.2 CURE

The cure of epoxy resins is a thermo-chemical process which promotes the cross linking
of adjacent polymer chains. This process is dependent on the time-temperature history

during cure and the resin composition. Literature models for the cure of epoxy resins
are composed of two major sub-models; a heat transfer model to obtain the temperature

distribution in the resin and a chemical model to describe changes in polymer chemistry.

The temperature distribution is dependent on the tooling used to contain the resin/fiber

mixture and the internal heat generation due to exothermic chemical reactions. An un-

steady heat conduction equation of the following form is often used to model the heat

transfer.

ÖT Ö 6T ·p,C, (K, (2.2.1)

ln this expression, p represents the density, C is the specific heat, K is the thermal

conductivity, H, represents the rate of heat generation, and the subscript c refers to the

properties of the composite.

Many methods have been used to describe the changes in resin chemistry with time and
temperature. Lee, Loos and Springer [24] define the degree of cure, cx, to be the ratio
of the heat generated at time I, to the ultimate heat of reaction H,,, ie.
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Hm= l 2.2.2¤¤ HT, ( )

In general, the viscosity and the rate of change of the degree of cure are nonlinear
functions of temperature and degree of cure. The functional form of these expressions
is dependent on the resin being modeled. Lee er al. [24] describe the reaction rate of
Hercules 3501-6 with the following expression,

= (K, + K2oc)(l — oc)(B — oc) for ou 5 0.3 (2.2.3)

öoc
Y = K3(1 — oz) for oc > 0.3 (2.2.4)

where the rate constants IQ are expressed with Arrhenius type expressions of the form,

—— AE, _K, = A, exp z= 1,2,3 (2.2.5)

where R is the universal gas constant and AE] are the activation energies. Constants A,
and AE, are determined by differential scanning calorimetry (DSC) experiments. The
viscosity can then be expressed by,

= ex -+· K oz (2 2 6)’* Pw P RT # ‘ ‘

where U is the activation energy with respect to the viscosity. The values of um, U, and
K, are determined from isothermal viscosity tests.

LITERATURE REVIEW 16



3.0 INFILTRATION MODEL

Resin transfer molding is unique compared to other composite manufacturing methods

because the inültration and cure of the resin can be accomplished in one step. The resin

inültrates the über preform due to a differential between the internal resin pressure and

the externally applied pressure. Prepregging depends on gravitational, roller, and surface

forces for inültration. After inültration, additional heat and pressure is applied to com-

pletely cure the resin.

The inültration model was used to analytically simulate üow of a reactive resin into a

übrous reinforcement. Two fundamental assumptions have been used to develop the

model; the reinforcing material was assumed to behave as an anisotropic, homogenous,

elastic, porous medium and the resin was assumed to behave as a Newtonian viscous

üuid. Inültration depends on the interstitial microstructure of the material and the üuid

viscosity. Changes in the material due to the compaction pressure have been described

by the deformation sub-model. The üuid viscosity depends on the time-temperature

history of the resin. The inültration model will yield the position of the resin front versus
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time and the fiber volume fraction as functions of the compaction pressure, resin pres-
sure and the infiltration temperature.

3.1 FLOW SUB-MODEL

In some cases, material deformation can cause flow. Flow through a rigid porous ma-
terial is dependent on pressure gradients in the fluid, while a deforming material can also
develop flow due to a decrease in pore volume in the saturated region. Three combina-
tions of deformation and flow will be discussed; dry compaction, deformation of a ma-
terial completely saturated with fluid, and a material partially saturated with fluid.

Consider a porous material surrounded by an impermeable boundary. If a compaction
pressure is applied to a dry material, the solid will deform and the porosity will decrease
as shown in Figure 2. This process is called compaction. If the same material is com-
pletely saturated with a viscous fluid, the compaction pressure will be divided between
the solid and the liquid. Since the liquid is incompressible and cannot flow through the
boundaries, the system will not deform.

A partially saturated material will react very differently to an applied compaction pres-
sure. The interface between the saturated and unsaturated regions can be considered to
be a free surface and is labeled in Figure 3. Above the free surface, the system will be-

have as a dry material. Below the free surface, the system will behave as a completely
saturated material. A pressure gradient will develop in the liquid due to load transfer
from the solid material to the fluid. The resulting deformation of the saturated material
will decrease the porosity and cause fluid to flow into the dry region. The liquid will
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Figure 3. Deformation and flow of a partially saturated porous material with impermeable boundaries.
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continue to flow until a new equilibrium point is reached. When the compaction and
flow are coupled, the process is called consolidation.

—To simplify the infiltration occurring in RTM, this study will not involve consolidation.

Pressure on the dry material will cause compaction. However, the reinforcement will

not deform during flow.

Fluid motion in a porous material is best described by D’Arcy’s law, which states that
the velocity of the fluid v,, is directly proportional to the hydrodynamic potential vß, ie.

where the constant of proportionality is the resistance to flow. If the pressures applied

to the liquid are much larger than the pressure distribution developed by gravitational
forces, the hydrodynamic potential is equivalent to the gradient of the applied fluid

pressures.
l
In this case, D’Arcy’s law can be written as follows,

v = — -5iP (312)I ILL Z] • •

where P represents the fluid pressure, rt represents the viscosity, and IQ, represents the

permeability tensor. An adoption of Equation 3.1.2 implies four assumptions for the

flow; the effect of surface tension between the solid and the saturating fluid is ignored,

viscous forces are much larger than inertial forces, the fluid must behave according to
Newton’s viscosity law, and the material system must behave as a continuum.

Stresses due to intra—molecular attraction will develop near the interface between a solid
and one or more liquids. The resultant force developed in the free surface of the fluid
is called the surface tension. Surface tension is very important when trying to coat a fi-

INFILTRATION MODEL 21



ber with resin. lf the tension is large, the resin will not spread easily and will produce
uneven resin distributions and trap air within the resin. If the surface tension is low, the
resin will coat the fiber evenly. Surface forces could be important if a static fluid sup-
ports pressures of the same order of magnitude as the pressures used in processing.

The Reynolds number is defined as the ratio of the inertial forces to the viscous forces

in a moving fluid. For flow through a collection of fibers the Reynolds number is,

P11 dr V
R = —T**· (3.1.3)

where pf, represents the density of the fluid, and aß represents the diameter of the fibers.

When the velocity of the fluid becomes large enough for inertial effects to dominate, the
Reynolds number is called the critical Reynolds number. Philip [25] states that the flow

changes character near the critical Reynolds number from a linear laminar regime to a

nonlinear laminar regime. For porous materials, the critical Reynolds number is not

well established. The best estimate for fibrous materials is for Stokes (creeping) flow

around a cylinder in a uniform flow field. The critical Reynolds number in this case, is

approximately one as shown by White [26].

Equation 3.1.2 is valid for Newtonian viscous fluids. Newtonian fluids are those which
l

obey the following constitutive relationship,

öv= ·—— 3.].4r u ön ( )

where 1 is the shear stress, and is the velocity gradient in a direction normal to the

flow. Polymeric resins are usually non-Newtonian fluids. Often a power law expression
is used to describe the constitutive behavior of these materials as follows,

INFILTRATION MODEL 22



T = rr Ä P (3.1.5)ön

where p represents the slope of the log( versus log( curve and is considered

to be a material parameter.

During infiltration there are two distinct regions in the material; one is completely sat-

urated with liquid resin and the other is saturated with air. Infiltration is usually per-

formed by attaching a vacuum pump to the dry material and applying an external

pressure to the system. The energy required to move a volume ofair through the porous

material is much less than the energy needed to move an equal volume of resin, thus, the

air in front of the free surface will not affect infiltration.

The permeability of an anisotropic material can be described by a second order, sym-

metric, Cartesian tensor which obeys the tensor transformation law,

Kist = asiay Kij (3·1·6)

where 61,,, a„ represent the direction cosines between the primed and unprimed coordi-

nate systems. Since the permeability is a Cartesian tensor, there exists a system of co-

ordinates for which K], = 0 for all i aéj. This system is called the principal system of

coordinates.

Each term in the permeability tensor is important when trying to understand the physical

problem. For simplicity consider a two-dimensional, porous material composed of a

collection of straight, aligned fibers. The permeability tensor can be written as,
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[K11 K12] (3.1.7)
K12 K22

If a pressure gradient is applied along the axis of the übers, the resulting velocity vector
will be aligned with the übers as shown in Figure 4. If a pressure gradient is applied in
a direction transverse to the übers, the flow will also be transverse. Since there is no
velocity normal to the pressure gradient in either case, K2, = 0, and the coordinate system

is a principal coordinate system. If K,, = K2, , the flow characteristics in the axial and

transverse directions will be the same, thus the material will be isotropic to the üow. lf

the values of Kn and K2, are different, the material will be orthotropic to the üow.

Consider the same material with the übers rotated an angle 9 from the applied pressure
gradient as shown in Figure 5. Transforming the permeability tensor from the principal
directions with Equation 3.1.6, the off-diagonal terms will become non·zero. The re-

sulting velocity vector will no longer be aligned with the pressure gradient. This flow

_situation will be called a coupled üow and the off-diagonal terms of the permeability

tensor will be called coupling terms.

3.2 DEFORMATION SUB-MODEL

The permeability is dependent on the volume, shape, and orientation of the intercon-
nected pores in the solid material. To describe the resistance to flow as a function of the
applied pressure, the permeability must be related to the compaction pressure. Dis-
cussion of the changing permeability will be separated into three categories; the com-
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paction of the dry material, the relationship between the material thickness and porosity,
and the changes in permeability due to changes in porosity.

3.2.1 Compaction

The objective of the compaction model is to describe the thickness of the porous mate-
rial as a function of the applied compaction pressure. Systems of fibers exhibit a dra-
matic amount of stiffening [5-13]. Previous approaches to describe this behavior include
empirical methods, spring analogies, and curved beam theory. An empirical approach
was chosen for this study.

The stiffening behavior of fibrous reinforcements can be described as a nonlinear func-
tion of the applied compaction load as follows,

d' = 610 + 61l( ln P) + 612( ln P)2 + 613( ln P)3 + (3.2.1)

where 61" represents the total deflection of the material, and P represents the compaction
load applied to the material. The polynomial coefiicients 61,, are determined by a least
squares curve fit to the measured data. The order of the polynomial was chosen so that
the correlation coefficient between the Equation 3.2.1 and the data was at least 95 per-
cent.

Two disadvantages exist with this expression. First, the natural logarithm is not defined
for an argument of zero. If a small, finite value of load is assumed to yield zero de-
flection, Equation 3.2.1 can be modified as follows,

6z’= — a”(PZe,,,) -1- 610 + 61,( ln P) -1- C12(lI1 P)2 -1- 613( ln P)3 + (3.2.2)
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where Pw, is the load for zero deflection.

The second disadvantage is the difficulty to describe path dependent behavior. Path

dependency exists when the material behaves differently during loading than during un-

loading. To account for this behavior, the loading and unloading data were fit sepa-

rately to Equation 3.2.1. The loading curve was adjusted as in Equation 3.2.2 to obtain

the following expression for loading,

dL = — d’(Pzelo) + al, + al ln(PL) + a2( ln PL)2 + a3(1n PL)3 -1- (3.2.3)

and for unloading,

d’U = bo + bl ln(PU) + b2( ln PU)2 + b3( ln PU)3 + (3.2.4)

where the deflection d'„ is dependent on the value of the load reversal point used during

testing. The unloading expression must be modified for any value of the load reversal.

For continuous load-deflection behavior,

dL(Pm„J = du(Pm„) (32-5)

where PM represents the load reversal point and dl, is the corrected deflection for un-

loading. If

dL(Pm„) < du(Pm„) (3-2-6)

then the unloading expression becomes

bo + bl(1n P) + b2( In P)2 + b3( ln P)3 (3.2.7)
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A similar procedure can be used to modify multiple loading/unloading cycles for any set

of load reversal values. If the uncompressed thickness is known and several compression

tests are conducted, the thickness of the material can be determined for any load history.

3.2.2 Porosity

The porosity of a material is defined as the volume of interconnected pores divided by

the total volume. The volume of solid divided by the total volume is called the solid

volume fraction or the fiber volume fraction and is related to the porosity by Equation

2.1.3. A compaction load will cause the thickness and pore volume of the material to

decrease. Gauvin et al. [12] approach has been used to determine the relationship be-

tween compaction pressure and porosity.

Gauvin et al. [12] consider a porous material completely saturated with a fluid. The

mass of the solid-fluid mixture is

Mtot = psy: + p_/TV]? =pbulkytotwhere

p, and -1/, represent the density and volume, respectively, of the solid and pf, and
llf, represent the density and volume of the fluid. The bulk density, which is defined as

the density of the solid—fluid mixture, can be written as follows,

p = p i + p jl (3 2 9)bulk S ¥ror /7 ‘V:or
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Since Equation 3.2.8 is valid for any fluid, assume the density of the fluid is much smaller

than the density of the solid. Using Equations 2.1.3 and 3.2.9, the fiber volume fraction

can be written as,

i :9. : 1-4> : -1)%*- (3.2.10)
S

The bulk density can be described in terms of material parameters. The areal weight,

or the surface density, is defined as the mass of material divided by the macroscopic

surface area. This quantity is usually specified by textile manufacturers to describe the

"weight" of a material.

Consider rz plies of material with an areal weight é. The bulk density can be written as,

M é/)::::11: = "}"' (3-2-11)

where t is the thickness of rz plies. If more than one type of material is used, the bulk

density becomes,

N
.:>:..„. = (32-12)

::1

where N represents the total number of different materials. Combing Equations 3.2.10,

and 3.2.12, the fiber volume fraction can be written as,
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n-fl= 1- = 4- 3.2.13ir 3 < >

!=l

With this expression the solid volume fraction can be determined for any applied com-
paction pressure provided the density of the solid material, areal weight, and the com-
paction coefficients are known.

3.2.3 Permeability (

The final relationship required to model the infiltration process is an expression for the
permeability as a function of material porosity. This section describes the permeability
of a network of fibers by the hydraulic radius theory as described by Scheidegger [27].
This approach is attributed to Kozeny who describes the porous medium as a collection
of channels. Kozeny defines the hydraulic radius as the ratio of the total volume of

material to the exposed surface area. This description assumes that the distribution of
similar sized pores in the material is random, the porosity is not excessively high, no

diffusion is present (ie. the fluid motion occurs due to applied pressures and not due to
surface effects), and the flow through the porous material is similar to flow through a

capillary.

From dimensional analysis, Kozeny assumes the permeability can be written as,

K = Jig (3 2 14)fa
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where m is the hydraulic radius, and T;.-L represents a nondimensional factor related to
¢

the porosity of the material. Navier-Stokes equation is solved for a collection of stream
tubes normal to the flow to determine the form of this nondimensional factor.

D'Arcy’s law is adapted by Kozeny to account for the actual distance a fluid particle
travels within the porous material by modifying the pressure gradient as follows,

PM: lp- (3215)v T v · ·

where P,} represents the pressure gradient assuming a straight flow path, P’,, represents
the adjusted gradient, and T represents the "tortuosity", defined as the actual path
length divided by the apparent length through the material.

Comparing the solution of Navier-Stokes equation with the adjusted form of D’Arcy’s
law, Kozeny obtains

3· K = ig; (3.2.16)
TS

where c is related to the cross—sectional shape of an idealized stream tube, and S re-
presents the specific surface. Kozeny defines the specific surface as the surface area ex-

posed to the flow divided by the total volume.

Carman extends Kozeny’s original work by selecting the value of c to match exper-
imental data. Carman also redefines the specific surface to be the surface area exposed
to the flow divided by the solid volume and obtains,

S
3

K = (3.2.17)5 TS), (1 — gb)
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were S), represents Carman's specific surface.

To extend Equation 3.2.17 to systems of fibers, an empirical constant, 1c , is typically
introduced to obtain

812 3K = (3.2.18)(J · ¢>)

where rc is called the Kozeny-Carman constant, The Kozeny-Carman constant accounts
for the shape of the stream tube and the tortuosity.

To extend Equation 3.2.18 to include anisotropy, the Kozeny-Carman constant is as-
sumed to be directionally dependent, ie.

df ¢»3
Kj = (3.2.19)J U —¢>)

To use this expression with D’Arcy’s law, an experimental investigation would be needed

to determine the six unknown Kozeny-Carman constants.
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4.0 CURE MODEL

To effectively simulate the RTM manufacturing method, the characteristics of the resin

system need to be known during inliltration and cure. The approach developed by Loos

and Springer [28] for the cure of graphite-epoxy prepregs was used to describe the heat

transfer through the saturated reinforcement and cure of the resin. Changes in viscosity

must be characterized so that D’Arcy’s law can be used to describe the flow of resin.

Other characteristics which need to be known include the progression of the chemical

reactions and the heat generated by these reactions. The viscosity and extent of cure

depend on the time-temperature history of the system and the resin chernistry. The re-

sin temperature is assumed to be uniform during the infiltration process, neglecting the

temperature lag due to conduction through the tooling and the heat generated by the

curing resin. For thin laminates and slow heating~cooling rates, these effects will be

negligible. The cure model will be discussed in three sections; heat transfer, resin kinetics

and viscosity sub-models.
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4.1 HEAT TRANSFER SUB-MODEL

Heat is typically transferred to the composite from an autoclave or heated platen press.
In the autoclave the outer surface of the tooling is heated by forced convection from a
uniform environment and is transferred to the composite by conduction through the tool
plate and the breather plies. Due to changes in the environment and the chemical re-
actions occurring within the resin, the temperature within the reinforcement will vary

_ with time and position, ie.

‘ T = T(z, z) (4.1.1)

A schematic of the tooling surrounding the composite is shown in Figure 6.

The equations governing the heat transfer are derived from a one-dimensional form of
the conservation of energy. Conduction of heat within the tooling and breather plies is
governed by the following expression,

where p is the density of the material, C is the specific heat, and K represents the thermal
conductivity. The subscript i in this equation refers to either the tool plate or the bleeder
plies.

This form of the conservation of energy must be altered slightly before it can be applied
to the composite laminate since heat is produced within the resin due to exothermic
chemical reactions. To account for the additional energy, Equation 4.1.2 can be modi-
fied by introducing a heat generation term as follows,
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Figure 6. Vacuum bag schematic used to model heat transfer during RTM.
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6T 6 6T ·pCHC (4.1.3)

where H, represents the rate of heat generation, and the subscript c refers to the prop-

erties of the composite.

To determine the effective thermal properties of the composite, Loos and Springer [28]

develop relationships for the composite material properties in terms of the properties of

the fiber and resin. Using a ’rule of mixtures’ approach, the specific heat, density and

heat generation for the composite can be written as,

C, = Cf+(C,— Cf)m, (4.1.4)

0. = 0;+ (0.- 0;)v„ (41-5)

H = Ji V H (4 1 6)C pc F T ° °

where m, represents the mass fraction of resin, H, is the heat generated within the resin,

and H, is the heat generated within the composite. The values denoted with subscripts

f and r refer to the fiber and resin, respectively. Springer and Tsai [29] express the

thermal conductivity of the composite for unidirectional fibers systems as follows,

/1 BFH
K — 1 2

V/i
K Kr 4 —l — E_ C- — «/7,- ,+ *3; 7t—·Ti?t8.I1 ll? (4.1.7)/1 _ HH

V-.where,
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lf the heat of reaction of the resin is known, Equations 4.1.2 and 4.1.3 can be solved for
the temperature distribution within the composite. Heat generation in the saturated re-
inforcement is difficult to describe since it also depends on the time-temperature history
of the resin. To describe the heat generation it is necessary to examine the chemistry

of the resin system.

4.2 KINETICS SUB-MODEL

The purpose of the kinetics sub-model is to describe the rate of heat generated within

the resin as a function of temperature and time. Assuming the heat liberated at time t,

H,(T,t), is proportional to the total heat generated during the cure of the resin, the degree

of cure can be defined as,

H,(T, r)oc —
Hp (4.2.1)

where HT, represents the total heat of reaction such that H, —» HT, as z —> oo. The degree

of cure oc, varies from 0 to 1 and is related to the extent of the chemical reactions. If

Equation 4.2.1 is differentiated with respect to time, the rate of heat generation can be

written as,

· öotH,(T, I) = H7}? (4.2.2)

CURE MODEL 38



where is called the reaction rate or the cure rate.

The reaction rate and total heat oF reaction are dependent on the chemical Formulation

oF the resin system and must be determined From experiments. Since the total heat oF

reaction is assumed to be constant, the reaction rate can be expressed as,

22- = f (T t) (4.2.3)öz ’

Lee, et al. [24] describe the Functional expression oF the reaction rate For Hercules 350l-6

with expressions of the Form,

= (K1 — K2oc)(l — ot)(B — ot) For oc $ 0.3 (4.2.4)

öoc
Y = K3(l — oc) For oz > 0.3 (4.2.5)

where K can be expressed as,

AE .K} = Ai exp - 727* 1= 1,2,3 (4.2.6)

where R represents the universal gas constant. The activation energies, AE, and the

pre-exponential Factors, A,, are determined From differential scanning calorimetry (DSC)

experiments.

Assuming no diffusion oF chemical species, the degree oF cure can be determined For any

reaction rate by,
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o

which must be numerically integrated to estimate the progression of the chemical re-

actions within the composite.

4.3 VISCOSITY SUB-MODEL

To apply D’Arcy's law to the infiltration of a reactive resin, the viscosity must be known.

In general, the viscosity depends on the time-temperature history and the shear rate of

the resin. Since the resin was assumed to be a Newtonian fluid, the viscosity is inde-

pendent of the shear rate and can be written functionally as,

u = f (T- ¢) (43-1)

or in terms of the degree of cure,

LL = f (T, ¤<) (43-2)

As with the resin kinetics, the functional form of the viscosity depends on the resin sys-

tem being considered. Lee et al. [24] describe the viscosity of Hercules 3501-6 with the

following expression,

UD = um exp< -iz-7: + K/loc) (4.3.3)
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where the degree of cure is determined from the kinetics sub-model and constants
pw, U, and Kl, are determined from isothermal viscosity experiments.
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5.0 NUMERICAL SOLUTION PROCEDURES

The RTM manufacturing method has been modeled in two parts: infiltration and cure

of the resin. From the infiltration model, D’Arcy’s law governs the motion of the resin

within the porous reinforcement. The viscosity is determined from the temperature
within the composite and the resin kinetics. Once infiltration is completed, the transient
heat transfer and the kinetics models are used to describe the thermo—chemical changes
within the composite.

A quasi—steady state solution of the governing equations has been attempted for the in-

filtration and cure models. The finite element method was used to determine the posi-

tion of the resin within the reinforcement. Motion of the infiltration front was simulated

by adding an element to the computational mesh at each time step. Heat transfer during

final cure was modeled using a one-dimensional, finite difference method. Both solution

methodologies will be outlined in the following sections.
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5.1 GOVERNING EQUATIONS

This section contains a review of the governing differential equations for the RTM
process simulation model. Development of these equations has been described in detail
in Chapters 3 and 4.

Infiltration is governed by D’Arcy’s law for flow of‘ a viscous fluid through an
anisotropic, homogenous, porous medium as fbllows,

— P 3 1 2vl "'°
_

y, gj ( •
· )

The permeability tensor can be related to the applied compaction pressure by the com-

paction coefficients, pressure-porosity relationship, and the Kozeny-Carman relation as

follows,

d = — d'(Pz€m) + ao + al ln P + a2( ln P)2 + a3( ln P)3 + (3.2.2)

N
ng.= 1 — = —L# 3.2.13

1:1

d2 (/,53
[Qi = (3.2.19)

" (1 —¢>)

To describe the changes in viscosity of the resin with temperature and time, the viscosity
and kinetics sub-models were used. For Hercules 3501-6 the viscosity can be written as,
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,LL = pw exp( + Kßot) (4.3.3)

were the degree of cure can be obtained by numerical integration of the following ex-
pressions,

—%°;L = (K1 + Kza) (1 — oz) (B — oz) for a g 0.3 (4.2.4)

öot K~ E- = 3(1 — ot) for ot > 0.3 (4.2.5)

where,

1 •Ki = Ai exp 1= 1,2,3 (4.2.6)

Heat transfer into the composite can be simulated with the following system of
equations: for the composite,

6T 6 6T ·PCG}? = gg (K6;) + ß6H6 (41-3)

and for the breather plies and the tool plate,

6T 6 6Tmq? = 6; (*6;) <"·‘·2>
The material constants Cc, pc, HC, and K„ are related to the constituent material proper-
ties by the following expressions,

CC = Cf+(C,— Cf)m, (4.1.4)
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Pc = 11;+ (p„ — p;)v„ (4-1-5)

H = Ü- V H (4 1 6)C pc T l' ‘ '

/ B} 17
__ Kr 4 -1 1 —

1tKC - 1-2 -,;- K,+ -1; 1:-——T-tan -—-il- (4.1.7)’
. /, _ fc; 1 + 118/Ä.-?

, TE

where,

B — 2 Ä 1 4 1 8f " K}! _ ( ' • )

5.2 INITIAL AND BOUNDARY CONDITIONS

The governing differential equations are subjected to certain initial and boundary con-

ditions. Several of these conditions have been discussed in previous sections, but will
be restated here, in proper mathematical form, for completeness.

lnfiltration of a resin into a rigid preform was assumed to occur at a uniform temper-

ature. Assuming t = O at the beginning of the flow, these conditions can be written as,

0c(T, I) = 0 at I = O (5.2.1)

P = const for t 2 0 (5.2.2) _

T(z, t) = T(t) for 0 S t S (/HI (5.2.3)
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were T(1) represents the temperature as a function of time, and 1„,, is the time required

to completely infiltrate the material.

Pressures applied to the resin and the dry preform depend on the tooling and environ-

ment surrounding the system. Consider the vacuum bag infiltration technique shown

schematically in Figure 7. Resin is placed on a tool surface and the reinforcement is
placed on top of the resin. A vacuum bag and several breather plies cover the resin and

the reinforcement. During autoclave processing, a vacuum pressure is established and

held inside the bag while an autoclave pressure is applied to the outside of the bag.

The compaction pressure applied to the dry material is a combination of the autoclave

pressure and the vacuum pressure. The pressure differential which forces the resin into

the dry reinforcement is also a combination of the vacuum and autoclave pressures.
Pressure at the advancing resin front is the same as the pressure in the pores of the dry

material, which in this case, is the vacuum pressure. The pressure in the neat resin is
equivalent to the pressure on the outside of the system. Pressure gradients will not exist

in the resin outside the reinforcement.

In the RTM processing model, the temperature and degree of cure are assumed to be

uniform at time 1 = 1,,,. The degree of cure can be deterrnined from the time-temperature

history during intiltration and the kinetics model.

Boundary conditions for the heat transfer analysis consist of two types; conduction

boundary conditions at z = 0 and z = I,, and convection boundary conditions at

z = — IT and z = I, + I, where the boundary positions I,, IT, and I, are shown in Figure 6.
U

The conduction boundary conditions require equality of the heat fIux and temperature
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.·Figure7. Vacuum bag schematic for discussion of the boundary conditions.
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across the interface. For the tool-plate/composite interface (z = 0) , these conditions can
be written as,

K CCT K CTC 6 2 4T öz C- C öz ( ° ‘ )

C
TT = TC (5.2.5)

where the subscripts T and c refer to the tool plate and the composite respectively. For
the composite-breather interface (z = IC) these conditions can be written as,

K GTC K ÖTC C 6 2 6C öz
_ C öz ( ° ” )

C TC = TC (5.2.7)

where the subscript b refers to the breather material.

When an autoclave is used to apply heat and pressure to the composite, the outer sur-
faces of the tool plate and the vacuum bag are subjected to forced convection from an
environment which is at a uniform temperature TC. Introducing the convective heat
transfer coefIicients hr and ho for the tool plate and the vacuum bag surfaces respec-
tively, the boundary conditions can be written as follows,

Ta "' TT) at Z = '* IT

= hO (TC — Tb) at Z = IC + Ib (5.2.9)

If a platen press is used to process the composite, the temperature at the boundaries

z = — IT and z = IC + IC will be equal to the applied cure temperature TC.
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Solution of D’Arcy’s law (Equation 3.1.2) with the kinetics and viscosity models

(Equations 4.2.4 - 4.2.6 and 4.3.3) subjected to proper the boundary conditions

(Equations 5.2.1 - 5.2.3) will yield the position, viscosity, degree of cure, pressure, and

velocity of the resin during infiltration. Solution for the transient heat transfer

(Equations 4.1.2 and 4.1.3), subjected to convective and conductive boundary conditions

(Equations 5.2.4 - 5.2.9) will yield the temperature, viscosity and degree of cure of the

resin after infiltration.

5.3 FINITE ELEMENT FORMULATION

A finite element technique has been used to solve the infiltration problem in a quasi-
steady state fashion. An analogy with the standard linear-elastic stress formulation can

be used by defining a gradient vector {g} as follows,

ill
öx{gl = ÖP (5-3-1)
öy

lncorporating this vector into D’Arcy’s law, Equation 3.1.2 becomes,

{V} = [KJ

{6}Hooke’slaw for elastic deformation can be written as,

{6} = [C] {6} {6.3.3}
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where {6} represents the stress vector, {6} represents the strain vector and [C] is a
tensor of elastic coefficients. Equations 5.3.2 and 5.3.3 are the constitutive equations for
the viscous flow and the elastic stress problems, respectively. If Equations 5.3.2 and
5.3.3 are written in terms of nodal values, the constitutive equations become,

{Vi} = [K] [B] {61} (5-3-4)

{U,} = [c] [B] {r,} (5.3.5)

where [B] represents derivatives of the element interpolation functions, {g,} represents
the pressure gradients at the nodal points and {r,} represents the nodal displacements.
Since these equations are identical, the formulation of the finite element procedure is the
same for the porous flow problem as for the linear elasticity problem.

Using the principal of minimum potential energy, the functional for the porous flow
problem can be written as,

1 2* 2*x {V} 6//4 — I 61 {N} 6/5 (5-3-6)
y 6

where {N} represents a vector of the shape functions and q represents the externally
applied loads on the surface S. Using the constitutive equation the functional becomes,

1x = gf {P.}T[B]T[K] [B] {P1} 6/V — { 61 {N}T{P1} 6/5 (5-3-7)4-6 6

where {P,} represents a vector of nodal pressures.
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Minimizing the functional results in the following system of simultaneous algebraic
equations,

[.Y]{P1} = {Q} (5.3.8)

The global stiffness matrix [Z], and global load vector {Q} , are defined as follows,

[Z] = I EBIITEKZI [B] dv (5.3.9)
¥

{Q} = I q {N}TdS (5.3.10)s

The solution of this system of equations will yield the pressure at each node. A two-
dimensional form of Equations 5.3.9 and 5.3.10 can be written in terms of a transformed
coordinate system s and z ( -1 S s,t S 1) as follows,

1 1[2] [16] I1! 11141 (5.3.11)
-1

-1

1
1

(Q} = 1 q {1v)T IJI 115111 (5.3.12)

where IJ I is the determinant of the Jacobian transformation matrix which can be writ-
ten in terms of the interpolation functions as follows,
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IJI = xf.}’)(NI•s1\/jjvt
— Nivt^G•s) (5·3·l3)

where (xj, y,) are the global coordinates of the i"' node and {N} is written in terms of the
transformed coordinates s and t.

A Gaussian integration technique was used to numerically integrate the system of gov-
erning equations. Gauss quadrature approximates an integral in the following manner,

1 72

I j(x) dx é IL_/(cg) (5.3.14)

where n is the total number of Gauss points (points at which the Gaussian integration
technique is applied), IL represents the weighting functions and j(aj) is the integrand
j(x) evaluated at Gauss point aj . Finally, the stiffness matrix and load vector can be
approximated as follows,

fl
R

[2] = H,1L[ß]T[1<] [6] IJI (5.3.15)
. !=ll=1

H

{Q}i=l

An eight-node quadrilateral element was chosen for the solution of D’Arcy’s law. The
local nodal numbering scheme and the location of the integration points is shown in
Figure 8. The interpolation functions for this element are as follows,
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Figure 8. Eight-node quadrilateral element with the Gaussian integration points and the local nodal
numbering scheme.
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N, = -37 (1+ss,)(1+tt,)(ss,+tt,—l) for i= 1,3,5, and7 (5.3.17)

N, = % (1—s2)(l-1-tt,) for i=2and6 (5.3.18)

N, = -ä (1- t2) (1 + ss,) for i= 4 and 8 (5.3.19)

where s, and t, are the coordinates of the i"' node in the transformed space.

A two point Gaussian quadrature method was used to approximate the integration of

the global stilfness matrix and the global load vector. In this case, the weighting func-

tions are,

H, = 1.0 for 1$i$n (5.3.20)

To simulate the motion of the inliltration front, an element is added to the computa-

tional mesh at the end of each time step in the following manner,

AZresin(tl+l) = Ati vz (Zresin(ti)) (5321)

where Az,„,„ is the length of the element, At, is the time step, and v,(z,„,„(t,)) is the velocity

of the resin front at time t,. Figure 9 is a logic diagram for the step-wise solution of the
infiltration model.
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MOVE BOUNDARY CONDITIONS
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INFILTRATION COMPLETE
NO ?

YES

END

Figure 9. Logic diagram for the quasi-steady state infiltration process.
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5.4 FINITE DIFFERENCE FORMULATION

A finite difference technique developed by Loos [30] was used to solve for the temper-
ature in the composite during cure. A schematic of a typical finite difference grid is
shown in Figure 10.

The heat transfer model requires the approximation of the three differential terms in
Equation 4.1.3. The first time derivative is approximated by a forward difference tech-
nique and can be expressed as,

ÖT L 7}(t + At) — 7}(z)
pC öl

— pC At (5.4.1)

for any node away from the boundaries z = — IT, z = 0, z = I, and z = I, + 1,, . The sub-
script j refers to the temperature at the j"' node. The density and specific heat of each
material are assumed to be constant in space and time.

The space derivative in Equations 4.1.3 and 4.1.2 can be approximated by the following
expression,

Ö ÖT _ 27}+10+ Az) 27}(z+ Az)
öz öz

_
Azn [AZ,] .]. Az,, Az,,_l

5 4 22@_1(r+Az) ( ' '
[Az„where

Az„ is the distance between nodes j and j + 1 .

ln general, the last term in Equation 4.1.3 can be written as,
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Figure 10. Finite difference grid for numerical solution of the heat transfer problem.
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(5.4.3)

and in forward, finite difference notation as,

. oz—(1+ A1) — cx-(1)
pcHc é p,v,Hn—¥·KT——¥- (5.4.4)

For Hercules 3501-6, the degree of cure at 1+ A1 can be determined by the following

expressions

aj(1 + A1) = 1xj(1) -1- [K,(1 + A1) + K2(1 + A1)aj(1)]
for o1j(1) S 0.3 (5.4.5)

[1- o1j(t)] [B A1

ocj(I + A1) = aj(1) + K3(1 + A1)[1 — 1xj(1)] At for 1xj(1) > 0.3 (5.4.6)

K A A
— AE ° 1 2 3 5 4 7,(1+ 1) - iexp RT([+AI) 1- ,, (..)

Equations 5.4.1, 5.4.2 and 5.4.3 can be combined to yield a system of 11, + 11,+ 11,, — 1

equations in terms of the nodal temperatures as follows

pi C, @(1 + A1)- @(1) 2@+,(1 + A1) 2@(1 + A1)
IQ AI Az, [Ap, + Az„_,] 421. 44.-1 5 4 82@_,(1+ A1) ( ' ° )

+ —-———-———-———-
AZ11—l [A21: + AZ11-1]

for the tool plate and breather plies, and
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pc C, 7}(: + A:) — 7}(:) 27}+,(: + A:) 2@(: + A:)
K6 AJ —

Az,, [Az,, + Az,,_,] Azn Azn-1
2T_ :+ A:_,_ (5_4_g)Az,,_, [Az,, + Az,,_,]

pr vr [-[Tr OCj(I + Al) —· dj(I)
+ K, A:

for the composite.

The boundary conditions must be satisfied at the top and bottom of the tooling and at
each interface where material properties change. Expressing the boundary conditions in
finite difference notation, Equation 5.2.4 becomes,

KT KT{l + 20:,,_,1,,_,) KC(l +20:,,1,,)—————T_:+A: + —i——l-+——-l T- :+A:Az,,_, J ‘( )
I: 20:,,_,1,,_,Az,,_, 20:,,1,,Az,, J( )

--1i T (:+A:) = -—L—+—L T-(:)Az,, J+‘
20:,,_,1,,_,Az,,_, 20:,,1,,Az,, J

K„U,,(: + A:)A:
5.4.1020:,,1,,Az,, ( )

where,

:1,,:: + A:) = 1::: + A:)
pTCpT

N = flT+I = I1T+I

O, = Ä = ..Ln—l pTCT n—l
AZ2n_l
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" p„C. " A22,

where R,, is the rate of reaction in region 11, and Equation 5.2.6 becomes,

K6 Kc(1 + 2an—1Ä'n-1)KB(l————T_1+A1 + ——————-+————i T 1+A1Az,,_, J ‘( )
Ii 2cx,,_,).,,_,Az,,_, 2ot,,,l,,Az,, !( )

KB T At K” + KB T_
Az„ }+‘(t + ) —

2o1,,_,„l,,_,Az,,__,2o1,,l,,Az,,+

———-——- 5.4.11)
2°‘n—1Än-1AZn-1

(

where,

rz = nT+nC+1 j = nT+nC+1

”‘ ß.C.

,, - £n PBCB

At z = — I, and z = I, +1, the heat flux boundary conditions, Equations 5.2.8 and 5.2.9,
will become,

hT1 + 2a„„l,,(1 + -1;; Az„) 7}(t + A1) — 261,,„1,,@+,(1 + A1)

hr
= 261,,,1,, 7<— Az,, T„(1 + A1) + @(1) (5.4.12)T

NUMERICAL SOLUTION PROCEDURES 60



where,

H = I = I

a - ..&.”
PTCT

and

ho~ 1 + 2oc„„l„(1 -1- Az„) 7}(t + Ar) - 2a„„l„7}__](t + A1)

ho= 2oc„A„—I€.—Az„T„(t+At) + 7}(t) (5.4.13)B

where,

n = nT+rzC+nB j = nT+nc+nB+l

tx - le.H PBCB

5.5 COMPUTER PROGRAM INFIL

The infiltration and cure of a reactive resin in an anisotropic homogenous porous me-
dium has been simulated by the infiltration and cure models. The governing equations
have been numerically solved in the Fortran computer code INFIL. The infiltration
equations are solved using the finite element method and the heat transfer equations are
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solved using a finite difference method. Changes in the interstitial microstructure have

been accounted for by changes in the material permeability tensor.

The necessary input parameters for INFIL are as followsz

Problem Geometry:
1. Length of the composite y
2. Width of the composite
3. Initial finite element mesh geometry
Solid Material Characteristics:
l. Number of layers
2. Areal weight
3. Uncompacted thickness
4. Fiber diameter
5. Fiber density
6. Compaction coefficients
7. Kozeny—Carman coefficients
Resin Characteristics:
l. Resin Density
2. Kinetics coefficients
3. Viscosity coefficients
Heat Transfer Characteristics: .
1. Number of divisions in the tool plate
2. Number of divisions in the composite
3. Number of divisions in the breather plies
4. Initial temperature
5. Total heat of reaction of the resin
6. Thermal conductivities of each material
7. Convective heat transfer coefficients of the boundary materials
8. Temperature history of the environment

The logic diagram shown in Figure ll, represents the general organization of the com-

puter program INFIL. A
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TEMPERATURE COMPACTION FABRICHISTORY PRESSURE CHARACTERISTICS

RESIN PERMEABILITY
CHARACTERISTICS TENSOR

D'ARCY'S
LAW

WRITE NEW
RESIN POSITION

INFILTRATION
COMPLETE

?

YES HEAT TRANSFER
COEFFICIENTS

CURE

Figure Il. Logic diagram for computer program INFIL.
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6.0 EXPERIMENTAL METHODS

An experimental program was performed to obtain the input parameters for the process
simulation model, to verify the model, and to compare the quality of laminates produced
by the RTM manufacturing method to laminates produced with prepregged materials.
The program consisted of three phases: an investigation of the compaction character-
istics of reinforcing fabrics, through-the-thickness and in—plane permeability experiments
at various compaction pressures, and mechanical characterization of cured laminates.
Each phase of the experimental program will be discussed on the basis of the equipment
used to perform the test, preparation of test specimens, testing procedures, and analysis
of the experimental data.

6.1 MATERIALS

Two reinforcing materials and three resin systems were used for the experimental pro-
gram. Preliminary compaction experiments were performed on an eight-harness—satin
fabric, woven from 3000 ülament tows of Celion carbon über (C3k/SHS). This fabric

EXPERIMENTAL METHODS 64



was woven by Textile Products Inc. with 24 tows per unit length in the warp direction
and 23 tows per unit length in the fill direction. The balance of the experimental pro-
gram was performed with a material constructed from 6000 filament tows of Hercules
IM7 fiber woven in an eight-harness-satin pattern by Textile Technologies Inc.
(IM7/8HS). The IM7 fabric was constructed with 23 tows in the warp direction and 23
tows in the fill direction. Mechanical properties determined during this study were
compared to laminate properties of an eight-harness satin fabric woven from 3000 lila-
ment tows of Hercules AS4 1iber(AS4/8HS). This material consisted of 19 tows in each
of the warp and fill directions. Table 1 contains additional characteristics of each fabric.

Laminates were manufactured to validate the RTM process simulation model and to
compare the elastic mechanical properties to laminates produced from prepregged fab-
rics. The IM7/8HS fabric was infiltrated and cured with either Hercules 3501-6,

Hercules 8551-2, or Shell RSL 1282/9470 resin systems. Hercules 3501-6 is a cormnon

thermosetting resin system which has the consistency of a tacky solid in its B-staged,

room temperature form. Hercules 8551-2 is also a high viscosity resin with base resin

characteristics similar to the 3501-6 resin system. Shell RSL 1282/9470 is a low viscosity,

two part, thermosetting resin consisting of research resin RSL 1282 and Epon Curing
Agent® 9470. When mixed with 32.4 percent by mass of curing agent (32.4 phr) at room

temperature, this resin has the consistency of room temperature honey and is intended
to be used for lilament winding and RTM.
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Table 1. Fabric Properties.

Textile Products C3k/8HS Style 4245

Areal Weight 0.370 Kg/m3
Fiber Diameter 7 x 10-3 m
Fiber Density 1.77 x 103 Kg/m3
Uncompacted Thickness 6.10 x 10*3 m

TTI IM7/8HS Style X-1226

Areal Weight 0.422 Kg/mz
Fiber Diameter 5 x 10·° xn
Fiber Density 1.78 x 103 Kg/m3
Uncornpacted Thickness 6.83 x 10** rn

Hercules AS4/8HS Style A*370-8H

Areal Weight 0.370 Kg/m3
Fiber Diameter 8 x l0·‘ m
Fiber Density 1.80 x 103 Kg/m3
Cured Thickness 3.40 x 10*** m
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6.2 COMPACTION EXPERIMENTS

The goal of the compaction experiments was to describe the 1oad—dellection behavior of
common textile reinforcements. During RTM the dry reinforcement is compacted to
force the resin into the fiber bundles and to increase the fiber volume fraction. To de-
scribe the deformation with Equation 3.2.2, the compaction coeflicients, 61,, zero pres-
sure, PM, , and the order of the polynomial must be determined for each material and
each load cycle.

6.2.1 Test Equipment

A fixture was constructed to contain the fabric while applying a uniform compaction
pressure to the test specimen. The fixture consisted of male and female halves with a test
section measuring 153 by 172 mm. A plexiglass window was placed in one side of the
fixture so that the relative position of the plunger and fabric could be observed during
the experiment. A schematic of the test lixture is shown in Figure 12.

Compressive loads were applied by an lnstron model 1321 multi-axial testing machine.
So that the weight of the male half of the lixture would not affect the test results, it was
suspended from the upper grip on the testing machine by four threaded rods. The female
portion of the fixture was placed on a 9.5 mm thick aluminum plate to spread the ap-
plied load over a larger area. Figure 13 is a photograph of the lixture mounted in the
testing machine during an experiment. Values of the load were measured by the load
cell in the testing machine and the displacement of the fabric and Hxture was measured
by a Linear Voltage Displacement Transducer (LVDT) mounted to the lower actuator.
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Figure I2. Schematic representation of the test fixture used for the compaction experiments.
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An IBM personal computer was used to record the experimental loads and displace-
ments.

6.2.2 Sample Preparation _

Test specimens were oriented so that the 172 mm specimen edge was parallel to the warp
or roll direction. Prior to cutting the fabric, the material was adjusted so that the indi-
vidual tows in the warp and fill directions were straight and so that the fill tows were
perpendicular to the warp tows. Correct alignment was maintained during cutting by
taping the selvage to the cutting surface as shown in Figure 14.

6.2.3 Procedure

The specified number of plies were placed in the test fixture after stray tows were re-
moved from the edge of the specimen. Proper placement of each layer is important since
careless specimen preparation will adversely affect the displacement results due to
macroscopic ply bending. The fixture was closed until the bottom surface of the plunger
was approximately 2 mm from the top of the fabric. The load cell and displacement
transducer were zeroed at this stage of the experiment. y

The fabric was compressed at a constant displacement rate of 1.3mm/min. When the
load on the fabric and fixture reached 36 kN, the motion of the actuator was reversed
and the fabric was unloaded at the same rate. A compressive load of 36 kN on a 153
by 172 rnrn specimen will produce a compaction pressure of approximately 1400 kPa
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Figure 14. Fabric geometry and directions used for sample preparation.
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which is the maximum typical processing pressure for thermosetting matrix composites.
Each specimen was loaded and unloaded four times to examine the recompaction be-
havior of the materials.

6.2.4 Data Analysis

Several tests were conducted without fabric to determine the deflection characteristics
of the fixture. Since the displacement transducer was zeroed before load was applied the
data was adjusted as follows,

dlix = ddata
_" C (6·2·l)

were 61,,,,, represents the deflection data as measured in the testing machine, dm represents
the adjusted tixture deflection and C is a constant. Next, the adjusted deflection was fit
with Equation 3.2.1 by a least squares procedure. The order of the polynomial was
chosen so that the curve fit was visibly accurate and the correlation coeflicient was at
least 95 percent.

The measured data for the fabric and fixture were zeroed in the same manner as for the
fixture alone. Values of measured load were used with the fixture deflection equation
to obtain the contribution of the fixture to the total deflection. Deflection of the fabric
was calculated as follows,

dmatl = ddata
_

dfix (622)

were d„,„, represents the deflection of the fabric and dm, is the zeroed deflection of the
fabric and fixture. Adjusted fabric deflection data was fit with Equation 3.2.1 and the
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order of the polynornial was chosen in the same manner as for the fixture deflection
equation.

The value of PM, required For Equation 3.2.2 was determined by comparing the de-

flection and pressure-porosity relationships. Using the uncompacted thickness, the

porosity can be calculated by Equation 3.2.13 and compared to the porosity calculated

using the deflection model. Pw, is the magnitude of the compressive load which Forces
the porosities to match at approximately 7 kPa.

6.2.5 Wet Compaction

Compaction experiments were conducted to determine if the presence of a saturating

liquid would affect the deformation behavior of a textile reinforcement. Changes to the

proceeding experiment involved the configuration of the fixture and preparation of the

specimen. The fixture was modified by mounting a porous plate on the loading surface

of the plunger. Fluid displaced from the Fabric was allowed to flow through the porous

plate, into a reservoir, and if necessary, into an overflow tank. The specimen was pre-

wetted with fluid in a large tub to remove any trapped air. The wet material was placed

within the fixture and extra fluid was added to completely cover the material. Loading
rate, procedure, data collection, and analysis were identical to the dry compaction ex-

periments. All tests used tap water as the saturating fluid.
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6.3 PERMEABILITY EXPERIMENTS

The objective of the permeability experiments was to investigate the validity of D’Arcy’s
law and the Kozeny·Carman expression, and to measure the Kozeny-Carman constant
for flow through a woven fabric. Results from the compaction experiments and the
pressure-porosity relation were used to calculate the material porosity. To determine the
Kozeny-Carman constant the measured permeabilities were compared with the calcu-
lated porosities. Tests were conducted in the through-the—thickness and inplane flow
directions.

6.3.1 Test Equipment

The test fixture, Instron multiaxial testing machine and a variety ofplumbing equipment
were used to perform the permeability experiments. For the through-the-thickness ex-
periments the fixture was configured with porous plates immediately above and below
the fabric. Reservoirs behind each plate allowed the vorticity in the fluid to dissipate
before reaching the fabric and provided a position where the pressure could be measured.
A cross-sectional view of the fixture, showing the position of important components, is
shown in Figure 15. The O-ring was used to seal the upper and lower halves of the fix-
ture.

The plumbing equipment used during the permeability experiments consisted of three
major elements: a weighing tank manufactured by Techquipment Inc., a bubble-type
flow meter manufactured by The Matheson Co. Inc., and a U-tube manometer. The
weighing tank was used to contain and recirculate the test fluid. The flow meter contains
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Figure I5. Cross-sectional view of the test fixture configured for through—the—thickness permeability
experiments.
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a needle valve and was used to measure and regulate the volumetric flow rate. Pressure
drops across the fixture and fabric were measured with the U-tube manometer. These
devices were connected together and to the t€St fixture by plastic tubing. Figure I6 is a
schematic drawing of how the weighing tank, flow meter, manometer, fixture, and
lnstron testing machine were assembled for this experiment.

6.3.2 Sample Preparation

Individual fabric layers were cut from the bulk fabric in a manner similar to the com-
paction experiments. Each layer of fabric was saturated with fluid as it was added to the
test fixture. Tap water was used as the test fluid for all permeability experiments.

6.3.3 Procedure

The exit tube was adjusted to the same level as the upper reservoir. This forced the
pressure in the reservoir to be atmospheric pressure and allows the greatest sensitivity
when measuring the pressure drop.

The flow meter was calibrated to relate the height of the steel ball in the tapered tube
to the volumetric flow rate. A constant flow rate was established through the flow me-
ter. The position of the steel ball and the time required to H11 a graduated cylinder were
recorded.

The lnstron testing machine was calibrated to measure the thickness of the fabric di-
rectly by placing the fixture into the machine without fabric or O-ring. A small

EXPERIMENTAL METHODS 76



®UPPIER
isxrr (’Rw 1=Ix‘1‘uRß—« ä

0 LOWIER
GRIP0 I·’L()WMI'E'I'IiR0

, U-'l‘UIIIj
ä NIiI£I)I,I; VALVI3 M^N()Mi51‘1gR

RESERVOIR

PUMP

Figure 16. Plumbing schematic of equipment used for the permeability tests.
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compressive load (approximately 5N) was applied to the fixture, and the displacement
transducer was zeroed. This procedure established a zero fabric thickness when the fix-
ture was empty and nearly unloaded.

Several flow experiments were conducted without a fabric specimen to estimate the en-
ergy lost due to flow through the fixture, The O—ring was installed in the fixture, and the
trapped air was allowed to escape as the fixture was filled with water. The flow was
stopped, and the pressure in the manometers was equilibrated with the atmosphere. A

h
constant flow rate was established through the fixture, and the pressure drop and the
position of the steel ball were recorded. This process was repeated for additional incre-
ments of flow rate until the maximum possible flow rate was achieved. The flow rate-
pressure drop data was obtained for several values of the gap between the porous plates.

Fabric permeabilities were measured in a manner similar to the previous experiment.
Fabric specimens were saturated with water, placed in the text fixture and the fixture
was sealed against the O-ring. Trapped air was removed by allowing a small amount
of fluid to flow through the fabric. The fixture was then placed in the testing machine,
and the manometers were adjusted. A compressive load was applied to the fabric by
adjusting the relative position of the grips on the testing machine. Pressure drops and
flow rates were recorded for approximately six different values of fabric thickness.

6.3.4 Data Analysis

To relate the position of the steel ball in the flow meter to the volumetric flow rate, the
following expression was used,
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q = 61 + 62 q' (6.3.1)

where q represents the measured volumetric flow rate, 6, are calibration constants, and
q' represents the position of the steel ball in the tapered tube.

Minor energy losses within the fixture were compensated for by converting the difference
in height ofwater in the manometer into a pressure gradient. If y„ represents the specific
weight of the test fluid, the pressure gradient can be written as,

y AIdi = Ä- (6.3.2)dx fix gap

where AI represents the difference in height of fluid in the manometers, and tw represents
the spacing between the porous plates. Experimental flow rates were related to the cal-
culated pressure gradient by a first order polynomial of the form,

dP*·—— = + 6.3.3dx Gx d1 d2 7 ( )

where q represents the flow rate determined from the position of the steel ball and
Equation 6.3.1, and the constants a, were determined by a least squares procedure.
Equation 6.3.3 was modified slightly to account for an increased dependence on the fix-
ture gap by allowing the values of a, to vary linearly with the gap.

The gap distances measured during the experiments with fabric were modified to account
for the deformation of the fixture. Data from the wet fabric compression tests were fit
with the following expression to obtain the compressive load on the fabric and fixture.

16 P = 6,, + 6, 4 + 62 42 + 6, 42 + (6.3.4)
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The load cell value was not used due to the presence of the O·ring.

Applied load values from Equation 6.3.4, the uncompacted thickness, and the measured
thickness of the fabric were used with Equation 3.2.1 to determine the deflection of the
fixture. The measured thickness values were modified to reflect the actual thickness of
the fabric by,

tfabric = [measured + dfix (6·3·5)

Equation 6.3.2 was used with measured heights in the manometers and the the adjusted
fabric thickness to calculate the pressure gradient across the fixture and fabric. Using
the experimental flow rate and Equation 6.3.3 to determine the drop in pressure across
the empty fixture, the pressure gradient across the fabric can be calculated as follows,

dP dP dP= —— — —— (6.3.6)dx fabric dx measured dx fix

where iii? represents the adjusted pressure gradient across the material and
fabricät)-

represents the measured pressure gradient.
measured

Relating the measured flow rate to the pressure gradient with the expression,

dPq = Ö — Ö i (6.3.7)1 2 dx fabric

the fabric permeability and validity of D'Arcy’s law can be determined. If flow through
the fabric follows D'Arcy’s law, the constant b, should be nearly zero and the
permeability can then be written as,

bzßnK = (6.3.8)
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where A represents the area normal to the flow.

To determine the Kozeny-Carman constant, the permeability values and the actual fab-
ric thickness were used. Using Equation 3.2.13, the thickness of the fabric, and the
properties from Table 1, the porosity can be calculated. A least squares procedure was
used to relate the measured permeability to the porosity with Equation 3.2.18 thus de-
termining the Kozeny-Carman constant.

6.3.5 In-Plane Permeability

Measurements of the in·plane permeabilities were attempted by following the procedures
used for the through-the-thickness experiments. The only significant differences in the
two experiments involves the fixture configuration. The porous plates that contacted the
fabric in the previous experiment were replaced with solid plates, and the sides of the
fixture were fitted with porous plates as shown in Figure 17. The porous plates border
reservoirs that contain openings for the introduction of fluid and for pressure measure-
ments. Analysis of the experimental data was performed in a manner similar to the
analysis of the through-the·thickness experiments.

6.4 MECHANICAL PROPERTIES

The goal of this experimental program was to measure the elastic material properties and
volume fractions of several laminates produced by RTM and to compare these proper-
ties to laminates fabricated from prepregged materials. Material properties examined in
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this study included the tensile and compressive values of Young’s modulus, Possion’s
ratio, and ultimate stress and strain. Procedures, sample preparation, and data analysis
to be discussed will focus on the methods unique to this experimental program.

6.4.1 Test Equipment

The equipment used to produce laminates by RTM was identical to the equipment used
for prepreg laminate production. Standard vacuum bag materials were used with a
heated—platen press and a portable vacuum pump. The equipment used to produce,
machine and test the laminates is located at the NASA Langley Research Center.

6.4.2 Sample Preparation

The vacuum bag infiltration technique, discussed in Chapter 5, was used with 16 plies
of IM7/8HS fabric to produce two laminates with Hercules 3501-6 and one laminate
with Hercules 8551-2. Shell RSL 1282/9470 was used to produce one laminate rein-
forced with eight plies of IM7/8HS fabric. Laminates measured 203 by 343 mm and all
fabric layers were oriented with the warp direction parallel to the long edge of the lami-
nate (0° direction). Sub-groups, of four plies each, were stitched in the 0° direction with
polyester thread approximately 35 mm from the edge of the fabric. The stitching was
used to maintain the orientation of the fabric during processing.

The typical vacuum bagging sequence used in this study was slightly more complex than
shown in Figure 7. A layer of nonporous release film was used under the resin to facil-
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itate post-cure clean up. Edge dams were used to prevent lateral motion of the resin and

fabric. One layer of porous release film was used on top of the fabric to allow the air

within the fabric, and any excess resin, to escape from the laminate during processing.
Several layers of breather material were used to cover the laminate and edge dams. This

bagging sequence is shown schematically in Figure 18. lntersections between the dif-

ferent bagging materials were taped to help force the resin through the fabric.

Different handling procedures were required to prepare each resin for infiltration and
cure. The Shell RSL 1282/9470 resin was mixed in the proportion of 32.4 phr by mass

and degassed in a vacuum chamber for 30 minutes. The resin was then carefully poured

into the region bounded by the edge dams. The Hercules 3501-6 and 8551-2 resins re-

quired a slightly different procedure. While frozen, the resin was broken into small
pieces so that an accurate measurement of the resin mass could be made. The resin was

then allowed to warm to room temperature in a plastic bag before weighing to minimize
condensation of moisture on the resin. After weighing, the resin was heated until it

spread into a uniform layer. Uneven infiltration resulted if the resin is not uniformly
distributed before final processing.

The first 3501-6 laminate (Laminate 4228) was produced by heating the system from

room temperature at 2.5°C/min to 65°C and applying 687 kPa and full vacuum (-100

kPa) to compact the fabric and force the resin to flow. After the temperature and pres-

sure were held for one hour, the vacuum bag was opened to check the degree of intil-

tration. Dry spots were observed on the laminate so the system was heated to 93°C and

held for an additional 30 minutes. The fabric was saturated during the second attempt,
so the manufacturer’s recommended cure cycle was initiated. Nonporous release film
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was used on both sides of this laminate to help contain the resin. After cooling, the
laminate was removed from the platen press and prepared for further testing.

Laminate 4268 was also manufactured with Hercules 3501-6. Infiltration was attempted
for 30 minutes at 93°C and 687 l<.Pa of external pressure and full vacuum. When the

vacuum bag was opened, the corners of the laminate were dry, so the process was re-

peated for an additional 30 min. A porous release material and several bleeder plies were

used on top of the graphite cloth to allow the excess resin to flow away from the larni- 4
nate before the resin gelled.

Hercules 8551-2 resin was used to infiltrate Laminate 5118 by heating the system to

l20°C and holding for 30 minutes while a vacuum pressure of -100 kPa was applied.

Infiltration was completed during the first attempt and the remainder of the cure cycle

was performed with an additional applied pressure of 685 kPa.

The last laminate used for the mechanical characterization experiments (Laminate 5238)

was constructed from Shell RSL 1282/9470 resin. The resin was heated to 65°C for in-

filtration and held for 15 minutes while being compacted with full vacuum pressure. The

fabric was infiltrated during this time, so the manufacturer's cure cycle was initiated.

An additional external pressure of 100 kPa was applied after approximately 90 minutes

of the manufacturer's recommended cure cycle.

After cure, panels were nondestructively exarnined with ultrasonic, gray scale C-scans

and photomicroscopy, then machined into tension and short—block compression speci-

mens. The cutting diagram used for this study is shown in Figure 19.
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6.4.3 Testing Procedures

Test specimens were instrumented and tested to failure according to the procedures de-
scribed in NASA RP-1092 [31] and NASA RP-1142 [32]. Three specimens from the
unused portion of the cured laminate were used to determine the über volume fraction.
An acid digestion technique was used to perform this test.

6.4.4 Data Analysis

Analysis of the experimental data involved determination of Young’s modulus, Possion’s
ratio and the stress and strain at failure. The values of Young’s modulus and Possion’s
ratio were deterrnined at 0.2 percent strain.
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7.0 EXPERIMENTAL RESULTS AND
DISCUSSION

This chapter discusses the results of the experimental programs described in Chapter 6.
Dry compaction of C3k/8HS and IM7/8HS fabrics were studied as a function of the
number of plies and load history. Wet compaction experiments were performed on the
IM7/8HS fabric. Permeability values were obtained using five plies of IM7/SHS and
compared to literature experimental values and the Kozeny-Carman expression. Cured
laminates were nondestructively examined by ultrasonic, gray-scale C-scans and by
photomicroscopy. Values of volume fraction, tensile and compressive elastic modulus,
ultimate strength, Poissions ratio, and ultimate strain were determined and compared
to manufacturer’s test values for AS4/8HS fabric prepregged with Hercules 3501-6.
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7.1 COMPACTION

The goal of the compaction experiments was to characterize the deflection of woven

textile materials when loaded in compression. Deflection of woven textiles is attributed
to a combination of three actions; macroscopic ply flattening, motion of the über tows

and distortions of individual tows. The material behavior was examined with regard to

the loading path, previous loading history, number of plies, and type of fabric. A sum-

mary of the compaction experiments performed during the course of this study is shown
in Table 2.

7.1.1 Dry Compaction Preliminaries

To accurately describe the deflection of the woven materials, the load-dellection behav-

ior of the empty test fixture was required. The fixture was cycled three times between

0 and 1400 kPa while data for each cycle were recorded during loading and unloading.

All loading and unloading paths of the empty fixture, were identical. The experimental

data was adjusted with Equation 6.2.1 and fit with the following polynomial,

dm! = ag + al ln P + a2( ln P)2 + a3( ln P)3 + a4( ln P)4 (7.1.1)

where,
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Table 2. Dry Compression Test Matrix.

Material Number of Plies Number of Samples

Fixture - 3

C3k/8HS 1 3
3 3
5 3

IM7/8HS (dry) 5 2

IM7/8I—IS (wet) 5 2
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ao = 2.314 >< l0'5 m
al = -7.606 ><10”6 m/N
az = 8.866 ><

10“7 m/N2

a3 = -3.383 ><
10”8 m/N3

6,, = 4.867 X 10-10 m/N4

Experimental data and Equation 7.1.1 are shown in Figure 20. The accuracy of the

curve fit is acceptable for all values of the load.

7.1.2 Dry Compaction

The C3k/8HS fabric specimens were compressed in the test fixture as described in Sec-

tion 6.2. Load-deflection results for the first loading cycle of five plies of fabric and the

test fixture were zeroed with Equation 6.2.1 and are shown in Figure 21. Equations 6.2.2
and 7.1.1 were used to account for the deflection of the fixture. The contribution of the

fixture to the total deflection is shown in Figure 22. Adjusted deflection values exhibit

considerable stiffening at rates which change with the applied load.

A third order form of Equation 3.2.1 was chosen to describe the loading and unloading

paths of C3k/81-15. The initial loading cycle can be expressed mathematically as follows,

dmatl = 610 -1- al ln P + a2( ln P)2 + a3( ln P)3 (7.1.2)

when loading,
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Figure 20. Experimental fixture data and Equation 7.1.1.
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ao = -4.789 ><10'6 m
al = —2.256>< 10-6 m/N
al, = 4.751 X 10-7 m/N2
613 = -7.481 >< 10-9 m/N3

and when unloading,

ao = 6.200 X 10-S m
al = 1.303 ><10-6 m/N6,7 = 2.026X 10-7 m/N2
a3 = -3.920 ><.10-9 m/N3

Equation 7.1.2 was used with the matching procedure outlined in Section 3.2.1 and is
shown in Figure 23 with the first cycle, adjusted data. The accuracy of the deflection
model is excellent for this specimen.

Three specimens of five fabric plies each, were examined to investigate the repeatability
of the experimental procedure. Each spccimen was zeroed, adjusted and curve fit as
described previously. Deflection model results for the initial loading path of each spec-
imen and the mean response is shown in Figure 24. The magnitude of the deflection
varies between specimens, however, the shape of the load-deflection response is nearly
the same. The Variation in magnitude is attributed to the procedure used to zero the
deflection data. Mean fabric response was assumed to be characteristic of the fabric
specimens.

An investigation was performed to determine the effect of varying the number of plies
on the load-deflection behavior of C3k/8HS. The first load response for specimens of
one, three, and five plies is shown in Figure 25. Each curve represents the mean be-
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Figure 25. Initial loading curves of multi—ply specimens.
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havior of three specimens. If the deflection is normalized by the number of plies, the
material response is nearly the same as shown in Figure 26. Since the normalized de-
flection behavior does not vary significantly with the number of plies, the nesting of
adjacent layers does not contribute to the total deflection. The normalized deflection
coefficients of C3k/8HS fabric for four loading and unloading cycles are listed in Table
3.

A study of the compaction characteristics of IM7/SHS fabric was performed in a manner
similar to the previous study. Two, five ply samples were cycled between 0 and 1400 kPa
four times. The data was zeroed, adjusted and normalized as previously described and 1
the resulting normalized compaction coefiicients are shown in Table 4. Using the de-
flection model and matching procedure, the four cycle behavior of the IM7/81-IS fabric
was calculated and is shown in Figure 27. The shape ofeach loading and unloading path
is very similar. The amount of permanent deformation decreases with each loading cy-
cle. After the first cycle, the loading and unloading response is nearly independent of the
number of cycles.

7.1.3 Wet Compaction

Wet compaction experiments were performed and analyzed in a similar manner to the
experiments with dry materials. Two samples, of five plies each, were saturated with
water and cycled four times. To accurately describe wet compaction, a fourth order
version of Equation 3.2.1 was used. The resulting normalized compaction coefficients
are listed in Table 5. Although the correlation coeflicient for the fourth loading cycle
was greater than 95 percent, the compaction model did not accurately describe the ex-
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Table 3. Normallzed Compaction Coefflcients for Dry C3k/8HS Fabric.

Loading

Coefficient
<:y¤1·=N¤. ¤..<m> ¤.<—§‘T>

«.<;’Z§;> «.<-.3.%)

1 -975.6 -451.2 95.02 -1.4962 -1891. -362.4 81.34 -1.3083 -1478. -195.2 72.04 -1.1874 -3749. 78.97 59.92 -1.034

Unloading

Coeflicicnt
<:y¤1¤ NQ ¤„ <m>¤.1

12400. 265.7 40.49 -0.7838
2 -2992. 1349. 2.905 -0.36453 1774. 647.0 28.54 -0.67154 -38510. 4745. -113.1 0.9082

all values >< 10**
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Table 4. Normalized Compaction Coefllcients for Dry IM7/8HS Fabric.

Loading

Coeflicient

1 620.0 -89.54 9.698 -0.11422 1604. -281.8 12.95 -0.14043 1506. -266.0 12.06 -0.13024 1454. -254.6 11.53 -0.1244

Unloading

Coeflicient
cycle N¤. 0.. <m>«.1

4714. -164.6 9.872 -0.012302 1244. -175.4 9.806 -0.011973 1191. -184.6 9.980 -0.01211
4 7607. -132.9 7.904 -0.009601

all values >< 10*7
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Figure 27. Normalized, four cycle behavior of IM7/8HS fabric.
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Table 5. Normalized Compaction Coeflicients for Wet IM7/8HS Fabric.

Loading

Coeflicient
cy¤1«=N¤. «„<m> «.<%> «„<%> «„<§> «.<{§‘;>

1 1306. -14.93 18.78 -0.4378 0.0031432 5077. -1024. 67.34 -1.698 0.015303 2279. -499.0 33.43 -0.7956 0.0067414 -91360. 16310. -1024. 27.12 -0.2570

Unloading

Coeflicient
<:y¤1¤N¤. ¤..<m> «.<§‘—> ¤„<%> ¤.<%> «.<;§%>

1 2918. -21.45 6.306 -0.1212 0.00049182 -87.60 -0.8268 4.303 -0.06744 0.000023363 263.7 -72.35 8.352 -0.7472 0.00097064 635.0 -153.1 13.74 -0.3244 0.002550

all values >< 10*7
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perimental data. The response for the first three loading and unloading cycles are shown
in Figure 28. The behavior is quite similar to the dry fabric since the majority of the
permanent deformation occurs during the first loading cycle. The initial loading curve
crosses subsequent loading curves due to the accuracy of the curve fit and the averaging
procedure. Actual data does not exhibit this behavior.

Initial load—deflection response of wet and dry IM7/8I—IS fabric models are compared in
Figure 29. The amount of unrecoverable deformation and the total deflection is larger
for the dry fabric. These differences are attributed to the presence of the fluid. Wet fiber
tows move relative to one another more easily than the dry tows, thus, the fabric "re-
covers" more elastic deformation when wet. Intra-tow motion also increases in the
presence of a fluid. No direct observations have been made to identify the relative
amounts of intra-tow and inter-tow motion. DifTerences in total deformation might be
attributed to the the time required to remove the excess fluid during the later stages of
compaction due to changes in fabric permeability. A study of loading rate on the satu-
rated compaction characteristics would be required to confirm this supposition.

7.2 PERMEABILITY

The goal of the permeability experimental program was to measure and characterize
changes in permeability due to changes in compaction pressure and porosity. The
IM7/8HS fabric was tested through—the-thickness of the fabric and in the 0°, in-plane
direction. Permeability results were compared to the Kozeny-Carman expression and
literature values for systems of unidirectional fibers. Using the experimental values of
flow rate and pressure gradient, the validity of D’Arcy’s law was investigated.
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7.2.1 Experiment Preliminaries

Before actual permeability measurements could be made, investigations were required to
calibrate the flow meter and to determine the effects of the fixture on the measured
pressure data.

Calibration of the bubble type flow meter was required to relate the position of the steel
ball in divisions, q', to the volumetric flow rate, q. When the measured data was fit with
Equation 6.3.1, the constants 6, and 6, were determined to be -1.280 cm3/s and
1.503 cm3/(divisions s) respectively. Calibration data and Equation 6.3.1 are displayed -
in Figure 30.

To obtain an accurate value of fabric thickness during the permeability experiments,
load~deflection data of the fixture and wet fabric was modeled with Equation 6.3.4. Four
terms were required for an accurate data fit, where the coefficients were determined to
be,

ÖO63

= 9348 N/m
C, = 3.877 N/mz
63 = -l.292><108 N/ms

Actual fabric thicknesses were calculated using these constants and the procedure de-
scribed in Section 6.3.4.

A pressure drop develops due to the tortuous path of a fluid particle as it passes through
the empty test fixture. Values of pressure drop were measured at various amounts of
fixture gap and flow rate. A pseudo-pressure gradient was calculated from the measured
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data by dividing the pressure drop by the gap distance. When this gradient was related
to the flow rate by Equation 6.3.3, the coeflicients, al, varied significantly with the fixture
gap. Equation 6.3.3 was modified to account for this behavior by allowing the coeffi-
cients to behave as linear functions of thickness. The resulting behavior can be described
by the following expression,

ill)- = (bo + blt) — (bz -1- bz:) q (7.2.1)dx HX

where,

bl, = -7.146 kPa/m
bl = -1181. kPa/mz
bz = 8.597 >< 106 kPa s/m4

bz = -1.99sX 109 kPa s/ms

and t is the gap between the porous plates. Figure 31 contains selected experimental
results and the corresponding behavior of Equation 7.2.1.

7.2.2 Transverse Permeability Results

Through-the-thickness permeability experiments were performed on five, five ply sam-
ples of IM7/8HS fabric. For each specimen, manometer and flow meter values were
measured at approximately six compacted thicknesses. The measured values were ad-
justed as described in Sections 6.3 and 7.2.1 to obtain the flow rate and the pressure
gradient across the fabric. As expected, increasing the compaction pressure caused an
increase in the resistance to fluid motion. Experimental data and Equation 6.3.7 are
shown in Figure 32 for sample Number 3. Experimental velocities were used to calculate
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the maximum Reynolds number for each experiment. In all cases, the Reynolds number
did not exceed 5 >< 10*3 , indicating the flow through this fabric could be described by
D'Arcy’s law. ·

From the slope of the flow rate versus pressure gradient curve, the permeability can be
computed with Equation 6.3.8. When the two terms of Equation 6.3.7 were examined
after the data reduction, the magnitude of b, was found to be several orders less than the
magnitude of bz-;-ig p , and was subsequently neglected. If solid-fluid surface inter·

fabric

actions were signiücant, the magnitude of b, would approach the magnitude of the sec-
ond term at low values of pressure gradient and would be positive. The sign of b, was
not consistent either for a particular specimen or from one fabric sample to the next.

Units of permeability are length squared, so when the permeability is normalized by the ·
diameter of the über many experiments can be compared irrespective of über size.
Fabric porosities were computed from Equation 3.2.13, the fabric characteristics shown
in Table 1, and the thickness of the fabric.

Through-the-thickness porosity-permeability results are shown in Figure 33. No appre-
ciable data scatter was evident for any particular specimen, although some variation
between specimens was observed. As expected, the data indicates a decrease in
permeability with decreasing porosity. Decreasing porosity indicates that there is less
space for the üuid to move through the porous über bed which increases the resistance
to the üow, and decreases the permeability.
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Figure 32. Experimental data and Equation 6.3.7 for IM7/8HS fabric sample Number 3.
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7.2.3 Transverse Permeability Verification

A review of the current literature revealed many sources of transverse permeability for
übrous materials. Only two investigators examined materials in the same porosity range
as the present study. Gutowski et al. [23] report permeability values for a system of
unidirectional I—Iysol-Graül XA-S graphite übers oriented transverse to the flow. The
porosity range of this study is quite small (0.30 i 0.02), however, the trend of decreasing

g permeability with decreasing porosity observed with the IM7/8HS fabric is followed.
The magnitude of the permeability for the unidirectional über system is much less than
the fabric as shown in Figure 34. Diflerences in permeability of the two materials can
be attributed to the geometry of‘ the übers in the fabric. Individual tows are oriented
at right angles and undulate within each layer which causes a nonhomogenous distrib-
ution of” übers. Regions between tows are much less dense than the inter-tow regions.
Since the fluid will travel along a path of least resistance, the fabric should have a lower
resistance to flow than the unidirectional über system.

Lam and Kardos [22] report transverse permeability values for üow through systems of
aligned graphite übers oriented in a variety of aligned and crossed ply conügurations.
In all cases, the permeabilities are less than those measured with the IM7/SHS fabric and
larger than the values reported by Gutowski er al. [23] as shown in Figure 34.

Small difierences in permeability are observed between the crossed ply conügurations.
The 0/90 crossed ply orientation has the smallest permeability, followed by the 0/45 and
the 0/30 conügurations respectively. Differences in permeability might be attributed to
the way individual übers pack within in the über bed. Fiber orientation is the same for
the 0/90 crossed ply conüguration and the fabric used in the present study, however,
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permeability of the 0/90 über system is signiücantly less than the fabric.
Nonhomogenous über distributions, due to tow undulations in the fabric, could cause
differences in permeability.

Using the previous data sets, the dependence of test fluid viscosity on the transverse
permeability can also be addressed. Gutowski et al. [23] permeabilities were measured
with fluid viscosities of 0.05, 0.91, and 9.62 Pa s . No difference in permeability is ob-
served. Lam and Kardos [22] used fluid viscosities of 0.001 and 0.005 Pa s for the
aligned über system with little observed effect. Experiments with crossed ply übers were
performed with water (,u = 0.001 Pa s). Based on these results, the transverse
permeability of übrous materials is greatly influenced by orientations of individual üla-
ments and not by the fluid viscosity.

Kozeny·Carman’s model, Equation 3.2.18, was successfully üt to the experimental fabric
data with a value of the Kozeny-Carman constant of 2.8798. The data is slightly less
dependent on the porosity than is predicted by the Kozeny—Carman model as shown in
Figure 35.

7.2.4 In-Plane Permeability Results

Permeability experiments were performed on three, üve ply specimens of IM7/8HS fabric
in the plane of the fabric. Flow rate and pressure drop values were obtained and ma-
nipulated in a manner similar to the through-the-thickness experiments. The loss of
energy due to the üxture was negligible when conügured for the in—plane tests.
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Pressure gradient and volumetric flow rate data were fit with Equation 6.3.7. The con-
stant b, was determined to be negligible. Results for sample Number 2, and the corre-
sponding data fit, are shown in Figure 36.

7.2.5 In-Plane Permeability Verification

Permeabilities for in-plane flow were calculated from the first order constant in equation
6.3.7 and are displayed in Figure 37 with values reported by Gutowski er al. [23] and
Lam and Kardos [22] for aligned Hercules AS4 fibers. Measured fabric permeabilities
are independent ofporosity and are much larger in magnitude than the literature results.
One explanation for the independence on porosity is related to how the fixture was
sealed during the experiment. A gap between the plunger and the female portion of the
mold, parallel to the flow direction as shown in Figure 38, allowed fluid to move through
the fixture without flowing through the fabric. If a significant portion of fluid flows
through this gap, the measured pressure drop will not be due to the resistance of the
fabric and will be independent of the material porosity.

Lam and Kardos [22] report in-plane permeability values for aligned fiber systems
measured with water and a viscous oil, and 0/90, 0/45 and 0/30 crossed ply values
measured with water. Permeability values measured with oil are consistently larger than
values measured With Water. As with the transverse flow configuration, the

permeabilities of the 0/90 sample are the smallest followed by the 0/45 and 0/30 samples
respectively. This trend is expected since the resistance of a group of fibers transverse
to the flow direction is greater than along a fiber bundle. The 0/90 crossed ply config-
uration is similar to the orientation of fibers in the IM7/8HS fabric. Differences in fabric
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and aligned über permeabilities are expected due to undulations of the über tows and

nonhomogeneous über distributions. In all cases, the literature results indicate the in-

plane permeability is a strong function of porosity and suggest that the fabric

permeability values are incorrect.

Data reported by Gutowski er al. [23] for aligned über systems was deterrnined with a

variety of viscous fluids and is scattered around the data reported by Lam and Kardos

[22]. Dependence on viscosity cannot be discussed for this data since viscosities were

not reported for each data set.

7.3 MECHANICAL CHARACTERIZATION

An experimental program was performed to compare the RTM process to other manu-

facturing methods on the basis of mechanical performance of cured laminates. Four

RTM laminates were produced by the vacuum bag inültration technique from IM7/8HS

fabric and one of the resin systems described in Section 6.1. Heat and pressure were

applied by a heated platen press. Cured laminates were examined nondestructively,

machined into test specimens and loaded to failure in tension and compression. Exper-
imental values were compared to manufacturer’s published results of an AS4/8HS fabric,
3501-6 resin laminate on the basis of elastic modulus, ultimate stress and ultimate strain.
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7.3.1 Nondestructive Evaluation

Nondestructive evaluation of the cured laminates included visual examination of the
surface, through-the-thickness photornicrographs and ultrasonic, gray-scale C-scans.

The surfaces of Laminate 4228 appeared uniform but slightly resin rich due to the use
of a nonporous release material during processing. A gray-scale, ultrasonic C-scan was
performed to access the overall quality of the laminate; the resulting image is shown in
Figure 39. The region of reduced quality in the upper left portion of the laminate was
identiüed as voids when specimens were machined from this area.

Photomicroscopy was used to examine the distribution of resin through-the-thickness
of the larninate. Figure 40 is a through-the-thickness photomicrograph of Laminate
4228. Individual über tows normal to the surface are visible as oval bundles and tows
parallel to the machined surface appear as undulating ribbons. The darker regions sur-
rounding the tows are unreinforced resin.

Ultrasonic inspection of Laminate 4268 was performed with a gray-scale C-scan as
shown in Figure 4l. Comparing Laminates 4228 and 4268 on the basis of their C-scans,
the quality of Laminate 4268 appears more uniform. When specimens were machined
from the panel, no macroscopic voids were visible.

Figure 42 is a photomicrograph of Laminate 4268. The boundaries between the über
tows normal to the machined surface are much more difücult to determine compared to
Laminate 4228. The resin rich zones, observed in Figure 40, are also much less prevalent
in this laminate. Based on ultrasonic and visual information, Laminate 4268 should ex-
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hibit better mechanical characteristics due to improved homogenity and fiber volume

fraction.

Ultrasonic inspection of Laminate 5118 was performed and the resulting gray—sca1e C-

scan is shown in Figure 43. A gradient in the ultrasonic attenuation is evident along the
length of this laminate. Visual inspection of the laminate surfaces and specimen edges
did not reveal the cause of this gradient. No appreciable change in thickness was ob-

served and the gradients in attenuation cannot be explained.

Figure 44 is a photomicrograph of panel 5118. As with Laminate 4228, individual tows

and large resin rich regions are visible. Based on visual examination of the laminate and
thickness measurements, the volume fraction of this laminate should be slightly less than

Laminate 4228. Relative estimates of the laminate mechanical properties cannot be
made since Laminate 5118 was manufactured with a different resin system.

Large regions of unreinforced resin and large separations between individual tows are

visible in the photomicrograph of Laminate 5238 shown in Figure 45. Another feature
of this laminate is the presence of voids located between individual tows. The edges and

sides of the voids are smooth, indicating the voids were formed by trapped gases and not

by nonuniform infiltration. Visual inspection of other cross-sections revealed a uniform
distribution of macroscopic voids throughout the laminate. From the micrograph, the
volume fraction of this laminate is expected to be the lowest of the laminates produced

during this study. Ultrasonic inspection of this laminate was not perfonned.
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Figure 45. Photomicrograph of Laminate 5238 (14.9 X).
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7.3.2 Volume Fraction Determination

Three specimens were machined from each cured laminate for volume fraction meas-
urements. Individual results, mean and standard deviations for liber volume fraction

and the cured ply thicknesses are shown in Table 6.

As predicted from the compaction pressures and the photomicrographs, the volume
fraction of Laminate 4228 is less than Larninate 4268. Although the two panels were
processed with the same compaction pressure, the additional time and temperature cy-
cles required to infiltrate Larninate 4228 might have advanced the crosslinking of
polymer chains, thus, preventing complete compaction of the reinforcement. Larninate
4268 was manufactured with porous release cloth which would also lower the total resin
volume by allowing excess resin to be bled from the reinforcement.

The measured volume fraction of Larninate 5118 seems to agree with the predictions
made in the previous section. The pressure used to manufacture this panel was larger
than either of the laminates cured with the Hercules 3501-6 resin system. One possible
reason for this discrepancy is that the viscosity of the Hercules 8551-2 resin impeded
fluid motion or actually supported a fraction of the applied pressure.

Larninate 5238 was cured at the lowest value of compaction pressure. The

photomicrograph and normalized thickness values predict a very small value of volume
fraction compared to the other cured laminates. Experimental volume fraction meas-

urements have verified this prediction.
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Table 6. Volume Fraction of Cured Laminates.

Sample Cured StandardLaminate Number Thickness vf Mean vf Deviation
(mm)1

58.1
4228 2 0.41125 58.0 58.2 0.1700

3 58.4

1 62.0
4268 2 0.40625 62.4 62.4 0.3682

3 62.9 _

1 55.7
5118 2 0.44438 56.8 56.3 0.4546

3 56.4

1 54.4
5238 2 0.53375 54.1 54.2 0.1247

3 54.2
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7.3.3 Porosity Model Verification

The volume fractions of the cured test laminates were compared to the pressure-porosity
relationship for verification of Equation 3.2.13. Since the laminates were opened for
inspection, the compaction characteristics of the second loading cycle were used. Ex-
perimental values and results from the porosity model are shown in Figure 46. Exper-
imental data tends to agree with the porosity model.

Data scatter could be attributed to variations in applied pressure and the viscosity near
the resin gel point. The applied pressure often drifted by 140 kPa during processing.
Repeated fluctuations of the pressure would cause the fabric to acquire more permanent
deformation thus decreasing the porosity. When the resin gels, the pressure applied at
that time would determine the porosity and not the average pressure.

7.3.4 Mechanical Characterization Results

Each cured laminate was machined into three tensile and four compressive specimens for
mechanical characterization. Each specimen was instrumented with electrical resistance
strain gages and loaded until the specimen failed. The load versus strain data was ex-
amined and the values of elastic modulus, Poisson’s ratio, ultimate stress, and ultimate
strain were determined. Experimental results were compared to manufacturer’s values
for AS4/SHS fabric prepregged and cured with Hercules 3501-6 resin.

Differences in reinforcement type between the manufacturer’s data and the laminates
produced in this study, will be reflected in the mechanical characteristics. Since tensile
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properties are dominated by the übers, more discrepancy should be observed for this
loading situation. Comparing the mechanical properties supplied by the manufacturer C

V
for the IM7 and AS4 übers, the ratio of IM7 über modulus to AS4 über modulus is
1.204. Similarly, the ratios of tensile strength and ultimate tensile strain are 1.242 and
1.046 respectively. Fabric styles are also slightly different as shown in Table 1. All
mechanical properties for the AS4/8HS, Hercules 3501-6 material system were obtained
from laminates with a 62 percent über volume fraction.

Results from the tensile tests are summarized in Table 7. With the exception of speci-
mens 51 18T2 and 51 l8T3 which slipped in the grips of the testing machine, all specimens
fractured near one or both grips. The strain gages on several specimens failed before the
laminate fractured, consequentially, no ultimate strain values were obtained.

Measured values for the tensile elastic modulus are shown in Figure 47. The height of
each bar is related to the mean of the experimental data and the cross-hatched portion
of the bar represents a "one sigma" variation about the mean so that the accuracy of the
mean value can be considered.

The modulus values follow the trend predicted by the über volume fraction, ie. larger
volume fractions predict larger tensile moduli. Laminate 5238 has an uncharacter-
istically low modulus which might be attributed to the presence of voids in this laminate.
Since the volume fraction of Laminate 4268 is nearly the same as the manufacturer’s test
sample, and was produced with the same resin system, differences in mechanical re-
sponse could be due to variations in the reinforcement’s mechanical characteristics and
differences in processing. Laminate 4268 has a larger tensile modulus than the AS4/8HS
laminate.
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Ultimate tensile stress values are displayed in Figure 48. Strength values for all
IM7/8HS laminates are nearly the same and are greater than the strength of the
AS4/81-IS laminate. Laminate 5118 exhibits the greatest strength value although the
volume fraction is relatively low. The increased strength is attributed to the resin system
used to produce this laminate.

Ultimate tensile strain values exhibit more variation in magnitude than other tensile
mechanical values as shown in Figure 49. Due to premature failure of the bonded strain
gauges, standard deviations could not be computed for Laminates 4268 and 5118, and

i conclusions based on the values shown are subjected to unknown statistical variations.
In all cases, the IM7/8HS specimens exhibited a larger value of ultimate tensile strain
than the AS4/8HS material. Since the ultimate strain value for individual fibers is nearly
the same, the variations in performance can be attributed to fabric construction, resin
type, and/or processing conditions.

Mechanical characterization results for the compressive specimens are shown in Table
8. Fracture was observed either at the center or near the loaded edges. Typical edge
failures consisted of cracks which were smooth and straight across the width of the
laminate and made an angle of 30 to 60 degrees with the laminate-normal direction.
When failure occurred at the center of the specimen, the path of the crack through the
thickness of the laminate was very irregular. No generalizations could be made about
the shape or location of failure based on mechanical properties.

Trends in the compressive moduli are similar to the tensile moduli as shown in Figure
50. Compressive modulus values for Laminate 5238 are much closer to the other
IM7/SHS laminates and the manufacturer’s values, unlike the tensile modulus values.
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Ultimate compressive stress of the IM7/8HS reinforced composites is less than the ulti-

mate tensile stress. This trend is reversed for the AS4/8HS values as shown in Figure

51. The lower compressive values are expected since this mechanical property is domi-

nated by the matrix material. Laminates 4228 and 4268 correspond to the manufactur-

er's value of ultimate tensile stress more closely than the compressive stress value. The

compressive stress values for laminate 5238 are signilicantly less than the other
IM7/8HS laminates and which is attributed to the presence of voids.

Ultimate compressive strain values follow a similar trend as the ultimate compressive

stresses as shown in Figure 52. Laminate 5118 exhibits the largest compressive strain
value and the performance of Laminate 5238 appears to be reduced by the presence of
voids. In all cases, the AS4/8l—lS ultimate compressive strain is larger than the values

obtained during this study.

The mechanical characterization study has shown that the RTM process can be used to

produce high quality composite materials. Although a comparison between like mate-

rials was not made, the laminates produced for this study compare favorably with similar

materials produced from prepregged fabric.
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8.0 RTM PROCESS SIMULATION

The overall goal of this work has been to develop and verify a processing model for resin
transfer molding. The model is intended to be used by engineers and scientists when
developing processing cycles from known material properties to eliminate the costly
trial-and-error approach to process cycle development. In previous chapters, the devel-
opment of the process model and numerical solution procedures have been outlined, and
numerous portions of the model have been verified experimentally. In the following
sections the RTM processing model will be used to investigate the behavior of the
IM7/SHS, Hercules 3501-6 material system when subjected to various processing con-
ditions.

When developing a processing cycle, three major questions must be answered: what
temperature cycle should be used, what autoclave and vacuum pressures should be used,
and how long will the process take? Since the infiltrated fabric behaves like a prepregged
material and post—infi1tration flow has been neglected, the following investigations are

‘ focused on the infiltration process. A series of three parametric studies have been com-
pleted which examine the effects of autoclave pressure, isothermal infiltration temper-
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ature and heating rate on the infiltration time. Additional investigations include a
ramp-hold temperature profile on the infiltration characteristics of a thick reinforcement,
and a comparison between the processing model and the actual production of Laminate
4268.

8.1 PARAMETRIC STUDY: AUTOCLAVE PRESSURE

This study examines the effect of the autoclave pressure on the infiltration time. In each
simulation, the characteristics of 16 plies of IM7/8HS fabric and Hercules 3501-6 resin
were used to simulate infiltration at a constant temperature of l00°C. The vacuum bag
infiltration procedure was simulated with a vacuum pressure of approximately -100 kPa
and the autoclave pressure was varied between 0 and 1400 kPa. As discussed in Section
5.2, the autoclave and vacuum pressures compact the material and drive the flow.

The normalized position of the infiltration front, defined as the distance that the resin
has progressed divided by the thickness of the reinforcement, is plotted versus time in
Figure 53 for several autoclave pressures. Initially, the infiltration is independent of
autoclave pressure. When approximately 20 percent of the material is infiltrated, the
lower pressure simulations begin to take progressively longer to infiltrate the reinforce-
ment. In each case, the rate of infiltration, ie. the slope of the infiltration profile, de-
creases due to a drop in the pressure gradient caused by the increasing infiltration length.

In general, the viscosity and degree of cure will change with time due to the chemical
reactions within the resin. Since the infiltration times, ie. the time required to completely
saturate the material with resin, are very short for these simulations, the viscosity does
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not change appreciably. The thickness, porosity and infiltration times for each simu-
lation are listed in Table 9.

Increasing the autoclave pressure decreases the thickness, porosity and permeability of
the reinforcement. Infiltration time is plotted versus the autoclave pressure in Figure
54. The infiltration time decreases with increasing pressure, indicating the autoclave
pressure effects the pressure drop more than the permeability. This effect is most ap-
parent between 0 and 600 kPa when the infiltration time decreases by 50 percent.

8.2 PARAMETRIC STUDY: ISOTHERMAL

INFILTRATION

This study examined the effects of isothermal infiltration temperature on the infiltration
time of the 16 ply IM7/8HS, Hercules 3501-6 material system. The vacuum bag infil-
tration technique was simulated with full vacuum pressure (-100 kPa) and autoclave

pressures of 0, 200, 500, and 1400 kPa. Isothermal infiltration temperatures were varied
between 75 and 175°C .

As with the pressure parametric study, the infiltration times calculated during this study
will not cause the viscosity of the resin to change significantly. As expected, the shape
of the infiltration profiles shown in Figure 55 are similar to the pressure parametric
study. lnfiltration times and viscosities for each combination of temperature and pres-
sure are listed in Table 10.
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Table 9. Selected Results from the Pressure Parametric Study.

Autoclave InfiltrationPressure Thickmess W Porosity Time(kPa) (>< 10-3 m) (%) (s)

0 8.302 52.43 26.10100 7.732 48.85 16.18
200 7.405 46.57 12.37
300 7.177 44.87 10.33
500 6.869 42.40 8.159
700 6.664 40.63 6.958
900 6.516 39.28 6.114

1100 6.402 38.20 5.562
1400 6.274 36.93 4.944
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Table 10. Selected Results from the Isothermal lnliltration Parametric Study.

Autoclave Isothermal Infiltration
Pressure Temperature Viscosity Time

(kPa) (°C) (>< 10·3Pa s) (s)

75 3454. 209.4
80 2214. 134.1
90 943.9 57.31

O 100 421.2 25.72
125 66.91 3.899
150 13.20 0.7663
175 3.124 0.1922
75 3452. 100.8
80 2213. 63.78
90 943.6 27.23

200 100 421.1 12.38
125 66.88 1.943
150 13.20 0.3839
175 3.124 0.09110
75 3452. 67.13
80 2213. 42.92
90 943.5 18.09500 100 421.0 8.123
125 66.88 1.294
150 13.20 0.2566
175 3.124 0.06043
75 3452. 40.62
80 2213. 25.95
90 943.4 11.02

1400 100 421.0 4.972
125 66.87 0.7881
150 13.20 0.1521
175 3.124 0.03529
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The effect of temperature on the infiltration time is shown in Figure 56. Temperature
and pressure have a significant effect on the total infiltration time between 75 and
l00°C. In this interval, the infiltration time for each simulated autoclave pressure de-
creases by an order of magnitude due to changes in resin viscosity. Above l25°C, the
dependence of the infiltration time on the temperature and pressure is greatly reduced.

8.3 PARAMETRIC STUDY: HEATING RATE

Typical processing cycles begin by raising the temperature of the material system from
I

ambient conditions at a constant rate to a hold temperature. This study was initiated
to investigate the effect of heating rate on the infiltration time using the same material
system and pressure conditions as in the previous section. In each simulation, l8°C was
used as the initial temperature and the heating rate was varied between 0.5 and
5.0°C/min. Large hold temperatures were used to ensure infiltration occurred during the
heating cycle.

A fundamental difference in the shape of the infiltration profile was observed for these
simulations. Since the temperature was not changing in the previous simulations, the
viscosity of the fluid was constant throughout infiltration. As shown in Figure 57, the
changing temperature causes the fluid to accelerate within the material during cure
which alters the shape of the infiltration profile. Due to larger initial viscosities, infil-
tration times at least one order of magnitude greater than the isothermal simulations
were predicted. The time-temperature history of these simulations does not allow the
resin to crosslink appreciably and additional heat and time are required to complete the
cure.
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The manufacturers recommended cure cycle for this resin system involves heating the
material from ambient conditions at 2.2°C/min to a 93°C hold temperature. After 70
minutes the material is heated to l77°C at the same rate and held for an additional 120
minutes. Results shown in Table ll for the final temperature, defined as the temperature
when the laminate is completely infiltrated, indicate the material will be completely in-
filtrated before the manufacturer's first hold temperature is reached. Temperature and
pressure combinations used during this study suggest that the recommended cure cycle
could be used without modification to produce composite larninates by RTM.

The dependence of the infiltration time on the heating rate and autoclave pressure
shown in Figure 58, is similar to the trends in the isothermal results. The infiltration
time is a strong function of heating rate for low rates (< 2.0°C/min), and decreases as
the heating rate increases. Infiltration time is much less dependent on the autoclave
pressure in this study than in the isothermal simulations.

8.4 THICK LAMINATE STUDY

This study was initiated to attempt to determine some of the limits of laminate pro-
duction by RTM. Specifically, infiltration of a 100 ply laminate was simulated to de-

‘ termine whether the resin would infiltrate the reinforcement or gel prematurely. A
vacuum pressure of -100 kPa was used to drive the flow and compact the plies. The
temperature cycles used during these simulations consisted of a 5°C/min ramp from
20°C to a hold temperature of 50, 75, 100, and l50°C. Thickness and material porosity
were estimated to be 5.2 cm and 48 percent respectively.
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Table 11. Selected Results from the Heating Rate Parametric Study.

Autoclave Temperature Final InültrationPressure Rate Temperature Time(kPa) (°C/mm) (°C) (S)

0.5 58.04 4805
1.0 64.76 28061.5 68.83 20330 2.0 71.76 1613
3.0 75.96 1159
4.0 79.11 916.7
5.0 81.56 763.1
0.5 51.08 3969
1.0 57.44 2366
1.5 61.30 1732200 2.0 64.12 1384
3.0 68.13 1003
4.0 71.10 796.45.0 73.46 665.5
0.5 47.59 3545
1.0 53.78 2147
1.5 57.42 1577

500 2.0 60.20 1266
3.0 64.12 922.4
4.0 67.03 735.5
5.0 69.34 616.1

0.5 43.15 30181.0 49.14 1868
1.5 52.77 13911400 2.0 55.36 11213.0 59.22 824.3
4.0 62.05 660.7
5.0 64.30 555.5
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In all simulations, infiltration was completed just after reaching minimum viscosity. As
in the isothermal infiltration study, the larger hold temperatures resulted in shorter in-
filtration times. If the conditions of this study were adopted, the manufacturer’s cure
cycle would need to be altered to achieve complete infiltration. A summary of results
for this study is shown in Table 12.

8.5 MODEL VERIFICATION

To check the accuracy of the infiltration and cure models, a simulation of the production
of Laminate 4268 was performed. This laminate was constructed from Hercules 3501-6
and IM7/8HS fabric as described in Section 6.4.2. After the 93°C hold for 30 minutes,

the manufacturer’s temperature cycle was initiated to complete the cure of the larninate.

The process model predicted that infiltration was completed approximately 18.5 minutes
after the initial heating cycle was begun, as shown by the infiltration profile in Figure
59. The simulation was continued after infiltration to obtain the complete temperature,
degree of cure and viscosity history shown in Figure 60. Final resin cure was predicted
during the latter stages of the third temperature hold with little exothermic heat gener-
ation occurring during cure.

The processing simulation and experimental results are compared in Table 13. The slight
discrepancy in the resin mass, thickness, and volume fraction could be attributed to im-
proper control of the applied platen pressure during cure. Progress of the actual resinU
infiltration could not be observed during the experiment, therefore an accurate value of
the €Xp€IlII‘1€Ht8.l infiltration time could not be determined.
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Table 12. Selected Results from the Thick Laminate Parametric Study.

Hold Final Degree InfiltrationTemperature of Cure Time<°C) <%) (mm)

50 22.75 6868.

75 15.09 340.0
100 13.11 53.65

150 12.66 23.25
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Table I3. RTM Processing Model Verification Study.

Prediction Experiment

Infiltration Time 18.5 min < 65 min
Resin Mass 247 g 214 g

Thickness 6.8 mm 6.5 mm
vf 58% 62%
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9.0 CONCLUSIONS AND FUTURE WORK

9.1 CONCLUSIONS

This work has shown that it is possible to accurately model the resin transfer molding
method of composite materials fabrication. Infiltration can be described, in a quasi-
steady state, as the flow of a Newtonian viscous fluid through a porous material. Post-

1
infiltration cure processes can be described with existing models developed for
prepregged materials.

Compaction ofwet and dry IM7/SHS fabric can be described by a nonlinear polynomial
expression which was empirically developed. Deformation is due to motions between
and within individual über tows. Nesting of individual layers is negligible for the mate-
rials studied. The AS4/8HS and IM7/8HS fabrics acquire permanent deformation dur-
ing repeated compaction cycles with the greatest amount of deformation occurring

during the first cycle. Path dependence and multi—cycle loading can be simulated with
the compaction model by employing a translational matching scheme at the load re-
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versal points. The compaction behavior of IM7/8HS is fundamentally different when
saturated with water than when it is dry.

Using the developed compaction model and Gauvin er al. [12] expression for material
porosity in terms of the fiber bed thickness, the applied pressure was used to accurately
predict the porosity of IM7/8l—IS. Measurements of fiber volume fraction in the cured
laminates were within 3 percent of the predicted values.

Flow rate-pressure gradient measurements for IM7/8HS saturated with water, tend to
follow D’Arcy's law when liquid—solid surface interactions are neglected. Through-the-
thickness permeabilities calculated from the experimental flow rate-pressure gradient
data compare favorably with the current literature in magnitude, but exhibit significant
data scatter. Permeability values can be described in terms of the porosity by the
Kozeny-Carman expression. Inplane permeabilities could not be accurately measured
since uniform flow through the fabric could not be established.

Nondestructive examination of cured laminates is very helpful when predicting final fiber
volume fractions and mechanical performance. Ultra-sonic gray scale C-scans accu-
rately located a group of voids in Laminate 4228. Through-the-thickness
photomicrographs were useful when locating and identifying voids, and predicting rela-
tive laminate mechanical performance on the basis of fiber volume fraction. Perform-
ance of laminates produced by RTM, based on elastic mechanical measurements, is
comparable to laminates produced with current prepreg technology.

V

Infiltration time is a function of the applied pressure and the time-temperature history
of the resin. Proper choice of these parameters can affect the efficiency of the processing
cycle. Applied pressures between 0 and 1400 kPa Were simulated with the infiltration
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model and the infiltration time was estimated to decrease with increasing pressure. In-
filtration temperature has a much stronger influence on the infiltration time. An in-
crease of 75°C has been shown to decrease the total infiltration time by two orders of
magnitude. The processing model can also identify combinations of temperature and
pressure which would result in incomplete infiltration and cure of the composite lami-
nate.

9.2 FUTURE WORK

The following areas are recommended for future work:

1. Experimentally determine the position of the infiltration front as a function of time
and compare this information with the processing model.

2. Expand and verify the processing model to include unsteady heat transfer during
infiltration.

3. Expand and verify the processing model to include applied pressure variations
(consolidation) during infiltration.

4. Expand and verify the processing model to describe two-dimensional infiltration.
5. Develop a data base of textile and resin material characteristics.
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