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McGill University

- Founded in 1821 « Ranked 1stin Canada
- 1671 faculty members + Ranked 30" in the World
. 39989 students + 10 faculties and 12 schools
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Mechanical Engineering

. 30 faculty members

« 550 undergraduate students

- 110 PhD

- MEng (60 Thesis, 30 Non-thesis, 30 Aero)
- Ranked 2nd in Canada

« Honours Program

- Aeronautical Engineering or Design

Structures & Composite
Materials Laboratory

The window to McGill Aerospace Activities

MEGIll Institute for
2> Asrospace Enginesring
Institut de génle
adrospatial de McCill

» 35 professors

* $20M in research
« 250 students

* 100 internships/yr
* 6 research themes

Y

1. Support and develop collaborative aerospace research between McGill
professors and international/national companies and universities

2. Evaluate and align aerospace programs in Faculty of Engineering to
current technology and industry needs

3. Increase student awareness of and participation in aerospace sector

4. Provide students aerospace internships, activities, and events
=] -

=
v
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CREPEC

- Innovate and train highly qualified personnel (HQP) in the field of
high performance polymers systems and composites

Universities Colleges
= s _ .
;Eu——_ ____E.S g Concordla LWJTHH st Gomcﬂh'fg

T McGill H $HERBRoOKE

Research Center for [
High Performance Polymer
and Composite Systems

www.crepec.com

nfraslr

Structures & Composite
Materials Laboratory
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Composite Research Network Focus QCRN

Composites Research Network

+ How do we create relevant manufacturing science, in an
integrated science base?

- Use manufacturing simulation as a tool to capture this science

« How can we make better science based manufacturing design
decisions?

+ Right-sized for different industries and receptor capacity, from
aerospace OEMs to industrial SMEs

- Protect, advance, and disrupt manufacturing practice

- Demonstrate the value of this “Knowledge in Practice” approach
in education, research, and industrial practice

Structures & Composite
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Knowledge in Practice Approach

K Manufacturing Science: \

Governing Laws Leading to

Outcomes: Manufacturing Quality:
Models Outcomes cannot become ‘Defects’
Measurements Chemical
Analysis Methods Physical
Mechanical

Current and Future Science Base LT M

Integration Classified as: anutac
Validation Materials Deposition Management Decisions:
Expansion Thermal Management Factory Equipment
Quality Management Tooling
Residual Stress and Dimensional Parts
Management Materials
Part Producibility
. . . . X X Feasibility
Will this decision help Quality — First Conceptual Phase
Time & Every Time? Is it the best DTr?d_f stuFiy l;h:se
fet etail Design Phase
decision based on the local facts and Erodlctien Phace

Phases

the global science? klmprovement/Developmentj

%] MCG'ill Structures & Composite
f‘t"f Materials Laboratory -
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Structures & Composite

Materials Laboratory -

McGill Structures and Composite Materials Laboratory

> Professor Pascal Hubert:

Manufacturing and testing of composite material
structures. Development of nano-modified polymer
composites.

> Professor Larry Lessard:

Design and development of composite structures. . .
L . . . Composite material structure
Optimization of composite material components. processing simulation (Hubert)

Professor Pascal Hubert and two of his graduate students
present their research on composite materials at McGill

‘Applause’ 2008 Composite layup optimization
for aerospace structure
(Lessard))
[+ - Structures & Composite
5% Materials Laboratory
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Facilities

Characterization
Thermal analyzers (DSC, TGA, TMA)
Rheometer
Dynamic mechanical analyzer
Servo-hydraulic testing frames
Electro-mechanical testing machine
Nanoindentor, Atomic Force Microscope

+ Electrical properties

Processing

+ VARTM test-bed
RTM press and injection system
Ovens, heated tooling processing cell
Specialized out-of-autoclave testing jigs
Composite repair test cell

+ Access to hot-press, AFP machines, autoclave

Simulation
COMPRO, RAVEN, 3DINFIL, PAM-RTM
ANSYS, Abaqus, Hypersizer

NDE
Optical microscopy
Thermography
SEM, TEM, X-Ray, Micro-CT

o

Structures & Composite
Materials Laboratory

~ 25 students/researchers

Postdocs
,5
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Sponsors & Collaborators

The Boeing Company
MDA Corp.

Ford Motor Company
Bell Helicopter
Bombardier

Airbus

Pratt & Whitney
BOM BARDIER Delastek

Heroux-Devtek

Convergent Manufacturing Technologies

@ Turbomeca G

Hutchinson
| Groupe SAFRAN Avior

2 Stelli
@ AIRBUS f;utlr?ern Spars

NASA Langley Research Center

@!ﬂﬂ”a ®  National Institute of Aerospace
National Research Council
CDCQ, CTA,CTT

]
b‘a'! Purdue University
= o Ecole Polytechnique de Montreal
ter Universite Laval
A Teatran Company ETS

Concordia University
Pratt & Whitney Canada University of Ottawa

University of Bristol
UM

T
oIMDA. .
- University of Southern California

Space Missions University of Auckland

MCG’lll Structures & Composite
R Materials Laboratory m

The University of British Columbia
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iy Composita
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'
£2% USC University of UOMawa
¥ Southern Calitornia {@'}
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o LAVAL POLYTECHNIQUE

MONTREAL

STELIA< & |HUTCHINSON'

Research Overview

GOALS

*Science-based processing
*Integration of processing and design
*Next generation of advanced materials

METHODS
*Global collaborative research
*Advanced simulation tools
*Robust testing methods

Thermoplastic Composite

BENEFITS
*Cost reduction
<Environment protection

ROS Composites “Safety

Sustainable
Manufacturing

Nanostructured
Composites

Processing APPLICATIONS

Polymer Composites
Processing

*Aerospace
Processing — Mechanical *Transport

Relationship eInfrastructures
*Health

Processing Induced

24 .
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Composites Sustainable Manufacturing

Smart

Tool'ing/

Sustainable

Manufacturing

Auto- Bio-

mation / composite /

Thermo-

plastics /

Structures & Composite

Materials Laboratory m

McGill

@B

Aerospace Research

o)< 7

Process Issues
RTM, Autoclave, Oven, Process modelling
Compression moulding, Process optimization
AFP, Infusion Effect of defects
Quality - performance
Repair Process development
= ) . Structures & Composite

Materials Laboratory m
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Automotive Research

Process Issues

RTM Surface finish
Bio-based composites

Laser Welding Process modelling
Process optimization

Structures & Composite

o

Materials Laboratory m

Nanocomposites Research

-,

Resin Film Infusion,
Prepreg

A

Process Issues

Dispersion characterization
Structural health monitoring
Toughness

Fibre Melt Spinning

Processing - performance

2= -
=i
g
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Characterization Methods

STEP1

o
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w

Thermal stability
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L

L

STEP S

Implementation of material constitutive models in Finite Element software

a,p, T, 5 CIE E

Structures & Composite

Materials Laboratory

M

Process Modelling

Composites
Process Modeling

{ \
L | | [l

Thermo-Chemical

Flow-Compaction

Stress-Deformatiol

& -

i

Thermal Lag

Thermal
Gradients

Vf
Distribution

Resin
Pressure

Gaps /
A Thickness

Structures & Composite

Materials Laboratory

Residual
Stresses

M
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Out-of-autoclave Process Modelling

Materials and process conditions .

Impregnation

Complex shapes

e

Sandwich

A . Structures & Composite
% McGill ;
& Materials Laboratory

Micro CT during Processing

foa . e - g g
- 'v‘#.i!!\‘(“‘“ e e -
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& Materials Laboratory
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Prepreg Tow Impregnation Modelling

93°C Dwell
[ o=——— 121°C Dwell
I Ramp Rate
| 0.5°C/min
t } !

N
o
o
|
1

= =
o] N D
o o o
il Il Il

Time to Full Impregnation (min)
Y
o

o

0 0.05 0.1 0.15 0.2 0.25 0.3
Resin Initial Degree of Cure

Prepreg Out Time

Structures & Composite

Materials Laboratory m

Stochastic Modelling

Unimpregnated fibres

Impregnated fibres

NS . o A
Uipor = 516% Hipor = 51 6%
Jwr»/\\‘f\/v\wm,,ﬂ'ﬂf‘ B
Mvoias = 0.00% Hpoias = 0.290%
g =0.00% o = 0.055%
Uniform IDOI Variable IDOI
[ 8 ] - Structures & Composite
“3; Materials Laboratory m
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Complex Shapes Processing

» Corner deviation prediction tool
* Porosity at corners prediction

Modelling

J

 Large database of L-shape and more complex parts A
+ Effect of process deficiencies
* Heated debulk studies

J
N
* Prepreg compaction (bulk factor)
| * Prepreg friction
Characterization )

Structures & Composite

T McGill

X
Xy

Materials Laboratory ﬂ

Design Chart

Corner thickness deviation [%)]

0.5
Material data:
0.45}
_E o4l - Bqlk.factor N
e | S - Friction coefficient
o 0.35 N
2
T 03
S 0.25 o
©
o 02 2 Lo
2 0.15 ] R
S ' &
©
=01 1
0.05 //’ZG/ ) Tool side
0.2 0.4 0.6 0.8
thickness to radius ratio t/ Rm
Structures & Composite

Materials Laboratory m
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Void Modelling Approach

1D Stochastic Model 2D FE Model

Vkis |%]

ewbdih 3R EYUS

oo ' i v T
8 08l 807 ©0G 008 005 206 807 008 009 01
Prewsawe [MPa]

- Elastic material (E, E; G,7)
- Frictional contact (stick — slip)
- Ply-ply
+ Tool - ply
+ Ply - vacuum bag
+ Rigid tool
« Output target variable CPRESS

=

Structures & Composite
Materials Laboratory

Parametric Studies
oot
1T el

WOITS []  CRRESS (MR
0.77 g 0103
t .

.........

14Plies 1&Plies
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OOA Summary

+ A building block approach was used to investigate the processing
of OOA prepregs

- development of characterization tools
- development of processing models
- reduction of risks associated with scaling up issues

« OOA composites quality is strongly influenced by:

Material Layup Processing
Properties Operation Conditions

» Fabric * Qut-time * Heat-up rate
architecture + Moisture « Atmospheric
* Resin absorption pressure
viscosity « Vacuum level
A - Structures & Composite
% MCG'lll Materials Laboratory m

TCX™ Heating Element

- Element deposited via thermal spray
 Multilayer system consisting of:

a) Resistive coating

b) Ceramic insulation

c) Tooling Substrate

SEM image of TCX™ - Underside of McGill's

element cross-section Heated Tool Plate
[+ - Structures & Composite

Materials Laboratory m

2017-05-10
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Prototype 1 - Heated Tool Plate

Heated Tool underside with element trace

Structures & Composite
Materials Laboratory

o

TCX Bagging Setup

Polyester insulation added to VBO
\

& -
=
o

Structures & Composite

Materials Laboratory m
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Oven Thermal Profile

150
— 125 - o .
(&)
[
o 100
>
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{9 .
g’_ -=-Qven air
£ 50 top skin
2

25 -+middle laminate

——tool-ply interface

2 3
Time [h]

OVEN - 24 plies (9.6 mm) — 3 °C/min

Structures & Composite
Materials Laboratory
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TCX Thermal Profile
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Temperature [°C]
~
(&)]

25 4 —+middle laminate

——tool-ply interface

0 1 2 3
Time [h]

HTP — 24 plies (9.6 mm) — 50 °C/min

2] MCG’ill Structures & Composite
& Materials Laboratory
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Low Consumption

100 1 EEE Energy consumption [ 8
EE Maximum power
80
l 6 _
— <
S 60 =
> L4 O
2 .0 g
g o
w
M2
20 1
0 - -0

Oven Heated tool  Heated tool
3°C/min 3°C/min 50°C/min

Heated Tool represents 66-92% energy savings

Structures & Composite

o] M
'MCG'lll Materials Laboratory m

G

Heated Element Design

NT11

= ) MCG’in Structures & Composite
& Materials Laboratory a3
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Prepreg In-line Inspection

Investigate the potential use of IR thermography as a method
to quantify the degree of impregnation of out-of-autoclave

prepreg.

Resin

Doctor film

Fabric plate
roll

Prepre:
— @ @ ND pn o
| I inspection ro
?

| L \
Resin Doctor Impregnation Chill b
film plate zone plate

Structures & Composite
Materials Laboratory

IR Thermography Prepreg Inspection

+ Used as a NDE technique for
laminates

- Active through thickness setup

- DOl affects heat transfer through
the specimen

Heat diffusion
through specimen

Convective cooling

Time [s]

[ 8 ] - Structures & Composite

i

Materials Laboratory m
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IR Thermography — Results, 8HS

Initial Low Medium High
a=2.03E-7m¥s a=247E-7 m¥s a=2.56E-7 m¥s a=5.29E-7 m?s " °
DOI = 0.026 DOI = 0.043 DOI = 0.084 DOI = 0.468 %
- . Tt g ?C:E,
B T e
b Eet] o] 5 =
TR 4 £
s MG
- - - |'E

10 mm
- Thermal diffusivity increases with increasing DOI
— Less entrapped air, less thermal insulation.

- Visible pattern characteristic of fabric architecture.

Structures & Composite

R s
W MCG'lll Materials Laboratory m

Discontinuous Long Fibre (DLF) Composites

A A A A A A A

Unidirectional
carbon/PEEK strand Compression moulding Complex part

- Short processing cycle — No material cutting/layup time
- Complex geometries

+ Net-shape parts

- High fibre volume fraction

- Recyclable

& -

i

Structures & Composite

Materials Laboratory -

2017-05-10
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Moulding a DLF part

Material
placement

Quality
Characterization

Final part

Cooling

\ Material flow

Voids reduction

Heat + pressure

v

Process
modelling

Structures & Composite
Materials Laboratory

o

Processing of Complex Shape

Machined inserts

e w— Heating cartridges|

5 p

\\\ e 2 4—% Cooling channel

Machined inserts

2= -
=i
g

Instrumented fixture

Structures & Composite

Materials Laboratory m

2017-05-10

21



Rib Filling Process Map

Void content (%)

400

w
©
[3)]

390

.55% void
385

Processing temperature (°C)

380
5 10 15 20 25 30

Processing pressure (bar)

Structures & Composite

Materials Laboratory m

T McGill

G

Bracket Design

—

MNarmalized stiffness

[mm]

g

24 .
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Process Cycle Optimization

Baseline

(°C)

Temperature

Top (rib)
= Bottom (flange)
0
0 20 40 60 80
Time (min)
Optimized
500

Temperature (°C)

Top (rib)
——— Eoftom (flange)

200 bar

Structures & Composite

0 20 40 60 80)

Materials Laboratory m

Hybrid DLF-Tape Flow Control

[0°/90°]

DLF

+ 24% increase in pull-out strength

= ) MCG’ill Structures & Composite
5% Materials Laboratory

M
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Dimensional Stability Modelling

Discrete layup

Out-of-Plane Modulus (GPa)

e 220 20 3
Temperature (*C) Temporature (C)

Chopped Strand

Strand overlap simulation Material properties

Cooling

channels Healing

cartridges

Thermo-mechanical simulation

Final warpage

Structures & Composite

=

Materials Laboratory m

Multi-Scale Composites

Meso, micro and nano
. Polymer
. scale reinforcement .
’ nanocomposites

architectures

Nanotubes

-
& s

Graphene

Improved No losses in Improved thermal

lllustrations adapted from: Rachmadini et al., J. Reinf. Plast. Comp., 2010, 29(18): 2782-2807
2= -
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CNT Dispersion Stability

cover glass

25 pm thick spacer

sample

heating element

=
Ty

MCG’ill Structures & Composite
Materials Laboratory m

Dispersion Measurement

Viscosity Profile

Dispersion Monitoring

100 130 100 130
r 120 —~ L 120 —~
o o
110 ;’ 110 ~
— o
1005 X % 100 3
[CR— ©
N g Q7o 0 g
o o
80 £ 80 £
[) 60 (0]
70 F 70
0.1 60 50 60
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (min) - --- without hardener Time (min)
—— with hardener
—— temperature
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Resin Film Infusion CNT Stability

* 2 ® a = 4 - s s L L @
o " = 3 = = = =m & » s &
e I e 1w 01w 0
-~ = B L] - L [-] -1 L] " k] &
mos ow e o U e g 0L S
U By WRER Thr Aeid [y e JguT SmEl gR Tl EE
F ] T s _ = 1 R 1] R MRS L 4
& ¥ 8 WO yoaE Wi mee K
g 8w iR

Structures & Composite
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uOnawa

.}

B W9

S. Gosselin, F. Robitaille

Cure Cycle Optimization

- Low temperature cure to prevent agglomeration
« Cure at 60°C for 65 hours

Baseline cure Long cure

2] -

i

Structures & Composite
Materials Laboratory

uOnawa

S. Gosselin, F. Robitaille
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Sensor Application

Displacement (mm)

15 140
—Haelstive Garace Resistanes
1.4 | —Threepoint Bending Load - 1200
C 13 1000
- 31 i B0
g o §
1.1 - 00
1 200
LT ]
0 00 M WO 4
Tima [&]
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Air Evacuation in Scarf Repairs

2]

i

Low transverse air
permeability

\/

Only transverse air evacuation is available,
unless the adhesive is air breathable

Structures & Composite

Materials Laboratory m
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Adhesive Film Texturing (Embossing)

NN NN NN

- o - e -

Structures & Composite

Materials Laboratory m

Patch Bondline Configurations

Baseline

\"‘/
S 7

=== Film adhesive

e Glass veil

=ssa Embossed adhesive

24 .
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Quality Assessment

" Superposed in-plane images  X-Ray images of specimen
Baseline from micro-CT scans A mm

Repair patch’

____B'ond'li'h‘e'

‘Repairpatch -

Bondline

Structures & Composite

R s
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Robust Repair Protocols

Pu "o M Ta P Pa o P

Lab Scale Methods & Tools Large Scale

« Controlled process « Breathable adhesive * Process deviations
« Defined boundary « Instrumented repair * Heat and air sink

conditions * Impregnation method

24 .

Structures & Composite
Materials Laboratory
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Aerospace Prepreg Recycling

Ply Cutting Operation _

Structures & Composite
Materials Laboratory

McGill

@@

Aerospace Prepreg Recycling

24 .

Structures & Composite
Materials Laboratory
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Aerospace Prepreg Recycling

Structures & Composite

Materials Laboratory m

%5 McGill
=

Aerospace Prepreg Recycling

Compression Moulding

press platens

cartridge heaters

V7777

24 .
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Aerospace Prepreg Recycling

Complex Parts

Structures & Composite

Materials Laboratory m

Issues

Tack
Fibre quality Flow
Size and shape | Compaction

Properties
Quality

24 .

Structures & Composite

Materials Laboratory m

2017-05-10

32



McGill — Processing Expertise

=

Characterization

Modelling

Process development

Thermoset Composites Thermoplastic Composites

Out-of-Autoclave
Autoclave
RTM
VARTM
AFP
RFI
SQRTM

Compression Moulding
Autoclave
Diaphragm forming

ATP
Welding

Structures & Composite

Materials Laboratory m

Our Approach

R

Material characterization

Instrumented processing equipment

Simple models to capture phenomena
Knowledge transfer from the lab to the application

www.composite.mcgill.ca

Structures & Composite

Materials Laboratory m
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