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FABRIC FORMING

KNOWLEDGE IN PRACTICE CENTRE (KPC)

* A freely available online resource for composite materials engineering:

compositeskn.org/KPC

* Focus on practice, guided by foundational knowledge and a systems-based
approach to thinking about composites manufacturing

Knowledge > Practice

Foundational Knowledge Systems Knowledge Systems Catalogue
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PAST WEBINAR RECORDINGS AVAILABLE
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Practice Centre
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Welcome to the Perspectives valume. This volume is primarily based on multimedia content and serves a= & bridge for nking what you have learned inthe other volumes of the Knowledge in
Practice Certre out to what other practitioners are doing in their projects and research. The three types of content linked below: include presentations, interviesys, and Apphication and lmpact
Maobiiization (AIM) event recordings . Presertations and interviews are the primary sections linking out to external perspectives on composites, while the AIM event recording section
cortains CHM's perspective on how to apgply composites knowledge. Wislcome to the CHM Knowlzdgs in Practice
Centre (KPC). The KPC is a resource for
Reter to the Lewvel | view to navigate to the perspectives cordent quickly, o reter to the Lewel | view to navigste to the perspectives content with additional context. Level || provides mare learning and applying scientific knowledge to
information on the relationship between know-how & know-why, and why it iz important to protect the fundamertals of any processes or convertions already in place. the practice of composites manufacturing. As
you navigate around the KPC| refer back to
References the information on this right-hand pane as &
G|0$aw resource for understanding the intricacies of

Welcome

composites processing and why the KPC is
laic out in the wary that it is. The following
video explaing the KPC approsch;

Contact us
Help

About CKN Knowledge in Practice Centre Levell  Levelll

N

Understanding Composites
Processing

The Knowledge in Practice Centre (KPC) iz
centered around & structured method of
Presentations Interviews AIM Event Recordings thinking akout composite material

Fead more

manufacturing. From the top down, the
heirarchy conzists of:
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Fabric Forming: how it affects
design and processing, and how
simulation can address this

Invited speaker:
Prof. Abbas S. Milani

CKN Seminar Series
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FABRIC FORMING

Reminder: Quality Management in Composites Manufacturing

Input Parameters —— > | Process Quality outcomes

Forming Temperature

Geometry \ __— Fiber misalignment
\

Formin :
Ply count —— N 8l _— Porosity

Ply sequence __— Curing T Under-cured/over-cured

Forming method ——
/V \

Bagging quality

Low interface strength

Fiber-path Defects

Width A

Impact of Process
Conditions

Location¥Y

& sampe
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FABRIC FORMING

A Typical Process & Fibre Geometrical Defects

Forming & Bagging & Post-processing
Heating Debulk 3D Product

Receiving 2D

Fabric Product Cutting & lay-up

Fiber Misalignment

¢ Deviation from the nominal intended fiber direction
specified in the design

Fiber waviness

Refers to in-plane curviness of tows

Wrinkling

Refers to out-of-plane misalignment, i.e. occurring in the
through thickness direction

[1] Thompson A.J. et al., Materials and Design, 2020

[2] Boisse P. et al., Composites Part B: Engineering, 2018.

[3] Potter K. et al., Composites Part A: Applied Science and
Manufacturing 39.9 (2008): 1343-1354.

[4] Bloom L.D. et al.,, Composites Part B: Engineering 45.1
(2013): 449-458
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Why Wrinkling Particularly Matters in Design?
Wrinkling:

* Compromises the structural integrity of the final part = Expensive wholesale rejection.

* Increases through-thickness stresses, triggering failure at significantly reduced loads.
* Resultsin a drastic reduction in compressive strength of the laminates (Up t 70%).

Height of wrinkle as % of nominal thickness

20 40 60 80

|
* * m Samples appearing to fail
. on the tensile surface

.0 & Samples appearing to fail
on the compression surface

Reduction in strength as % of mean strength

Wrinkling in a textile carbon fiber laminate
[Image Courtesy of Boeing Winnipeg] [Potter et al., 2008]

BCKN 4 sampe
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FABRIC FORMING

Distinguishing between Types/Sources of the Defect

Process (curing/consolidation)-induced wrinkling

Ply slippage occurring during
consolidation of laminates near
the mould surface

Non-uniform interaction of plies

(Lightfoot et al., 2013)

(Dry) Forming-induced wrinkling

Excessive relative motion of fibers
during draping

High coefficient of friction between
plies (in multi-ply forming)

(Boisse etal., 2012)

& sampe
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FABRIC FORMING

Part I:
Forming-induced Wrinkling




FABRIC FORMING

How does wrinkling occur during forming stage

* Highly depends on the type of fabric, part geometry, friction, and boundary condition.

* To develop full simulation capabilities, we need to better understand the fundamentals
of the fabric deformation mechanisms.

Load frame

F
Fabric l
—>

Clamping pressure

Semi-automated

Fiber lock-up

dagllley i

C K N e.g. BaIIistic Helmet 6 Yo mpe

Knowledge N Canada

n As forming progresses
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FABRIC FORMING

A Closer Look to the Sources of Forming-induced Wrinkles

In-plane compression (Type 1) In-plane shear (Type Il)

(global) Macro- | e | . Meso-scale
scale wrinkles ! ey, | ‘ & wrinkles

Region C (four locations): dominantly Compression deformation
(vulnerable to wrinkling due to Compression)

Region S (four locations): dominantly Shear deformation
(vulnerable to wrinkling due to Shear deformation)

Shear
wrinkle

& sampe
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FABRIC FORMING

How to Combat such Wrinkling?

* Inducing tension to the yarns, blank holders can effectively mitigate wrinkling.

Blank holder

Sample thermoplastic plain weave

* The relationship between shear compliance and membrane stresses should
be closely investigated to arrive at:

e accurate numerical simulations; and
e optimum amount of blank holding forces/forming conditions.

®CKN 4 sampe
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FABRIC FORMING

Inherent Shear-Tension Coupling in the Deformation of Fabrics
Forming without tension Forming with tension

2 - . =984,
S5 -
- . N -
| e, M £
y ‘ Ca's s \ ’
o J Ye. L
e,

Technical/Industrial level
(Practical outcome of
inherent coupling)

Pure shear

Academic/Scientific level Shear with pre-tension
(Mathematical/mechanical
complications/modeling of

inherent coupling)

For a typical material
without coupling, the
two curves would have
to be the same, but not
for fabrics!

Shear force (N)

r Wrinkling

onset
=

(3

Shear angle (deg)

oA

* A non-linear non-orthogonal behavior including four different phases: 1- shear with static friction at
meso-level, 2- shear with dynamic friction, 3- locking, and 4- wrinkling.

©CKN 4, sampe

es Knowledge Network Canada




FABRIC FORMING

Multi-scale Nature of Reinforcing Woven Fabrics

Micro-level ‘ Meso-level ‘ Macro-level

fibers yarns part
~103m ~10%m

.
.
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FABRIC FORMING

Typical Characterization Tools for Fabrics
Uniaxial tension

Biaxial tension

Trellising shear (bias-extension and picture frame)

Bending

Canada




FABRIC FORMING

Typical Response/Examples under Uniaxial Tension

0 — 0% tansverse pre-tension

Normalized longitudinal
force (N/mm)

Stretching phase

Transition point

BCKN

Knowledge

2
Strain (%)

25 3 35

Load/yarn (N)

Plain weave (warp direction)

Shows warp-weft — Fabric
. . Raveled
interaction effect

z
-
-
i

Looad/yarn (N)

002 003 004 005 0.06 007 008 009
Strain

Plain weave (weft direction)

Fabric
Raveled

jsesuodsaJ diem/1jam
pajuejequn 32110N

0.01 002 003 004 0.05 006 0.07 0.08 009
Strain
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FABRIC FORMING

Comparing Standard Shear Characterization Methods for Fabrics

1- Bias extension testing NV
* Simple to preform J

* No unintentionally induced tension within
sample

Heterogeneous deformation field within
sample; along with potential yarn slippage

2- Picture frame testing Frre —
* Uniform deformation field Ly A @ Y5 =Vsn/2
* Need more advanced fixtures | f
* Problems with sample alignment
* Clamping can cause tension

Are the characterization results the same in the A-zones?

If Not, which one is more similar to actual forming?

Simulation

& sampe

Canada




FABRIC FORMING

Critical Effect of Intra-yarn Shear

e Resulting from continuity at fixture (blank holder)

boundaries Trellising/BE shear /* pyre PF shear

Load frame

| Loadcell

N
\\\\\\\\\\\\\\\\\\\\§

N
NS
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\‘

Analytical evidence Experimental evidence
(delayed wrinkling, beyond locking)

9

Similar to picture
frame tests

Intra-yarn shear mechanisms: t

C——————1 L 7 \ / —
1 II=AQ" | ——
[ ] 8 [

2

Undeformed  Intra-filament shear  Inter-filament slippage

Shear Force

Similar to bias
extension tests

®CKN 4 sampe

Knowledge Canada
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FABRIC FORMING

Advanced Combined Biaxial Tension-Shear Characterization Tool

sin® @

sin(20+a) )] .
sin(20+a) Coupling effects can be modeled.

" sin?(20+a)-sin? a

[Ny sina (1 +sin2 Q) + F; (sin(20 + a) +
hal

7

Global

= With 0.8 N/mm pre-tension
===With 3.1 N/mm pre-tension
Without pre-tension

= \Yith 0.8 N/mm pre-tensioﬁ
===With 3.1 N/mm pre-tension
Without Pre-tension
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FABRIC FORMING

Out-of-Plane Bending Characterization

. ‘ Twinteg Fabric ‘ ‘ . C;lrbon ﬁpcr Fabrjc
0" degrec I 07 degree 16 . Load-cell
30" degree M 't 130" degree ! . Servo motor
45" degree i 309 45" degree % . . Main shaft

e g Rotating gripper

Stationary
gripper
Lever
Balance weight
Ball bearings

Center of rotation

Normalized Moment (gf.cm/cm)
Normalized Moment (gf.cm/cm)

Joint c
'S -

2“dlcycle, k<0 o @ ® 2/ cycle, k < 0 ®

2 -1 0 1 2 3 -4 2 0
Curvature (1/cm) Curvature (1/cm)

e
.

93.5

Carbon Fiber

[ .05
I 35

78.87 ol

Gauge Length (s)

45" 208.3

b 30 235.76

! - Simulation model
' Twintex 0 19299 [ ITwintex
B Carbon Fiber B Carbon Fiber

100 150 200 400 600
Hysteresis (gf)

Rigidity (gf.cm>/cm)

Canada




FABRIC FORMING

Example of Full-Scale Macro-Simulation: Hemisphere Forming

EFABRIC, EFABRIC1Y
fraction = -0.774597

/ a pracC v
THE UNIVE SH COLUMBIA

Hypo elastic non-orthogonal
Material Model

b"e D" 0 &y

P& D7E 0 N
Intra-ply shear: Bias-

‘ : 0 0 ﬁ33(g) dyis
extension test — v

u, U3 (mm)
+4.135e+00
+3.707e+00 EFABRIC, EFABRIC1Z
32796400 ; Envelope (max abs)
+2.851e+00 g (Avg: 75%)
24236400
+1.9356+00 i Toqee0t
+1.568e+00 : i et
+1.1406400 : et
+7.117e-01 3 +5.186e-01
+2.838e-01 +4.538e-01

eemmae | B = s
~1.000e+00 : : :

1 O W W W -3.744e+01 ¥ Tisaor

T - +112976-01

+6.4926-02

+1121e-04

- aig
Ll

Bending: ASTM - D1388

Shear angle contour
Modified for Prepreg testing

Top-down view

& sampe
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FABRIC FORMING

Example Macro-Simulation: Double Dome Forming

& sampe
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100 N Blank holder force; Resulting shear stresses 71,,

SFABRIC, SFABRIC1Z

SMEG, (fraction = -1.0)

(Avg: 75%)
+1.500e-01

+4.583e-02
+2.500e-02
+4.167e-03

MB3IA 21113W0S|

HOSTED BY: Uncoupled Coupled HOSTED BY:

@C K N tension-shear tension-shear 6 Sa m pe
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100 N Blank holder force; Resulting shear strains y,,

EFABRIC, EFABRIC1Z

SMEG, (fraction = -1.0)

(Avg: 79%)
+1.150e+00
+9.000e-01

+3.000e-01
+7.000e-01
+6.000e-01
+5.000e-01
+4.000e-01
+3.000e-01
+2.000e-01
+1.000e-01
-1.490e-08
-1.000e-01
-2,000e-01
-2.000e-01
-1.560e+00

MB3IA 91.113WOS|

HOSTED BY:

Uncoupled Coupled HOSTED BY:
ﬂ @C K N tension-shear tension-shear 6 Sa m pe

Composites Knowledge Network Canada




FABRIC FORMING

Example Meso-Simulation:

Trellising shear

=
[
o

= Simulation

B Experimental results

Normalzied reaction force (N/mm)

20
Shear angle

Step: Loading Frame: 0
(55\)/91‘ 75%) Total Time: 0.000000

+4.8208+07
+4.,330e+07
+3.857e+07
+3.376e+07
+2.8948+07
+2.412e+07
+1.931e+07
+1.4492+07
+0.673e+06
+4.8562+06
+3.963e+04
-4,7770+06
-9.5938+06

File generated by TexGen va.5.2
ODB: Combined1258049228.031.0db  Abaqus/Standard 6.10-1  Thu Dec 13 20:03:52 Paci

! Step: Loading
X Increment  0: Step Time =  0.000

Primary Var: SDV1
Deformed war: U Deformation Scale Factor: +1.000e+00

©CKN 4, sampe
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Homogenization

Micro-level Meso-level

PuSETE
WL

=

——
JEEREs
o]

Micro to meso Meso to macro
homogenization homogenization

%

Macro-level

Shell/membrane
L element

& sampe
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FABRIC FORMING

Summary of Fabric Forming (Take-home Messages)
&

4 .
: J i
-

- I

Fabric In-plane: Out-of-plane: De-coupled in-plane and
Stress-Strain - Moment-Curvature out-of-plane properties

\ J
Y

Decoupled

* Woven fabrics have superior forming capabilities owing to significantly low shear modulus:

e A

G is very low, but not zero Isotropic material (G comparable to E)
Shear angle close to 90°; (similar to woven fabrics)  Significant tension-compression within sample,
No wrinkles Some wrinkles causing many wrinkles

* Yarn tensioning postpones wrinkling (owing to inherent coupling), but the level of tension should be optimized.

®CKN 4 sampe
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FABRIC FORMING

Part 11:
Process-induced Wrinkling
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Example: Autoclave Manufacturing

Autoclave pressure Potential wrinkling site

R R

h

Curved geometry = Reduced path length = Excess length!
Ply slippage = stage of the cure cycle.

v/
\\‘7\‘ Consolidation over complex tooling = Wrinkling

-

Lty

-

% Tool NS To déte.: . L . .
aSy 7 * Limited numerical investigations on process-induced defects in

Partial bookend
Full bookend .[: .
abric prepregs.

Part contour before consolidation @ Termination angle

—— Part contour after consolidation AS Excess length
Internal plies Ah Change in thickness

Gel state

Vitrification |

I
%

Temperature (* C)
=)
(=)}
2InD) Jo 2a13a(T

=
IS

—— Temperature
—— Degree of Cure

100 150 200

n Time (min)
I
\/< : K N Pre-Gelation Post-Gelation

es Knowledge Network Canada




FABRIC FORMING

Inter-ply Friction/Lubrication Modes Occurring during Processing

The Stribeck curve represents the general characteristic of lubricated moving surfaces:

Resinfilm  Ply 1 Boundary lubrication (BL)
Load is carried solely by the asperities.
Friction becomes of a Coulomb nature.

.
1l/ ; v Ta = H.On

Py 2 Surface Roughness

(Ra) Mixed lubrication (ML)
Load is partly carried by the asperities.
h >R, The remaining part by the fluid film.

Tq + Tf

L h

Dry form % Thermosets . ,
‘ p , Thermoplastics
| < - = Hydrodynamic lubrication (HL)
o ! Load is totally carried by the fluid.
B 2 nics ! No asperity contact occurs.

+ contact iphysics i . . o
+ chem istry | continuum odhies Surfaces are fully separated by a fluid film.

ML HL Tr = 1.y
Viscosity n x Velocity v
Normal load N

©CKN 4, sampe
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FABRIC FORMING

Example Ply/Ply Friction Experimental Characterization

30

10

400 0.3

® Boundary Lubrication

100 kPa, 0.1 mm/min

25C Resin
40 C

Mixed Lubrication
T T T
A

/Q' @15

y @115
/0.8 o
/ ®ll5

o interlayer
20C thickening
75C

100 C | Resin

‘.
-1
1

1

1

1

1

Dry fabric 115C

@100 @100
interlayer

ISODST A

thinning

Pull-out force (N)

COF at Yield

(seq) o

Yield shear force (N)

1
1
\

o

)
\
\

°
d

Resin dominancy

Hydrodynamic Lubrication

-

! ! ! ! 0 ol !
0.5 0.75 1 . 30 40 50 60 70 80 90 100 110 120 4 6
Displacement (mm) Temperature (- C) n V/N [m]

Frictional Behavior @ various temperatures Shear stress & Viscosity

vs. Temperature

Stribeck curve

Specimen

Hydraulic/Pneumatic

* Frictional forces increase as surface
cylinder (N)

R 4 (e resin is worn away.

Temperature-controlled / Y ey Exposed fibers * The softening matrix promotes

platens with feedbacks aflu LRUATALS . .
increasing roughness.

system

. T ' Resin
Aluminum plate :

BCKN | = @ sampe
Knowledge
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FABRIC FORMING

Wrinkling Case study: Manufacture of L-Sections & C-Sections

[90/0],5 & [90/0],,

Tool Radii: 7.5 mm (C-Section) — 10 & 15 mm (L-Section)
BC: Free ends & Constrained ends

CYCOM 970’s Standard MRCC

Vacuum bag Prepreg layup Release film
Breather Cork dam

Vacuum line

Sealant
R15 Tool —
\

| Steel plate

Bagging arrangement

PN
I

A} . .
\__’ Microscopy locations

~ -

Autoclave

& sampe
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Y
B

Vs. Exp.

@ Uil

Y
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I
I -

Simulation

In-plane shear in consolidat

Il Gxperiment

NN\
Final thickness — Sim

< e} ™

[ww] ssaudIy) [eul]

5.02 mm
Partial bookend

In-plane
misalignment
Direction of travel

g
o |
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itude
735e+00
590e+00
446e+00
301e+00
+3.454e-03

ply | C-Section | Free ends

U, Magni
U, uy

24

106298.

[T

Il
Hlﬁllll '
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>
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)
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=)
)
o
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=
)
S
Q
"
O
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=
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)
)
=
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o
5
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5
E
7

S. (2021). Consolidation-Driven Wrinkling in Carbon/Epoxy Woven
Fabric Prepregs: An Experimental and Numerical Study. Composites

Rashidi, A., Belnoue, J-PH., Thompson, A.J., Hallett, S., & Milani, A.
Part A: Applied Science and Manufacturing,

Dual 2.20 GHz CPU

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ \\
Y iz 4
I,
Y
Y i a7z
Y 7724
§\\\\\\\\\\\\\\\§\§\\\\\\\\\\\\\§\\\\\\\\\\\\\\\\\\\\\\\\\\\\

-ply FEM model
Run time: ~4 hr
15 cores
Knowledge
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FABRIC FORMING

Thank you!

UBC MMRI

Contact:

Abbas S. Milani, Director

Killam Laureate, Member of
Royal Society of Canada College

mmri.ubc.ca

& sampe
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Thank you for joining us!

The next AIM event will be January 23, 2022

And don’t forget to visit the KPC for more information:

https://compositeskn.org/KPC

Questions?

For more information on future dates and times visit:

compositeskn.org

& sampe
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