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Fabrication processes of composite materials
(Additive manufacturing processes)

High performances
*Autoclave lamination
*Filament winding A
*Resin Transfer Moulding, Pultrusion
*VARI, Resin infusion

*Hand lay-up and SMC
spray-up and BMC (discontinuous fibers)

Low Performances



Fabrication processes of composite materials
(Additive manufacturing processes)

High costs
*Autoclave lamination
*Filament winding A
*Resin Transfer Moulding, Pultrusion
*VARI, Resin infusion

*Hand lay-up and SMC
spray-up and BMC (discontinuous fibers)

Low costs




Manufacturing of fiber reinforced plastic
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Chemical and physical phenomena occurring in all technologies

Fibre Impregnation > Fluid dynamics
Heating and curing ‘ Heat transfer and cure kinetics
. Mechanics of materials and
Residual stresses : ..
viscoelasticity




Autoclave lamination

Lamination= manual or automated stacking layer by layer of UD
(or fabric) laminae, using uncured resin.

The so-called “prepregs”™ are used

Autoclave = an oven 1n which it 1s possible to control temperature
and pressure (8 bar)

The curing cycle consists of a program of temperature and pressure
devoted to polymerization of resin and reduction of defects (voids,
tolerances, etc.) below a threshold depending on the component

It 1s mainly used to produce advanced composite with carbon and
Kevlar fibers and with epoxy resins



Prepregs

 Laminae made of fibres impregnated with resin (thickness= a
few tens of mm, width from 1.25 cm to 150 cm)

* The reinforcement can be unidirectional (tape) or a fabric
(woven)

* The resin 1s characterized at room temperature by a very high
V1SCOSity

support

support

polyethylene
protector

silicone polyethylene  warp
paper prolector protector

B Unidirectional reinforcement B Fabric reinforcement




Prepregs fabrication by solvent impregnation

— The fibers go through a bath where the resin 1s in solution 1n a solvent and subsequently
between rollers that regulate the amount applied. The solvent 1s then removed 1n a dryer
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Prepreg fabrication by melt impregnation

Step 1: a resin film of constant thickness 1s applied on a release paper.

Step 2: 1s transferred on fibres (fabric or tapes) going through heated rolls where also

pressure is applied
Ste D 1 matrix P
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o coating head O matrix film
release paper
matrix film
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0 % fibre volume
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Why prepregs are used?

Optimal control on the ratio between resin and hardener
Uniform resin distribution on the surface and through the thickness
Lay up with different fiber orientation and complex shapes can be

obtained
Better control on:
* the final composite properties,

* its homogeneity
ripetibility of mechanical properties




Lay-up 1n clean room

The prepregs are stored at about -20 ° C. After extraction
they must be kept at room temperature in their packaging
films for at least 24 h, so avoiding moisture condensation

Prepreg cutting
 Manual

e Automatic

* Fiber placement machine (automatic cutting and lay up)
Lay up on tools

vacuum bagging => consolidation and void removal are
promoted




Prepreg cutting




Laser projectors for proper lamina placement on tools

*Accuracy between 0.3 and 1 mm
*Data transferred from CAD
*The ply table provides the stacking sequence
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Ply Table
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ply table: bottom laminate

NP PIRT OR L loRIENTATION
NLMEER
F1 a5
PZ -45
P3 90
Fd 0
Ps a5
FB -45
=200 5y T
Fa a5
P9 0
P10 90
Fii -5
P12 a5

ply table: stringer

PLY [P1
[GOMEDS I TE PaPEER (O
FRART DR P EhEN F
CENTIFYING B o [RTERIA e
HUMOLH |CERT IFY M
FALMEER
Pi 25
P2 45
P3 0
-200 P4 90
P5
PG -85
P7 43
2
Pi a5
P2 -5
P3 0
-201 P 30
P5 0
Pa -45
P7 25
2
-202 > | &3 N/




Hand lay up and automated fiber placement

Hand lay up: fiber placement machine (stmultaneous cutting and
Limited access to large tools laying up of prepregs)
Lay up rate: about 1-3 kg/h Lay up rate: 25 kg/h today, up to 40 kg/h perspective

The A380's GLARE fuszlage panels are layed up on highly
accurate mefal leoling s large as 10m by 3my33 L x 10 1L,
opecial transporlers suspend workers over the pangl.

GLAss-REinforced" Fibre Metal Laminate

https://www.youtube.com/watch?v=xK4gMDduHgA https://www.youtube.com/watch?v=ulv50nbap5k



automated fiber placement

il
T UL

fiber feeding duct

robot arm

A shape with cutting signs
prepreg tape bobins Deposition head around curve boundaries



Automated tape laying (ATL)

' .
" T
. { - F P

"

; \___"_-—( i :'—.! ,J‘

B E B
Ll T 'l R e
. ,

Electroimpact: B777X wing skins

‘ On line inspection under implementation




AFP: On-line defect detection

— AFP-deposition
N hasd

' Laser beam
fiflustrated)

Missing tow
JEC composites July 2018



Fiber Patch Placement (FPP)

S8 RN =

) i =

4

Feed fiber tape

Cut tape into patches

Inspect quality

Pick-up, check position heat for tack activation
Place fiber patch

Potential applications: small to medium
size parts of complex shape




Fiber Patch Placement (FPP)

z

Stack Layer

2.

Sublayer Chain

|
Patch I l

Patch: is the primary entity.

Chain: made of multiple fiber patches placed
edge-to-edge (butt-to-butt), typically aligned.
This configuration facilitates continuous material
coverage along complex contours.

Sublayer: 1s the smallest structural unit capable of
covering an entire surface area. A single sublayer
does not provide sufficient mechanical integrity
and cannot independently carry load.

Layer: 1s the fundamental structural element in an
FPP laminate. A layer typically comprises several
sublayers, with their respective chains laterally
shifted to ensure full surface coverage and
improved load distribution. In comparison to
conventional laminates, a layer in FPP usually
represents a single ply.

Stack: 1s a logical grouping of layers with similar
characteristics (e.g., same fiber orientation such
as 0° or £45° ). Stacks serve as organizational
containers for laminate design and have no direct
physical or mechanical role.

https://connext.sampe.org/design-optimization-and-analysis-validation/



Prepreg characterization

Beside resin and fiber type, a prepreg 1s characterized by
*Gel time

*Tack level

*Drape

*Resin viscosity and “flow”

*Resin content

*Resin to hardener ratio (FTIR, HPLC)

*Resin reactivity and glass transition temperature (DSC)

Key properties are also the shelf life and the mechanical life




Prepreg characterization

e Gel time:

— At a given temperature (usually curing Temp), it represents the time to reach gelation

« Tack level and drape:

— Qualitative parameters that describe the ability of a prepreg plies to bond each other during
stacking and to adapt to complex mold shapes, respectively. They can change during storage

Qualitative | Definition/Description

tack level

5 Sticks to hand, but no residual left

4 Sticks to untreated tool indefinitely in vertical configuration

3 Sticks to untreated tool for about 30 s in vertical configuration

2 Falls off untreated tool immediately in vertical configuration
' No tack

— In AFP the placement parameters (Infrared heating, roller pressure, lay-up speed) for the first ply
may be expected to differ from the rest of lay-up.

— To adhere the first ply laid by AFP to the tool a” tackifier” or a first ply are hand laid up




Prepreg characterization

* Resin viscosity and flow

— The resin viscosity is measured either as a control on the prepreg batch either as a
control on the aging resulting form prolonged storage.

— Sometimes the technological parameter named “flow” is performed: a prepreg disc is
pressed at the curing temperature and amount of squeezed resin i1s measured
e Resin content

— It is usually a little bit higher than the amount that should remain in the composite after
curing. [t comprises the resin that is lost during curing in order to remove volatiles

— Typical values:

— 35%-45% by volume expected in the cured in the composite + an
excess of a few %

Volatiles are ususally: Solvent residues, absorbed water, Reactive monomers or any low moecular
weight compound that results from former synthesis of monomers




Prepreg characterization

DSC

— Itis used to measure the Tg of the reactive mixture (T,,) to check if it was properly
stored. It 1s used to measure the Tg of cured resin

— It 1s used to measure the reactivity through the exothermal effects associated to the
reactions (exothermal reaction peak shape and position).

FTIR

— It 1s used as acceptance control to check if the ratio between epoxy and amine groups is
that expected. The ratio between the height of epoxy and amine absorption peaks is
measured.

Shelf life: the time the resin (and the prepreg) can be stored at low
temperature, usually -20 ° C (usually about 1 year)

Mechanical life: the time the resin (and the prepreg) can remain at
room temperature before curing in autoclave (usually a few hundreds
of hours)




AGATE (Advanced

FAA qua

Prepreg characteriztion
| General Aviation Transport Experiments

1. Procedure da MIL-E

BK-17

TABLE |
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Properties of resins for prepregs

High viscosity at stratification temperature (room temperature or a little
higher): usually > 1000 Pa s

Low reactivity at room temperature in order to maximize the mechanical life.

Low reactivity at storage temperatures (- 20 ° C) in order to maximize shelf
life.

High reactivity at curing temperature to minimize curing time.

Solubility can play a key role. For instance,

dicyandiamide 1s a solid powder poorly soluble at NH

mixing and room temperatures. JJ\ CN
This strongly limits reactivity. Then only at curing H 2N N~
temperature (about 125 ° C) the dissolution of the H

amine 1n the resin can occur, so activating the reaction.




Many Sources

Static Strength Reduction of Composites Comes From

Reduction of
the allowable

stress
I /

Stress

llowable design
region

-

Strain o

Allowable strain
reduction

»
L

Pristine materials

Processing anomalies

* Surface irregularities
* Splicing
* Waviness

e Inclusions

* Voids
Damage

* Visible damage
e Nonvisible damage

e Repair (holes, etc.)
Design

 Environment




vacuum bagging

* Vacuum bag: a film (usually polyamide) characterized by a high
stretching properties also at high temperatures (cure temperature).

« Sealant tape: a bi-adhesive thick tape use to seal the vacuum bag
» Release film or fabric: a release layer in some cases perforrated or porous
to allow resin flow and volatiles extraction.

Vacuum Bag
/,///Caul Plate ¥

Breather Material
e rrw———x -«—— Release Film, Perforate

DR e L LA 0 A
b

- —Bleeder Material 4

W R (TSN - .

¥—Optional, Not Always Used.

Double Seal ¥

Peel Plies ¥
Composite Lay-Up

_—Release Fabrlc \ 4

7 ,,//I/r A‘

A -’0}@/» | R ol

-<+——Envelope Vacuum

Vacuum Bag Dam Bag ¥
Sealant Tape



Vacuum bagging

» Breather: always present, 1s a porous mat deputed to allow air extraction
on the entire surface of the tool. It allows the extraction of volatiles. In
some cases a single layer acts as breather/bleeder.

* Bleeder: a porous mat deputed to the absorption of the resin in excess lost
the laminate surface

* Peel ply: a thin fabric added as last layer on the prepreg stack in order to
protect the laminate surface or to produce surface roughness for further
adhesive bonding. In some cases used as breather.

/Vacuum Bag

Caul Plate ¥

............................ /Breather Material

i gem— e -e-—— Release Film, Perforate
7 >--——Bleeder Material 4

Ll BN W AR (S -

¥-—Optional, Not Always Used.

Double Seal ¥

""" Peel Plies ¥
Composite Lay-Up

__—Release Fabric A 4

7 ﬁf//a

AN TR e

-+——Envelope Vacuum

Vacuum Bag Dam Bag ¥
Sealant Tape




Sandwich panel: minimum required auxiliary
materials for vacuum bagging

Seal

To vacuum pump Core Adhesive film Prepreg
L. " - Vaccum bag
— 5, N,
Adhesive film e \&i '5" .
~ .
e Uiinnnnnoom

_,ff’“

I“‘m‘“{‘{xi iEH‘x‘m&&“&‘x&“&‘x‘x“‘Cf‘xEH“&HRRHHEHH“‘a‘x“aHH“&HRRH“&HHRHHRRRHHE&RH

-« Breather fabric

-« Perforated
release film

- Release film



Vacuum bagging

Seal Connector to Vacuum bag _
VACLILIT pUmp Atmospheric pressure
;F'repreg . \ ¢ ¢ L ’/
W Fig. 1 : sealing flexible bag over lay-up W Fig. 2 : applying vacuum to the system

https://www.youtube.com/watch?v=t22vILHWxYA



Corner Bridging

Plies in Radius Too Thick
Often Containing Porosity
Or Delaminations

e

Vacuum Bag or Breather

Bridges in Corner Radius \ =

Tool

“‘Dog Ears” or Pleats in
Vacuum Bag to Prevent
Bridging

14 Wy
Lhsh Lhis
%ﬁ% Ch Ly [Nk L L0, Ly L %

_

I
N

Breather

SOLUTION
*Pressure intensifiers: rubber inserts

*Dog ears on the bag

Rubber
Intensifier




Defects-Foreign Objects

Mylar Film
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Ply drop-off a way to change the thickness of a laminate

If drop-off areas are further covered by continuous plies (internal ply drop-off),
void can occur

Potential VVoid
Areas

Debulking

The lay-up should be vacuum debulked every 3 to 5 plies, or more often if
the shape is complex.

Vacuum debulking consists of covering the lay-up with a layer of porous
release material, applying several layers of breather material, applying a
temporary vacuum bag and pulling a vacuum for a few minutes.




Honeycomb: core crush

Core Crush Due to Core Migration During Cure

Fs

F.et=F,SINa—-F,—F_.-F;

Where:

F .. = Positive- Core Crushes / Negative- Core Does Not Crush
a = Core Angle

F_ = Force Exerted by Autoclave Gas Pressure

F. = Force Due to Internal Gas Pressure in Core

F. = Force Due to Inherent Core Strength

F; = Force Due to Friction of Prepreg or Adhesive




Ribs and fillers

*Ribs can be co cured on a laminate using proper tools
e Fillers are usually needed

* Fillers can be pre-shaped assuming proper triangular sections with the aid of
additional tools.

*Fillers can be also used simply rolling UD or fabric prepregs
In some cases fillers are pre-cured and used as solid composite parts

Fabric (Non crimp)

>

Gusset Filler e

Type 1 E Type 2

Surface Area Surface Area



Vacuum bagging: section 46 B787
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Vacuum bagging: section 44 B787
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Vacuum bagging: sections 44 and 46 B787
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Boeing 787: fuselage structure

co-cured stringers

A A-A

R VAN /

Frames

Shear ties: a link between frames and skin by titanium fasteners




Boeing 787: fuselage structure




Autoclave lamination

Autoclave= an oven where temperature and pressure (max 8 bar)
are controlled

The cure cycle 1s a defined program of temperature and pressure
Prepregs are always used




Sketch of an autoclave

Typical Production Autoclave Schematic

Autoclave
N, Vent Control
| Thermocouples Cooling Water to
r‘,., | ? ? ‘1? Storage Tank
A ST N\\a
. eal — e Ol= R
— Autoclave ] e 3 - i
Door | — e RS - - 8 :C: % l(f “ii\
o - "" - - ElO 500 HP
\ % —i 1 /
H.r- \ 3
N Thermocouple Cooling Water
T Panels
Pressurization
Working Space: 12 ft Dia x40 {t Length Heating: Electrical - 3,120 kKW
Max Temperature: 650°F Air Movement: 60,000 ft3/min at 600 RPM
Max Pressure: 150 psi Part Monitoring: 48 Vacuum Supply Outlets

24 Vacuum/Pressure
Monitoring Qutlets
108 Thermocouple Jack
Qutlets




Sketch of an autoclave




Some typical tools
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The carts that bring the tools into the autoclave
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Tool properties

e Thermal inertia
— It has effect on the rate of heating and cooling in autoclave curing
 Themal expansion

— Coefficients of thermal expansion (* F-! 10-%) of composite and tool
are often very different:

Alluminium 13
Composite 10!

The different shrinkage of the tool and of the composite in the
cooling phase can induce residual stresses and deformations.
This may be partly overcome with:

e Low Cooling rates
* Tools made 1n composite (Carbon reinforced)

« High stiffness
* Free of any porosity




Tool properties

Low weight

— Low density materials

Tolerances

— The tolerances of the tool will be reflected on those of the
composite laminated. Usually larger tolerances are obtained
for the composite in comparison with those of the tool

Repairability

Capable to be used for several hundreds autoclave cycles




. Coefficient of Coefticient of
Tooling ﬁi?i?; Specific Heat Tlﬁzzr;;al Thermal Thermal
Material (g/cmd) (Btw/Ib/” F) (Bwi” F) ( ;ﬁ?ﬁlﬁ/mé ) EX?SEEIIEI/I((SE)
METALS
Cu-Be (C17510)| 8.80 0.10 0.88 1680 10.0
Cast Aluminum 2.70 0.23 0.62 1395 12.9
Steel 7.86 0.11 0.86 360 6.7
304 Stainless Steel 8.02 0.12 0.96 113 9.6
Nickel 8.90 0.10 0.89 500 7.4
Zinc 7.14 0.09 0.64 746 19.0
Invar 36 8.11 0.12 0.97 73 0.8
Invar 42 8.13 0.12 0.98 106 2.9
CERAMICS
MgO 2.90-3.58 1.13-1.50 328-5.37 79 6.1
AL, 2-90-3.98 0.86-1.03 2.49-4.10 22 3.3
State Change (2-phase |, na na 0.83 1.1-3.3
technology inc.)
PLASTER
Gvpsum Based 1.4-1.6 0.84-1.00 1.18-1.60 10 8.3




Coefficient of :
. Specific Thermal Thermal Coeficient of
Tooling peeh Specific Heat y Thermal
] Gravity (Btu/lb” F) Mass Conductivity Expansion (CTE)
Material (g/cm?) u B/ F) | (Buw/fhe/® Fji | pansion
n) (uin/in/~ F)
COMPOSITES (small numbers per year)
Glass/Epoxy 1.8-2.0 0.3 0.54-0.60 | 21.8-300 |/ 8090
Carbon/Epoxy 1.5-1.6 0.3 045048 | 24.0-420 |\_ 0130
GRAPHITE
Monolithic graphite | 4 745 00 | 027030 | 0.47-0.60 160-220 0.1-1.0
foams
FOAM
PU Foam Board
(Models and 0.24-0.80 na na na 27
prototypes)
Carbon Fiber Foam 0.1-1.6 na na 1.7-173 2.7-3.2
WATER SOLUBLE MATERIALS: CORES IN PRESENCE OF UNDERCUTS
Water Soluble (3D
: na na na na na
printed)

The thermal expansion of the composite depends on the stacking sequence.
In a UD lamina it is dominated by that of the fibers in direction 1 (that of fibers) and 1s dominated by
the matrix in the directions 2 and 3




Tooling materials and shapes

e Steel

e Invar

e NVD Nickel

e Aluminum

e Precision Machining

Nickel Vapor Deposition capability has
led us to be the leading supplier for
shell tooling with integrated heating.
Ideal for Out of Autoclave, Rotational
Molding or Vacuum Infusion. %




Tooling materials and processes:3D printing

« Polycarbonate, amorphous PET-G or ABS are also used, reinforced with short
glass or carbon fibres

 The picture: ultem 1010 polyetherimide (PEI), with a Tg of 216° C
e Parts are vacuum-bagged and oven-cured at 121° C

e Surface smoothing needed

e Soluble resins available when
undercuts are present

* Main advantage:

— Dramatically reduced the time for tool
fabrication

* 3D printing 1s candicate to substitute

PU and epoxy foam boards




Tooling materials and processes:3D printing

Anisotropic strength and stiffness 1s obtained due to the layer-by-layer fabrication (see the rough
surfaces not machined) S

Growth direction

* Material: PC+CF
* Equipment: machine for additive
and subtractive manufacturing

= =
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= 25
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+
=5
= ;E‘“

HINE rﬂ?‘d‘:E'(é)?131"-'\.'11.',?'/:'(\‘_5?

& MANUFACTURING

https://www.youtube.co
m/watch?v=g3mNEeUU
FZQ&ab channel=CEA
DGroup




Tooling materials and processes:3D printing

«Massivity process (https://youtu.be/KCgnueUyPhU):
« Anisotropic strength and stiffness resulting from the layer-by-layer fabrication can be by-passed
making first an external «mould» by 3D printing and casting into it an epoxy resin more stiff and

strong. .
Growth direction

1- An external sacrificial shell is 3D-printed

by UV polymerization of an acrylic
thermosetting resin. This resin after casting

1s dissolved

1- Cast epoxy resin still reproducing the
rugosity resulting from 3D printing layer-by-
layer deposition.

1- Epoxy resin after polishing




Effects of shrinkage

* The assembly of anisotropic laminae determines a state of
residual stress that can never be eliminated. Relaxation
mechanisms allow to reduce the values calculated for perfect
elastic laminae considering an initial state of zero stress at
the temperature of cure 1n the case of elastic behavior

* Direction of highest shrinkage= >
2
A 4
—> 4_—
>
> ) 1

A laminate made of two superimposed plies with fibers oriented at 0 ° and 90 ° (as in the figure) will
deform to a different extent in 1 and 2 directions being characterized by different stiffnesses in these
directions-> After cooling from cure temperature a bend laminate will be obtained




Process induced deformation

Composite parameters

Material properties
— Thermal conductivity
— Stiffness

— Non isotropic CTE different

in directions X,Y and Z
— Heat of reaction
— Chemical shrinkage
— Fiber volume fraction
— Moisture absorption

— Stress relaxation (mostly for

thermoplastic matrices)
Lay-up (symmetric?)
Geometry
— Part thickness
— Flange/web length

— Corner angle and radius
— In general part shape

< »
< >

[ Resin rich region

Tape-UD-F-L3

Fiber wrin
1 /

¢

h ] Composite region

Process characteristics

e Tool part interactions
Concave/convex tools
— Resin poor or rich
areas
— Fibre wrinkling
— Mismatch between
tool and composite

CTE

Cure process
— Vacuum and pressure
— Dwell in cure cycle
— Cooling rate
— Repeated cure cycles
(due to repair actions
for instance)




Procees induced deformation: spring in angle

« The assembly of anisotropic laminae determines a state of residual stress that can never be
eliminated. Relaxation mechanisms allow to reduce the values calculated for perfect elastic laminae
considering an initial state of zero stress at the temperature of cure in the case of elastic behavior

« L and U shaped parts undergoes to the so called spring in angle, usually a spring-in: the part is
characterized by an angle different and lower than those of the mold due to differences between in-
plane and out-of-plane CTE

' Compensated
Nominal

After cure

-

N 0
o
Y
v’ k lk
R
td ‘4
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otad -
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o%” o
NPl
o2
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Tool compensation including FE
Analysis. More frequently trial and
error procedures are adopted.

Nominal

Geometry

Blue: nominal tool shape for a U-shaped part.
Red: part shape after cure (spring-in).
Green: compensated tool shape.

o

Spring-In ‘
CompensationI

_” 0 Mirroring. /

Spring-In

Yes

Tolerance
Proceed to

manufacturing

No

FE-Analysis 2) <€



Procees induced deformation: effect on assembly

The assembly of anisotropic laminae determines a state of residual stress that can never
be eliminated. Relaxation mechanisms allow to reduce the values calculated for perfect

elastic laminae considering an initial state of zero stress at the temperature of cure in the
case of elastic behavior

Assembly of a U shaped
profile (Spar) with a flat
laminate (wing skin)

Warpage

_—
—
— e

Wing-skin /['

Manufactured shape of the spar

- Spring in
,,,,,,, angle
Designed corner

angle 6



Void content

Air, water and VOC (volatile organic compunds)

\ 4

Microvoids (porosity)

\ 4

Mechanical properties reduction
(in particular the interlaminar shear strength, ILSS)

Up to 4% void content, ILSS 1s reduced of 7% for every 1% of void.

In aeronautic primary structures the void content should be below 1%




Void content and interlaminar shear stress

5 18
=
E HERCULES ASI/3501-S
Q 16 (12-PLY, UNIDIRECTIONAL)
& AUTOCLAVE PRESSURE LEVEL
= ® 50 PS
@ A 100 PSI
T 14} W 150 PSI : .
n FIBER VOLUME 60 TO 70% §ine direction
7
2 1
u I
-
§ 10 |
. In this test the failure occurs under shear loads
5 l___l__l J
0 2 4 6 8 10

VOID CONTENT (%)

Figure 1. Effect of Void Content Upon Short Beam
Shear Strength (Carbon/Epoxy)



Void content and fatigue

Ac in MPa

500 +———Af————rrrvrey v
® reference
450 ® with voids
a»
400 ~
150 L 2N
) W
300 -
250 ~
| GF-NCF-EP | Reduction in
200 ;e_"g“;““e"smn . 1 fatigue properties
ol fm6Hz » | due to presence of
T V=2.5% - 8.8% 1 micro-voidage
=t
I T~ HRAN g ™
cycles to failure n

Figure 2. Effect of voids upon fatigue strength in carbon/epoxy composite.

SAMPE Journal, Volume 48, No. 5, September/October 2012




The most used cure cycle

Temperature (°C)

200 - 10
: and ----- pressur

180 10°

160 - -4 8
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N L ——. a
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404 <£ - 2
T temperature 10

DO e, Vi.é.éb...git.y ................. 0
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Viscosity changes during cure: a real case

e At gelatiom the resin becomes rubbery and viscosity goes to infinite

* Reaction is not stopped \ /Y /
10000 -
1000 -
~
*w 100 E
& .
>
i
S  10-
2 3
>
'Y o 05 °C/min
] 0.75 °C/min
] ©° 1°Cmin
0.1 : | : | : | : | : | : | : | :
40 60 80 100 120 140 160 180 200

Temperature (°C)




A real cure cycle: temperature measured on
composite parts

140
=122°C

) .
. \ e
........ v‘,
I_ O& \v\‘\
\:‘i“f gg‘\’?

0

0O 30 60 90 120 150 180 210 240 270 300 330 360 390 420 450

https://www.youtube.com/watch?v=0N39wDOE4jk&ab_channel=YeowNg time ) [m | n]



Cure cycle with a dwell
(used for thick parts 1n order to keep more uniform the temperature
across the thickness)

TYPICAL CURE CYCLE FOR- 3500F CURE:.GRAPIITTE-EPOXY PREPREG

Temperoture

200 -
| Curei2nr/17s°¢c /d//////
Vocuum .
[ 8 -
150+ 0 -
~— — -“‘"'—.“-".“" e A B e e '/ X
dwelIJ// : ;
] ' [ 0. ?. 7] 6~
100 D=
0. 47 = -
. ¥ . Pressure \ §
. ' : D.6- ‘;’ - R
SO" / ;:,) ]
‘ : = 2
| . 0,87 =
Jl ! { y I ). l - <+ - o
® 0 60 120 180 240 300 )

Time (minutes)

Pressurs (bors)



Monitored (imposed) parameters 1n a typical curing
cycle to each composite part

» Cure temperature + a tolerance (e.g. 180+5 ° C) measured
by the thermocouples placed on the parts

* Minimum time at the curing temperature as measured by the
thermocouples placed on the parts

« Heating and cooling rates + a tolerance (typical heating rate 2
+1° C/min, typical cooling 4+1.5° C/min), as measured by
the thermocouples placed on the parts

* Max temperature for autoclave door opening

* (Gas pressure and pressure profile (with a tolerance)

* Vacuum in the bag: pressure below a given limit




Prepregs and Resin Systems

Primary and Secondary Structures

Prepregs for acronautic
applications

Fibre Aarlul Tg Rovemmondeod

Product/Foaturas Fibro Product Form  Weipht (gam)’ F I’C) Cura 'F ("C)
CYCOM® 877-2: » Standard moulus * Ure-tape Tope: 134,196, 414 (212)(dry) 3 s st 380 (177)
Toughened apoxy = - < 268 13 {156} (wet)

for primary and KEPIITa ooui | oL P Fahric: 153, 280,

sscondary shruciune ¢ 5hamess azn

apphcations . 2% twdl

+ Fiim

CYCOM® 5276-1: * Standard modulus + Urictape Tape: 145, 190 3T0(183) (dry] Zhsat 350 (37T
Highly-toughened | Lo are moduius « Plain Fabeic: 183 310 (15¢) (wet)

£ROXy 10f paimary

aructure appkcations

CYCOM® 5320-1: + Standorg modulus « Uni-tapo Topo: 145,190 457 (232 (ary} 3 hrear 260 (321)
Toughened epoxy for | . : Fabrc: 103, 370 358 (1B0) (wat) - plus free standing
VEO processing of Intarmadiate modudus Plain POStoure of 2 hee
prmary strictures * SABhamess 2t 380 (177)
CYCOM" 5280-4: + Standand moduius o Uni-tape Tepea: 145 538 287) (oryy & hrseau 350 (177)
BMI systemn for use A Fsbric: 193,280, 433 (223} (wel) pusGhrsat

In primary structure Wiarmedalo Moduus Plain 370 440 (227| postoure
appiications » 5&E&namess

MTM®45.1: « Stangarg moduius * LUni-tape Tape: 145, 228° 335 (180) {Cry) 4 hrs a1 250 (121)
Toughanad epoxy . . Fatric: 183, 200, . 320 (160} (wel) 3 hrs postcure
tor primary and B 19,0 aro : at350{177)
sacondary structures ¢ Eglass, Sglassand + 5 hamess

Quirez

CYCOM* 877-3: + Stanzara modulus * Uni-tape Tope: 145, 228 <00 Q04) {dry) 8 hrs a1 350 (177)
Toughened epaxy % - Fabner 193, 203, 334 (168) (wet}

reain with by ond IMemediate modulys Plain 370

wet service capabilty + Shamess

fomutsted for.
~autociave of press

- Mouking

CYCOM® 970: »  Standard modulus * Unktape N/A 300 {129) (dry) 2 hrs &t 350(177)
Epoxy resin  Pixn 200 {83) wed)

produtng

NANDGIoUE, Voud- * 5 hamess

froe honeycsmb

sancwich structures

and laminates

AVIMID® S: « Sendard modulus « Pan NiA 625 (330} 5 hvs at 200 99
Non-MODA addtion ¢ Intenmadiate moddus « B hamess (depending on  plus post cure of
typa polymide : ] cure cycla) 4 hrs at 680 {360)
Wm{muym * Eglaes, S giass and + Vrlous

lof press o autociave . quanz

curs

CYCOM® 5575-2: . ¢ gless, Sgfassand  * Vanous N/A 500 (280) 4 s al 350 {177)
Modifisd cyanats quantz Pius post oure for
e<tee formuiated for 2 hrz at 430 {227)
Wgh temperature :

mechanical

proportios and low

diciogtric ardd 6%

tangent properies

To be Noted:

Recommended cure cycle

T, dry and wet

Toughened epoxy

VBO (Vacuum bag only)

BMI (Bis-maleimide) and Cyanate ester
resins (high Temp.)

Type of reinforcement

Prepregs for Honeycomb sandwich
structures



LAY-UF

CURING

£
-
*
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APPLY MOULD RELEASE

=

LAY-UP PREPREG

—

ASSEMBLE VACUUM BAG

—

Autoclave process

ﬂlpms&um 1to 10 bar

Chean
To vacuum pump
 m—
Freprag undar
Thermoooupla vacuum bag
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+
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Resin flow

* Resin flow depends on the applied pressure (3 to 8 bar). It
can occur:

< YA

— At laminate edges (undesirable) - —
This must be avoided to limit non uniform /

resin distribution and thickness gradients in the plane

— At laminate surfaces (desirable) T T T

Promote void removal

Uniformity of resin distribution vV v v



Void formation and growth

* Void growth can occur if the vapour pressure (T,) of any potential volatile
compound exceeds the actual pressure (P,) in the resin (1.e. the
hydrostatic pressure in the resin)

If T,>P, voids can be generated and grow
Water vapour saturation pressure at 180 °C is 9.9 bar at 130 °C 2.7 bar

« At high viscosity and above gel point voids become entrapped 1n the

matrix Temperature ° C |Vapour pressure, atm

Interply and intraply voids 100 1.001
110 1.42

- 120 1.96
Cesisestiieny 130 2.67

sssssssssBBREe
eseesasestsessasens 140 3.57
000000000000000000000 150 4.70
--------ﬂnn;nnnnnnn; 160 610

Large Interply Void fessssncccese :

tessssasssss 180 9.90

*sessssssssces
 cescenssesscs Small Intraply Porosity
.



Voids formation and growth

Most of the void 1s due to water absorbed by the prepreg. Unreacted
epoxy resins are strongly hydophillic.

Other volatiles can originate from solvents used in the impregnation
process.

The hydrostatic resin pressure, capable to prevent the formation of voids,
is only a fraction of the autoclave pressure: also fiber beds have a load
carrying capability

In the mechanical analogy, the spring represents the fiber bed and the
liquid 1n the dashpot the liquid resin. Resin leakage in the bleeder (or by

borders) 1s represented by the top valve. —

(also air entrapped during lay up may be the origin of voids)

AA
v [k



Resin pressure:Vacuum bagging

At room temperature:
* there 1s no flow

*The top ply in the stack is kept under vacuum (between -700 and -980 mbar depending on
the process)

Autoclave pressure reduces the breather thickness. A single layer of breather
under 8 bar pressure with a thickness of 0.5 mm was adopted

] l l
The resin flow in autoclave process can be sketched as a dashpot
and a spring in parallel (a Maxwell-Voigt viscoelastic element).

The spring represents the stiffness of the reinforcement ‘
The dashpot the viscous drag due to resin flow

_\/\/ , —

laminate % \ | |

tool




Resin Pressure: heating and resin flow

During heating:
* viscosity decreases

* A pressure gradient is developed across the lay up

* The resin flows through composite thickness filling the breather (in plane flow is

neglected) under autoclave pressure

*The upper resin layer still under vacuum

vacuum

Resin filled breather

Unfilled breather

Resin front position




Resin Pressure: end of flow, pressure build up

When the resin touch the vacuum bag:
* The flow ends

* The pressure 1s distributed between that supported by the reinforcement, under

compression strain, and the hydrostatic pressure in the resin.

*The resin pressure is always lower than autoclave pressure

autoclave pressure

vacuum

i bag/resin contact
L eSS




A three stage process and the viscoelastic model

i

T3

Y3

autoclave pressure

i vacuum

laminate

tool

autoclave pressure

autoclave pressure

i vacuum

i Vacu/um
r%

Room temperature

*No flow.

Eventual lost of volatiles
by diffusion

*Heating: reinforcement
compaction and flow.
Still possible volatile
extraction

evacuum bag in contact
to resin
*Flow end

Pressure is distributed between the spring (elastic
reaction of fiber stack) and the dashpot (hydrostatic
pressure in the resin)




Other possible causes for flow end

vacuum

Resin filled breather

Unfilled breather
Resin front position l

The resin flow ends for three reasons:

1. the bleeder is filled of resin(as formerly described): bag-resin contact ‘ |
occurs. Pressure distributed between resin and fibers

:

2.the spring takes all the load — % B Resin pressure=0

3. resin viscosity is very high and the dashpot becomes not deformable

Resin pressure=0

and takes the load at high viscosity. Low viscous resin is never in ‘ (at low viscosity)

contact with bag —




Consolidation and voids
formation

Kilograms
carried by liquid 10 10 5

Kilograms
carried by spring 0 0 5

Percentage
Consolidation 0 0 50

*Step 1: room temperature very high viscosity

*Step 2: Temp. increases, viscosity decreases and the liquid escapes from the damper. Fiber bed

is compacted

*Step 3: the fiber bed start carrying load and its permeability reduces: the resin flow decreases
*Step 4: if gelation is not occurred all the load is carried by spring (compacted fiber bed)—> the

hydrostatic pressure in the liquid drops and void formation 1s likely to occur



Hydrostatic resin pressure measurements

Vacuum Bag —

Breather —
InnerBag —»

Bleeder —

Porous Release -

Carbon/Epoxy Lay-Up . |

Stiff "I~ Uncatalyzed
Screen = Liquid Resin
Screen r | IS
Pressure " “Tooling
Transducer Plate

* The stiff screen prevents deflection into the hole in contatct
with the pressure transducer

e Test with high and low flow resins in UD laminates
e 10 to 40 plies

Campbell, J. Adv. Mat. 1995



Hydrostatic resin pressure measurements: results

AS-4/3501-6 AS 435016
Normal Bleed Owverbleed
% — /-ﬁl.rtudlw
Pressure
300 )
B0
Tomperaturs 250
Prassurs B0
200
{ i.] 0
psig
50
m .
No porosity Gross porosity
100 .
o _ Case 2 of former slide

Case 1 of former slide

I O N (N I

E—

0 20 40 B0 B0 100 120140 160 180 § 20 B0 BOC 1400 120 740 160 180
Tirne {min) Time {min}
= Normal Bleeder = 3X Normal Bleeder

«  Higher resin flow allowed with thick bleeder (overbleeding)

* Resin flow is associated to resin pressure decrease
« Resin flow is promoted by viscosity decrease and is associated to a decrease of the resin pressure



Hydrostatic resin pressure measurements: results

AS-4/3501-6 AS 4735016
Normal Bleed Normal Bleed
350
160
300
BO
250
Tam s B0
Pressurs 200
40
Sl
pegy 150
20
100
0 :
I T I I e [ Y
€ 20 40 6O BO100120140160180 O 20 40 60 80 100120140180180
Tima {ming Tirne (min}
10-Ply Laminate 40-Ply Laminate

In thicker laminates a higher resin pressure is obtained compared to thinner ones: the same
amount of resin absorbed in the bleeder results in a lower fraction of resin loss




Cure process objectives

* Resin polymerization up to a degree of reaction of 0.9-0.95
in order to reach a T, a bit lower than T

gmax

e Resin excess removal and consolidation

« VOC, water and air removal

econtain resin 1n excess

/ sentrapped, air, water and VOCs
prepregs

i *Removal of : resin in excess
entrapped, air, water and VOCs

4| ePolymerization

Cure cycle *Mechanical properties development (shear, etc.

—

i

Cured Laminate

*The resin and fiber content must be

~ ——— | constant and always the same

* Void content <1%




Steps of the fabrication process

CLEAN ROOM

Mold cleaning (and
repairing)

|

Vacuum Bagging } /

|

Trimming, drilling

Lay Up J Cure Cycle
Cutting (mostly Non Destructive
automatic) Inspection (Ultrasonic)] |

assembly

|

storage

\
\\ DI workshop
Low temperature }

assembly
workshop
painting

workshop

utomated tape laying

JOBY VTOL https://youtu.be/MMso8CFOPWY

Painting




Defects produced during drilling

* The last plies can be delaminated by the tool.

* This depends on the longitudinal force and
velocity of longitudinal advancement

* Also the consumption of the tool plays a key role % %

f T L
—.I W ‘4— - Wi
Delamination Breakout
Delamination
1 Lessnan ;
¢ -—— - !

vlsniman Y=



Automation 1n autoclave lamination

(o)

[ Vacuum Bagging }

____________________________

Mold (tool)

Lay Up

Automated tape laying

Auto. Fiber placement

abrication

e

Non Destructive
Inspection
Ultrasonic

\ 4

Trimming and

Drilling Anthropomorphic

Equipments (5-axis) or gantry machines

Hybrid

additive+subtractive

[Prepreg Cutting

Processes

(plotter)}

L L Prepregs }

|

Assembly

\ 4

Very limited E.g. drilling and
insertion of sealing agents and bolts




Sketch of the process flow: car hood (two parts)
t ' -:M.
# P - _
2

i\,
1 A day before they are scheduled Lo be used = As work degns on layup for & pacel on the 3 A hGer progcton unk B suspended from the
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Sketch of the process flow: car hood

.‘“M
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mpngeTeant, B L0 enaure dmensionaitly and suriace Qqualty. W



Co-curing

* Two structural components such as a laminate (A) and stringers (B) are cured in a single
fabrication cycle \

* An adhesive could be added to the lay up

* See for example stringers and bottom skin of the \ \
: B
wing panel of Eurofighter

NN /

Secondary bonding

 Laminate and stringers are cured separately. Then a bonding autoclave cycle is performed
using a thermosetting based adhesive (epoxy) between the two components

* See for example stringers and_top skin of the wing panel of Eurofighter




Co-bonding

* A laminate (A) is first cured. Then the stringers are assembled with the laminate starting from
prepregs and adopting proper tooling

» The second cure cycle will be used to cure the stringers and simultaneously bond them to the
laminate

* An adhesive can be added to the lay up of the stringer

« For all the former three cases the use of laminate and stringers represents an example. Many
other cases of co-curing and co-bonding are obviously possible




A350 Co-Bonding of Stringers of aft (13/14) and rear sections (16/18)

. —
m Section 19 \
Section '146/18 Section 15
16 meters 18 meters

=
*—-\.L NS .

Panels of section 15 is made using co-curing of omega
stiffener as in B787

Section 19, made in Spain, as one piece barrel following
B787 approach

Panels of sections 13/14 and 16/18 with Outer Mold Line
(OML) Tooling: tool at the outer line of the fuselage




A350-Co-Curing of Stringers

Inner Mold Line (IML) Tooling: tool at the inner

line of the fuselage (convex tool-B787)

Outer Mold Line (OML) Tooling: tool at the outer
line of the fuselage (concave tool-A350)

co-cured stringers

P= autoclave pressure

Mould

Vacuumbag

A. Hiken, Intertech open 2018

IML Controlled Tooling OML Controlled Tooling
Variability floats to OML — Variability floats to IML -
Aerodynamic surface Assembly interface

Silicone bag inflated by autoclave pressure




A350 mechanical fastening of frames to the fuselage skin

Airbus did not attach the frames directly to the skins because the IML of the fuselage skin 1s not a
controlled surface.

It is a bagged surface but the IML surface “floats” depending on factors such as bagging, resin bleed
and 1initial prepreg resin content.

Just as the OML of each 787 fuselage “floats” and is different aircraft-to-aircraft depending on these
same factors.

Airbus uses a standard carbon fiber reinforced clip, molded from thermoplastic matrix, to absorb
the skin fabrication tolerance in the assembly process.




Composite fuselage: A350 vs. B787

One Piece Barrel Construction (section 19)
Sector Panel Construction (Other sections)
Cocuring (section 15 and 19)
Cobonding (Other sections)
IML tooling (section 15 and 19)
OML tooling (Other sections)

* One Piece Barrel Construction
* IML tooling

Green: Leonardo (Italy)
Red: Japan

Light blue: Boeing




Single lap joint configurations

o
b

\J
0.0

*
0.0

C3
0.0

CCN : Cocuring without adhesive

» Prepreg + Prepreg

CCA : Cocuring with adhesive
» Prepreg + Adhesive + Prepreg

SEB : Secondary bonding
» Laminate + Adhesive + Laminate

COB : Co-bonding
>~ Prepreg + Adhesive + Laminate

Prepreg

Prepreg

Prepreg

Adhesive =

Prepreg

E— TR
Adhesiver——— —
] caminate

Adhesive = —
Prepreg




Single lap joint, secondary bonding: stress distribution

A AL
‘.tln\'f\’.'\ -

. Composite —— ) : . .
T - — 7,/ 254 mm 12 kN were applied to the single lap joint
I‘ 50.8 mm L 38.1 mmrl‘ L 9 38.1 mm:[‘ 50.8 mm —‘ Chaﬂging the OVerlap length, L
177.8 mm + L ]
SO0 : — 1.7 mm
450 + = 15.4 mm
r—y ; ' 38.1 mm
ﬂ B
= 400 . 50.8 mm
~ 330 :
% 300
i
# 250
o
& 200 f
> 150 -
=
S 100 f
50
0 : i . H i j
0 12.7 25.4 38.1 50.8
Overlap length|mm|

The von Mises stress is dominated by shear stress, which is not constant (see for comparison the load transfer
between a fiber an the matrix in the micromechanic section). Peak stress decreases with overlap length




“Out of Autoclave (OOA)” processes

— Definition of OOA (also VBO Vacuum Bag Only): processes in which
curing 1s performed under a vacuum bag but in an oven without
applying any additional pressure beside those resulting fromn vacuum.

— The lay up 1s made using prepregs (OOA or VBO prepregs) with
dedicated resin systems.
— Advantages:
— Lower investment costs for autoclave purchase
— Lower tooling cost
— Larger volumes achieved with ovens
— Critical Issues
— Keeping a low void content at a pressure < 1 bar
— Reaching the same mechanical properties of autoclave cured prepregs

— Keeping the same processability in hand lay-up and AFP (tack and
drape for instance)




OOA (or VBO) prepreg

Properties Conventional autoclave prepreg New VBO prepreg

fibar tow resin fiber tow resin

\VaVaVA

evacuation channel-

Sectional material forms

WAV

Fully impregnated prepreg Partially impregnated prepreg
Key process parameters Hydrostatic pressure Air extraction, lower resin viscosity
Void content Low (0-1%) Moderate (0.5-3%)
Service temperature Moderate to high (110-150°C] Moderate to high (110-150°C)
Achievable fiber fraction High (55-65%) Moderate to high (50-60%)

Structural application Primary structures Primary and secondary structures




Autoclave or OOA and 3D printed tools

Small amount or pre-production tests on hollow parts with undercuts

1- Rapid prototyping by stereolithography or Fused deposition modeling or other techniques of core and
external molds

'd

2- Prepreg Lay-up

3- Mold assembly

4 Vacuum bagging and autoclave
or OOA curing (low temp.)

Channels are kept open to allow an internal
pressure equal to the external one (autoclave or
oven pressure)

Courtesy of 3D System



OOA processes 1n acronautic: repairing

— Bonded repair, OOA:
Scarf Removal

Repair
£ : . Film

Plies [ ]
Adhesive

- |
Filler Ply —»|

[

rHHf
fhfﬁki

- Vaccum bag and auxiliary materials+ Thermal blanket

— Prepregs+adhesive film

‘ Courtesy Airbus ‘



Vacuum bagging and heating cycle for repair
(low pressure compared to autoclave conditions)




Repair

— Bolted repair on CFRP: CFRP or aluminum plate and fasteners

Courtesy Airbus




Composite repair

Fabrication of spare parts:
— Trial of Airbus with a rear sub-panel of A350

Courtesy Airbus



W Concurrent design of
the product and the
manufacturing process
optimizes weight reduction

Hollow part
fabrication

Carbon/epoxy.. ..
prepl?eg
Mold Iayup detall ;
Deflated tubular m
' durmg autoclave cure cy
* joining lower and upper. prepre|
laminates (indicated by arrows)
- and consolidating the laminate

Exit's more straightforward large
wheel, at 1.8m/6 ft in diameter,
takes a commanding position at the

helm of a new racing yacht.
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Forecasted Composites Aerostructures Market by Manufacturing Process,
2005 - 2018

15497
Total OFM -
Alrcraft

composite
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| NON-ATL or Al
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FE5F:
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4,920 =
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915
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1 1 § | T | |
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5,672 i
i3
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S ET> |
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T | e T 1

2005 2006 2007 2008 200S 2010 2011 2012 20132 2014 2015 2016 2017 2018

ATL = Automated Tape Laying (wide tapes of about 10 mm laminated in plane or on tools with very small

curvatures)

AFP= Automated Fiber Placement (UD tapes about 12.5-25 mm wide, laminated on surfaces of any complexity)




Production time with AFP (Ingersoll)

0.97%_ 0.88%

2.35%
_\

4.15%
2.77%

mLayup

= Quality Inspection
Rework
29 81% m Material Problems
m Head Cleaning
= Creel loading
Mandrel (Bag) Preparation
= General Downtime
= Mandrel Loading &

Location
Machine maintenance



Key cost factor in the production of advanced
thermosetting matrix composites

COSt Drivers for ComPOSites EOEING Ground Support Equipment
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Fabrication costs

Ct:tg;;,“)es (excluding materials and including NDI and Trimming)

lvanced Aerospace Manufacturing Techniques and Processes Technology Transfer Project - Boeing Proprietar

Commercial airplane are characterized by costs of composite parts between 450 e 550 $/kg including NDI (Non
Destructive Inspection). Ratio of end-user cost and raw material cost, is nearly 6.5

These costs are:

100-150 $/kg materials 200 $/kg Quality controls, NDI, machining and trimming
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