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Devolatilization of the polymerization by-products and the impregnation solvent during
Vacuum Assisted Resin Transfer Molding (VARTM) of the polyimide polymers is analyzed
using a combined continuum hydrodynamics/chemical reaction one-dimensional model.
The model which consists of seven coupled partial differential equations is solved using a
finite element collocation method based on the method of lines. The results obtained
reveal that the main process parameters which give rise to lower gas-phase contents in the
VARTM-processed polymer matrix composites are the vacuum pressure and the tool-plate
heating rate. Lower tool-plate heating rates are found to be beneficial since hey promote
devolatilization of the impregnation solvent at lower temperatures at which the degree of
polymerization and, hence, resin viscosity are low. © 2003 Kluwer Academic Publishers

1. Introduction

Manual lay-up of pre-impregnated fibers over a mold
surface followed by introduction of the resin using a
brush or roller is quite common in manufacturing of
advanced composite structures. However this process
tends to be very expensive, and suffers from limited
pre-preg shelf lives and short lay-up times. In addition,
the process is highly labor intensive and quality control
is difficult since the quality of the final product is highly
dependent on the operator skills. Many of these limi-
tations are eliminated in the Vacuum Assisted Resin
Transfer Molding (VARTM) process which generally
reduces lay-up times and makes the fabrication process
more reproducible and consistent and less dependent
upon operator skills.

VARTM is an advanced fabrication process for
polymer-matrix composite structures which is used in
(ground-based and marine) commercial and military
applications [1-3]. The process has been developed
over the last decade and has clear advantages over
the traditional Resin Transfer Molding (RTM) process
since it eliminates the costs associated with matched-
metal tooling, reduces volatiles emission and allows the
use of lower resin injection pressures [4]. The VARTM
process whose schematic is shown in Fig. 1, typically
involves the following three steps: (a) lay-up of a fiber
preform (woven carbon or glass fabric) onto a rigid
tool plate surface. The tool plate is surrounded by a
formable vacuum bag; (b) impregnation of the preform
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with resin. The resin is injected through either a sin-
gle or multiple inlet ports (depending on the part size
and shape) and transferred into the preform by a pres-
sure gradient (induced by the vacuum pressure), and
by gravity and capillary effects; and (c) curing of the
impregnated preform.

Porosity within polymer matrix composites (includ-
ing the ones fabricated by the VARTM process) has long
been recognized as a major limitation to the widespread
use of these materials in many structural applications.
Growth and coalescence of the pores under load can
give rise to the formation of cracks and, in turn, re-
sult in premature failure. For epoxy matrix compos-
ites, it is generally recognized that environmentally-
absorbed water is the primary cause for the formation
of voids during processing. In the polymeric materi-
als based on condensation polyimide systems, on the
other hand, water and ethyl alcohol are formed as by-
products of the polymerization reaction. In addition,
significant amounts of an impregnation solvent, such
as N-methyl-2-pyrolidone (NMP), are used in the poly-
imide systems during processing. Thus, to prevent void
formation in these systems, the volatile polymerization
by-products and the impregnation solvent must be re-
moved from the reacting polymer before the part fabri-
cation is completed. To produce void-free highperfor-
mance composites, the devolatilization process must be
fully understood and controllable by (on-line) adjust-
ment of the process parameters.
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Figure 1 A schematic of the vacuum assisted resin transfer molding
(VARTM) process.

To analyze the polymerization of polyimide systems
during the VARTM fabrication process and help iden-
tify the optimum process parameters which ensure min-
imal porosity in the final product, a mathematical model
for this process has been developed and utilized in the
present work. It should be noted that the polymeriza-
tion process in the polymide systems considered in the
present work is quite complex since: (a) it takes place
in a non-ideal solution of the impregnation solvent,
monomers, polymeric fragments and the polymeriza-
tion by-products; (b) the solvent and the polymerization
by-products vaporize from the liquid phase; (c) solid
polymer precipitate (and perhaps crystallize) within the
liquid phase giving rise to a continuous change in the
rheological and transport properties of the liquid phase;
(d) heat, mass and momentum transport all occur in a
three-phase reacting system within a consolidating fiber
network; etc. In order to make modeling of the VARTM
process mathematically tractable, a number of simpli-
fying assumptions had to be introduced. The potential
consequences of such assumptions are discussed in the
paper.

The organization of the paper is as follows. In
Sections 2.1 and 2.2, brief descriptions are given of
the polyimide system (DuPont’s Avimid K-III linear
polymide) and the associated fiber-reinforced compos-
ite material studied in the present work. The model for
the VARTM process consisting of seven coupled partial
differential equations governing the behavior of the sys-
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Figure 2 Polymerization chemistry of the Avimid K-III.
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tem under investigation is presented in Section 2.3. A
brief overview of the finite element collocation method
based on the method of lines is given in Section 3.4
The main results obtained in the present work are pre-
sented and discussed in Section 3, while the key conclu-
sion resulting from the present work are summarized in
Section 4.

2. Computational procedure

2.1. The basics of imide polymerization
Avimid K-III polymers are linear polyimides pro-
duced by condensation polymerization from an aro-
matic diethylester diacid (diethyl pyromellitate) and
an aromatic ether diamine (4,4(1,1-biphenyl)-2,5-diyl-
bis(oxy)bis(benzeneamine)) in a solvent typically con-
sisting of phthalic anhydride (1 wt%), ethanol (1 wt%)
and NMP (98 wt%). A schematic of the polymerization
(imidization) reaction is given in Fig. 2 where it is seen
that water and ethanol polymerization by-products and
the impregnation solvent (NMP) vaporize and form the
gas phase.

The kinetics of the imidization reaction is very com-
plex due to the fact that the physical state of the material
(e.g., polymer-chain flexibility) changes continuously
during the polymerization as a result of solvent loss and
cyclization (imidization) of the monomers. While the
exact kinetics of the Avimid K-III is not known, Dif-
ferential Scanning Calorimetry (DSC) measurements
have shown that the imide formation reaction begins at
~390 K and that it is completed at ~ 450 K [5]. One of
the most characteristic features of the imidization reac-
tion is that its rate undergoes a sharp drop at a certain
(temperature dependent) degree of imidization.

2.2. A representative material element for
the Avimid K-lll thermoplastic matrix
fiber-reinforced composite

A two-dimensional representative material element

(RME) of the fiber-reinforced Avimid K-IIT compos-

ite material fabricated by the VARTM process is shown

schematically in Fig. 3. The height of the RME is equal
to the thickness of the part while its width is gener-
ally much smaller and scales with the periodicity of the
fiber-preform architecture in the horizontal direction.

The RME contains three phases denoted as the solid

fiber preform (), the liquid resin (L) and the gas (G).

The solid phase is considered as inert and rigid and to be

surrounded by the liquid and gas phases. The gas phase
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Figure 3 A representative material element (RME) for the Avimid K-III
produced by the VARTM process.

is shown in Fig. 3 as a continuous phase. This is strictly
valid only during the initial stages of the devolatiliza-
tion process. Near the completion of part fabrication
when most of the gas has been removed, the gas phase
becomes discontinuous and consists of discrete bub-
bles. Hence, the model developed in the present work
would have to be modified before it could be applied to
the later stages of the VARTM process.

2.3. A model for imide polymerization
during the VARTM process
2.3.1. Basic assumptions
The model developed in the present work is based on the
following simplifying assumptions: (a) the solid phase
is inert and its location within a RME is fixed; (b) the
change in the laminate thickness during the VARTM
process is small and can be neglected; (c) polymer-
ization occurs by step reaction and only in the liquid
phase; (d) transport by diffusion in the liquid and the
gas phases and by convection in the liquid phase can
be neglected relative to the convective transfer in the
involved gas phase. The variation of the Avimid K-III
resin viscosity with temperature displayed in Fig. 4 [6]
shows that there are three distinct temperature regions:
At temperatures below ~390 K, Region 1, viscosity
of the un-polymerized resin decreases with an increase
in temperature. At temperatures between ~390 K and
~510 K, Region 2, the polymerization process takes
place and, consequently, viscosity increases with an
increase in temperature. At temperatures in excess of
~510 K, Region 3, the polymerized resin begins to melt
and, hence, its viscosity decreases with an increase in
temperature. The data shown in Fig. 4 suggest that dif-
fusion may become important toward the end of the
VARTM process (Region 3) when the gas phase is not
continuous any longer but rather consists of discrete
bubbles. However, the role of diffusion in the overall
management of the volatiles during the VARTM pro-
cess in not expected to be significant; and (e) the gas
phase can be considered as thermodynamically ideal.
Since the part (laminate) thickness is generally
considerably smaller than its lateral dimensions, the
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Figure 4 The effect of temperature on viscosity of the Avimid K-III
resin [6].

VARTM process is analyzed using a one-dimensional
model in which the principal (x) direction is chosen to
be perpendicular to the tool plate. The perform is as-
sumed to be instantaneously infiltrated with the resin
and, at time equal to zero, the perform, the resin, dis-
tribution fabric and the tool plate are all assumed to be
at the same temperature, 7, = 353 K. Then the tem-
perature of the tool plate is increased at a constant rate,
while a constant vacuum is applied at the resin distribu-
tion side of the laminate. The subsequent evolution of
the material state and of other field quantities (temper-
ature, pressure, gas-phase velocity, etc.) throughout the
laminate thickness can be described using the appro-
priate heat, mass and momentum conservation equa-
tions within each of the three phases. However these
equations cannot be generally solved due to the com-
plex (discontinuous) microstructure (morphology) of
the three-phase composite material. To overcome this
problem, the composite morphology is homogenized
using the method of volume averaging [6]. This enables
the point-type equations (applicable to the composite
materials with a discontinuous morphology) to be re-
placed by the corresponding volume-averaged continu-
ity equations (applicable for the volume-averaged con-
tinuum representation of the composite material).

2.3.2. Governing equations

2.3.2.1. Energy conservation equation. Under the as-
sumption of a local thermal equilibrium at each material
point, the heat transfer between the resin and the fiber
preform can be neglected and the temperature evolu-
tion is described by the following energy continuity
equation:

aT T S ,
PmCom——- + pGCpa Vo + ;(—AHvap,i)mi

(i = NMP, ethanol, water) (1)
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where T is the temperature, ¢ the time, x the spatial
coordinate perpendicular to the tool plate, p the mass
density, C, is the constant-pressure mass heat capac-
ity, V the gas-phase velocity, A Hy,, the mass heat of
vaporization, ri1 the volatilization mass flux and k the
thermal conductivity. Subscripts m, G and i are used
to denote volume averages of the 3-phase (fiber, resin,
gas) mixture (composite), the gas phase and the volatile
components (NMP, ethanol, water), respectively.

The first term on the left-hand side of the Equation 1
represents the rate of change of the internal energy per
unit volume, the second term accounts for the convec-
tive gas-phase heat transfer, the third term represents
the energy sink associated with the evaporation of the
volatile species. The conductive heat transfer is repre-
sented by the right-hand side of Equation 1.

The volume-averaged constant-pressure (volumet-
ric) heat capacity and thermal conductivity of the com-
posite material are respectively defined as:

PmCpm = €spsCps + eLpLCpL + €606Coc (2)
and
km = esks + eLkL + Gk 3)

where ¢g, €1, and gg denote volume fractions of the
solid, liquid and gas phases in the composite material,
respectively. Analogous relations are used to compute
the volume-averaged effective constant-pressure heat
capacity and thermal conductivity of the liquid and the
gas phases as functions of the volume fractions of their
constituents. The constituents of the liquid phase are di-
amine, diacid, polymer, NMP, ethanol and water while
the constituents of the gas phase are NMP, ethanol and
water.

Equation 1 is subjected to the following initial and
boundary conditions:

I.C. Tx,t=0)=T, “4)

B.C.(1) T(x=0,1)=T, +/ adt (5)
0

=h(Tx=1L,t)—Tyx) (6)

B.C.2) —k ot
o mat x=L

where x = 0 corresponds to the tool-plate/composite
interface, L is the laminate thickness, T, the initial tem-
perature, o the heating rate of the tool plate, /& the
composite/resin-distributive-fabric heat transfer coef-
ficient and Ty the temperature of the resin distribution
fabric.

The initial condition given by Equation 4 states that
the composite is initially at uniform temperature. The
first boundary condition, Equation 5, is based on the
assumption of a negligible contact thermal resistance
between the tool plate and the composite and equates
the composite temperature at the tool-plate/composite
interface to that of the tool plate. The second boundary
condition, Equation 6, postulates that heat transfer from
the composite to the distribution fabric is controlled by
convection.
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2.3.2.2. Overall liquid-phase mass conservation equa-
tion. Under the assumption that diffusion and convec-
tion in the liquid phase can be neglected, the liquid-
phase mass conservation is defined as a balance of the
accumulation and the reaction (evaporation) terms as:

der dpL .
o e My,
(i = NMP, ethanol, water) (7)

where p| is the overall density of the liquid phase which
is a function of the composition of the liquid phase as:

6
oL = Z¢i pLi (i = NMP, ethanol, water, diamine,
i=1

diacid, polymer) (8)

and ¢; and pr; are respectively the volume fraction and
the density of the liquid-phase species i. The second
term on the left-hand side of Equation 7 is generally
small and can be neglected. Also, since the gas phase is
initially not present, the following initial condition can
be defined:

ILC. e(x,t=0)=1—¢3 9)

where &g is the fixed volume fraction of the solid phase
(fiber preform).

2.3.2.3. Mass balance of water and ethanol in the lig-
uid phase. As discussed earlier, water and ethanol are
formed as by-products of the imidization reaction and
also evaporate during the VARTM process. Therefore
their mass balances involve the accumulation, reaction
and devolatilization terms as:

3CH20 der TiH,0
e——— =2Rpe1, — Cgo— — 2 10
e AEL HO MWio (10)
and

0CcH,CH,0H der

ITCHCHOH _ 5 Ryer — C L

o AEL CH,CH,0H
_ MCH,CH,0H (11

MWch,cH,0H

where Cy,o and Ccu,ch,on are the molar concentra-
tions of water and ethanol, respectively, R the rate of
destruction of the active (monomer) groups, and MW
is used to denote the molecular weight. The factor 2 in
front of R, in Equations 10 and 11 is used to indicate
that two moles of water and two moles of ethanol are
formed for each mole of the active groups consumed.
Since the resin may contain environmentally adsorbed
water and ethanol is often deliberately used as a
component of the impregnation solvent, Equations 10
and 11 are respectively subject to the following initial
conditions:

LC.(1) Cpolx,t=0)=Cp,

IC.(2) Cencmon(x,t =0)=Coypcpon (13)

12)



2.3.2.4. Mass balance of NMP in the liquid phase.
NMP is the main component of the impregnation sol-
vent and evaporates during the VARTM process, but it is
not a by-product of the imidization reaction. Hence, its
balance involves the accumulation and devolatilization
terms as:

ICnmp _C deL  rNmp
at NMP dt M Wnmp

eL 14)

and, hence, the corresponding initial condition can be
defined:

IL.C. Cnmp(x,t=0)= CIEI)MP (15)

where CI(\?MP is the initial concentration of NMP in the
liquid phase.

2.3.2.5. Mass balance of the active groups. If the to-
tal (molar) concentration of active groups present in
the monomer and growing polymer chains, is denoted
as Cy, the mass balance of the active groups and the
corresponding initial condition can be defined as:

dCx deL
TZA _ _Raer — Cuk 16
L AL — Ca o7 (16)

and
ILC. Ca(x,t=0)=CY (17)

where, Cg is the initial concentration of the diamine
(diacid).

2.3.2.6. Overall mass balance of the gas phase. Under
the assumption that diffusion in the gas phase is negligi-
ble in comparison to the pressure-gradient driven con-
vection, the overall gas-phase mass conservation can
be described as:

d 9 3
—_— e V = i i
8t(PG8G) + o (06 Va) ;:1 m
(i = NMP, ethanol, water) (18)

Using the Darcy’s law to describe the relationship be-
tween the gas-phase velocity, Vg, and the pressure gra-
dient, %—f:

kg P

Ve = , (19)
UG 9x

the ideal-gas law to define the density of the gas phase:

PMWg
= , 20
0G BT (20)
and the relation:
est+eL+eg=1 21

Equation 18 can be rewritten as:

&g 0P 1 . P (deL
RT 9t MWg ;ml+ RT\or T
kg 0P 1 0P P 0T
ug 0x \RT 9x  RT? dx

kg 9%P
nG 9x2

8(;P oT
RT? 0t
(22)

where R is the universal gas constant, while kg is per-
meability of the resin-infiltrated perform, (g is the gas-
phase viscosity and M W is the mean gas-phase molec-
ular weight.

The initial and the boundary conditions for Equa-
tion 22 can be defined as:

I.C. Px,t=0)=P, (23)
oP

BC. (1) —(x=0,1)=0 (24)
0x

B.C.2) P(x=0L,t)= Py (25)

where P, and Py, are the initial pressure and the applied
vacuum pressure at the resin distribution-fabric side of
the composite respectively.

2.3.3. System-dependent constitutive
relations

Equations 1, 7, 10, 11, 14, 16 and 22 represent a sys-
tem of seven coupled partial differential equations with
seven unknowns: T, €L, CHZO, CCH;CHZOHa CNMP, CA
and P. Before these equations can be solved, additional,
material-system dependent constitutive equations are
required to define the evaporation rates of the volatile
species (7iz), the rate of destruction of the active groups
(Ra), and the dependencies of permeability (kg) and
viscosity (1g) on the degree of polymerization. These
equations are defined below:

2.3.3.1. Evaporation rates of the volatile species. Fol-
lowing Yang et al. [6], the evaporation rate of the i-th
volatile component can be defined as:

i = (KnAL)i(n¢i P> — YiP) (26)

where Ky, is the liquid/gas mass transfer coefficient,
Ay the liquid/gas interfacial area per unit volume of the
composite material, y;, ¢; and P-lSat the activity coeffi-
cient, the volume fraction and the saturation pressure
of species i in the liquid phase and Y; the molar frac-
tion of the species i in the gas phase. Procedures used
to calculate the parameters appearing on the right hand
side of Equation 26 are discussed below.

The overall liquid/gas mass transfer coefficient,
KnAL, is one of the key parameters controlling
the rate of devolatilization. As devolatilization pro-
ceeds, the gas/liquid interfacial area increases, while
the mass transfer coefficient K,, decreases due to a
polymerization-induced increase of the resin viscosity.
Consequently, the volumetric mass transfer coefficient,
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KAy, experiences a maximum at a temperature Ti,x.
The temperature dependence of K, Ay in kg/m>/s/Pa
was experimentally determined by Yoon et al. [5] as:

g fmf T ]
KnAL =7.5x 107 sin| — for T < Tax

| 2 \ Tnax
(27)
_ 4
g . |7 T
KnAL =7.5x 107" sin —( ) for T > Tax
L 2 \ Thax

(28)

Yoon et al. [5] also reported that Tj,x increases mod-
erately with the (constant) heating rate (Tpx (@ =
0.6 K/min) =403 K and (Thax (@ = 2.2 K/min) =
423 K).

The activity coefficient y; can be calculated using the
Flory-Huggins equation [8] as:

1
Vi = exp[(l - x—)% + x¢§} (29)

where ¢p is the combined volume fraction of the
monomer and the polymer, X, the mean number of mers
in the polymer chains (including monomers) and x a
molecular interaction parameter whose value typically
falls into a range between 0.2 and 0.5. Following Yoon
etal.[5], x = 0.351is used for the Avimid K-III system
under consideration. The mean number of mers in the
polymer chains is related to the degree of polymeriza-
tion p (= (C3 — Ca)/C3) as:

Fp=— (30)

Equation 28 is based on an assumption that the molec-
ular size distribution in a polymer can be represented
by a geometric probability function which is generally
accepted as a reasonably good approximation for con-
densation polymers such as Avimid K-III.

The vapor pressures P of the pure volatile com-
ponents of the liquid (NMP, methanol and water) at
different temperatures have been computed using the
Clausius-Clapeyron equation [9] and the available heat
of evaporation and boiling point data for these compo-
nents as:

Pisat — exp(— AHvap,i/T - AI{vap,i,o/Tb.i)

R
(i = NMP, ethanol, water) (31)

where A H,qp o is the heat of evaporation at the boil-
ing point 7y,. The temperature dependence of the heat
of evaporation has been obtained using the Watson’s
correlation [9] as:

1 -T/Tc; "
AI_Ivap,i = AI'Ivap,i,o * (—1>

1 —Ty/Tc,
(i = NMP, ethanol, water) (32)
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where T is the critical temperature and the exponent n
is assigned its standard value of 0.38 [9].

Since it is generally found that evaporation flux dom-
inates the mass balance of the volatile species during
devolatilization, the molar fraction Y; of each volatile
component  in the gas phase can be approximated as:

i/ MW, .
Yi= ————— (i =NMP, ethanol, water)
> i1 i/ MW

(33)

2.3.3.2. Rate of destruction of the active groups. As
stated earlier, the exact kinetics for polymerization of
the Avimid K-III polyimide system is not well estab-
lished. Following Yoon et al. [5], the rate of destruction
of the active groups, Ra, is approximated using a first-
order kinetic equation as:

dc
Ry = —d—tA = kpoCha (34)

in which the reaction-rate constant k is defined as:
A
In(ka) = Ao + A;In(t) + T (35)

For ks in min~!, 7 in K and ¢ in min, the three
constants in Equation 35 take on the following values:
Ap=31.2113, Ay = —0.1888 and A, = —13.6 x 103
for the Avimid K-III system [5].

2.3.3.3. Changes in condensed-phase permeability and
gas-phase viscosity. As the polymerization proceeds,
condensed-phase permeability kg decreases and in the
absence of a more accurate model has been assumed to
be a linear function of the degree of polymerization, p.
The viscosity, (g, on the other hand, is fully reflected
by the properties of the gas phase and is assumed to
be given as a volume-average temperature-dependent
viscosities of the gas-phase components.

2.4. Finite element collocation method

The system of seven coupled partial differential equa-
tions which govern the behavior of the Avimid K-III
system during the VARTM fabrication process is solved
using a finite element collocation method based on the
method of lines [10]. Within this method, the spatial
domain (the x-direction) is discretized into elements
and the x-dependent portion of the solution represented
using a polynomial basis function. The polynomial co-
efficients are, on the other hand, time dependent. By
requiring that the solutions to the system of partial dif-
ferential equations (PDE’s) satisfy the boundary condi-
tions and the continuity conditions at the nodal points
separating the elements, the system of PDE’s is con-
verted into a semi-discrete system of Ordinary Differ-
ential Equations (ODEs) which depend only on time.
These equations are then integrated using a standard
integration procedure to determine the unknown time-
dependent polynomial coefficients at a new time step
in terms of the solution at the previous time step.



TABLE 1 Properties of the components of the liquid phase

Property Symbol Unit Diamine Diacid NMP Ethanol Water
Density P kg/m? 0.994 x 10 1.24 x 103 1.03 x 103 0.79 x 103 1.0 x 103
Heat capacity Cp J/kg/K 0.345 x 103 1.68 x 10° 1.67 x 10° 243 x 10° 4.18 x 10°
Thermal conductivity k W/m/K 0.25 0.25 1.79 0.19 0.603
Molecular weight MW kg/mol 368.43 x 1073 3100 x 1073 99.1 x 1073 46.1 x 1073 18.0 x 1073
Molar volume ym m*/mol  370.65 x 107® 250 x 1076 96.49 x 107 5839 x 107®  18.02 x 107°
Boiling point Ty K N/A? N/A? 4713 3514 373.0

Heat of vaporization at T, AHypo kg N/A® N/A? 510.5 x 103 854.0 x 10° 2256.0 x 103
Critical temperature T K N/A? N/A? 721.7 516.3 647.4

#Data not needed since evaporation of Diamine and Diacid is not considered.

TABLE II Properties of the components of the gas phase

Property Symbol Unit NMP Ethanol Water

Heat capacity Cp J/kg/K 1.26 x 10° 1.43 x 10° 2.02 x 10°
Thermal conductivity k W/m/K 1.79 0.19 0.603
Molecular weight MW kg/mol 99.1 x 1073 46.1 x 1073 18.0 x 1073
Viscosity UG Ns/m?2 1.67 x 1073 1.10 x 1073 0.89 x 1073
TABLE III Typical VARTM processing parameters for Avimid K-IIT material composite

Parameter Symbol Units Value Equation where first used
Volume fraction of solid £s N/A 0.58 2

Initial temperature T K 333.0 4

Tool-plate heating rate o K/min 0.5-2.0 5

Laminate thickness L m 0.0064 6

Tool-plate/composite heat transfer coefficient h W/m?/K 27.9 6

Initial concentration of water Cho mol/m? 0.0 12

Initial concentration of ethanol CéHSCHon mol/m? 2.59 x 107 13

Initial concentration of NMP Clmp mol/m? 2.41 x 103 15

Initial concentration of active groups cR mol/m> 1.39 x 103 17

Condensed phase permeability for the gas phase kg m? 3.0 x 10715285 x 10~ p 22

Applied vacuum Pyac Pa 6666.7 25

3. Results and discussion

All the calculations carried out in the present work
pertain to an Avimid K-III matrix composite mate-
rial reinforced with 58 vol% of carbon fiber performs.
Consequently, the following (typical) properties are as-
signed to the solid phase [11]: ps = 1940 kg/m3,
Cps 750 J/kg/K and ks = 10 W/m/K. Proper-
ties of the liquid and the gas components are given in
Tables I and II, respectively. Typical values and ranges
of the VARTM processing parameters used in the
present work are summarized in Table III.

3.1. Analysis of devolatilization under
typical VARTM processing conditions
The model described in Section 2.3 is used in this sec-
tion to analyze devolatilization of the water, ethanol
and NMP during VARTM processing of Avimid K-III
matrix carbon fiber reinforced composites under typi-
cal processing conditions. In the following, the results
obtained are presented and briefly discussed.
Variations of temperature, pressure, the degree of
polymerization and the volume fraction of the gas
phase throughout the laminate thickness at different
times following infiltration (assumed to occur at a time
t = 0) of the carbon fiber perform with resin are shown
in Fig. 5a—d, respectively. All the results shown in

Fig. 5a—d are obtained under a constant (1 K/min) heat-
ing rate of the tool-plate.

The results displayed in Fig. 5a show that at any
instant during VARTM processing of the Avimid K-
IIT matrix carbon fiber reinforced composites, the tem-
perature variation throughout the laminate thickness is
quite small, typically not exceeding 4 K. This finding
is reasonable considering the relatively small laminate
thickness (0.0064 m) and the relatively small heating
rate. The Biot number, which is defined as a ratio of
the resistance to heat conduction through the laminate
and the resistance to heat convection from the laminate
to the resin-rich resin-distribution fabric is found to be
around 0.03. Such a small value of the Biot number jus-
tifies the observed high uniformity in the temperature
throughout the laminate thickness.

Variations of the gas-phase pressure throughout the
laminate thickness at different times following per-
form infiltration with the resin is displayed in Fig. 5b.
As expected, the pressure is the highest at the tool-
plate/laminate interface and is constant and equal to
the applied vacuum pressure (6666.7 Pa) at the resin-
distribution fabric end of the laminate. It is also seen
that the pressure initially increases as water and ethanol
(generated as the polymerization by-products) and
NMP solvent evaporate. However, as devolatilization
of the gas phase at the laminate/distribution-fabric
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Figure 5 Variations of: (a) temperature, (b) pressure, (c) degree of polymerization, and (d) the volume fraction of the gas phase throughout the
laminate thickness at different times following infiltration of the perform with resin. Heating rate = 1 K/min.

interface proceeds, the gas-phase pressure begins to de-
crease.

The results presented in Fig. 5S¢ show that the distri-
bution of the degree of polymerization throughout the
laminate thickness is quite uniform which is consis-
tent with the corresponding uniform temperature fields
displayed in Fig. Sa.

A comparison of the results presented in Fig. 5b and
d shows that the variation of the volume fraction of the
gas phase throughout the laminate thickness at differ-
ent times following perform infiltration with the resin
closely matches the corresponding results for the gas-
phase pressure.

The evolution of the pressure and degree of polymer-
ization in the course VARTM processing of the Avimid
K-III base carbon-fiber reinforced composites can be
further understood by analyzing the results displayed in
Fig. 6a and b. The results displayed in Fig. 6a show the
variation of pressure at the tool-plate laminate interface
as a function of tool-plate temperature under a constant
(1 K/min) heating rate of the tool plate. As discussed
earlier, evaporation of water, ethanol and NMP give
rise to an increase in the gas-phase pressure at lower
tool-plate temperatures. However, as devolatilization
proceeds, the amount of volatiles in the liquid phase de-
creases and so does the gas-phase pressure. The results
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displayed in Fig. 6b show that the polymerization of
the resin in contact with the tool-plate is complete by
~470 K. In addition a comparison of the results dis-
played in Fig. 6a and b shows that at the completion of
polymerization, the gas phase pressure is still quite high
(~10,000 MPa) and that, due to high viscosity of the
fully-polymerized resin, the rate of pressure reduction
by devolatilization has been substantially decreased.
Variations of the accumulated mass fluxes of water-
vapor, ethanol, NMP and the (total) gas phase at the
resin-distribution fabric end of the laminate as a func-
tion of temperature of the tool plate at three different
heating rates are shown in Fig. 7a—d, respectively. The
accumulated mass fluxes of the three gas-phase com-
ponents at the resin-distribution fabric end of the com-
posite material is given by the following equation:

Qi = Vgpgi (i = NMP, ethanol, water) 36)
where pg; is the density of i-th component of the gas
phase. The total accumulated flux of the gas phase is
defined as a sum of the accumulated mass fluxes of the
three gas-phase components.

The results displayed in Fig. 7a—d show that the lower
is the heating rate of the tool plate the larger is the accu-
mulation flux of each of the three gas-phase components
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and, thus, the lower are the amounts of volatiles left
in the composite at completion of the VARTM pro-
cess. Hence, the use of lower heating rates is pre-
ferred from the standpoint of achieving a more com-
plete removal of the gas-phase in VARTM-processed
composites. On the other hand, the benefits of lower

heating rates have to be balanced against the result-
ing longer part-manufacturing times and the associated
higher manufacturing cost.

The effect of vacuum pressure Py, is also stud-
ied in the present work but the results are not shown
for brevity. The main finding of this portion of the
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calculations is that, at a given tool-plate heating rate,
the fraction of the gas phase left in the composite at the
completion of the VARTM process decreases linearly
with the vacuum pressure Py,c.

3.2. Optimization of the VARTM process

As discussed in the introduction, Section 1, the main
objective of the present work is to develop a mathe-
matical model of the VARTM process which can be
used to optimize this process with respect to achieving
the highest extent of devolatilization. From the find-
ings and considerations presented in the previous sec-
tion, it is clear that to achieve this goal, the extent of
devolatilization of the volatile species (NMP in partic-
ular) should be maximized at lower temperature, while
the degree of polymerization and, hence, the resin vis-
cosity are low and the mass transfer coefficient (Ky,) is
high. As discussed earlier, to lower the resin viscosity
and, thus, help ensure a complete perform infiltration
with the resin, NMP solvent is mixed with diamine and
diacid. Using the experimental measurements of the
temperature dependence of viscosity of the Avimid K-
III reported by Yoon [7], and the NMP viscosity value
of 0.0016 kg/m/s, the following relation is obtained
between the liquid-phase viscosity, u1, in kg/m/s, the
temperature and the initial molar concentrations of the
active groups and NMP in mol/m?: Diamine

uL = (431.91 — 6.9868T + 0.0318T2)

o m m
CA( Diamine + Diacod)

X
0 m m o m
CA( Diamine + Diacod) + CNMP VNMP

(37

where V™ is used to denote the molar volume in
mol/m?>.

The functional relationship defined by Equation 37
is used to generate the liquid-phase viscosity contour
plot shown in Fig. 8a for C{ = 1.39 x 10° mol/m’.
As expected, liquid-phase viscosity is seen to decrease
with an increase in temperature and an increase in the
concentration of NMP. Using the experimental data for
temperature dependences of the liquid-phase viscosity,
the overall liquid/gas mass transfer coefficient, K, Ay,
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and the volume fraction and the mean diameter of gas-
phase bubbles in the resin, as reported by Yoon [7],
the following relationship is derived between the mass
transfer coefficient, K, in kg/m>/Pa/s and the liquid-
phase viscosity kg/m/s:

Km=0.1342 x 10719 - 0.1184 x 10~ 3.
+0.1187 x 107107 (38)

The functional dependence between the mass trans-
fer coefficient in kg/mS/Pa/ s, temperature and the NMP
molar concentration is displayed using a contour plot
in Fig. 8b. As expected, higher temperatures and higher
NMP concentrations are seen to promote evaporation
of the polymerization by-products and the NMP solvent
by increasing the mass transfer coefficient.

Since, according to Equation 38, the mass transfer
coefficient, K, increases with a decrease in the liquid-
phase viscosity, an increased concentration of NMP in
the liquid phase is preferred. However, an increase in
the concentration of NMP in the liquid phase also means
that a larger amount of the gas-phase will have to be
removed from the composite through devolatilization.
This implies that there is and optimum NMP concen-
tration in the liquid phase which, at a given heating rate,
gives rise to a maximum degree of gas-phase removal
from the composite material.

The notion of the optimal concentration of NMP can
be further understood by analyzing the contour plot
shown in Fig. 9. In this figure, the fraction of volatiles
left in the composites at the highest temperature at-
tained during the VARTM process (taken to be 623 K
for Avimid K-III matrix carbon fiber reinforced com-
posites) is plotted as a function of the tool-plate heating
rate and the molar concentration of NMP. It is seen that
at each constant level of the fraction of volatiles left
in the composite, there is and optimum concentration
of NMP which is associated with the highest allowable
tool-plate heating rate. A dashed line is used to connect
the optimum NMP concentrations/heating rate points
at different contour lines and, thus, to show that both
the optimal NMP concentration and the correspond-
ing highest heating rate decrease as the fraction of the

kN

e

™.

-]

g “‘\
>
>

4500

4000

w
(4]
o
o

(&)
(=]
(=]
[=]
T
\,VaL

NMP Concentration, mole/m®
8
8

1500

N
[4]
[=]
o
T T T T
A%
ol
\,Va

L L 1 L h L L L . L L

340 350 360 370
Temperature, K
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volatiles left in the composites decreases. However, the
results displayed in Fig. 9 show that the increase in
the tool-plate heating rate associated with the use of
the optimum NMP concentration is quite small. Hence,
the optimum concentration of NMP in the resin would
be, in general, governed by the NMP’s role in lower-
ing resin viscosity and, thus, in promoting a complete
perform infiltration with the resin rather than by the
devolatilization aspects of the VARTM process.

4. Conclusions
Based on the results obtained in the present work, the
following main conclusions can be drawn:

1. Adequate modeling of devolatilization during the
VARTM process requires consideration of both chem-
ical effects associated with polymerization of the resin
and hydrodynamic effects associated with the transport
of volatiles through the resin.

2. Lower tool-plate heating rates promote de-
volatilization of the volatiles (in particular, of the NMP
solvent) at lower temperatures at which, due to a low
degree of polymerization, resin viscosity is low. This
results in a more complete removal of the volatiles and a
lower gas-phase content in VARTM-processed fiber re-
inforced polymer matrix composites. However, lower

too-plate heating rates are generally associated with
higher manufacturing costs.

3. From the standpoint of achieving a high degree
of gas-phase removal at a highest possible tool-plate
heating rate, there is, in general, an optimum concen-
tration of the solvent. However, the benefits of using
the optimum NMP concentration relatively to increas-
ing the tool-plate heating rate and, thus, in reducing the
VARTM processing time, are relatively limited.
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