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SECTION I
INTRODUCTION

Composite parts and structures constructed from continuous fiber-
reinforced thermosetting resin matrix prepreg materials are manufac-
tured by arranging the uncured fiber resin mixture into the desired
shape and then curing the material. The curing process is accomplished
by exposing the material to elevated temperatures and pressures for a
predetermined length of time. The elevated temperatures applied during
the cure provide the heat required for initiating and maintaining the
chemical reactions in the resin which cause the desired changes in the
molecular structure. The applied pressure provides the force needed to
squeeze excess resin out of the material and to consolidate individual
plies,

The elevated temperatures and pressures to which the material is
subjected are referred to as the cure temperature and the cure
pressure. The magnitudes and durations of these temperatures and
pressures applied during the curing process (denoted as the cure cycle)
significantly affect the performance of the finished product. There-
fore, the cure cycle must be selected carefully for each application.
Some major considerations in selecting the proper cure cyclie for a

given composite material are:

!
i




the temperature inside the material must not exceed a preset

maximum value at any time during cure,

at the end of cure, all the excess resin is squeezed out from
every ply of the composite and the resin distribution is
uniform,
3) the material is cured uniformly and compietely, and ' X
4) the curing process is achieved in the shortest amount of time.
At the present time, no method exists which relates the cure cycle
to the thermal, chemical, and physical processes occurring in continuous
fiber-reinforced composites during cure which could be used to estab-
lish the most appropriate cure cycle in any given application.
Presently, the cure cycle is generally selected empirically by curing
small composite structures and evaluating the quality of the structure
after cure. Such empirical methods have several drawbacks: a) an
extensive experimental program is usually required to determine the
proper cure cycle for a given material, b) a cure cycle found to
satisfactorily cure a given material under one set of conditions may
not apply for a different set of conditions, and c) they do not
ensure that the composite was cured completely in the shortest amount
of time. The results obtained by empirical methods do nat shed light
on the importance of various parameters which affect cure.
The shortcoming of the empirical approach could be overcome by
use of analytical models. Unfortunately, no complete model exists
that would simulate the entfre curing process. Therefore, the first
and major objective of this study was to develop models which relate
the cure temperature and cure pressure and the properties of the

material to the thermal, chemical, and physical processes occurring 3

2




in the composite during cure. The second objective was to obtain test

data which can be used to validate the models., The third and final

objective was to demonstrate the use of the models in establishing the

cure cycle for continuous fiber composites which results in a part that

is cured uniformly and in the shortest time.




SECTION II

MODEL

In this section, a model is described which can be used for calcu-
lating the following parameters during cure:

a) the temperature, T, insfide the composite as a function of

position and time;

b) the degree of cure of the resin,o¢, as a function of position

and time;

c) the resin viscosity.};. as a function of position and time;

d) the number of compacted prepreg plies, ne, as a function of

time;

e) the amount of resin in the bleeder as a function of time; and

f) the thickness and the mass of the composite as a function of

time,

AR model providing the above-mentioned information is developed
below in two parts. The first part of the model, referred to as the
“thermo-chemical model," yfelds the temperature, the degree of cure,
and the viscosity. The second part, referred to as the "flow model,"

gives the resin flow out of the composite and the resin content of the

composite and the bleeder. Details of the two models are presented 1in

Sections 2.2 and 2.3, First, a brief description of the problem is

given,

|
§
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|
;
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2.1. Problem Statement

Constider a fiber-reinforced epoxy resin matrix composite of

initial thickness L1 (Figure 1). The composite is constructed from
unidirectional "prepreg” tape. The "prepreg” consists of unidirec-
tional continuous fibers embedded in an uncured epoxy resin matrix.
An absorbent material (referred to as a “bleeder") is placed on one or

both sides of the composite. The thickness of the bleeder is L The

b
composite-bleeder system is placed on a metal tool plate ready for
processing. A sheet of nonporous teflon release cloth is placed ,
between the composite and the tool plate, and a sheet of porous tefion i
release cloth is placed between the composite and the bleeder, to
prevent sticking.

Initially (time < 0), the resin is uncured and the bleeder
contains no resin. Starting at time t = 0, the composite-bleeder
system is exposed to a known temperature To' The cure temperature, To’
may be the same or may be different on the two sides of the composite-
bleeder system. At some time tp (tpgg 0), a known pressure, Po, is
applied to the system, squeezing excess resin from the composite. Both
the cure temperature, To’ and the cure pressure, Po’ may vary with time
in an arbitrary manner. The objective is to determine the parameters
Tisted in points a) - f) above.

In formulating the model, resin is allowed to flow in the direc-
tions both perpendicular and parallel to the plane of the composite.
However, resin flow in the plane of the composite is allowed only in
the direction parallel to the fibers as described in Section 2.3, 1In !
the analysis, the composite properties are assumed to vary only in the F

Z direction. The properties in the plane of the composite are taken

5 I
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Figure 1 Geometry of the Composite-Bleeder System.




to be constant.

2.2 Thermo-Chemical Model

The temperature distribution, the degree of cure of the resin, and

the resin viscosity inside the composite depend on the rate at which

heat is transmitted from the environment into the material. Previous

investigators have shown that the temperature inside the composite can

be calculated using the law of conservation of energy together with

an appropriate expression for the cure kinetics [1 - 10]. The law ?

of conservation of energy for a small volume element dV inside the

composite is

Rate of change Net rate of energy Net rate of Rate of energy i
of energy in dV = transfer into dV  + energy transfer + liberated (or "
by conduction into dv by absorbed) in !
convection dV by chemical :

reactions

(2.1)

By neglecting energy transfer by convection, the energy equation may be

expressed as

(2.2)

where f and C are the density and specific heat of the composite, k is

the thermal conductivity in the direction perpendicular to the plane

ﬁ is the rate of heat

of the composite,and T {s the temperature.

generated by chemical reactions and is defined in the following manner




H =R Hg (2.3)

HR is the total or ultimate heat of reaction during cure and ﬁ is the
reaction or cure rate. Following the work of previous investigators

[5,7 - 29], the degree of cure of the resin (denoted as the degree of

cure,o¢) is defined as

o= H(L) (2.4)
HR

H(t) is the heat evolved from the beginning of the reaction to some
intermediate time, t. For an uncured materfal,oc = 0, and for a com-
pletely cured material, o¢ approaches unity. By differentiating

Equation (2.4) with respect to time, the following expression is

obtained

H =—gf— Hg (2.5)

A comparison of Equations (2.3) and (2.5) shows that in this formula-
tion, de/dt is the reaction or cure rate. If diffusion of chemical
species is neglected, the degree of cure at each point inside the

material can be calculated once the cure rate is known in the
following way:

t@£ﬂdt

dt (2.6)

R
"
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In order to complete the model, the dependence of the cure rate

on the temperature and on the degree of cure must be known, This

dependence may be expressed symbolically as

%% =f(T,) (2.7)
The functional relationship in Equation (2.7), along with the value of
the heat of reaction HR for the prepreg material under consideration,
can be determined experimentally by the procedures described in

Section 3.3. Solutions to Equations (2.2) and (2.5) - (2.7) can be
obtained once the initial and boundary conditions are specified. The
initial conditions require that the temperature and degree of cure
inside the composite be given before the start of the cure (time t < 0).
The boundary conditions require that the temperatures on the top and
bottom surfaces of the composite be known as a function of time during
cure (time t 2 0). Accordingly, the initial and boundary conditions
corresponding to Equations (2.2) and (2.5) - (2.7) are

Initial conditions:
T = T;(2) o<zg Ll
x = 0O t(O (2.8)

Ti js the initial temperature {n the composite.
Boundary conditions:
T =T.(t) at z=0 } .
T=Tu) at z=L

where Tu and TL are the temperatures on the top and bottom surfaces of

20 (2.9)

the composite, respectively (Figure 2).

LAl T L




"|9POW MOL4 u}Say 7 aunb}4

o |

ajysodwon L
. Vm\\\\\\\\\\\\
X —
z

MO| 4 :_mmz\

n) :aanjosadwa |
Nd :9inssaiy 99
:890D}49}u)

10




o bt ot Y

Solutions to Equations (2.2) and (2.5) - (2.7) yield the tempera- ﬂ
ture T, the cure rate de/dt, and the degree of cure,o¢, as functions of

position and time inside the composite.

Once these parameters are known, the resin viscosity can be calcu-
lated, provided a suitable expression relating resin viscosity to its
temperature and degree of cure is available. If the resin viscosity
is assumed to be independent of shear rate, then the relationship
between viscosity, temperature, and degree of cure can be represented

g in the form:

G DT T R T LT LT

M= g(T,ex) (2.10)
The manner in which the relationship between viscosity, temperature,

and degree of cure can be established is described in Section 3.4.

Tt S

2.3 Resin Flow Model

At some time tp (tpit 0), pressure is applied to the composite-
bleeder system (Figure 2). As a result of this pressure, resin flows
from the composite into the bleeders. The resin flow rate depends !

on a) the magnitude of the applied pressure Po’ b) the air pressure ;

in the bleeders Pb’ ¢) the viscosity of the resin in the composite

and in the bleeder, d) the porosity of the bleeder and, e) the
thicknesses of the composite and the bleeders. Resin flow in the direc-
tion paraliel to the plane of the composite can be neglected if a) |
both the width and the length of the composite are large compared to |
the thickness L, and b) 1f restraints are placed around the sides of
the composite. This situation is generally encountered in practice. i

When modelling the curing process of systems where the aforementioned F

n




conditions are met, only resin flow normal to the tool plate needs to

be taken into account. However, under some conditions, resin flow
along the fibers cannot be prevented. This situation may occur when
the length of the composite is similar to the thickness. Under these
circumstances, resin flow both normal and parallel to the tool plate
takes place simultaneously. The model must then consider resin flow
in both directions. In the model that §s developed below, resin flow
both normal and parallel to the tool plate is taken into account.

Before the resin flow model is established, the behavior of the
prepreg plies during the squeezing action (cure pressure application)
is examined.

The resin flow process normal to the tool plate was demonstrated
by Springer [10] to occur by the following mechanism. As pressure is
applied, the first (top) ply (ns = 1, Figure 3) moves toward the
second ply (nS = 2), while resin is squeezed out from the space between
the plies. The resin seeps through the fiber bundles of the first ply.
When the fibers in the first ply get close to the fibers in the
second ply, the two plies move together toward the third ply, squeezing
the resin out of the space between the second and the third ply. This
sequence of events is repeated for the subsequent plies. Thus, the
interaction of the fibers proceeds down the prepreg in a wavelike
manner (Figure 3).

Note that there are essentially two regions in the composite. In
region 1, the plies are squeezed together and contain no excess resin,
while in region 2 the plies have not moved and have the original resin
content. Some compacting of the fibers within the individual plies may

also occur, but as a first approximation, this effect is neglected here,

12
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It fs noted that there is a pressure drop only across those plies
through which resin flow takes place. The pressure is constant (and
equal to the applied pressure Po) across the remaining layers of pre-
preg.

When there is resin flow in both the normal and parallel direc-
tions, resin is squeezed out from between every ply continuously, as
long as there is excess resin between adjacent plies. In this case,
the thicknesses between different plies vary and change with time, as
illustrated in Figure 4.

Although the resin flow in the normal and parallel directions are
related, to facilitate the calculations in the model, the two pheno-
mona are decoupled. Hence, separate models are described below for
the resin flow in directions normal and parallel to the tool plate.

The model developed predicts changes in the dimensions of the
composite only due to changes in the resin content, Shrinkage due to
changes in the molecular structure of the resin during cure is not

considered.

2.3.1 Resin Flow Normal to the Tool Plate

Owing to the complex geometry, the equations describing the resin
flow through the composite normal to the tool plate (z direction) and
into the bleeder cannot be established exactly. Nevertheless, an
approximate formulation of the problem is feasible by treating the
resin flow through both the composite and bleeder as flow through
porous media. Such an approach was proposed by Bartlett [30] for
studying resin flow through glass fabric prepreg, and by Loos and

Springer [9] for resin flow 1n continuous fiber prepregs. In the model,

14
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inertia forces are considered to be negligible compared to viscous
forces, Then, at any instant of time, the resin velocities in the

prepreg and in the bleeder may be represented by Darcy's law [31]

V = 'ﬁ_%.z_ (2.11)

where S is the apparent permeability, yu is the viscosity, and dP/dz is
the pressure gradient, The law of conservation of mass (together with
Equation (2.11)) gives the following expression for the rate of change

of mass M in the composite:

R-P
—_————
.g_t.’M_ = ’Pr AV, = frAzSc {"c dZ (2.12)

whereP’,is the resin density, AZ is the cross sectional area perpendi-
cular to the 2 axis, hc is the thickness of the compacted plies, i.e.,
the thickness of the layer through which resin flow takes place
(Figure 2). Pu is the pressure at the interface between the composite
and the bleeder, The subscript c¢ refers to conditions in the composite
at position hc. Accordingly, Pc is the pressure at hc and is the same
as the applied pressure (Pc = Po) [32].

At any instant of time, the resin flow rate through the composite

is equal to the resin flow rate into the bleeder:
PrAzVe = PrAzv, (2.13)

The temperature, and hence the viscosity, of the resin inside the
bleeder is assumed to be independent of position (but not of time).

Thus, Equations (2.11) and (2.13) yield

16
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prAzvz = PrAz /ﬁi —F%:\'-ﬁ- (2.18)
b

where hb is the instantaneous depth of resin in the bleeder. The

subscript b refers to conditions in the bleeder. In developing the
above expressions, the pressure drop across the porous teflon sheet
between the bleeder and the composite was neglected.

Noting that the mass of the fibers in the composite remains con-
stant, Equations (2.12) - (2.14) may be rearranged to yield the follow-

ing expression for the rate of change of resin mass in the composite: P

dML Az Pb (2.15) .
f’ﬁ udz [ | +G(t) ] | 4

where G(t) is a parameter def1ned as

h |
Gl(t)= gc —,,—-;J:; (2.16) 1
b z ]
), M
Mr is the mass of resin in the composite at any instant of time. The

mass of resin that lTeaves the composite and enters the bleeder in time

t is
t
MT - g d—,\&— d'[’. (2.7)
s dt

The instantaneous resin depth in the bleeder is related to the

mass of resin that enters the bleeder by the expression

17
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t
hy = ' dMr 4t (2.18)
PPy Az ) dt

where¢b is the porosity of the bleeder and represents the volume (per

unit volume) which can be filled by resin. The thickness of the com-

pacted plies is
he = nsh, (2.19)

where h] is the thickness of one compacted prepreg ply and ng is the
number of compacted prepreg plies. The thickness of one compacted
prepreg ply can be determined using the procedure described in Section
3.1. The value of n, varies with time, depending on the amount of
resin that has been squeezed out of the composite.

Equations (2.12) - (2.19) are the relationships needed for calcu-

lating the resin flow normal to the tool plate.

2.3.2. Resin Flow Parallel to the Tool Plate

In principle, in the plane of the composite, resin may flow along
the fibers and in the direction perpendicular to the fibers. In prac-
tice, resin flow perpendicular to the fibers is small because of
a) the resistance created by the fibers and b) the restraints placed
around the edges of the composite. If such restraints were not pro-
vided fiber spreading (“"wash out") would occur, resulting in a non-
uniform distribution of fibers in the composite. Therefore, in this
section, only resin flow along the fibers is considered.

It is assumed that resin flow along the fibers and parallel to the

tool plate can be characterized as developing viscous flow between two

18




parallel plates separated by a dist;nce dn ("channel flow", Figure 5).
The distance, d,, separating the plates is small compared to the
thickness of the composite (dn‘< L). Therefore, the variation in resin
properties perpendicular to the boundaries of the channel (z direction)
is neglected, and the resin properties along the channel (x direction)
are taken to be constant, The pressure drop between the center of any

given channel and the channel exit, (PH - P,, Figure 5), can be

L
expressed as [33]
_ZLPH_‘;ELL = ,\a&-. +B
Pr(vl)n n

| (2.20)

where (vx)n is the average resin velocity in the channel, XL is the

h* channel length, and B1 js a constant. The subscript n refers to the

channel located between the n and n-1 prepreg plies (i.e., beneath the

fiber bundles of prepreg ply n). The thickness of nth channel is

calculated by assuming that a) there is one channel per ply and b)
all the excess resin is contained in the channel. Accordingly, the

thickness of the channel is given by the following expression:

dp = ——-—"—A — Meom (2.21)
fnAz {Peom Az
where Mn andPn are the mass and density of prepreg ply, n, respectively.
The manner in which Mn and?n can be calculated is described in
Section 2.4, Mcom a"dj’com are the mass and density of a compacted i
prepreg ply (i.e. a prepreg ply with all excess resin squeezed out),

respectively. The technique used to determine ”com is described in

Section 3.1, along with an appropriate expression for determiningg)com.

19



Figure 5 G?ometry of the Resin Flow Model Parallel to the Tool
Plate.




For Taminar flow between parallel plates, )\is defined as ,

A= 26 |
- (2.22) !
En .

where REn is the Reynolds number

Req = br (Vx)ndn (2.23)
Mn
"herflln {s the viscosity of the resin in the channel, }
Substitution of Equations (2.22) and (2;23) into Equation (2.20)
yields the following expression for the average velocity in the

channel:

2
Vol = _I dn (PN‘P)
(h= 1 G (Bp)

where B' is a constant which must be determined experimentally. The

(2.24)

resin mass flow rate is

(nh,., n — f)r Ax(vx)n (2.25)

! where Ax is the cross sectional area defined as the product of the
channel width, W, and thickness, dn'
The law of conservation of mass together with Equation (2.25) gives ;

the following expression for the rate of change of mass Mn in the nth

prepreg ply:

21




%’{lﬂ. = -2(mrx)n =-ZPTAX(VX)n (2.26)

The right hand side of Equation (2.26) is multiplied by a factor
of 2 to account for resin flow in two directions away from the center-
line of the channel. Equations (2.24) and (2.26) result in the follow-
ing expression for the rate of change in resin content (Mr)n of the

nth prepreg ply:

3
dM)p — T2 dn ?rW_(_P.’.‘:..ﬂ-_). (2.27)
cﬁ‘t ES' /Lln )(L

The amount of resin leaving the nth prepreg ply in time t is

t
(Me) = (M gt (2.28)
n "'_"d—:E__ .

The total amount of resin flow parallel to the tool plate can be
determined by summing Equation (2.28) over all plies containing excess

resin

N-ns

Me =2 (Me),, (2.29)

2]

where N is the total number of prepreg plies.

The pressure at the centerline of the channel, PH, can be
estimated from the force balance applied along the boundaries of the
channel. Assuming that the pressure gradient in the x direction is

linear, and that the centerline pressure PH is the same in each ply,

22




the pressure distribution of each channel may be expressed as

P= (f'-‘-)-z—P”—)x + R (2.30)
L

where PL is the pressure at the exit of the channel and i{s assumed to

be equal to the pressure of the environment surrounding the composite

Pb' A force balance applied along the channel surface gives (Figure 5)

F=(PdA= zng“de (2.31)

A (o}
where F is the applied force. The force can be related to the cure

pressure Po as

F=RA, = 2RWX, (2.32)

Equations (2.30) - (2.32) yield the centerline pressure

Pi =2R-R (2.33)

Equations (2.20) - (2.33) are the relationships needed for calcu-

lating the resin flow in the direction along the fibers.

2.3.3 Total Resin Flow
The total resin flow out of the composite fn time t is the sum of
the resin flows both normal and parallel to the tool plate. The law of

conservation of mass gives the following expy - .ion for the total rate

of change of mass M in the composite:




. N-fs
_ccl’_:]_ ="M, + °2"§ ( Mex)q (2.34)

where ﬁrz and ﬁr* are the resin mass flow rates normal to the tool
plate (z direction) and parallel to the tool plate (x direction),
respectively.

The total mass of the composite at time t is ,

- M. (2.35
M= M+ Mg+ Mg (2.3
where M. and ME are defined by Equations (2.17) and (2.29) and M. is the

initial mass of the composite. The composite thickness at time t is

L= 'f—ZMXW | (2.36)

where .? is the density of the composite.

2.4 Calculation of the Prepreq Properties

Solution of the thermo-chemical model described in Section 2.2
requires that the densityg:, specific C, heat of reaction HR, and the
thermal conductivity k of the prepreg be known. These properties
depend upon the local resin and fiber contents of each prepreg ply. The
resin content varies in the composite with position and time. Hence
P c, HR’ and k also vary with position and time. The thermo-chemical
and resin flow models provide the variation in resin content of the
composite. With this information, the aforementioned properties can be

calculated using the rule of mixtures described below.
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The mass of the nth prepreg ply is

M, = (Mr)n + M; (2.37)

where ("r)n and Mf are the masses of the resin and the fiber in the nth

prepreg ply, respectively. The mass of the fiber is the same for each

prepreg ply, and remains constant during the resin flow process. By

expressing the mass in terﬁs of volume and density

M = 9\/ (2.38)

Equation (2.37) can be rewritten as

?nvn = fr(vl’)n + Pf v+. (2.39)

where Vn. (Vr)", and Vf are the volumes of the prepreg, the resin, and !
the fiber, respectively. JDf {s the density of the fiber. The volume '

fraction of the resin and the volume fraction of the fiber can be

defined for the nth prepreg ply as

- (Vr) = (Vf')n , 2.40
(Vr)n —_\_/;D- (Vr)n +Vp o

Vi ___ W
Vn (Vedy + Ve (2.41)

(Ve

Substitution of Equation (2.38) into Equation (2.40) and (2.41) gives

(Veln = (2.42)




(VP) = | (2.43)
" | + P& (Mrln

]’P P4¢
Equations (2.39), (2.42), and (2.43) yield the following expression for

the density

§>n = Pr + Ps

e M B M e
9" (Mr)n PI" M‘F

It should be noted that values of?r and Pf can be determined readily.
The mass of resin in each prepreg ply (Hr)n can be calculated from the
resin flow models described in Section 2.3.

The specific heat of the nth prepreg ply is taken to be the sum of
the specific heat of the resin Cr and the specific heat of the fibers

Ce

Mn C'\ = (Mr)n Cf‘ + MP CP (2.45)

By rearranging Equation (2.45), the prepreg specific heat per unit

mass, Cn. can be written as

(:'1 = ‘(Dﬂ!)!! C:r~ + ‘J!1£"‘ (:{2

n n

(2.46)

The heat of reaction for the nth prepreg ply can be expressed as
(HR)H - !___P_A HY' ' (2.47)
Mn

where HR is the heat of reaction per unit mass for the prepreg and Hr

is the heat of reaction per unit mass for the resin. Equation (2.47)
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assumes that the fibers do not participate in the reaction and do not
affect the chemical reactions occurring in the resin. In Equations

(2.46) and (2.47) the resin and fiber properties are specified and the

fiber mss is known for each ply. The variation in resin mass with position )
and time is given as part of the numerical solution described in Chapter 4,

The thermal conductivity normal to the fibers (z direction, Figure

1) may be estimated from the expression [34]

pom

(k), = (u-aj_")k.- . Kr - | 1-(824(\1))‘

L

i { VeI
L g

-1 Jl- _lesf\’!)n ] ;4

tan T (2.48) £

| + BK|(V+\n | v.
4 4

where BK is defined as

: Bk = 2(‘,’%{:L - I) (2.49)

Here kr and kf are the thermal conductivities of the resin and the
fibers, respectively., Values of kr and kf are known and the fiber

volume fraction of the nth prepreg ply can be calculated by Equation 3
(2.43).

2.5 Use of the Model in Establishing the Cure Cycle

The models developed in this section can be used to select the
appropriate cure cycle in a given application. The procedures to be

used in selecting a cure cycle are discussed in Section 6.2.

STy €10 oW e
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SECTION III

IRPUT PARAMETERS

Solution of the equations in Chapter 2 require that the input
parameters be specified. The parameters may be categorized into six
major groups: a) Geometry, b) Initial and Boundary Conditions,

c) Prepreg Properties, d) Resin Properties, e) Fiber Properties, and
f) Bleeder Properties. A complete list of the input parameters is
given in Table 1.

The parameters pertaining to the geometry (Group A, Table 1),
along with the initial and boundary conditions (Group B, Table 1), are
specified by the user of the prepreg. The initial prepreg ply thickness
and the initial prepreg resin mass fraction (parameters 9 and 10 of
Group C, Table 1) are usually specified by the manufacturer for a given
prepreg material. The resin and fiber properties (Group D and Group E,
Table 1) are either specified by the prepreg manufacturer or can often
be found in the published literature. The remaining parameters,
marked by an asterisk in Table 1, are generally not known. In the
following, a brief description is given of the methods used to

determine these parameters.
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TABLE 1

Input Parameters Required for Solutions of the
Thermo-Chemical and Resin Flow Models.

A. Geometry
1) Length of the composite

2) Width of the composite
3) Number of plies in the composite E
B. Initial and Boundary Conditions
4) Initial temperature distribution in the composite
5) Initial degree of cure of the resin in the composite
6) Cure temperature as a function of time
7) Cure pressure as a function of time
8) Pressure in the bleeder
C. Prepreg Properties
9) Initial thickness of one ply 1
10) Initial resin mass fraction ;
11) Resin content of one compacted p1y*
12) Compacted ply thickness®

13) Apparent permeability of the prepreg normal to the plane of
the composite

14) Flow coefficient of the prepreg parallel to the fibers*

e < v ———
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Table 1 (continued)
D. Resin Properties
15) Density
16) Specific heat

17) Thermal conductivity
18) Heat of reaction*

19) Relationihip between the cure rate, temperature, and degree L
j

of cure
20) Relationghip between the viscosity, temperature, and degree ¢
of cure 5

E. Fiber Properties
21) Density i
22) Specific heat ;
23) Thermal conductivity L
F. Bleeder Properties 4
24) Apparent penneabi]ity*
25) Porosity* ¥
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3.1 Compacted Prepreg Ply Thickness and Resin Content

The compacted prepreg ply thickness and the compacted prepreg ply
resin content can be determined by the following procedure. A thin
(4 - 16 ply) composite panel is constructed from the prepreg. The
panel is cured employing a cure cycle that will ensure that all the
excess resin is squeezed out of every ply in the composite (i.e., all

plies are consolidated n, = N). The total mass of the composite M is

" measured after cure. The resin content of one compacted prepreg ply

(M',)com is related to the composite mass by the expression
M
(Mekeom = 41 = Ms o

Mf is the fiber mass of one prepreg ply, and N is the total number of
plies in the composite. The compacted prepreg ply thickness h] can be

calculated in the following manner:

h, = ?EMNA_ (3.2)
om z

where ? com is the compacted ply density and can be determined from

Equation (2.44) as

ds + ¥
I+—ff- ~Me |+_ff_ _(Mr)com (3.3)
Fe (Mf‘)com r Mg

Az 1s the cross sectional area normal to the plane of the composite.

Pcom =

The compacted ply resin content is determined by Equation (3.1) above.
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3.2 Apparent Permeabi]ity;j§k)and Flow Coefficient (B')

The apparent permeability of the prepreg normal to the fibers
(%J can be determined by curing a thin (4 to 8 ply) composite specimen
for a predetermined length of time. During the cure, the resin
squeezed out through the plane of the composite normal to the tool
plate is collected in the bleeder placed on the top of the composite.
After the cure is terminated, the amount of resin in the bleeder (i.e.
the resin flow into the bleeder) is determined by measuring the
difference between the original bleeder weight (mass) and the final
weight (mass) of the resin-soaked bleeder. An initial value for the
apparent permeability is estimated, and the resin flow normal to the
fibers is calculated using the model presented in Section 2.3.1. The
value of the permeability is adjusted and the calculations are
repeated until the calculated and measured resin flows match.

The flow coefficient of the prepreg parallel to the fibers (B')
can be determined from the following procedure. A thick composite
(approximately 30 - 60 ply thick) is cured for a predetermined length
of time. Resin squeezed out from between the individual plies (parallel
to the fibers) is collected by bleeders placed around the edges of the
composite. The resin flow through the edges is calculated by
measuring the difference between the original weight of the "“edge"
bleeders and the final weight of the resin-soaked bleeders. Assuming a
value for the flow coefficient, the resin flow parallel to the fibers

is calculated using the model presented in Section 2.3.2. The value of

the flow coefficient is adjusted and the calculations are repeated

until the measured resin flow matches the calculated resin flow.
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3.3 Heat of Reaction and Degree of Cure |

The thermo-chemical model requires that the heat of reaction of
the prepreg and the relationship between the cure rate, the tempera-
ture, and the degree of cure be specified. Different experimental
techniques have been used in the past to obtain the above parameters.
One frequently used technique, that has the advantage of simultan- ‘;
eously measuring both the heat of reaction and the cure kinetics, is ;
differential scanning calorimetry (DSC). The particular experimental \
methods employed with DSC measurements vary, depending on the material f
system being studied. An experimental procedure which may be used to ]
measure the above parameters for a resin typically used in commercial
prepregs (Hercules 3501-6 epoxy resin) is described in Appendix A.

The measurements yield the heat of reaction, Hr, of the resin and a
relationship between the rate of cure, de/dt, the temperature, T, and
the degree of cure,ex.

The measured values of the rate of cure, the temperature, and the
degree of cure of the resin can be used in the thermo-chemical model
directl; in tabular form or can be fit to a mathematical equation.

An empirical expression relating de¢/dt to T and e is given in

Appendix A for Hercules 3501-6 epoxy resin. E

3.4 Viscosity

A relationship between the resin viscosity, the temperature, and
the degree of cure of the resin is required in calculating the resin

flow.

33




The resin viscosity can be measured at a constant shear rate on

a viscometer or at a constant angular frequency on a mechanical

spectrometer. The measurements are generally performed at a constant

The data provide the

temperature for specified periods of time.

viscosity as a function of temperature and time:

= u(T,t) (3.4) ]

Measurements such as those described in Section 3.3 give the degree

of cure of the resin as a function of temperature and time:

o = cx(T) t) (3.5)

By combining the viscosity - temperature - time data (Equation 3.4)

with the degree of cure - temperature - time data (Equation 3.5), a

relationship between viscosity, temperature, and degree of cure is

obtained.

u = g(T,cx) (2.10)

Such a relationship can be in tabular form or can be fit to a

mathematical equation for use in the numerical calculations, as shown

in Appendix B.

3.5 Bleeder Properties

The bleeder can be characterized by two parameters denoted as the

apparent permeability (Sb) and the porosity (¢b). The permeability of

the bleeder can be determined by measuring the flow rate of a fluid

e e e o o Attt e o N

(e.g., air) through a bleeder of known thickness and the corresponding

pressure drop across the bleeder. By substituting the measured values
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1 for the fluid flow rate, the pressure drop, and the bleeder thickness
into Equation (2.11), the apparent permeability of the bleeder is
calculated.

The porosity of the bleeder is defined as

. P i T et i o I

i P, = —VE— (3.6)
' B
where VB is the bulk volume of the bleeder (product of the cross- 4

I sectional area and the thickness), and Vp is the volume of the pores.
The volume of the pores can be estimated by saturating the bleeder with
a fluid (e.g., resin). By measuring the difference in weights between

; the empty bleeder and the fluid-saturated bleeder, the amount of fluid

| contained in the pores of the bleeder is obtained. Assuming that the

! bleeder does not absorb the fluid, the volume of the pores can be

estimated from the expression

Ve = —%":‘—- (3.7)

where ML is the measured mass of the fluid contained in the bleeder

- ot

pores and .PL is the fluid density.
A more detailed description of the experimental techniques ‘
available for measuring the permeability and porosity of porous media

can be found in Collins {31].
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SECTION Iv

NUMERICAL

Solutions to the thermo-chemical and resin flow models must be

obtained by numerical methods. The numerical procedures used to

obtain solutions to the model and the associated computer code are

sumarized below. In the final section of this chapter, four sample

problems with known analytical solutions were solved by the computer

code. The solution generated by the computer code for each test

problem is compared to the solution obtained by analytical methods.

4.1 Grid
The composite was divided into a one dimensional grid, as ;

illustrated in Figure 6. The grid points were located at the inter- |

faces of two adjacent plies. In addition, grid points were placed on

the lower surface of the prepreg ply adjacent to the tool plate and

on the top surface of the prepreg ply next to the bleeder. Accordingly,

the total number of grid points is N + 1, where N is the total number

of prepreg plies in the composite. E

The distance between any two grid points, denoted as;lzn, is

approximately equal to the thickness of the nth prepreg ply. The grid
spacing,[&zn, is not constant, but varies with time depending on the

resin content of the nth ply. Each grid point is indicated by the
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Figure 6 Arrangement of the Grid Points.
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subscript j and time is designated by the superscript q.

4.2 Numerical Solution to the Thermo-Chemical Model

In order to determine the temperature, the degree of cure, and

the resin viscosity of the composite as a function of position and

time, the equations described in Section 2.2 must be solved numerically.
Equation (2.2), together with Equation (2.5), give the following

expression for the energy equation:
BCT= 2y 3T 4 p(d)Hg o

This equatiun is expressed in finite difference form suitable for
numerical solution. At any "interior" grid point, (2< j £ N), the

term on the left hand side of Equation (4.1) is approximated by

'T]% : '1}% (4.2)
694<At) '

where At is a time step equal to the time between qu+] and qu. The
first term on the right hand side of Equation (4.1) is approximated by
(351]

QO kT~ K(‘ 2Th — 25"
oz 3z T Vlazi(azi+azl) AzZ¥azy,

2 T:,%:l

(4.3)

+

az},(az}+Az}.)




where‘dznq is the distance between the grid points j and j + 1 at

time tq, and 422_1 is the distance between the grid points j and
J -1 at time tq.
Combining Equations (4.1) - (4.3) gives the following algebraic

L expression as an approximation to the original partial differential

equation:
)
-2a; At T‘W 2a" At g+
-+ [+ -
az} (azt+azl) azfazy, ) "
—_ 2aat A L AT D
az¥(azi+azd) M T /
(4.4)
where ajq the thermal diffusivity is defined as
]
% K;
aj= QJ 3 (4.5)
§i Ci
and ujq is defined as
\
U?:(HR)J (dcx )'i (4.6)
el \dt

Equation (4.4) represents N-1 linear equations corresponding to the
N-1 interior grid points. This set of equations, called a tridiagonal

system, can be solved for the temperature of each grid point at the new

time (qu”) using a Gaussfan elimination method. An algorithm for

B e sl
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the solution of the above tridiagonal system is given by

Carnahan et al. [36].

The temperatures at the lower (T]q+]) and upper (TN+1q+])
boundary grid points are specified by the boundary conditions. The
boundary temperatures may vary with time in an arbitrary manner. The
arbitrary variation of temperature with time was approximated by
straight line segments.

It is noted that the numerical procedure outlined previously is
an implic.t method of solution. The implicit method does not impose
a 1limit on the size of the time step (At), which can be used with a
desired grid spacing (4z) to ensure stability of the numerical solution.
Therefore, a stability criterion is not required for the above numer-
ical procedure, and the time step size can be chosen arbitrarily.

Once the temperature (qu+]) is known at each grid point, the
resin degree of cure can be determined at each grid point. The func-
tional relationship between cure rate, temperature, and degree of cure

is given by

S%z{:(.r)“) (2.7)

By approximating the cure rate by the difference equation

‘ﬂ q
dex o & — o) (4.7)
dt At

and substituting Equation (4.7) into Equation (2.7), we obtain the

following expression for the degree of cure at the new time tq*]
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o'z o + (T, oAt s

The viscosity of the resin can be determined at each grid point
and at time tq+] once the temperature (qu+]) and the degree of cure

@x5q+1) are known. The exact relationship between viscosity, tempera-

g i~ v o= e

ture, and degree of cure depends on the resin system being studied

(Equation 2.10). A symbolic relationship between the viscosity at !
+1

each grid point ijq+1), the temperature (qu ), and the degree of

cure @~3q+]) can be expressed as

o = ST

T,

g4l g+ Gt
A= 9(Ti ) o) 2

4.3 Numerical Solution to the Resin Flow Model

As was discussed in Section 2.3, resin flow takes place both

perpendicular and parallel to the tool plate (x and z directions,

T O i

Figure 2). The resin flow in the z direction takes place across ng
plies, where ng is the number of compacted plies. Once a ply reaches
its compacted resin content, (Mr)com’ no additional resin can be
squeezed out from the ply. Therefore, at any given time t, the resin

' in the z direction that flows across the ng plies comes from the

n=N-ng ply only (Figure 7).

e e o erme . 71 Ly T PPN PRSI
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Figure 7 Model of the Resin Flow Processes Normal and Parallel to
the Tool Plate.




Resin flow along the plane of the composite in the x direction
takes place simultaneously across all the plies beneath the N-ns ply.
Resin flow from the N-ns ply in the x direction is neglected in the
calculations that follow.

The change in resin mass of the composite due to resin flow
normal to the tool plate (z direction) is given by Equation (2.17).
For one time step At (between t_  and tqﬂ), this equation may be

q
approximated as

teat

gt M . 3 Uk
M) = rl gt = At (Cﬂ"?r (er) .
(M, (dt ) %= 2| 2_: at) | "

t
where the subscript N-ns signifies that during any given time step,
the resin content of the composite due to flow in the z direction
changes only in the N-ns ply. The integral in Equations (2.15) and
(2.16) is approximated by

dz = h,2 1 (4.11)
Lu = M
where 1y is the average viscosity across thel-th ply
Jhp = T (4.12)
2
where,ub., and/u‘ are the viscosities of the upper and lower grid roints
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of layer! s h] is the thickness of one compacted ply, and ng is the
} number of compacted plies. Equations (2.15), (2.16), (4.10), and
(4.11) give the following expression:

.
(M,)l’;s <P A4t ( Pf -p)
2

% Ns+|
N h + h ~$
< Sp Se 12., M

( P%u qu)
+ sfl_%“ (4.13) v
5
. |
At time t + At, the resin content of the N-ng ply is z
f
g ; g+ |
(Mr),‘_,,s= (Mr),,,,,s + (MT)N.,,, (4.14)
and the total (resin plus fiber) mass in the N-n. ply is “
3 ;'
| (MY = (M) M (4.19 |
. N’ns “-ns F ,v
where Me is the fiber mass in one prepreg ply. At time t + At, the %
new thickness of ply N-n_ fs i
ot
e ( M) ,_
Cz;z:) = ™ (4.16) J
N-ng f ..
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where the density P :’:‘ is given by Equation (2.44). The instantan-
~Ng
eous resin depth in the bleeder (Equation (2.18)) at time t +At is

qH | q,+|
h, = A (M T) (4.17)
Pr $p Az
The value of ng at time t + At is determined from the following
expressions:
nd*1 = nd when (M,.)q“‘ <M 0 (4.18)
+1 - 9 q+1
ng nd + 1 when (M) (Mr)com | (4.19)

The total resin loss in the z direction from the beginning
of resin flow to the end of resin flow can be determined by summing
Equation (4.13) over all time steps.

The resin flow in the plane of the composite parallel to the
fibers (x direction) is given by Equation (2.27). Combining
Equation (2.27) with Equation (2.33) gives the rate of change in the
resin content of the nth prepreg ply as
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(4.20)

(dM.-) _ -4pW  dn (Po=Py)
dt n B, }JJI XL

where the subscript n refers to a resin-rich ply, (n<¢ (N-ns)). In

time At, the amount of resin loss in the x direction from the nth

o " t+at N
(M), = 5@——%!-) dt= ‘ét GT')%-J-(‘ZT')% } (4.21)
n n n
t

Equations (4.20) and (4.21) yield

g1 _ 3-!
(Me). = %@ﬂxf At.%ﬂ?. (R-p})

n

3\ ¥
+_(S’n_)._ (B,%”- Pb%”) (4.22)
/U.?,“
The resin content of the nth ply at time t + At is
gt (l g+
(Mr)n = (Mf)n + (ME)n

(4.23)

The total mass of the nth prepreg ply is

g4 q+l
(M),, = (Mr),, + M; (4.24)

46

|
i
|




At time t + At, the thickness of the nth ply is

%6' L

g+ |

AZ, = i‘;ﬁ“)— (4.25) 1
Fr Az

where the density is given by Equation (2.44). The channel thickness,

d,» was previously defined by Equation (2.21). Combining Equations

(2.21), (3.2), and (4.25) gives the following expression for the

channel thickness at time t + At:

3 Q! ;
d,= 4z, - h, (4.26)

The mass of the entire composite at time t + At is obtained by

summing the masses of the individual prepreg plies

N-ng
_ i
M - Z Mn + ns McOm (4.27)

where Mcom is the total mass of one compacted prepreg ply. The thick-

ness of the composite at time t + At is

N-ng

Qi g+ ;-
L =2 AZ, + nsh. (4.28) i

Na)




4.4 Properties at the Grid Points

Solution of Equation (4.4) requires that the densityP, the
specific heat C, the heat of reaction HR’ and the thermal conductivity
k at each grid point be known. Once the mass of resin and the mass
of fiber in the volume surrounding a grid point has been determined,
the aforementioned properties can be calculated from Equations (2.44)
through (2.48).

The mass of resin (ﬂ'r)jq+1 in the volume surrounding an "interior"

grid point (2 £ j £ N) 1s calculated from the following expression

— 3 gt g+
(M,.)J. = (M, + (Md),, (4.29)

2

where (Mr)nQ+] and (Mr)n_?+] are the resin masses in the n and n-)}

plies, respectively. At the two boundary grid points (j=1 and j=N+1),

the resin masses are calculated from the following expressions:

_ 8 (M LIS 11 ]%“
(Mr)|= -(-EL)L ) (Mf')mF (’2“ (4.30)

In calculating the grid point properties above, the properties
of the resin (9r’ Cos K kr) and the properties of the fiber {Pf,
Ces kf) are assumed to be independent of temperature and degree of
cure of the resin. Variations in any of the above properties with

temperature or degree of cure could be incorporated in the calculation

of the grid point properties.




4.5 Computer Code

A computer code was developed to implement the foregoing numerical :‘
procedures given in Sections 4.2 - 4.4. To test the accuracy of the |
computer code, results were obtained to four problems for which known

solutions exist. The properties of Hercules AS/3501-6 prepreg material

given in Appendix B were used in the calculations.

In the first problem, a flat 64-ply composite, initially at ambient
temperature (21°C), is suddenly exposed to a step change in temperature
(152°C) at its boundaries. The temperature distribution was calculated !
by assuming no heat generation by chemical reactions inside the material
and no resin flow. The temperature distribution as a function of time [
calculated by the computer code was compared with the temperature ?
distribution calculated using an analytical solution given in Carslaw
and Jaeger [37]. The results (Figure 3) show a good agreement between
the computer solution and the analytical solution.

The second problem concerned a 4-ply composite exposed to a
constant and uniform temperature (152°C or 177°C). The degree of cure
as a function of time was calculated both by the computer code and by
the analytical solution given in reference [29]. A comparison of the
two solutions shows excellent agreement between the computer and the |
analytical results (Figure 9). !

The third and fourth problems dealt with resin flows in the

directions normal and parallel to the tool plate. Using the computer

code, the resin flows in an 8-ply composite were calculated taking both

the temperature and the resin viscosity inside the composite to be

. —_———

uniform and constant and by assuming no internal heat generation due
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to chemical reactions. In the one case, resin flow only normal to

the tool plate was considered, while in the other case, resin flow
parallel to the tool plate was taken into account. The same problems
as described above were solved using the equations for the resin flows
in Section 2.3. These solutions were calculated manually with the

aid of a pocket calculator. The resin flows calculated by the computer
code and by the pocket calculator are shown in Figure 10. The resin
mass flows shown in these figures were normalized with respect to the
original (t=0) mass of the composite. As can be seen there is good
agreement between the computer solution and the pocket calculator

solution.
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SECTION V

EXPERIMENTAL

In this chapter, the experimental apparatus and procedures which
are described were used to cure the composite test specimens and to
measure the temperature distribution and the resin flow of the composite
during cure.

The apparatus consisted of three major components: the heated
press platens, the pneumatic press, and the heater controller. Each
of the three systems is described below. In addition, a brief

description is given of the method used to construct the test specimens.

5.1 Heated Platens

The material (prepreg) was placed between two 102 mm wide, 178 mm
long, and 38 mm thick aluminum platens (Figure 11). The platens were
identical except that a 12.7 mm wide, 6.4 mm deep groove was machined
around the edges of the top platen heating surface. Two 9.5 mm diameter
holes (165 mm deep) were drilled into the side of each platen. The
centers of the two holes were symmetric with respect to the vertical
and horizontal centerlines of the platen. A 250 watt (at 120 V)
Chromalax cartridge heater (Model No. CIR-2061) was inserted into

each hole and was held firmly in place with a cap screw. Power to the

heaters was controlled by the circuit described in Section 5.3.




Hegaters

9,
Upper Platen
L ?6/'!
- 152 i/
Heaters
}
38
/ O 0 4
Lower Plgten o 1
102

~ 178 — —

All Dimensions in mm

Figure 11 Geometry of the Heated Platens.
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6.4 mm and 12.7 mm thick hard board insulation was fastened to the
sides and to the bottom of each platen, respectively.
A 2.38 mm diameter hole was drilled into each platen to accommo-
date a temperature sensor. The hole terminated at approximately 3.18
mm beneath the heating surface of the platen. The purpose of the
sensors was to provide information regarding the temperature of the

heating surfaces. An Omega RTD (Model No. W2103, 2.0 mm diameter,

7.0 mn long) temperature sensor, coated with a high thermal conductivity

grease (Omega Omegatherm 201 silicone paste), was firmly embedded in
each hole.

The RTD temperature sensor operates on the principle that a change
in the temperature of the sensor produces a proportional change in the
resistance of the sensor. The temperature vs. resistance relationship
was provided by the manufacturer and is shown in Figure C.2 of Appendix
C. The sensors were powered by a constant current source operating at
approximately 3mA. To verify that the current source did not cause
appreciable self heating of the sensor, the aluminum platen (with the
sensor installed) was placed in a constant temperature oven. After the
steady state condition was reached, the temperature indicated by the
sensor was measured and was compared to the oven temperature. The oven
temperature and the temperature of the sensor were within 0.6°C,
indicating that the temperature of the sensor did not increase
appreciably due to the current passing through the sensor. The output
of each RTD was fed to the heater control circuit, as discussed in

Section 2.3.




In order to determine the temperature distribution across the
platen surface, five thermocouples were temporarily mounted on the
surface of the lower platen. A 6.4 mm thick asbestos sheet was placed
on the platen surface to minimize heat transfer from the surface of

the platen. The heaters were turned on, and the outputs of the

thermocouples were recorded as a function of time. These measure-
ments were made for a transient heating rate of 6.7°C/min (80%

heater power), from room temperature to 99°C. It was found that the
temperature across the surface varied less than 3°C when the center-
line temperature was 99°C (Figure 12). Measurements also showed that
the difference between the platen surface temperature and the tempera-
ture indicated by the RTD sensor was less than 0.5°C. The thermo-

couples on the surface were removed when composites were cured.

5.2 Pneumatic Press

The aluminum platens were mounted onto the upper and lower surfaces
of a Danly four post rectangular die set (Figure 13). The function of
the die set is to keep the upper and lower platen surfaces parallel
and to act as a guide when compressing a test specimen. The die set
was securely installed in a rigid 89 kN (10 ton) press frame. Force to
the die set (and consequently to the platens) was provided by a 203 mm
diameter pneumatic cylinder operating on the shop air supply (621 kPa

max.). A pressure regulator was installed between the air supply and

the cylinder. Air pressure in the cylinder was indicated on a Heise
0-689 kPa (0 - 100 psi) pressure gauge. Pressure could be read off this
gauge to within 6.9 kPa (1 psi) accuracy.

57




] | I ;
L L Thermocoupie Locations
E 100}~ a, Y - '*
g & o & '
gx Q ¥
o @ ]
S g %
; ax °A #
a %
2 %
2 ?
a ax ;
| Q
g; ax a i
& 50_ o = g
o a
F :
8
X
&
&
d
C L 1 | T
0 S {0 {5
TIME (min) :

Figure 12 Temperature Distribution Across the Surface of the Lower
Platen as a Function of Time. Symbols Represent the
Location of the Thermocouples on the Platen Surface.
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The cylinder ram was securely bolted on the center line of the
upper die set surface. The relationship between the force generated
by the cylinder ram on the upper platen and the cylinder air pressure
was determined using a calibrated Baldwin (Model SR-4) 8.9 kN (2000
1bf.) load cell. The load cell was centered between the upper and
lower platens and measurements were made of the force vs. the indicated
cylinder air pressure. The results are presented in Figure D.1
(Appendix D). The relationship between force and pressure was checked

between tests and found to be within ¥ 6% of the values in Figure D.1.

5.3 Temperature Controller

The surface temperature of the upper and lower platens was con-
trolled by regulating the voltage inputs to the heaters installed in
the upper and lower platens. This task was accomplished by the
controller described below.

The major components of the controller included a Texas Instruments
TM 990/189 microcomputer, a 1 Hz timer, a 10 bit digital-to-analog
converter (D/A), two comparators, and two proportional heater con-
trollers. A schematic of the circuit is shown in Figure 14. A
detailed circuit diagram of the controllier is given in Appendix C.

The following two relationships were stored in the computer a)
the required surface temperature as a function of time and b) the
relationship between the RTD output voltage and its temperature. The
manner in which the relationship between the RTD voltage and the temper-

ature was obtained will be discussed subsequently.
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The timer was started and its output signal was fed into the
computer. At one-second intervals, the computer calculated the
required platen temperature. From the RTD output voltage vs. tempera-
ture table stored in the computer, the voltage corresponding to the
calc.lated temperature was selected. This voltage signal was sent to
both comparators through the D/A converter. The voltage output of
each RTD sensor was also fed into the appropriate comparator. Each
comparator compared the voltage signal from the RTD element (which is
proportional to the actual surface temperature) and the voltage signal
from the D/A (which is proportional to the required surface tempera-
ture) and generated an output voltage proportional to the difference
between the two signals. The output voltage from each comparator was
fed directly into the heater controller, which regulates the power
input to each bank of heaters.

As indicated in the preceding, tho controller required that the
RTD temperature vs. RTD voltage relationship be known and stored in the
computer. This relationship was obtained by the following procedure.
Each RTD was removed from the circuit and was replaced with a variable-
resistance box. With the constant current source operating, the voltage
drop across the circuit was measured as a function of resistance
(Figure C.1, Appendix C). The results thus obtained (i.e. voltage drop
vs. resistance) were combined with the temperature vs. resistance
relationship of the RTD provided by the manufacturer (Figure C.2,
Appendix C). This resulted in the required relationship between RTD
temperature and output voltage (Figure C.3, Appendix C). Note that this

is the voltage signal that was stored in the computer.

62




The voltage output from the computer which is input to the D/A
was in the form of a digital signal. The relationship between the
digital input to the D/A converter and the analog voltage output was
obtained by sending a known digital signal intc the D/A converter and
measuring the output with a voltmeter. The resuits are shown in
Figure C.4 of Appendix C.

In order to check that each RTD circuit maintained a constant
veltage-versus-temperature relationship, two calibration resistors
(1262 and 159.6 52 ) were installed in each circuit. Calibration
checks were performed periodically by switching the RTD sensors out of
the circuit and measuring the output voltage of the circuit with the
resistors in place. Minor changes in the circuit characteristics were

correctzd with adjustable potentiometers installed in each circuit.

5.4 Test Specimens

Test specimens were constructed from 305 mm wide, 0.165 mm thick
unic..ectional graphite fiber epoxy matrix prepreg tape. The prepreg
was cut into 76 mm by 152 mm rectangular sheets with the fibers
parallel to the 152 mm side. The individual sheets were stacked on
top of each other to form a lay-up with the required number of plies.
The lay-up was pla<ed on the lower platen.

One sheet of nonporous teflon-coated releass cloth and one sheet
of porous teflon cloth were placed between the lower platen and the
composite to prevent sticking. One sheet of porous teflon was placed
on top of the composite lay-up, followed by a Mochturg (CW 1850)

thermal fiber bleeder ¢loth. For every three-ply of prepreg, one sheet
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of bleeder cloth was used. The bleeder cloth was cut to the same
rectangular dimensions (76 mm by 152 mm) as the prepreg. One sheet
each of nonporous teflon and porous teflon separated the bleeder from
the top platen.

Two rigid aluminum bars were placed along the sides of the
composite lay-up parallel to the fibers (Figure 13). These bars were
securely fastened to the lower heater platen to prevent resin flow and
fiber “"washout".

Additional bleeder cloths were placed along the edges of the
composite, perpendicular to the fibers. These "edge" bleeders were held
in place by aluminum bars fastened to the lower platen. One sheet of
porous teflon was placed between the bleeder and the composite. For
16-ply composite lay-ups, each bleeder consisted of 12 sheets of 76 mm
Tong, 13 mm high Mochburg cloth. The 32-ply composites required 45
(76 rm by 9.5 mm) sheets of Mochburg cloth. The number of Mochburg
sheets required for 64-ply composites varied from 40 to 57 sheets (76
mm by 13 mm) for each bleeder, depending on the resin content of the
prepreg.

In order to measure the temperature distribution in the composite
during cure, thermocouples were embedded in and attached to the surfaces
of selected 64-ply specimens. One thermocouple each was on the top and
bottom surfaces of the composite. Three thermocouples were embedded in

the composite between plies 8 and 9, plies 16 and 17, and plies 32 and

33. Each thermocouple was mounted near the centerline of the material.




The thermocouples were constructed from No. 32 gauge (2 mm diameter)
copper and constantan wire and were coated with Glyptol to prevent elec-
trical contact with the graphite fibers. The calibration of each
thermocouple (provided by thermocouple reference tables) was checked
at the freezing and boiling points of water. Output of the thermo-
couples was measured by a Honeywell (Type 153 "ELECTRONIK") multipoint

chart recorder, providing a record of temperature vs. time.

5.5 Experimental Procedure

Before each test, the composite lay-up and the bleeders were
weighed on either a Mettler (Model H51AR) analytical balance or on an
Ohaus (2610 gram) triple-beam balance. The composite specimen was
placed into the press and the bleeders were installed in the proper
locations. The desired force was applied to the specimen, and the
heaters were turned on. Al oreselected times, the heaters were turned
off and the pressure was released. After the composite~bleeder
assembly was cooled to room temperature, it was removed from the press,

and the weights of the composite and the bleeders were measured.
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SECTION VI
RESULTS
In this chapter, comparisons between the results of the models
and the data are presented, and the use of the model in establishing

the proper cure cycle for a given application is discussed.

6.1 Comparisons Between the Results of the Model and Data

Experiments were performed to verify the thermo-chemical and
resin flow models. In the experiments, temperature distributions and
resin flows perpendicular and parallel to the tool plate of unidirec-
tional composites were measured. The experiments were performed using
Hercules AS/3501-6 graphite, fiber-reinforced, epoxy resin matrix
prepreg tape. The same cure temperature was used in every test. The
cure temperatures on the lower and upper surfaces of the composite
(as measured by thermocouples) are shown in Figure 15. The pressure
was applied at the beginning of the cure cycle and remained constant
for the duration of the cure. Tests were performed with different
applied pressures ranging from 103 kPa (15 psi) to 724 kPa (105 psi).

The pressure in the bleeder was taken to be equal to the ambient

pressure of 101 kPa (14,7 psi).

66




*34n) bupung s33Lsodwo) A|d-$9 pue *2¢ 9l JO $SIIVJHANS Y] UO PIANSPI SA4NJeaadwd] Y] G danbiy

(Ww) JWIL (vjw) IWiL
09 06 otv (0% 0¢ 0] o 09 0] ov 0% (014 (0] o) _
\ﬁ“ 7 T | T 7 I # T T 1 T ] T +O
| w
i
L 9-10GE/ SV :
! (Travaiiiii] —40G A M |
- LI 2¢ Mmoo h
(“*lolu w %
N 1
C
2
m
oo &
Aw_ﬁo._.v.a.—. ~
(%%[0] ® *[o])"
| 1 i A L i L 1




S Al s v e

The temperature as a function of time was measured at three
locations inside a 64 ply composite. Results of the temperature
measurements are presented in Figure 16.

Resin flow measurements were made with different cure pressures
(103 kPa (15 psi), 345 kPa (50 psi), 586 kPa (85 psi), and 724 kPa
(105 psi)), different ply thicknesses (16, 32, and 64 plies), and
different initial prepreg resin contents (39% and 42%). The results
are shown in Figures 17 - 19. In these figures, time, t, is plotted
on the abscissa. The ordinates represent either the total mass loss,
m*, of the composite or the mass losses due to resin flow in the
directions normal (m;) and parallel (mz) to the tool plate in time t.
The mass losses shown in Figures 17 - 19 represent the mass loss with
respect to the initial mass of the composite:

mass_loss

m* = Tnitial mass X 100 (percent)

The temperature distribution in the composite and the resin flow were
calculated by the models using the same cure temperatures (Figure 15)
and cure pressures which were employed in the tests. The prepreg and
bleeder properties used in the calculations are listed in Appendix B.
The results of the models are represented by solid lines in
Figures 16 - 19. As can be seen, the calculated and measured tempera-
tures and the calculated and measured resin mass losses agree well.
These agreements, which exist for wide ranges of applied cure pressures,
composite thicknesses, and initial prepreg resin contents, tend to

confirm the validity of the thermo-chemical and resin flow models.
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Figure 19 The Mass Loss, Normal to the Tool Plate (bottom),
Parallel to the Tool Plate (center), and the Total
Mass Loss (top) as a Function of Time for a 64-Ply . {
Composite. Comparisons Between the Data and the :
Results Computed by the Model for Different Initial - ’
Resin Contents (39% and 42%). The Temperature Cure
Cycle is Shown in Figure 15. The Cure and Bleeder . B
Pressures were Constant at 586 kPa (85 psi) and 101 B
kPa (14.7 psi) Respectively. B
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6.2 Selection of the Cure Cycle

When curing a composite, the cure cycle should be selected in such
a way that the following requirements are satisfied:

a) the temperature at any position inside the material does not

exceed a prescribed limit during the cure;

b) the magnitude of the cure pressure is sufficiently high so
that all of the excess resin is squeezed out from every ply of
the composite before the resin gels at any point inside the
composite;

c) the pressure is applied before the viscosity of the resin, in
the prepreg ply adjacent to the bleeder, becomes low enough to
flow;

d) the resin is cured uniformly and the degree of cure is above
a specified 1imit throughout the composite at the end of cure;
and

e) the composite is cured in the shortest time.

The models and the corresponding computer code were used to
generate results which illustrate the effects of cure temperature and
cure pressure on “‘he curing process for a given material. The calcula-
tions were performed for composites made of Hercules AS/3501-6 prepreg
tape, bounded by the tool plate on one side and by the bleeder on the
other side. The properties used in the calculations are given in
Appendix B. In the calculations, only resin flow in the direction
normal to the tool plate was considered. As was discussed in Section
2.3, the dimensions of the composite panel in commercial composite
prqcessing generally are such that resin flow along the plane of the

composite is negligible.
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The calculations were performed with the cure cycles shown in
Figure 20. The cure temperature was increased at a constant heating
rate, io’ from room temperature until the maximum cure temperature,
Tnax® Was reached. For all calculations, it was assumed that the
temperature on the upper and lower surfaces of the composite was equal
to the applied cure temperature.

The cure pressure and the bleeder pressure used in the calcula-
tions are also shown in Figure 20. The cure pressure was applied at
the beginning of the curing process (tp = 0) and remained constant for
the duration of the cure. The magnitude of the cure pressure is
indicated on each figure showing the results. The pressure in the
bleeder was taken to be constant at 16.7 kPa (25 in. Hg vacuum). This
value is typical of the bleeder pressure in commercial composite
processing using vacuum bagging procedures.

Calculations were also performed with the cure cycle recommended
by the prepreg manufacturer for Hercules AS/3501-6 prepreg tape. This

cycle is shown in Figure 21.

Maximum Temperature Inside the Composite. The maximum temperature

reached insida a composite constructed from a given prepreg material

depends on: a) the maximum value of the cure temperature, T b)

max’
the heating rate, fo (i.e., the rate at which the cure temperature

increases), and c) the thickness of the composite, L Obviously,

5
the temperature inside the composite will at some time reach the maximum
cure temperature. Therefore, the cure temperature must not exceed the
maximum temperature limit, T*, prescribed for the prepreg. In the

present parametric study, this 1imit was chosen arbitrarily to be 180°C.
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Study.
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The temperature inside the composite also depends on the heating
rate and the thickness of the composite. At low heating rates, the
temperature distribution inside the composite tends to remain uniform,
as illustrated in Figure 22a. The results in this figure apply to a
64-ply composite where the cure temperature was increased from room
temperature to the maximum cure temperature of 177°C at 2.8°C/min.
When the heating rate was increased to 27.8°C/min, the temperature
distribution became nonuniform, as shown in Figure 22b. However, at
no time does the temperature at any place inside the composite exceed
the maximum allowed temperature, T*. On the other hand, when a 128-ply
composite was cured using the same heating rate (27.8°C/min), the
temperature inside the material exceeded both the boundary temperature
and the maximum allowed temperature limit (Figure 22c). The temper-
ature nonuniformity inside the material depends on the rate at which
heat is transported through the composite and the rate at which heat
is generated by chemical reactions. The temperature "overshoot" shown
in Figure 22c occurs when heat is generated in the composite faster
than it can be dissipated.

With the use of the computer code, results such as those in Figure
22 can be generated for a composite constructed from a given prepreg
material and cured with a specified cure cycle. From these results,
the temperature distribution inside the material can be established.
This information can then be used to determine if the temperature
distribution is uniform and if the local temperature at any point in

the composite exceeds the maximum allowed temperature at any time.
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Resin Flow The pressure applied during the cure must be suffi-
ciently high so that the excess resin is squeezed out of every ply of
the composite before the resin in any ply gels. The magnitude of
pressure applied when curing a given material depends on the composite
thickness and, to a lesser extent, on the cure temperature and heating
rate. This is illustrated in Figure 23, where the number of compacted

plies, n_, is plotted as a function of time.

s
The curves in Figure 23 were generated by the computer code for
different composite thicknesses (16, 32, and 64 plies). Results of
the calculations show that cure pressures of 345 kPa (50 psi) and
1207 kPa (175 psi) are sufficient to squeeze all the excess resin
out of 16-ply and 32-ply composites, respectively, before the gel
point is reached (Figure 23). However, for a 64-ply composite, an
applied pressure of 3447 kPa (500 psi) would squeeze excess resin out
of only 55 plies, 50 that the 9 plies nearest to the tool plate would
contain excess resin. These results apply to composites with a bleeder
on one side only. If bleeders are placed on both sides of the composite
and the same pressure is applied, excess resin can be squeezed out of
approximately twice as many plies as with the single bleeder system.
For the cure cycles employed in this parametric study (Figure 20),
a change in the maximum cure temperature does not significantly affect
the number of compacted plies (Figure 24a). Similarly, variations in
the applied heating rates have little effect on the number of compacted
plies, unless the heating rate is so large that the resin gels before
the excess resin is squeezed out of every ply. For example, the results

in Figure 24b show that at a heating rate of 27.8°C/min, the resin gels
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at a time when only 30 plies are compacted in a 32-ply composite.
Thus, excess resin remains in two plies.

Although the maximum cure temperature and the heating rate have
little effect on the total number of compacted plies, these two para-

meters do effect the amount of time required to squeeze excess resin

out of every ply in the composite, tN' The effect of cure temperature

and heating rate on the time required to squeeze excess resin out of
every ply of a 32-ply composite is shown in Figure 25. The time
required to squeeze the excess resin out of every ply in the composite
decreases with increasing cure temperature and increasing heating rate.
Calculations were also performed for the cure cycle recommended
by the manufacturer for processing composites made of Hercules
AS/3501-6 prepreg (Figure 21). The number of compacted plies, ng, as
a function of time is plotted in Figure 26. The results show that if
the manufacturer's recommended cure cycle is used, excess resin could
be squeezed out from only a 23-ply composite before the gel point is
reached. If composites thicker than 23 plies are cured with the
manufacturer's recommended cure cycle, then there would be resin rich
plies adjacent to the tool plate at the end of cure. There is exper-
imental evidence that the manufacturer's recommended cure cycle may
not be appropriate when curing thick composites. Meade [39] presented
microphotographs of a 96-ply composite, constructed from Narmco T300/-

5208 unidirectional prepreg tape, and cured with the manufacturer's

recommended cure cycle. These microphotographs reveal the existence of

uncompacted, resin-rich plies adjacent to the tool plate.
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The foregoing results illustrate a procedure which can be used
to determine if the excess resin is squeezed out of every ply in the
composite before the gel point is reached. This procedure requires
that for a given cure cycle, the number of compacted plies, nes is
calculated as a function of time. From a plot of ng versus time, it
can readily be seen how many plies are compacted before the gel point
is reached.

By performing the calculations for different cure pressures, the

maximum number of plies that can be compacted, (ns) for a given

max’

pressure, P , can also be determined. A plot of ("s) versus pressure

max
for Hercules AS/3501-6 prepreg is given in Figure 27. Such a plot can
serve as a guide in selecting the pressure which is sufficient to
squeeze the excess resin out of every ply of a given composite.

Gel Point As discussed previously, excess resin must be
squeezed out of every ply before the gel point of the resin is reached
at any point inside the composite. The computer code can be used to
calculate the viscosity distribution inside the composite as a function
of time (Figure 28). From this information, the maximum viscosity at
any point inside the composite at any time can be determined and a plot
of the maximum viscosity./imax, versus time can be constructed (Figure
29). The gel point of the resin is assumed to occur when the viscosity
of the resin reaches 100 Pa.s [40,41]. Thus, by knowing the viscosity
corresponding to the gel point, the time when gel occurs can be deter-
mined from the maximum viscosity:Almax, versus time curve, as shown in

Figure 29.
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The above procedure was used to determine the gel point of a
32-ply composite cured at 177°C (Figure 20) with a cure pressure of
1379 kPa (200 psi), as shown in Figure 29. The intersection of the
viscosity-time curve with the gel line (denoted as a dashed line on
Figure 29) indicates that the resin would begin to gel in the composite
70 minutes after the cure temperature is first applied.

Time of Pressure Application  The cure pressure should be

applied before the viscosity of the resin in the first ply next to the
bleeder becomes sufficiently low for resin flow to occur. This is the

latest time at which the pressure should be applied. This time,

referred to as the time of pressure application, tp, can be determined

from a plot of the number of compacted plies, ng, versus time, t. The

intersection of the ns-versus-time-curve with the time axis is taken
to be time of pressure application (Figure 30).

The time of pressure application depends on the magnitude of the
applied pressure and on the heating rate as illustrated in Figure 30.

The pressure may be applied, of course, at times which are less than tp,

but should not be applied at times greater than tp. It should be

emphasized that applying the cure pressure before tp does not ensure
that all the excess resin will be squeezed out of every ply of the i
composite before the gel point is reached.

Degree of Cure At the completion of the curing process, the

|
resin in a composite should be cured uniformly, and the degree of cure L
must exceed a prescribed value.c(*, throughout the composite. The
degree of cure will be uniform as long as the temperature distribution

inside the composite is uniform, as illustrated in Figure 3la. :

89




04 *SauNssadd aun) Juauajyiq (e 404 awpl JO u0pIdUNd © se ‘Su ‘saj|d pajoedwo) Jo Jaquny QF 34nb}4

(ujw) INIL (unu) WL
o¢ 02 ol 0 Ob o¢ 02 oO 0
¥ |}
V[ 9 d
. — 7/0d) 1O} -
/Do
82 _
c_E\ooON@_.N 0d%6.L€) odi JbbE= Y
0d%6.€)=Y - ] - 7
- 1= L R
04 29)=1d o*V\J _ .
g Jellb=w gy ] L uw/0,82:° g joge/sV -
| | 1 | |

"19pOW 3y} Aq paujeiqQ s3(nsay .au w )
a4042g pajiddy aq pinoys duanssaugd ayy “(Iybida) o+ ‘sajey bujpjeay Juaudjilg (q pue (333f)

")

90

o
*u 'S3I1Nd J31OVdWO0D J0 N¥3ISWNN

Gl




]‘l“ A S bt o A 1oV ~iihats ARG, o st Qi UL S SG HUUREESS S

*|19poW 3yl Aq paujelqo siynsay " (3Iybia) upw/y, 8'Lz2 = 0L ‘a3psodwo) A1d-g21 (9 " (3431)

uju/9y, 8°2 = o._. ‘@31)sodwo) A|4-49 (e ‘dwj) JO UOKIIUNS © SB UOLINGIUISLQ 34n) JO 33463 |E 3unb) 4
("1/2) NOILISOd ('1/2) NOILISOd
Ob 80 90 ¥0 20 O OF 80 90 H0 20 O
T 1 T T | L T T f 0
od¥y Z9i=1d | .
- 1 [ odyeler=9% 'd 120
VWOl =4 ) Juﬁﬂ
) o m ] z{ .
[ \/I-‘\J — .._. ..—- — qo m
Dolli="0w) 11 2
- 4 | uwQ9=) —Hoom _
m_ N
uwoge =}
| 0 = : 80 @
//l\\ UwOe6 =1 ]
- uwseE 1 [ wwogi=s O =
UW/9,822=° uw/J0,8'2 =9
8 0] - ¥900) 9-10GE /SV




Conversely, if the temperature distribution inside the composite
becomes nonuniform, the degree of cure can also be expected to be
nonuniform, as shown in Figure 31b. Therefore, cure cycles which
result in uniform temperature distributions also result in composites

that are cured uniformly.

s il

The computer code can be used tc generate results such as those

shown in Figure 31. From these results, the degree of cure as a
function of position inside the composite can be determined. Once

this information is known, it can be determined if the composite was

Ry i P

cured uniformly and if the degree of cure exceeds the prescribed

S

value ofex" throughout the composite. %
Cure Time When curing a composite, it is desirable that the ;

curing process be completed in the shortest amount of time. The cure 3

is considered complete when the degree of cure reaches a specified

va1ue,cxr, at every point in the composite. The time required to

reach this value can be established by first plotting the degree of

cure as a function of position and time, as shown in Figure 31. From

this curve, the lowest value of the degree of cure,o<_. , in the

min
composite at each time is determined and a plot of the lowest value of

the degree of cure as a function of time can be constructed (Figure 32).

The cure is considered complete whena<mi reaches the specified value F

n
cxr. Thus, from a plot such as that shown in Figure 33, the time

required to complete the curing process can be determined.

s
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The cure time, tc' depends greatly on the applied cure temperature
and on the heating rate, as illustrated in Figure 33. The results in
these figures are based on the assumption that cure is complete when
a degree of cure of 0.9 is reached at all points of the composite. For
example, a 32-ply composite constructed from Hercules AS/3501-6 prepreg
and cured using a heating rate of 2.8°C/min and a maximum cure tempera-
ture of 177°C, requires a cure time of 89 minutes (Figure 33a). If the
maximum cure temperature is reduced to 135°C, the calculated cure
time increases to 236 minutes.

The effect of heating rate on the cure time is illustrated in
Figure 33b. Increasing the heating rate of a 32-ply composite (maximum
cure temperature 177°C) from 2.8°C/min to 11.1°C/min results in a 37
minute reduction in cure time (Figure 33b).

The computer code can be used to calculate the cure time for
different maximum cure temperatures and heating rates. A plot of cure
time versus cure temperature, and a plot of cure time versus heating
rate for Hercules AS/3501-6 prepreg is given in Figure 34. Results such
as those shown in Figure 34 can be used to estimate the required cure
time for a composite cured with a specified temperature cure cycle.

It is interesting to note that a 32-ply composite cured with the
manufacturer's recommended cure cycle (Figure 21) requires a cure time
of 146 minutes (Figure 35). Thus, use of the 177°C cure cycle with a
heating rate of 2.8°C/min (Figure 33a) would result in a 57 minute
(37%) savings in cure time. These results show that significant
savings in cure time might be achieved by careful selection of the cure

cycle.
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SECTION VII

SUMMARY AND CONCLUSION

The following major tasks were completed during the course of

this investigation:

1) Models were developed which simulate the curing process of
composites constructed from continuous, fiber-reinforced,
thermosetting resin matrix prepreg materials. The models
relate the cure cycle to the thermal, chemical, and physical
processes occurring in the composite during-.cure.

| 2) On the basis of the models, a computer code was developed
which can be used to generate the following information for

flat-plate composites cured by a specified cure cycle:

a) the temperature, T, inside the composite as a function
of position and time;

b) the degree of cure of the resin,oc, as a function of
position and time;

c) the resin viscosityz;L, as a function of position and
time;

d) the number of compacted prepreg plies, ng, as a function

of time;




3)

4)

5)

6)

e) the amount of resin in the bleeder as a function of

time; and
f) the thickness and the mass of the composite as a

function of time.
The input parameters required in the computer code for the
solution of the models were specified. The methods used
to determine the parameters generally not known were
described. These parameters included a) the thickness and
resin content of a compacted ply, b) the apparent permeability
and flow coefficient of the prepreg, c¢) the heat of reaction
and the cure kinetics of the prepreg resin system, and d) the
resin viscosity.
Experiments were performed measuring the temperature distri-
bution in and the resin flow out of composites during cure.
These measurements were made using test specimens constructed
from Hercules AS/3501-6 prepreg material.
Calculations were performed with the computer code for the
conditions employed in the experiments. The calculated results
were compared with the experimental data and the results of the
computer code showed that the model describes adequately the
temperature distribution and resin flow of flat-plate,
unidirectional composite panels during cure.
A parametric study was performed to illustrate how the model
and the associated computer code can be used to determine the

appropriate cure cycle for a given application which results
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in a composite that is cured uniformly in the shortest amount

T

of time.

In the present form, the computer code can be applied to flat-

plate geometry only. It could, however, be readily extended to t

composites made in different shapes.
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APPENDIX A

HEAT OF REACTION AND DEGREE OF CURE MEASUREMENTS
FOR HERCULES 3501-6 RESIN

In this appendix, the procedures used to obtain the heat of
reaction and degree of cure for Hercules 3501-6 resin are described.

The composition of the resin is given in Table A.1.

A.1 Experimental

The heat of reaction and the degree of cure were measured using
a Perkin-Elmer DSC-2 differential scanning calorimeter. Prior to the
tests, the DSC temperature (abscissa) and the DSC energy (ordinate)
calibration was checked following the procedure recommended by the
manufacturer [43].

A sample ranging in weight from 3 mg to 8 mg was encapsulated in a
standard aluminum sample pan. The encapsulated sample was placed in
the DSC sample holder and the rate of heat generation from the sample
was measured as a function of time. An empty aluminum sample pan and
cover was used as a reference. The weight of the sample was measured
before and after the test. The weight losses during the tests were found ;
to be negligible. The rate of heat generation dQ/dt was displayed on a
strip chart recorder. The tests were performed in two different ways

[11): a) with the sample kept at constant temperature (isothermal
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Table A.1

Composition of Hercules 3501-6 Resin.

Amounts given are in parts per hundred resin [42].

Epoxide No. 1 (H) 100
Curing Agent (DDS) 44 !
{
Epoxide No. 2 (H) 16 {
Epoxide No. 3 (H) 15 }
:
BF4 2
H
14
1
i
!
é
!
i
?
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scanning), and b) with the sample heated at a constant scanning rate
(dynamic scanning). Isothermal tests were performed at eight different
temperatures: 400K, 425K, 430K, 440K, 450K, 465K, 470K, and 475K, The
total time required for a test ranged from 15 min (at 400K) to 5 min.
(at 475K). The time to reach the steady state was less than 30 seconds.

The temperature was raised from room tempvrature to the test temperature

at 320K/min,
In the experiments where dynamic scanning was applied, the temper-

ature was raised from 320K to 590K at the rate of 20K/min. The heat of
reaction was determined from the experiments using dynamic scanning.
The rate of heat generation was plotted versus time and the area under
the curve was determined (Figure A.1). The heat of reaction was

calculated by the expression

ts
Hy = § (dasdt)dt (a1

0
where tf is the time required to complete the reaction.

The amount of heat released up to time t was determined using the

rate of heat generations measured during isothermal scanning experiments.

The rate of heat generation was plotted versus time and the area under

the curve provided the amount of heat released (Figure A.Y)

t
H={ (da/dt)dt (8.2)
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The degree of cure is defined as

«= H/H, (A.3)

The cure rate is calculated by the expression

dec/dt = (dQ/dt)/H,

(A.4)

where the rate of heat generation dQ/dt is provided by the measurements.

A.2 Results

The heat of reaction of the resin was determined from the results
of the dynamic scanning measurements. The tests were repeated four
times. A typical result is shown in Figure A.2. Note that there are
two "humps” in the dQ/dt versus time curve. These humps are caused by
two different major reactions occurring during the cure. The measure-
ments gave the following value for the heat of reaction

H. = 473.6 % 5.4 kJ/kg (A.5)

The degree of cureocand the cure rate de/dt were determined from
the results of the isothermal scanning experiments. From the measured
values of dQ/dt, the heat released H up to time t, the degree of cure
o¢ at time t, and the cure rate d«/dt at time t were calculated using
Equations (A.2) - (A.5), The results are plotted in Figure A.3.

Efforts were made to describe the de/dt versus o data with a
modified Arrhenius type equation. In this investigation, the following

equations were found to describe the data well [20, 23, 24]
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Figure A.3 Cure Rate versus Degree of Cure. Solid Lines were
Calculated Ustng Equations (A.6)-(A.8) and the Constants
given in Table A.2. Note the Difference in Scales on 1
the Vert{cal Axes of the Figures on the Left and Right. r
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Table A.2

The Values of the Constants in Equation (A.8).

Ay = 2.101 x 107 min~!
Ay = -2.014 x 10° min”
A3 = 1.960 x 105 min~!
AE; = 8.07 x 10* 3/mo1
AE, = 7.78 x 10* 3/mo1
AE, = 5.66 x 10° /mol

1
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dee/dt =( K+ Kyoc)(1-2)(B-«) e £0.3 (A8

der/dt = K3 (I- ) o>0.3 (A7)
where

K, = A, exp(-4E,/RT)
K, = Az exp(~AE/RT)
K3 =A3 CXP('AE3/RT)

A], AZ’ A3 are the pre-exponential factors,AE1,AE2, AE3 are the

(A.8)

activation energies, R is the universal gas constant, and T is the
absolute temperature. B is a constant independent of temperature. The
constants K1, K2 and B were determined by a non-iinear least squares
curve fit to the dx/dt versusoc data using the Levenberg-Marquardt

algorithm [44]. This procedure gave the following value of B

B =0.47 1 0.07 -~ {(A.9)

Using the value B = 0.47, the values of K] and K2 were calculated by

a linear least squares curve fit to the data at ocvalues less than 0.3.
The K] and K2 values thus calculated are plotted in Figure A.4. The
value of K3 was obtained by fitting a 1inear least sqaures curve to the
de/dt versus oc data at oc values greater than 0.3 (°¢>0.3). The

resulting Ky values are also shown in Figure A.4.
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The values of A1. Az, A3 andAE]. AEZ.AE3 were found by fitting

straight lines to the Kys Kys Ky versus 1/T data. The values of those
constants are listed in Table A.2.

The reaction rate is described by two different equations
(Equations (A.6) ad (A.7)). The results of the dynamic scanning measure-
ment showed that there are at least two dominant reactions occurring
during the cure. These reactions (represented by the two "humps" in
Figure A.1) cannot be correlated by a single equation, but must be
described by different equations. This is the reason for the two
equations employed here.

Comparisons between the measured values of dx/dt and the values
calculated by Equations (A.6) - (A.8) are shown in Figure A.3.

By integrating Equation (A.6) and Equation (A.7), the following
relationships between or and t are obtained

t= Sk |n(l+‘_(zor)—bKln(l-Or)-Ck'n(l-—;-f) (2.10)

K> K\
it B | -~ o
t = Ka n[ 5. ]"'tL (A.11)

where

QK-? KZZ (B',)/dk
b = (K + KzB)/dk

(A.12)

Ck = -(KH'Kz)/dK
dk = (Ki+ky)[ kB +(ki-I;)B - K]

Al




and t

is the time given by Equation (A.10) for e¢ = 0.3 (t = t, at

L
e = 0.3).

A.3 Data

The data and the resultant calculated values are presented in
Tables A.3 - A.10 of this section. The dQ/dt values given in the
tables were obtained by taking the DSC output at selected times and
applying a conversion factor to yield the tabulated results in kJ/
(kg-min). Likewise, the H (amount of heat released) values obtained
from the DSC output at selected times were converted to kdJ/kg by a
conversion factor.

The symbols used in the tables are explained below:

t = time, min.

dQ/dt = rate of heat generation, kJ/(kg.min).
H = amount of heat released (defined by Equation (A.2)), kJ/kg.
o¢ = degree of cure calculated by Equation (A.3).

d*9dt = cure rate calculated by Equation (A.4), min'].
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Hercules 3501-6

Table A.3

Temperature = 400K

Samgle weight = 8.07 mg

t dqQ/dt H o d~/dt
0.01 9.95 0.54 0.00M 0.0210
0.26 11.27 2.26 0.0048 0.0238
0.51 11.60 4.04 0.0085 0.0245
0.76 11.60 5.84 0.0123 0.0245
1.01 11.46 7.63 0.0161 0.0242
1.26 11.18 9.39 0.0198 0.0236
1.51 10.70 11.09 0.0234 0.0226
2.01 10.09 14.31 0.0302 0.0213
2.51 9.14 17.29 0.0365 0.0193
3.0 8.57 20.04 0.0423 0.0181
3.51 8.19 22.63 0.0478 0.0173
4.01 7.81 25.11 0.0530 0.0165
4.51 7.58 27.49 0.0580 0.0160
5.51 7.06 32.02 0.0676 0.0149
6.51 6.73 36.29 0.0766 0.0142
7.51 6.44 40.38 0.0853 0.0136
8.51 6.25 44.32 0.0936 0.0132
9.51 6.06 48.13 0.102 0.0128

11.5] 5.59 55.35 0.117 0.0118
13.5) 5.30 62.11 0.131 0.0112




Table A.4

|

: Hercules 3501-6 Temperature = 425K

| Sample weight = 6.12 mg

|

t dQ/dt H o< d=/dt

0.115 59.67 5.35 0.0113 0.126 )
0.283 49.25 15.11 0.0319 0.104 y
0.533 40.35 25.81 0.0545 0.0852 b
0.783 36.09 35.61 0.0752 0.0762 ]
1.03 32.96 44.19 0.0933 0.0696 ?
1.28 32.39 52.10 0.110 0.0684 ]
1.53 27.66 59.20 0.125 0.0584
1.78 25.20 65.83 0.139 0.0532
2.03 23.30 71.99 0.152 0.0492
2.28 21.69 77.67 0.164 0.0458
2.53 19.80 82.88 0.175 0.0418
2.78 18.33 87.62 0.185 0.0387
3.03 17.10 91.88 0.194 0.0361
3.53 15.20 99.93 0.21 0.0321
4.03 13.17 107.03 0.226 0.0278
4.53 11.70 113.19 0.239 0.0247
5.03 10.23 118.87 0.251 0.0216
5.53 9.33 123.61 0.261 0.0197
6.53 8.17 131.19 0.277 0.0173 |
7.53 7.39 137.82 0.291 0.0156 i
8.53 6.96 143.50 0.303 0.0147 1
9.53 6€.77 148.71 0.314 0.0143

115




Hercules 3501-6

Table A.5

Temperature

Sample weight = 7.13 mg

116

do/dt H ox dey/dt

0.01 74.36 5.30 0.0112 0.157

0.28 58.25 18.04 0.0381 0.123

0.53 48.78 30.88 0.0657 0.103

0.78 43.81 42.48 0.0897 0.092¢ .
1.03 38.83 53.04 0.112 0.0820 f
1.28 34.53 62.04 0.131 0.0729

1.53 30.88 70.09 0.148 0.0652

1.78 27.85 77.67 0.164 0.0588 ]
2.03 25.29 84.30 0.178 0.0534 '
2.28 22.64 89.98 0.190 0.0478

2.53 20.46 95.67 0.202 0.0432

2.78 18.57 100.40 0.212 0.0392

3.03 16.95 104.67 0.221 0.0358

3.28 15.49 108.93 0.230 0.0327

3.53 14.30 112.72 0.238 0.0302

4.03 12.12 119.35 0.252 0.0256

4.53 10.89 125.03 0.264 0.0230

5.03 9.71 130.24 0.275 0.0205

5.53 9.05 134.98 0.285 0.0191

6.53 8.38 143.50 0.303 0.0177

7.53 8.05 151.55 0.320 0.0170

8.53 7.81 159.60 0.337 0.0165

9.53 7.44 167.18 0.353 0.0157

¢
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Hercules 3501-6

TABLE A.6

Temperature = 440K
Sample weight = 7,52 mg

1

17

t dQ/dt H o de/dt
0.18 98,04 15.06 0.0318 0.207
0.43 83.35 38.03 0.0803 0.176
0.68 66.78 56.83 0.120 0.141
0.93 56.36 71.99 0.152 0.119
1.18 43.86 84.77 0.179 0.0926
1.43 36.42 94.72 0.200 0.0769
1.68 30.88 103.24 0.218 0.0652
1.93 26.19 110.35 0.233 0.0553
2.18 22.45 116.51 0.246 0.0474
2.43 19.65 121.72 0.257 0.0415
2.68 17.67 126.45 0.267 0.0373
2.93 16.06 130.71 0.276 0.0339
3.18 14.92 134.50 g.284 0.0315
3.43 13.88 137.82 0.291 0.0293
3.68 13.40 141.61 0.299 0.0283
4.18 12.74 147.76 0.312 0.0269
4.68 12.08 154.39 0.326 0.0255
5.18 11.60 160.08 0.338 0.0245
6.18 10.89 172.39 0.364 0.0230
7.18 10.32 184.23 0.389 0.0218
8.18 10.14 195.60 0.413 0.0214
9.18 9.99 206.49 0.436 0.0211
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_ TABLE A.7 |
Hercules 3501-6 Temperature = 450K i
Sample weight = 5.41 mg ;g
i t _dg/dt_ H or d=/dt f
{ 0.20 174.76 22.73 0.0480 0.369 A
0.31 152.03 41.49 0.0876 0.32] %
0.56 104.67 75.30 0.159 0.221 i
0.81 73.88 73.88 0.206 0.156 I
1.06 54.95 113.66 0.240 0.116 ¢
1.31 36.09 125.03 0.264 0.0762 &
1.56 32.39 133.56 0.282 0.0684 &
1.81 26.71 140.66 0.297 0.0564 :
2.06 23.77 147.29 0.311 0.0502
2.3 21.74 152.97 0.323 0.0459
2.56 20.08 158.18 0.334 0.0424
2.8 19.32 162.92 0.344 0.0408
3.06 18.71 167.65 0.354 0.0395
3.56 17.14 175.71 0.371 0.0362
4.06 16.58 182.34 0.385 0.0350
4.56 15.91 185.44 0.400 0.0336 j
5.06 15.11 195.60 0.413 0.0319 |
5.56 14.44 203.17 0.429 0.0305 2
6.56 13.83 213.59 0.451 0.0292 g
7.56 13.45 223.07 0.471 0.0284
8.56 12.98 233.96 0.494 0.0274
9.56 12.27 242.96 0.513 0.0259
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Hercules 3501-6

Table A.8

Temperature = 465K

Sample weight = 4,22 mg

dQ/dt ot d=y/dt
0.13 284.63 27.00 0.0570 0.601
0.25 212.17 57.78 0.122 0.448
0.38 146.82 80.51 0.170 0.310
0.50 107.03 96.14 0.203 0.226
0.63 80.04 107.98 0.228 0.169
0.75 62.52 116.98 0.247 0.132
0.88 53.04 124.08 0.262 0.112
1.00 46.27 130.24 0.275 0.0977
1.13 42.77 135.92 0.287 0.0903
1.25 39.26 140.66 0.297 0.0829
1.50 35.05 150.13 0.317 0.0740
1.75 32.25 158.66 0.335 0.0681
2.00 30.12 166.23 0.351 0.0636
2.25 28.04 173.34 0.366 0.0592
2.75 25.91 187.07 0.395 0.0547
3.25 24.06 199.39 0.421 0.0508
3.75 22.64 211.23 0.446 0.0478
4.25 21.74 222.12 0.469 0.0459




Hercules 3501-6

TABLE A.9

Temperature = 470K

Sample weight = 2.67 mg

t dQ/dt o dey/dt
0.13 340.04 31.73 0.067 0.718
0.25 2313 67.25 0.142 0.488
0.38 146.34 90.93 0.192 0.309
0.50 104.19 106.56 0.225 0.220
0.63 77.20 117.45 0.248 0.163
0.75 62.52 126.45 0.267 0.132
0.88 53.99 133.56 0.282 0.114
1.00 48.31 140.19 0.296 0.102
1.13 45.99 145.87 0.308 0.0971
1.25 44.85 151.55 0.320 0.0947
1.50 42.62 162.44 0.343 0.0900
1.75 40.63 172.86 0.365 0.0858
2.00 37.89 182.81 0.386 0.0800
2.25 36.47 191.81 0.405 0.0770
2.50 34.76 200.81 0.424 0.0734
2.75 33.63 209.33 0.442 0.0710
3.00 32.82 217.86 0.460 0.0693
3.50 31.68 233.96 0.494 0.0669
4.00 31.12 249.59 0.527 0.0657
4.50 30.55 265.22 0.560 0.0645




TABLE A.10
Hercules 3501-6 Temperature = 475K

Sample weight = 3.3 mg
t dqQ/dt H o deydt
0.1 329.15 29.03 0.0613 0.695
0.24 222.59 64.4) 0.136 0.470
0.36 134.50 86.67 0.183 0.284
0.49 92.83 101.82 0.215 0.196
0.61 73.41 111.30 0.235 0.155
0.74 63.46 119.35 0.252 0.134
0.86 54.46 126.92 0.268 0.115
0.99 52.10 133.56 0.282 0.110
1.1 46.65 139.71 0.295 0.0985
1.36 41.35 150.60 0.318 0.0873
1.61 39.31 160.55 0.339 0.0830
1.86 34.67 164.81 0.348 0.0732
2. 33.34 173.34 0.366 0.0704
2.61 32.02 189.44 0.400 0.0676
3.1 29.32 206.49 0.436 0.0619
3.61 27.99 220.70 0.466 0.0591
4.1 26.66 239.64 0.506 0.0563
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APPENDIX B

PROPERTIES OF HERCULES AS/3501-6 PREPREG AND MOCHBURG
CW 1850 THERMAL FIBER BLEEDER CLOTH !

This appendix contains numerical values for the properties of
Hercules AS/3501-6 prepreg and Mochburg CW 1850 thermal fiber bleeder
cloth. The properties are tabulated in Table B.1.
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TABLE B.1

4 Properties of Hercules AS/3501-6 Prepreg and Mochburg
CW 1850 Thermal Fiber Bleeder Cloth
Y
AS/3501-6 1
Initial prepreg resin mass fraction]. 42% 31
Initial thickness of the prepreg'. 1.651x10"%m :
¥
} Resin content of one compacted plyz. 4.79 x 10‘2 kg/m2 %
i il
i Thickness of one compacted p1y2. 1.194x10"%m {
3
‘ Apparent permeability of the prepreg i
f normal to the plane of the composite’. 5.8x10" 'O s
Flow coefficient of the prepreg parallel i
: to the fibers3. 1.7x102 ?
} Resin density4. 1.26x103kg/m3 ??
Specific heat cf the resin’. 1.26 kJ/(kg.K) 1
: !
Thermal conductivity of the resins. 1.67x10'1w/(m-K) l
Heat of reaction of the resin. See Appendix A ¥
3 3 8
Fiber densitys. 1.79x10% kg/m i
- !
Specific heat of the fiberd. 7.12x107) kJ/(kg-K)
Thermal conductivity of the fiber®. 2.60x10' W/(m-K)
Relationship between the cure rate,
temperature, and degree of cure. See Appendix A 3
Relationship between viscosity,
! temperature and degree of cure. See Table B.2
Mochburg Bleeder Cloth
Apparent permeabi]ity7. 5.6x10" ' m? i
;
Porositys. : 0.57 ,
123 g
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Table B.1 (cont.)

Specified by the manufacturer for each shipment of prepreg. {
Determined by the procedures described in Section 3.1. Tl

Estimated by fitting the computer model to the data in Figure 19, °
as described in Section 3.2. ']

Specified by Hercules for the 3501-6 resin.

Estimated from the data of Kreahling and Kline [45].

Specified by the manufacturer [46].

Determined by the procedure described in Section 3.5. The volu-
metric flow rate per unit area for air through a single sheet of
bleeder cloth, and the corresponding pressure drop across the
bleeder, were specified by the bleeder cloth manufacturer.

Estimated by the procedure outlined in Section 3.5.




TABLE B.2

Empirical Expression for the Viscosity of
3501-6 Resin [29].

yAYR exp(';%—#"" K/u_oc)

14 Pa-s

Mo 7.93 x 107

En= 9.08 x 10 J/mole
K= 14,1




APPENDIX C

ADDITIONAL TEMPERATURE CONTROLLER INFORMATION

This appendix contains the information required to determine
the relationship between temperature sensed by the RTD and the output
voltage of the RTD circuit described in Section 5.3. The following
curves were constructed using the procedures described in Section 5.3:
a) The voltage output of the RTD circuit as a function of
resistance (Figure C.1).
b) RTD temperature versus RTD resistance (Figure C.2).
c) The voltage output of the RTD circuit as a function of RTD
temperature (Figure C.3).
d) The relationship between the digital input to the D/A
converter and the analog voltage output (Figure C.4).
A circuit diagram of the temperature controller is shown in

Figure C.5.
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Figure C.1 Output Voltage of the RTD Circuit as a Function of
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Calibration Curve was Constructed From Data Provided
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Figure C.3 Output Voltage of the RTD Circuit as a Function of

RTD Temperature.
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APPENDIX D

RELATIONSHIP BETWEEN PLATEN FORCE AND CYLINDER PRESSURE

The relationship between the force generated by the cylinder
ram on the press platens and the indicated cylinder air bressure was
determined using a calibrated load cell as described in Sectdion 5.2.
This relationship is shown in Figure D.1.

The load cell was calibrated by connecting a Baldwin (Model

SR-4) 8.9 kN (2000 1bf) strain gage load cell to an E11is Associates

(Model BAM-1) bridge amplifier and meter. The output of the Ellis
bridge amplifier was recorded on a Fluke digital voltmeter. Since i
the load cell is linear to within t 0.25% over its operating range

(0 - 2000 1bf), only two points are necessary to construct a calibra-
tion curve [48].

The first calibration point was obtained by balancing the
amplifier and bridge circuits of the Ellis bridge amplifier at the i
no load point (no force applied to the load cell). These circuits .
were adjusted so that the output voltage of the E1lis bridge amplifier
was zero at the no load point. The second point of the calibration
curve was obtained by loading the cell to 2000 1bf on a Tinius Olsen

compression testing machine. With a force of 2000 1bf applied to

the cell, the gain of the E11is bridge amplifier circuit was adjusted
to give a measured output voltage of 2.0 V. Thus, when the applied
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Figure D1 Force Generated by the Cylinder Ram on the Press
Platens as a Function of Indicated Cylinder Air
Pressure.
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o

force on the load cell ranged from 0 1bf to 2000 1bf, the output

voltage of the El1lis bridge amplifier ranged from 0 V to 2.0 V.
Therefore, the force on the load cell could be determined directly

from the output voltage measurements of the Ellis bridge amplifier.
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