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Abstract

Due to the partial impregnation and limited presswavailable for curing Out-of-Autoclave
(O0A) prepreg, modeling the air transport throudte ttows becomes applicable. Focus is
given on predicting the tow fill time for throughidkness resin flow taking into account the
air evacuation state. This work presents models ¢ha be applied at different stages of the
Oo0A consolidation and cure process, such as mddelsontinuous air extraction, loss of
connection with the vacuum source and delayed eecu

1. Introduction

1.1. Out of Autoclave processing and process maogleli

Composite parts made of prepreg are traditionalhgd in the autoclave with application of
external pressure. In order to circumvent drawbadkasutoclave manufacturing such as high
capital-investment, availability due to increaseamdumes and part-size constraints, Out-of-
Autoclave curing (OoA) was introduced as an altiwean the early 90’s [1]. O0A curing is
typically taking place in an oven, complementedalsingle sided mold, closed under vacuum
with a flexible membrane or vacuum bag. The limiprdssure available for consolidation
(10° Pa or 1bar) when compared to Autoclave (appre%07Pa or 7bar) as well as the usage
of partially impregnated Oo0A prepregs [2] can paskigh risk for residual porosity in the
finished part if the cure cycle is not optimizedtédke into account the specific challenges
involved. Increased porosity in the manufactured pan lead to a significant deterioration of
its mechanical performance as often discussederature [3]; among others.

Commercially available OoA prepregs contain a g$igant amount of air as received from
the manufacturer. Due to limited pressure availdble Out-of-Autoclave cure, laminate

guality cannot be achieved through balancing thérdstatic and void pressure in order to
maintain gas and volatiles in solution, as traddity performed in autoclave processing
[4,5]. In this case the partially dry prepreg altowhe vacuum to be evenly distributed
throughout the laminate, which becomes the avepudrénsporting air, gas and volatiles
outside the part. Air flow through the laminaterabm temperature and the latency of the
matrix during the curing cycle strongly influenct®e resin-fiber wetting process. Non-
optimized curing cycle can cause incomplete wetthdghe initially dry regions within the
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prepreg and lead to porosity formation throughesitrapment. The usage of low reactivity
thermoset systems assures limited off-gassing gume [2] suggesting that air entrapment
due to incomplete air evacuation of the laminat&ésmain reason for part porosity.

A few factors affecting the quality of O0A prepriegpregnation and porosity formation are:
the length of the part or its distance from thewmsn source [6], the quality of vacuum
available during processing [7], material charastes such as the percentage of initial
impregnation within the tow [8, 9], textile archatare and its air permeability [9, 10] as well
as resin characteristics such as latency/cureikmetffected by heat transfer [2, 8, 11].

Efforts modeling the resin flow in partially impnegted prepregs have been performed using
Darcy’'s Law expressed for single phase flow in a porous medilihe most common
approaches are either via applying constant boyndanditions assuming negligible gas
entrapment [10], or by including the rate of gassniow out of a given part and lay-up [12]
later extended to include fiber bed compaction [E3]other approach available is based on
the representation of the O0A prepreg as a twogpasous media, consisted of a skeleton
filled with both air and resin. This continuum maaits approach aims to couple the preform
deformation with the intrinsic fluid pressure artte tmigrating free surface due to resin
infiltration into the fibrous preform [14].

2. Objectives

The aim of this work is the development of a moddich would be correlating the air
evacuation through the tows of an O0A prepreg wéhous ‘real life’ processing scenarios
and predicting its impact on tow fill time with resThe impact of various pressure scenarios
present during Oo0A processing is performed via dpplication of pressure boundary
conditions on the fluid impregnated domain. In thwerk models for isothermal tow
impregnation are developed using this approachdbaseanalytical and numerical solutions
implemented in Matlab R2013a.

3. Material and Models

3.1. Material

Figure (1) shows a characteristic cross sectiora adingle tow from the commercially
available Oo0A prepreg Cytec MTM 44-1, based on & @8, 2x2 Twill weave fabric. The

picture was taken using optical microscopy (OlymisZ10 stereo microscope) after
embedding the prepreg in fluorescent resin andpiolg.

Figure 1: Characteristic tow morphology for MTM 44-1 prepreg

The tow appears to have of limited initial impregyo, produced by resin film deposition
only on one side of the prepreg. The amount of watted through thickness by the resin is
relatively small. The exact amount of impregnatiithin the tow could not be precisely
guantified due to the flexible nature of the preped the uncured state, causing focusing
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issues to the optical microscope used. For thikwads assumed that the resin film is sitting
only on the top of the prepreg without impregnatthg fibers and thus the pressure drop
within this domain is considered to be negligiilee domains wetted by resin are considered
fully saturated (s=1) and the non-wetted regions saiurated (s=0). Compaction of the
prepreg during impregnation is not taken into aot@nd thus the permeability and porosity
of the tow remains constant. A simplified tow ofctangular shape and thickness, H
consisted solely of unidirectional fibers is sebectas the unit cell for further model
development (Figure 2).

Patm - P,
z atm gas

Figure 2: Tow equivalent used for modeling purposes

3.2.Modeling approach

Resin flow through the fiber bed during OoA proaegss progressing through the thickness
of the tow (z-axis) and since it is a relativelpwl process it is modeled at a quasi-steady
state. Resin flow is assumed to be incompressiastant density), which simplifies the
conservation of mass into equation (1) and the slod viscous nature of the fluid flow (i.e.
resin in this case) permits the usage of Darcyis().

a —
2 (wp)=0 ()
_ _Kkz9Pf
Up = iy 0z (2)

Where vy, is Darcy’s velocity,kz the through thickness permeability of the towy, the
viscosity of the fluid and’; the fluid pressure. By substitution of equatiohi(®o equation
(1) assuming isothermal flowf, Kz constant), the shape of the liquid pressure profile be
determined from equation (3).

9%p
azzf =0 > P(z)=Az+8B (3)

By applying boundary conditions at the initial afbow front positions, the fluid pressure
within the impregnated domain can be calculatedrévitetails about the various boundary
conditions applied will be given later in the text.

Since Darcy’s velocity describes the volume avedagelocity according to equation (4),
equation (5) provides the flow front velocity in the porous medium, correlated through its
porosityo.

vp = < Qup > (4)

Kz 0Py Kz AP
U = ————=—— 5
s Qus 0z our (Hy—zf) )



ECCM16 - 16" EUROPEAN CONFERENCE ON COMPOSITE MATERIALS, Seville, Spain, 22-26 June 2014

In order to calculate the time required for fillimgn area of the tow, equation (5) can be

. a .
expressed as the rate of change of the flow frasitipn, % or ﬁ and integrated

within the domain of interest. The scenaradspressure boundary conditions developed are
presented in cases 3.2.1 through 3.2.3 below.

3.2.1 Continuous air extraction

This case is referring to the most commonly enceneat scenario in liquid composite
molding processes, where a constant vacuum preBgase Pvacis applied at the resin flow
front. The constant pressure differentie between the atmospheric pressurgy(Rand the
gas pressure (B is responsible for driving the tow impregnation:

AP = Pyem — Pgas (6)

In practice this condition is applicable when anAQuart is connected to the vacuum pump
throughout the consolidation and cure process.tiideretical time to fill the complete tow of
thickness K can be calculated by equation (7).

2
Pur Hy” @)

triw = K,AP 2

The resin flow profile (Pf) during impregnation a®ll as the gas pressure at various flow
front positions (zf) and with evolving fill time)(are presented for this case in Figure (3).
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Figure 3: Pressure profiles for tow filling at room temperatbased on Case 3.2.1

3.2.2Loss of connection with the vacuum source

The worst case scenario that can occur during OaAufacturing is the loss of connection to
the vacuum source. In this case a reduced preds#terence is available to drive the prepreg
impregnation process.

The gas inside the part is treated in this caseleas. Hence the ideal gas law equation
formulated for gas evolution at constant tempeeatis used to provide the boundary
conditions at the flow front position accordingeguation (8):

PyasVyas = constant (8)
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Since the gas pressure will increase until it @gaalwith atmospheric pressure, the time to
impregnate the complete tow is going to increageifstantly and will eventually become
infinite. For comparison purposes, an analytisgression describing the fill of 96.9% of the
complete tow thickness is presented in equation (9)

Hy’ou
tfillg6_9% == 06405y—f (9)

szatm

The resin flow profile during impregnation as wa#l the gas pressure at various flow front
positions and with evolving fill time are presenfedthis case in Figure (4). The gas pressure
increases as the liquid flow progresses throughthiekness of the tow with evolving fill
time. It is important to note that before the coatgltow is filled with resin, the gas has
equalized with the atmospheric pressure and willallow complete tow filling. Thus the
graph on the right side of Figure (4) represengsghas pressure evolution with fill time, one
element before the fill time becomes infinite.
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Figure 4: Pressure profiles for tow filling at room temperatbased on Case 3.2.2

3.2.3. Delayed air evacuation

This scenario is taking into account the air evéionaoccurring along the length of a tow,
assuming this to be the only path for gas extractitquation (10) is used to calculate the gas
flow through the fiber tow. This formulation is leason the transient conservation of mass
combined with the ideal gas formulation at const@mhperature, assuming the gas flow
through the fiber bed is Darcian.

0Pyas K,
a_gt T ok v (Pgasvpgas) =0 (20)

Figure5: Graphical representation of domain modeled in Ga3&
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A similar approach with different boundary conditsohas been used by Hou et al. [15] to
calculate the in-plane permeability using transigoiv. The transient gas flow along the
length L of the tow is coupled via gas boundarydittons to the resin flow taking place
through the thickness of a tow. This way the fifie of the tow at various positions along the
length can vary depending on the gas extractioneaetl at the specific time and position.
Equation (10) has no known analytical solutionw#ts solved numerically using the Matlab
pdepe function based on the odesl15 implicit sobserapplying the following initial and
boundary conditions:

OPgas(Lt)

IC: Pyas(®,0) = Pagm BC: Pyas(0,) = Poge & u(L,£) = 0 = —22=

0 (11)

The air and fluid flow are coupled weakly withiretlime frame of transient air evolution.
The time frame for the transient evolution of airderived by the non-dimensionalization of
equation (10). The pressure of gas for the firss dhe boundary condition used for the liquid
flow initiation. The selection of an appropriate fdtr the gas flow as well as a spatial
discretization for the fluid flow on z-axis withthe time range appropriate for the phenomena
is critical for the coupling stability. An exampdé a resin flow profile during impregnation as
well as the gas pressure at various flow front fposs and with evolving fill time are
presented for this case in Figure (6).
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Figure 6: Pressure profiles for tow filling at room temperatbased on Case 3.2.3

4. Casestudy on theinfluence of part length on tow fill time

In this study the scenario of delayed air evacmatsoused to investigate the effect of part
length and fluid to gas permeability ratios to filetime of a single tow. The study is
performed under isothermal conditions, at room tem@aure focusing on the fill time at the
mid-span of the tow length (L/2). The coupling beén air and resin flow was initiated for all
cases anPgas~2.3%. Input parameters are listed in Table 1. Adicative viscosity of hot-
melt epoxies at room temperature is used in the sagly. The tow thickness and porosity of
the fiber bed is assumed to be constant. A range-plane permeability values reported in
the literature for various OO0A prepregs is usec dmmsis for this study [9, 12, 16, 17]. The
through thickness permeability of O0A prepregs Ibesn measured by Tavaresak{18]. In
order to investigate the effect of a slow flowingsga through thickness permeability in the
range of 133is based on Gebart’s equation for transverse ftothé tow is selected [16].
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Pyac Tow length  Tow thickness Ma W Ky K, ¢
(Pa) L (m) Hy (mm) (Pa:s) (Pa:s) (m?) (m?)
2x10° 0.5 0.559 1.9810° 10 2.26x10%  4.68<10% 0.50
5.0 5610 2.26x10"®
10.0 9.60<10™°
5.69x10"°
2.00x10"
3.00x10"®

Table 1: Inputs for sensitivity study

The two sub-figures of Figure 7 are reflecting telmaracteristic material states, a tow less
permeable to resin transversely (Figure 7 - laft) a tow less permeable to air longitudinally
(Figure 7 - right). Both sub-figures include a m@gwhere the tow permeabilities are nearly
isotropic (K/Kyx=1). If we assume constant through thickness periiitgafor the resin,
coupling transient air flow out of a tow with thesm flow through its thickness can have a
significant effect on the tow’s fill time. In thease where the longitudinal permeability is
lower than the through thickness permeability (Fégid - right), increasing tow length and
decreasing longitudinal permeability increase digamtly the air evacuation time. The
decreased air evacuation time is responsible od#&layed filling of the mid-span of the tow
with resin. When the through thickness tow permaghs low (Figure 7 - left), the impact of
air evacuation is noticeable only for isotropicnearly isotropic materials. If the longitudinal
permeability of the tow becomes a few orders of mtage lower than the through thickness
permeability, the time required to achieve compétesvacuation (f2s= Pvac) becomes very
small comparative to the time required for themrdsiflow. In this case the fill time of a tow
is independent of length (within the range studiadyi approaches the fill time of a tow
predicted by the continuous air extraction moddie Ttases of continuous air extraction
(P=P,) and loss of connection with the vacuum sourcd (96.9% tow) are also plotted for
comparison purposes assumingkk=1.
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Figure 7: Time to fill a tow of various lengths for variousnmmeability ratios
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