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Objectives

Justify the choice of a given process based on the
materials selection, part complexity and production

volume.

*Know the basic flow equations and evaluate the time
to process a simple part by Liquid Composite Moulding.

‘Explain the parameters governing the process kinetics
and propose strategies to optimize part processing



Composite materials processing

Last week, you saw the main constituents (fibers,
polymers) and the main processing methods.
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Composite processing

In general, the reinforcement is already under its definite form:
fiber, powder, potentially woven or assembled.

-> the matrix is the one that tfransforms during processing

-> Interface is also formed during processing.

Processing must ensure:

« to preserve the integrity of the reinforcement, its orientation, its
architecture if needed.

* to provide a matrix that intimately bonds to the reinforcement,
develops desired mechanical properties, and presents few defects.

* to be as cheap as possible, and as fast as possible to process for a
given set of requirements.



Composite processing issues

= =
Fundamentals: Materials quality implications:
-thermodynamics, interface - l'g“ohr%';‘i?gf”e'*y
chemlg‘rry . - internal stresses
- mul’nphase flow in porous - lack of reproducibility
media

- heat and mass transfer
(solidification, chemical
reaction)

- mechanics of multiphase
materials

Pores

Fiber bundles




Modelling

In all composite processing techniques, the phenomena are flow of one or more
fluids into a potentially compressible preform, with potential heat transfer.

3 main cases, infiltration and consolidation (cf soil science) as well as flow of a
suspension in the case of low aspect ratio materials:
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Example of liquid composite molding
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Modelling- Physical phenomena

Equations describing the physical phenomena:

- Fluid flow into a porous medium or flow of a suspension
- Mass conservation, possibly compressible fluid

- Heat transfer

- Phase change (solidification)

- mechanical forces

-Size of the reinforcement is in general small compared to that of the part ->
continuum mechanics approach

-Definition of a representative volume element, small enough to contain
averaged values, but large enough to contain a representation of the system
(fiber and matrix, for example).



Modelling- constitutive equations

Constitutive equations of the parameters needed to solve the equations, which
can also change with time, Temperature, Pressure, velocity:

-Resin: viscosity, cure kinetics, solidification
-Fibre bed: permeability, stress-strain behavior

- Resin/fibre interaction: thermodynamics, dynamic capillary effects

Boundary conditions : T mould, Applied pressure or flow rate, etc...

Experimental validation



Goal of the models

Define processing windows for a given part production (polymer, fibres):

Role of Pressure, Temperature, geometric location of the resin inlets, method of
resin delivery (pressured pot, pump..)

On the kinetics of resin progression (time to impregnate totally), on the final part
quality. .

oo
AViscosity [Pa.s] & 1 hour? 10
hours?
1 bar pressure?
10 bars?
>
Time [min]

Flow modeling is necessary o ensure the injection is as fast as possible
- complete before viscosity build-up
- To achieve high production rate



Capillary phenomena

First question: does the resin spontaneously wet the fibers?
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Dynamic Capillary effects

In composite processing, wetting is dynamic,

the front has a given velocity...
And the contact angle varies with the local

velocity:
y
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Capillary pressure drop

Replacing a solid/air interface by a solid/liquid interface =

oY
%

-2y, cosB
R h

In a cylindrical tube: AP =
Y

For an assembly of tubes or porous medium, there is
a thermodynamic value of the capillary pressure as

well:
AP = —y S cosH Where S; is the interface area
Y Lv=—f :
per volume of resin

If this pressure drop is negative, the system is wetting and impregnation
IS spontaneous.

For most polymers, low surface tension, whatever the contact
angle, the capillary pressure is low.



Surface tension values

Material Temperature Surface Tension
°O) (N/m)

Polypropylene (PP) 180 0.0208

Polyethylene (PE) 180 0.0265

Polyethylene oxide (PEO) 180 0.0307

Nylon 6.6 270 0.0303

PEI 220 0.0357

PA 12 - 0.039

Epoxy, unreacted - 0.03 to 0.04

Ethanol 20 0.022

Water 20 0.073

Si0o, 1800 0.31

Na,Si0O, 1088 0.30

ALO; 2050 0.63

CaSiO, 1540 0.35

Al 700 0.87

Cu 1120 1.2

Ti 1670 1.53

Ag 970 0.92

Au 1070 1.13




Infiltration modelling: Representative volume
element

Homogenization technique: volume averaged quantities

Vi +Vp +Vi=1 .
ansl/ ’ -,
S = I
(1 V¢)

The Representative volume element (REV):
small on the scale of the preform
large on the scale of individual fibers



Resin Flow

Other assumptions

Isothermal (curing starts after injection)
Stationary fibers
Newtonian fluid

Woven fabrc )

Fibers
(~1-10m) (~10 =50 pm)
Conservation of mass Conservation of momentum
8,0 ) 0 0 _ % / % ’ % ' % B _@ —(")Quz Dy 02ux_ 2
3¢ T (Pu) + @(puy) + 5, (Puz) = —s p( o or oy ™8 ) R R R 2 R
du, du, du, auy) OP  [0%u, 0%u, O%uy]
P(._+ua:‘_+“ B By S = R | T sl e
p = density [kg/mg] ot d Y oy 0z dy : Ox? Oy? 022 ! F
u; = velocity component in i-direction [m/s] P (% . 2 AR i . %) _ e +7 Ou, K Ous e Ous 4 Fg,.
. ot %8 8 2.9 37 Ox2 Oy? 022 #
s = source/sink term [kg/(m3.s)] . -
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Resin Flow

Other assumptions
Isothermal (curing starts after injection)

H Poi il ti Stationary fibers
agen-roiseutiie equation Newtonian fluid
laminar flow of an incompressible fluid in a long

cylindrical pipe with constant cross section _

Fibers
(~10—-50 um)

_ —(P,— PR
Q= L 8n

Q = flow rate [m3/s]

_ R = tube radius [m]
P, , = fluid pressure [Pa]

n = viscosity [Pa.s]
L = tube length [m]

17



Resin Flow

Darcy’s Law:
- Valid for laminar flow of incompressible fluids

4

Hagen-Poiseuille equation

Q
) L g 0Bgo
1
O Darcy’s Law
—(P, — P))tR* mwR*dP O Q\:Q y
y Q= L 8n - 8n dx O()u'% = —KAd—P
I O n dx
X
Q= ﬂow.rate [m3/s] R = tube radius [ K= permeabillity [m?]: ease of flow through
P, , = fluid pressure [Pa] » = viscosity [Pa.s] a porous medium

L = tube length [m] A = cross-sectional area [m?]

18



Darcy's law

AP PPy
AX T L
Q=Au =-A— % _%
U= - % = g Hagen-Poiseuille equation
; mR* dP RZAdP
oy Q= Q=—F5-7=
v 1 Sand [l L 8n dx 8 ndx
8 5 Cross-sectional ';'f,:’{:‘
\l, area,A/i.;:‘::.""»;f'z‘ P, y
Darcy’s Law
/ | K AdP
- n dx
Q = flow rate [m3/s] n = viscosity [Pa.s] A = cross-sectional area [m?]

P = fluid pressure [Pa]  j - permeability [m?] R = tube radius [m]



Energy conservation

Internal energy: u=h-p/p

Jd(p,h, )+V(p, hv )
-0 p —v .Vp +Vgq =0

Phase ¢ Density p. Specitic enthalpy /.
Velocity ve  pressure p« Heat flux g«

Written in temperature:
ol

V(kVT)=p c, ™M +p,cv,.VI'+p, AH



Stress equilibrium

O=0'+BSp

o applied stress tensor, o' effective stress tensor (positive in
compression), B Biot matrix, S saturation and p is local
pressure in the fluid.

if isotropic, B=b I, where:

C With Co the compression modulus of the fiber
b — 1 - _0 bed, and C; the intrinsic compression modulus of
C the fiber material.
S

Terzhagi ( usual assumption if reinforcement is
hard): b=1



Mechanical equilibrium in practice

(an 0 0 )
o=0+5p| 0 a 0

22

\ 00 a)

In general, we neglect effects in the directions x and y in
plane.

In the transverse direction:

L /
O_=0_"+5p

ZZ



Summary Governing equations, in 1D

; K 0P
- Darcy’s law: (I_Vf)S(vl_vS)=_;6—x
- Mass Conservation: ad + o, u, )= 0
ot 0x
Ca(-v)8) 4 Ve
and: v + x((l‘Vf)S"z)=0
d(SP
* Mechanical equilibrium: (5P) __Jo
ox 0x

With the saturation: e v,




Usual assumptions

= hon compressible fluid and solid phases
= laminar flow

* no phase change ( solidification)

= isothermal



Boundary conditions

- Geometry of the part, symmetry, etfc...

- Temperature

- Pressure applied at the resin entrance, or imposed flow
rate

- Pressure or stress imposed on the assembly

- Pressure at the infiltration front ?
-Two strategies:
- multiphase flow, P =0 at the front, but Saturation
curves
- assume S=1 everywhere in the infiltrated part,
saturated flow, and P=AP, at the front.



S=1, Slug flow assumption

Pr ur
A essure

Capillary pressure drop APY

From a simple energy balance:
APy = (1 - W) Av (Yfm - Yfa),

where
Ay is the area of matrix/reinforcement interface per unit

volume of composite,

Yfm is the matrix reinforcement interface surface energy,
and

Yfa is the surface energy of the reinforcement in contact
with the initial atmosphere within its pores before
infiltration (air, vacuum, etc)
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S varies, multi-phase flow

Unsaturated zone

Pressure

Capillary pressure drop APY
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Parameters needed to solve the equations

Resin: viscosity, cure kinetics...

A A
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Matrix viscosity, n

A
8
10 —  VISCOSITY (Pa.s)
7
10 —
Si0,at 1723°C
6
10 —
5 Usual glass working range
10 —
4
10 — PE I, 300 -360°C
103_ Polyetheretherketone, 400°C, y-=1000 s’
Borosilicate glass at 1200°C; molasses
2 PA 12, 200-260°C
10 —
Polypropylene
1
10 — Honey
0
10 —
-1
10 — Epoxy during infiltration, olive oil
-2
10 —
Copper, 1100°C
10'3_ Aluminium, magnesium, 700°C, Water
-4
10 —




Permeability

Permeability: a tensor, units m?

K:Ksa‘r- Kr‘
Ksaot is the permeability to saturated flow, a function of the fibre bed
architecture and volume fraction only, tensor

K. is the relative permeability, function of the saturation S



Saturated Permeability prediction

Flow in a single tube:

dp R’
u(r)———xﬁ

- w

L 4 J As mentioned earlier we find: K=R2/8
Permeability is given in m?



What is permeability of a porous medium?

Soil science

Permeability - represents the ability of a porous material to
transmit fluids

Interconnected porosity Darcy’s law
— L

v — superficial velocity
K — permeability

L — Viscosity

AP — pressure gradient
L —length

Analogy with
Poiseuille's equation

S Q_1fap
A wu L

2

dp R
Ux(l")=—aﬂ

()
"\ 7)

S. Tavares



Permeability range

m mm=10-3m um=10-°m nm=10"m
' " Y ' "~ N ' "~ N f—%
r 2.8 0.28 0.028 2.8 0.28 0.028 2.8 0.28 0.028 2.8 0.28
K[my |1 102 10+ 106 10° 10-10 10-12 10-14 10-16 10-18 1020

S. Tavares



Saturated Permeability prediction

2 3
Parallel tube bundle model: K R (1 _‘/f)

Carmann-Kozeny equation = >
Carman 1938, ... ..
‘ ’ iy

R is the fiber radius, V;is the fiber volume fraction, k;; the Kozeny-
Carman constant (i=x, y, z)

K 1
- (2c1>-Ln(q>)-1.476-1.774c1>+4.076c1>3)
F2 8D

Viscous drag
models
(Langmuir 1942,
Happel 1959, ...)

® est la fraction volumique de fibres et <10%, quadratic
arrangement, r le rayon de la fibre



Saturated Permeability prediction

Lubrication theory
(Keller 1964 ...)

5/2
K 1 |
5 = —_
r Od+/2
10% <O <®,,, quadratic arrangement

e

Unit cell models
(Sangani and Acrivos
1982, Drummond and
Tahir 1984...)




Saturated Permeability prediction

25
Gebart (1992) K= 5 l?/;|i ‘II¢I;X _1:| R2 OOO
7ENE - T

Lundstrom (200(_))

w162, 1 TP,
K=— _SZ— 5 : : +
R em P A
exp| fr— |+1
| : w
Papathanasiou (2001) B00C ¢ * S
x 0.89 SR —

e taw pomsity=12.5%  looes-de s poresity =605 148 fiben inw taw

L



Saturated Permeability prediction

Unit cell models, reproducing the fiber architecture in a

REV, then computational fluid dynamics to calculate the
pressure drop-> permeability of the cell

Image microstructure : arrangement reseau UD

micropores

From Breard et al.



Saturated permeability measurement

* h=0 Camera
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Transverse permeability In-plane permeability



In plane permeability

2
Inlet Transparent K = ~(1-Vomy
I unsat
Pressure and m(|)Id V 2AP
Prﬁlsﬁurg pot temperature ¥ 21 outlet
with i sensor 7
_ A/
a )
[ H K _ = ~Onky
sat
> nlln o AAP
Camera
Scale
7
Computer

L () = flow front position at time ¢
—A P = fluid pressure at inlet, Neglecting capillary pressure

() = flow rate of outcoming fluid



Permeability measurement
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In-plane permeability

From Bréard et al,



Permeability measurement

- A

B Experimenta

Position Cacul

Da rcy

> Quasi-stationnaire
15.00 +

10,00 +

5.00 +

O-m L L) L L L) L 1
0.0 50,0 1000 1500 2000 2500 2000 3500

Temps (2)

Stardard permeability measurement, plot flow front position
versus time, evaluate y=L?/t, use a fluid of well known

viscosity, given applied pressure, evalua‘r(le |V<) ”
K, =2

unsat 2AP

Attention, unsaturated permeability!lll From Bréard ctal,



Saturated permeability measurement

Setup for in-plane, constant pressure, unidirectional
permeability measurements, following the permeability RR
guidelines, with a well known fluid, such as silicone oil.

Pressure pot temperature

with fluid

|

D o

Inlet Transparent _
Pressure and m(|)Id Fabric
¥
sensor % A/Outlet
mil Q
Scale

Computer

~1-V)ny*
Kunsat = ( f)nw
2AP
Ksat = _Qant
AAP

K., and K ,,,, are often not equal

L(t) = flow front position at time ¢
—AP = fluid pressure at inlet, Neglecting capillary pressure
Q = flow rate of outcoming fluid



Permeability is not easy to measure in any case

Same fabric, Carbon Twill 2/2, sent Yo many laboratories

10.0+

o™
=
= 8.04 {
Z 6.0
< {
4.0 { {
2.0 i
Fy lt =
0.0 . & E 2
0.40 0.45 0.50 0.55 0.60
Vi

Fig. 1. G0986: Measured principal permeability value K as a function of the fibre
volume fraction V. Different symbols indicate experimental method (dark dia-
mond: radial unsat.; light diamond: radial sat.; dark square: linear unsat.; light
square: linear sat.; dark triangle: 1D compression).

R. Arbter et al. / Composites: Part A 42 (2011) 1157-1168

Ko SFF (m?)

3.5€-10 4

3E-10

2.5E-10 4

2E-10 1

1.5E-10 4

1E-10 A

SE-11 4

(a) @ Recommendations respected
i B Recommendations not respected

40 42 44 46 48 50 52 54

Vf (%)

Permeability of the same fabric, measured following
precise guidelines, K541, silicone oil.

N. Vernet et al. / Composites: Part A 61 (2014) 172-184

No precise guideline or standard ->A lot of scatter between various laboratory measurements of
the same fabric. Precise guidelines...agreement but are the values correct?
Since 2023, there is an ISO norm on permeability measurement for in-plane. ISO 4410



Preform stress-strain curve in a fluid

-During processing, preforms can be submitted to
compression, and to shear and tensile forces in the plane.

- During composite processing, on can distinguish between
the stresses applied by the mould before infiltration (shear,
compression) and those that will be applied by the moving
resin, which imply hydro-mechanical coupling in the equations.

T o &




054

04

9:23—-

SS

MRa

ieg st

o Appli

o
|

Stress-strain curves

do
de

000 005 010 015 020 025 030 035 040

V

f

Compressive test

- of ten non-linear
- hysteretic
- depends on the number of plies




Permeability and compressibility
Coupling

Example of GMT glass fibre mats

Penme s ility (m*)

0.05 0.1 0.15 0.2 0.25 0.3



Practical cases of composite process modeling

Once the model is defined, and the parameters estimated, it
is possible to scale -up to more complex geometries, or more
complex cases of pressure increase, of heat transfer, etfc..

-> use numerical tools, such as finite element softwares for
fluid flow.

- at the level of a unit cell of textile

- at the level of the part



Solving the equations is the case of
saturated unidirectional flow with constant
applied pressure

Exercise 1: Find the impregnation time,
for saturated unidirectional infiltration
of a fluid into a rigid fiber bed under
constant applied pressure, for a given
infiltration length L, as a function of the
fluid viscosity, preform volume fraction
and permeability, Applied pressure.




A simple case:UD infiltration, saturated , isothermal, rigid
preform, under constant pressure

Mass conservation equation:

div(vy)=0
Momentum conservation equation (Darcy)

_Q__y, 4L __KdP
o= ==V
2

(1-V)L

timplrégnation = T’
2K(P - AP - P )

atm



A practical example: Windmill blade

We need to produce a
windmill blade, in composite:
glass-vynil ester, PVC foam
core.

Figure 1 The world’s largest wind turbine (summer 2004) at Risoe National Lab-
oratory test site, Havsgre, Denmark. Tower height is 120 m, rotor diameter is
110 m, and generator power is 3.6 MW.



Wind mill applications

Aerodynamic blade design,
composite skins and spars, about 1500 parts per year

Root joint Upper shell
Spar

Figure 1 The world’s largest wind turbine (summer 2004) at Risoe National Lab- Lower shell

oratory test site, Hovsgre, Denmark. Tower height is 120 m, rotor diameter is
110 m, and generator power is 3.6 MW.

P.J. Schubel / Composites: Part B 43 (2012) 953-960

Main processing methods:

- Hand lay-up

- Prepreg technology in a female mould
- Resin infusion

- Other possibilities like filament winding



A possible technique

Vacuum infusion of resin

LM Glasfiber, Lunderskov, Denmark



Exercise

-Could you evaluate the time to impregnate a blade, 40
long?

m

Assume a flat panel, 40 m long, 2m wide, 3cm thick, 50%

fibers, viscosity resin is 500mPas.

30 I I
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Practical cases , complex geometries

For FE modelling, problem of front tracking

VS mass conservation

-In 2, 3 D, finite element/control volume solution
Exemple of LIMS (Delaware):

Elements filled




Influence of heat transfer?

In most cases, solve for HT after flow has ceased.

Heat transfer during flow, no chemical reaction or
Solidification:
a7
V(kVT)=pc o +p,cv, VT
This can be solved simultaneously with the other equations,
Even using the similarity solution for simple cases, constant P.

Example: cold preform, warmer resin, assume no conduction into the fibers
ahead of the front

-I-A

=



Remaining research issues

- Front tracking is still an issue in some cases, and no
commercial software is yet able to predict potential
porosity levels well (multiphase flow).

-Capillary effects are difficult to capture and model

- Permeability variation with shear, etc..needs to be taken
iInto account

- Statistical nature of the process -> « intelligent
manufacturing »



Conclusions

- Many processes exit for making composite
materials, which can be classified intfo three major
types.

-Process modelling is often performed using a
Continuum mechanics approach, leading to a system
of non-linear differential equations to solve.

- Need to make relevant assumptions

- Need to know and measure the constitutive
equations or parameters to include in the model:
stress-strain  behaviour of the fiber bed,
permeability, matrix rheology, solidification and
curing kinetics and modulus build up...

- Simple solutions give good first estimates.



