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Quality of LCM parts
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v Void content and typology has dramatic effects
on mechanical performance

How are they formed?

3

Imbalanced impregnation generates bubbles,
leading to residual voids

4

Dry fibrous preforms act as dual-scale porous media

[
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Flow pattern and void typology both depend on Ca

Mechanisms: capillary number

. nV  viscous forces
! Ca= = : . . .

——— Viscous flow ' y  capillary forces » Aim find and predict Cagpt
: n : viscosity

y . surface tension
V : flow front velocity

= Capillary-dominated flow | » = " Viscous-dominated flow
v Low pressure/velocity » . v Hight pressure/velocity
v Inter-tow porosity . Ca < Caope | Ca > Cagpe v Intra-tow porosity
Macro-voids ‘§ Micro-voids
,_ N B

Log(properties)
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Capillarity

Origin: curved soft interfaces

= Liquid flow front in LCM

Upscaling: capillary pressure

= |Laplace law: P. = yk
= 3 phases: k = f(0)

P. can also be viewed as a force per unit surface
= Force: surface tension and length of contact line
= Surface: pore areal fraction

= P.

—Sry cosb

dF =y-n-cos @

K = 2cos 6/R
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Contact angle dynamics

6 depends on Ca!

Increasing with CL velocity

Several existing models

6° =6, +9TI'Ca
Ca

cos  =cosf, — Asinh™1 <—> 30
Cp

10-° 107° 10~* 1073 1072 107! 10°

Pc is also velocity-dependent!
P. = Sfy cos®6

Reduces impregnation kinetics at higher Ca (cos 8 < 0)
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Viscous phenomena

Kd
Darcy’s law % = — tap

n dx

= Saturated permeability

K., = — QoutnL EiF‘_) -}_ -

AAP

- Kunsat

Ksat

— Capillarity
= Unsaturated permeability

v" Constant flow rate

v' Constant pressure | iﬁ =

dL K dar
dt — n(1-V;)dx
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Previous work

Composites: Part A 149 (2021) 106560

Contents lists available at ScienceDirect
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In-operando dynamic visualization of flow through porous preforms based
on X-ray phase contrast imaging

X-ray setup

14

Pixel Intensity
o
w

o
o

04+

02°

Check for
updates

ly saturated zone

»'

ISmin

200 400

680 Q

Pixel value

(2

) ! L Viscous or
o ! 0 .| capillary regime|
I— - ~Slblurat|on:0 ‘ i 08 - i 1

e Slhlurahon:1 ! ' !
_—lnlmognauon ' o7 :
| | Fos |
A _ 3 !
! ! § 05F ! 1
1 1 »2 1
' ! $oat ! ]
: : 1 03} :
i i i 0.2 ¢ i 4
o (UL i 0.1 |
L L: L o , ! —
1000 1200 14 U TO 20 30 40 50 80 70 80

z [mm]



EPFL

Motivation

= Develop a better understanding of flow-regime transitions during LCM impregnation.

= |dentify how processing and material parameters shift the optimal capillary-number
window.

= Focus on the role of fabric spacing in promoting a balanced flow front.

=  Support future prediction and modeling of void formation in dual-scale fibrous media.
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Materials and Methods: Fabrics with different spacing VA substrate

= Tailored placement technique (TFP) /

Needle
Roving pipe

Sewing thread

| Removing the PVA

by washing

A\

Moving DOF
of the base material

Sewing thread in
Direction of Stitching a zigzag stitch

R-Value W
-

Roving

1] i
Distance of Stitch

BIONTEC
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Materials and Methods: Mold for flow visualization

Metallic pacer with different
thicknesses to keep the volume
fraction constant at 45%

Outlet

Silicon joint
Metallic frame <

~

> Flexible sealant

Carbon fabric

Fluid
Transparent PMMA

windows Inlet

v
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Materials and Methods: Liquids

O

% Liquid Viscosity (Pa.s) Density (g / ml) Surface tension (mN / m) application
PEG 16.7 wt.% 0.103 1.026 56.5 X-ray phase-contrast imaging
PEG + 7nl 2 0.087 1.276 327 X-ray pha§e-contrast imaging and
micro-tomography
RIMR 135 epoxy resin 0.7-1.1 1.13-1.17 -
+ Preparation of composite sheets
RIMH 137 hardener 0.01-0.05 0.93-0.98 -

* Values at 25 -C



=PrL

13
Fabric Characteristics and Permeability Measurement
1S
£ 100
= Cross-section view of samples %’ g0l
Tl  AAP
g 20 +
8 x10_%§] T T T T
— ® L
N‘é )
=
=6 -
Q0
e
£ L
2
[ | - [T~~~ “~~~"~""""~"""™~"7"7/7"7~"~""~""“~"~"“~""~"7/=7/7 77
=l o ‘
§ ®
® e CF-SS
@ y * e CF-MS
e CF-LS
2 1 1 1 1
3 3] 7 9 11 13
v £LUYU ‘-IUUFIOV(\)IULE.ateOU(kEn mi{l?l} 1£Uy 14Uy [RelViv)

Time (s)




=PrL 14

Granulometric Analysis of Fabric after compaction

Binarized micro-CT images were used to quantify the actual spacing distribution between fabric regions after compaction

Results are averaged over four micro-CT slices for

Granulometric analysis of the samples along the 0° direction each sample
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Dynamic
iImpregnation
study — X-ray
Phase-
Contrast
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= Time-Resolved X-ray Phase-Contrast and Scattering Images of Impregnation

v Fabric —» CF-SS
v Liquid — PEG 16.7 wt.%

Ca=1-1073

80
z [mm]

Saturation, S []

v" Limitation:

At low capillary numbers, scattering images are less

Saturation profiles - valid frames only - 0.05
T

z[mm)

effective for identifying the capillary regime

30
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Scattering images provide an approximate window for identifying the possible balanced flow regime.

T ] < CFss|
: : e CF-MS
CF-LS| e o o ! ° *CF-LS | |
1 1
o L
o I 1
£ CF-MS - L oi ] ® -
] 1
> -
CF-SS| ¢ oo . .
ot P T (°C) 24.08 2211
Capillary number v (mm/s) 0.065 0.057
Ca (-) 1.8 -1074 1.67 -107*

v' The analysis was narrowed to the two representative samples with the smallest and largest spacings.

v PEG + Znl, absorption contrast improves void visibility and shows potential for resolving the capillary-dominated regime.
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Micro-Tomography and High-Resolution Impregnation Imaging

v High-resolution 2D impregnation images capture the flow-front evolution during mold filling.

CF-LS Velocity-Dependent Saturation Profiles during Fabric Impregnation
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CE-LS Velocity-Dependent Saturation Profiles during Fabric Impregnation
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I Decreasing the inter-tow spacing shifts the optimal
capillary number toward higher values.

Void content (—)

>Ca —
Cappt =)

v" Wet CT datasets enable 3D void analysis, including void location, number, and distribution.

CF-LS wet state 3D view
Ca=1.51 -107* Ca=193 -107%

21
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Conclusion

» At constant fiber volume fraction, changing the inter-tow spacing did not lead to a major
variation in saturated permeability.

» Scattering-based phase-contrast images were effective for identifying viscous-dominated
impregnation regimes.

» Absorption imaging revealed that decreasing inter-tow spacing shifts the balanced-flow

regime toward higher capillary numbers.

22
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