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Context & goal of the study

Brief state of the art on in-situ pressure measurement in composite manufacturing

Development of the measuring technology

Application in RTM

Conclusion and potential applications
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Important use of CFRP in aeronautics (mass, mechanical properties)

Materials used in 787 body

Fiberglass W Carbon laminate composite - Total materials used
M Aluminum Carbon sandwich composite i Byweight
Aluminum/steel/titanium ; Other

Steel 5% Composites

10% ‘ 50%
3 |
itanium
15% ‘

\ Alu m um
M 2
- By comparison, the 777 uses 12 percent
: composites and 50 percent aluminum. [1]

* Safran’s LEAP engine - fan blades made of 3D-woven CFRP manufactured by Resin Transfer

RTM manufacturing steps

Preform goes Mold closure Filling Curing Unmolding
inside the mold

* However, very strict conditions for a part to be certified for flying: need to ensure material
quality at a very high level in terms of embedded foreign objects, porosities, etc.

* Porosity formation and removal 2> complex phenomenon
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Porosity formation and removal in LCM processes - studied for a while in the literature:

Different origins for porosity:
Air, solvents & other chemical species trapped in bulk resin

Mechanical entrapment during preform impregnation (micro/macro pores)

Volatile Organic Compounds porosities created during curing - studied here

Strong link between VOC porosity removal and consolidation pressure [3]
BUT experiments performed at a small scale & on pure resin 2 might differ on a real composite part

Impact of the preform (weaving pattern & size) on the pressure transmission phenomenon?

—> Influence on the final pressure distribution map & resulting porosity?

Goal of the work: study the pressure transmission phenomenon within a 3D-woven
composite part, and link it with its residual porosity

Need of a device to measure pressure anywhere in the part!

2023-05-17 41714
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« Various existing technologies for Polymer-Matrix Composites manufacturing:

Cavity piezoelectric Pressure needles [5] Piezoresistive sensors [6] Optical Fiber sensors [7]
pressure sensors [4]

Plug Inner Screw

Pressure Sensor Tube Fitting Needle Tubing

‘kedle Tube

Silicone rubber

Reservoir Uncatalysed Resin

Applied Load
- Caul plate
LY VY ¥V VYV V V VYV VVYVY "~ Non porous peel pl
| __ Bleeder

—— Porous peel ply

/ o Sealing tape 3
Metalic plate _ %Sensor
I

~~Non porous peel ply

N
—_—
p——
—_—
——
—_
—f
U

--Real Flow-front Estimated Flow-front @ Sensors . . . ] )
» Process: Liquid Resin Infusion » Process: Thermal compaction

> Process: RTM > Process: Autoclave o > Sensor position / part: in-situ > Sensor position / part: in-situ
> Sensor position / part; external | » Sensor position / part: in-situ
S
. - Need to develop a dedicated solution! > Needle Probe Pressure Sensor (NPPS
2023-05-17 5/14
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DEVELOPMENT OF THE NPPS TECHNOLOGY Lny

1/ REQUIREMENTS TO BE MET:

2023-05-17

Temperature
RTM recipe

Pressure

Electrical insulation (carbon fibers)

Resistance to chemical products (epoxy resin)
Signal resolution (equivalent to mold transducers)
Dimensions (as small as possible)

Re-usable

n” \

“Plug & play”, “user friendly”

Extension
to be
designed!

NPPS

Intermediate solution;

Conventional diaphragm
pressure sensor with an
added extension

PX309 300A5V
Omega Engineering:
Steel diaphragm
bonded to strain gage

[8]
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DEVELOPMENT OF THE NPPS TECHNOLOGY L’

2/ DESIGN OF THE SOLUTION: GLOBAL EXPLANATION

PEEK
Resin flow —_ N — polymer
i i Needle
3D woven = g Do ~ T Mold lower
CFRP / O-ring cavity Heating
_/l ? ) stripe
— Mold
T T T _1 plug
Heate_d _, f____,,l Hollow
Extension T /connectors
_l - Omega
. sensor
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2/ DESIGN OF THE SOLUTION: CHALLENGES TO OVERTAKE

Thermal mapping of NPPS heated extension  Optimization of pressure transfer
fluid quantity

| - | Molc polymer
* Ensure resin/glycerin interface creation plug needle

- Good pressure information transmission

TC Top
\".' | Heating

stripe (on
. . . ~ th NPPS ti
- Adjust glycerin quantity extension) Siycerin | i ti‘;’e)

- No leakage, needle fully filled with glycerin

Mold lower
cavity

* Optimize NPPS tip embedding steps
- Avoid needle clogging

2 XU O 1 0
Pre-shaped . oo gl T4 G e Guides for pre-shaped
hole B BRI A holes in the preform

2023-05-17 — © 8/14
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APPLICATION IN RTM
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1/ PRESENTATION OF THE MANUFACTURING SETUP:
— RTM injection line built at EPM

—> Mold from Ruiz Aerospace Manufacturing (Laval, QC)

—— Heating sheath
Mold

x Valve
Mold closing force

ﬁ Pressure transducer '

|:> Resin flow (preform + spacers)

Inlet :) QOutlet

Compressed

air bottle

L]

f Resin
provision

w11

IT ]
Heated \_Y_)
Resin
o i
Preheater NPPS going in the
1 1 — preform through
lower mold cavity
Injector

2023-05-17

the mold

—> Creation of an entire manufacturing procedure linked to the setup

Vacuum
pump

transducers (x3)

Inlet
port

— Dedicated thermal mapping to characterize the right thermal cycle for

Removeable

Mold closing force

pressure

[9]

Cooling
system

Cavity (Top view) /

Openings
(transducers
or plugs)
Outlet
port

Heating
system
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2/ REPEATABILITY OF THE NPPS PRESSURE SIGNALS:

Top view of the mold cavity Evo_lutiqn of NPPS §ign_als from the
application of consolidation pressure

”~

Consolidation

100 |
pressure — Y > Similar behavior
_ ‘ ~ 8 min ‘/
r:;eatil:;:\ % M out V S a -> Same order of magnitude
] l/ 4 > Some variability to be
10O O O :/ % ] expected (complex process)
/: / (o)
)@ﬂ ; i — Plate 1
. ! ) :/ 2 —— Plate 2
tip\ / E.
| = u
o oY 2
% 7 0o
0/ 7 -
A o / | | | |
0 50 100 150 200

Time [min]
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3/ USE OF NPPS TO STUDY KEY PARAMETERS

APPLICATION IN RTM

Porosity threshold

Specific pressure instruction not to obtain
porous parts (specific to a configuration)

Metallic

spacers\,//{
I

2023-05-17

Consolidation

pressure

o

S \_\

M out

N N
(e)nPPs3 ()

AN

(¢)NPPS2 /)
/4 Z/ //
ﬁ N o N ?
/I \_/ '\:/'NPPSI \_/

1

) . y

//i mn X /
C

—

100 —

Rel. pressure [%]

Leakage test @ Filling @ Cooling

—— Inlet Pressure
—— QOutlet Pressure
—— NPPS1
NPPS2
—— NPPS3
Pressure Instruction
In-Situ TC
Curing Rate o

100

I
2

Time [h]

Dedicated Design Of Experiments - Dichotomic study to narrow down an interval containing the threshold

Temperature [%]

Iterative procedure with comparison of pressure curves and X Ray CT-scans of samples taken around NPPS tip areas

100

When linked with curing irreversibility = Inner local pressure threshold to avoid pores - interesting data for numerical models

hz

Curing rate [%]
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3/ USE OF NPPS TO STUDY KEY PARAMETERS

Curing Irreversibility

No more pressure transmission

Pressure transmission

hz

From the compressed air system through the preform

—— Inlet Pressure

> —— Outlet Pressure
100 | 100 | 100 — Npps2
N { —— Inlet Pressure min. g::;izre Instruction B
— ggg;lfressure . _Curing rate a P

- DA s - = 7 [ -
2, ‘ ! Curing rat o = = |s - S g
o | | — 7. o SN S - e <
a ‘ e R s d [ r 8 ‘JI =] = 1 M B 2 E g | E o
0 | \Ii =] ;’ Q E -E
2 7 | | ® c = 2 3
3 . i | i = 0 £ ©
3 | TR ot | i s 3 | 7 o
o | | WA £ =

| | ‘ | WS - -

Y \ i 1 B B _ A\ L A
’ _=%;ﬁﬂl | — — T | _|m 0
| : o
, = I ; i I 0 11 1.2 13 14 1.5
0 1 2 3 Time [h]
Time [h]
- Observation of the pressure transmission phenomenon, repeatable
- Determination of the curing threshold when pressure transmission cannot be ensured anymore
- Correlation with production values

2023-05-17 - to be linked with porosity threshold determined earlier 12 /14
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{3 women CONCLUSION AND FUTURE WORKS h'nz
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Optimization of conventional pressure sensor:
Ability to measure in-situ pressure during all steps of RTM process - allows to infer:
* Pressure transmission
* Curing irreversibility for pressure transmission
* Pressure threshold to avoid porosity
Repeatable behavior of the technology
Needle easily replaceable within the NPPS extension

Versatility of the technique: could be used in infusion, autoclave, thermal compaction, Polyflex...

Ongoing and future works
Improve NPPS technology (glycerin full retention within needle, optimal NPPS temperature)

Refine pressure threshold to avoid porosity within the part

Study other manufacturing configurations: Tvf, number of preform layers, size/shape of the part, preform
weaving pattern, resin type, measurement direction, etc....

- better understanding of the physics & feeding numerical models (increase robustness)
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