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Introduction

A. Introduction to AFP
B. Tow deformations due to steering
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= Automated Fiber Placement (AFP) is an additive
process used to manufacture large composites
aerospace structures.

" During the process, up to 32 finite width slit-tapes
or tows are deposited by the machine head within \
a prescribed path. \

= During the process, the layup speed, temperature, \‘\*
roller compaction, and tow tension are controlled |
to obtain a good layup quality.

= Tow steering is required to fabricate curved shells | S a———————
and variable stiffness plates. ,‘

= During the steering, the straight tows have to
deform to adhere to the curved path on the tool
surface.

AFP machine at the McNair Center
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Possible deformation mechanisms

g % g % = Several deformation mechanisms are p

-

ossible due to the
R m—— by Skt i mismatch of length between the tow and the prescribed
path:

//AA\\\ m » Elastic strain deformations

= Large in-plane deformations

¢)In-plane waviness d)Bunching

e N

¢) Wrinkling f) Folding

= Large out-of-plane deformations

= The objective is to investigate the in-plane deformations
with respect to the boundary conditions, material
properties, and other process parameters.
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Problem Formulation

A. Governing equation
B. Numerical solution approach
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Z 1 fiber bundle i

L
lAFP
Iy

fiber bundle (x, y,)

fiber tow

= Nomenclature:
= ¥,y in-plane rotation angle and in-plane curvature
= [": axial strain

Vi

fx

bt
—

" ky, ky: stiffness of the foundation (substrate) in the X an

Y direction §
. N >
" fx fy: forces at the endpoint S/%//ﬁ//////ﬁf

=, v: displacements in the X and Y direction
' P ) ] ) ] ) 2D representation of a fiber bundle on stiff
= F,1: Elastic modulus in the fiber direction foundation
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Minimizing the total energy of the system, subject to the BCs constraints: fy
BCs @ s = L:
H_U_W-I_K (xLJyL)
/ l y(L) =y
Elastic Strain Stored x(L) = x; Y T Jx
Energy Energy §
y(L) =y, N
N /
;g/,%// 7 7
Stored X x

1 (b 1t
— 2 — 2
K—szxu (s)ds+2f0kyv (s) ds

Energy

2D representation of a fiber bundle on stiff
foundation

W=F-A v(s)  ug(s)
@ /T O\

F={f, fy} A={(x;, —x0) —L,(y, — yo) — 0}

u(s)
L \ L
xL—xn:f (1+10')cosy ds }’L—}'u:f (1+10")siny ds
0 0
‘ L ' L . Strain-rotation relationship and
W= f (1+1)cosy ds—L| + fy (1+1)siny ds displacement components
0 0
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= The strain energy of a thin composite laminate structure can be expressed as:

1
= —U[AMEOZ + 2A,€l€’ + Azzeoz +A66ys‘§,2 + Dllic"2 + 2Dkl K. + Doy K7 ‘4 Deercl. ]dsdr
" Only consider in-plane deformations, and assume the uncured tow is highly anisotropic:

A11 >> A1z, 422,466 ) )= f f Ay €2° dr ds

= Small strains, but large rotations: €2 = ['(s) — r k°(s)
" For asingle layer: A4,; = Q1H = E;;H

Elastic Strain

2

J(EHAI +E111y2)ds—fo (1+ 1) cosy ds — ] ny (1+1)siny ds+—J u?(s) ds

+7[0 v2(s) ds

1 rt . ,
Energy U:_J E1q (AIE(S)+I]’E(5)) ds
0
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" The total energy II contains: = [1is a functional of the form:
= 4 unknown functions: y(s), L(s),x(s),y(s) N(y(s), 1(s)) = fL?(s,y(s},y’(s),I’(s)) ds

= 2 unknown end forces: f,, f,, ' o
_ " Euler-Lagrange equations to minimize the
» x(s)and y(s) can be expressed in terms of energy

the strains and rotation by: rd (0F\ OF
x'= (1+1")cosy %(6}”)_6—]!_0

y'= (1+1')siny d (9F\ O0F
\ds (av) a0

= Governing Equations:

(Ep Iy — (A +1)siny + f,(1 +1')cosy + kyuy —kyvx =0
ELAU =F+ f.cosy+f,siny—k,ux—k,vy
mmm) System(f,, fy,s) = B o (1 +}éf)cus}’ T '
\ y'= (1+1l')siny

= 5 BCs are needed to solve the system above:
= Start point: @ s=0: y(0) =1(0) =x(0) =y(0)=0
= End point: @ s=L: y(L) = y;

MCcNAIR Center for Aerospace Innovation and Research
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" Introduce error function to satisfy the remaining
2 minimization constraints x; and y; :

x(fofy) — X
Gl fy) = {}’gfx fj - yz.} ~ 0

= x* and y* are the solutions of the system @ s=L

= Use Newton-Raphson method for G(fy,f;)
iteratively to find the unknown forces:

o] () o) it

n+1

Assume

{fx“'fyn}

Repeat until
convergence

= J is the Jacobian matrix for the vector G, and can Compute
be approximated wusing finite difference Pis (fx,,,fyn)

techniques B ag(fxnjﬂ?n) ag(fxn,ﬁ?n)
”_\ of, of,

E\G(fx“—l_g'fyn)_G(‘fxﬂ_é"fyn) G(frn'fyn—l_ﬁ)_G(fx“'fyn_a)]
25 25

MCcNAIR Center for Aerospace Innovation and Research
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Results

A. Steering boundary conditions
B. Results for a compressive region
C. Results for a tensile region
D. Effect of the stiffness of the foundation
E. Effect of the steering radius



= For demonstration, A constant curvature tow-

path is considered for analysis:

s
p sin—

C(s) = {x(s),y(s)} = P, 0=s<L
p(l — cns;)
" The parallel edges of the tow-path are
expressed as:

s
(d + p) sin—
p

CP(S) - {xp(s)r }’p(S)} =

p—(d +p)cns§

Tensile Edge
Centerline
—— Compressive Edge

* The end-point BCs can be obtained from: e Fiber Bundie
(x, = xp(L)

IV = vp(L) +d
vp (L)

tany; =
T T g @

Constant curvature tow-path

In-Plane Tow Deformations Due to Steering in AFP Roudy Wehbe, Ramy Harik, Zafer Giirdal



vmm Deformed fiber bundles under compression at different length
= Material Properties and 30f

tow geometry 25;
2.0

= p=04m
E;1 =130 GPa
H = 0.184 mm
w = 6.35mm
ky =k, =0

e M)

()L =10 mm

= Solution of the system @
L =20mm

y{Deq)

In-plane rotation Strain along the length * x-co1ourdinat1e5 y-coordinate

In-Plane Tow Deformations Due to Steering in AFP Roudy Wehbe, Ramy Harik, Zafer Giirdal



= Material Properties and
tow geometry

= p=04m
E;1 =130 GPa
H = 0.184 mm
w = 6.35mm
ky =k, =0

= Solution of the system @
L=40mm

y(Deq)
6

10 20 30
In-plane rotation

Y(mm)

Deformed fiber bundles under compression at different length

nnnnsinazezca . X(mm) Y(mm)
8 —10

-05F
-1.0¢

-15¢
-2.0

=1
-2

-25

-3.0
Tensile Edge

—— Bundle 1
—— Bundle 2
—— Bundle 3
—— Bundle 4

-

S TEER

(d) L =100 mm

10 20

Strain along the length

10 20 20
x-coordinate y-coordinate

In-Plane Tow Deformations Due to Steering in AFP Roudy Wehbe, Ramy Harik, Zafer Giirdal



Effect of the stiffness of the foundation

= Material Properties and tow geometry

= p=04m

= F;1 =130 GPa
= H=0.184mm
= w=6.35mm
= [ =30mm

" ky = ky

= For large values of k (k > 107 N/m?):

" 1, = 0 :The fiber bundles remain in their

position as placed by the AFP head
= For small values of k (k < 10® N/m?):

= Foundation is weak and does not contribute

to the fibers’ deformation
= For 10° < k < 10”7 N/m?:

= Slight increase in u,- due to localization of

the deformations

MCcNAIR Center for Aerospace Innovation and Research
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== === HNeutral Axis
=-==== Tensile Edge
Y (mm) - - === Compressive Edge
4f @i ecmmmsm=========°°%
5 e oo o 7 " ____:—_—:—_—:___ — Bundle 1
! X(mm) Bundle 2
-2F b 10 15__‘_??__%?—___.% Bundle 3
—— Bundle 4
—— Bundle 5
Deformed fiber bundles for k = 10® N /m?
|t | max (mm)
0.7
0.6 — Bundle 1
EI.EE— Bundle 2
U.4;— Bundle 3
D.S? —— Bundle 4
0.2 — Bundle 5
0AE
. : - k (N/m?)
10 104 107 10"

Effect of the foundation stiffness on the fibers’ displacement



= Material Properties and tow geometry ltr |max(mm)
= E,, =130 GPa ut;

H = 0.184 mm -

w = 6.35mm :

L =30mm

0.8
06
" kx =y 04f
o

L m
0.5 1.0 1.5 lﬂp{ )

" Increasing the steering radius decreases the Effect of p onu, fork = 0
displacement of the fibers in the transverse  krlna(mm)
direction '

" Forsmallu, at k = 0O:
" p>15m

= For small u, at k = 107 N/m?
= p>05m

. L m
0.5 1.0 1.5 I.llp{ )

Effect of p on u,. for k = 107 N/m?

In-Plane Tow Deformations Due to Steering in AFP | Roudy Wehbe, Ramy Harik, Zafer Giirdal
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= The focus of this paper is to understand the formation of the in-plane tow deformations during the AFP
process.

= The tow is modeled as several fiber bundles laying on a stiff foundation.

= The governing equations are derived based on minimizing the total energy of the system and a novel
numerical method is implemented to solve the differential equations and the integral boundary constraints.

= A constant curvature path is considered in the analysis where the results show that at a small length during
the additive process, strain deformation are dominant for the tensile and compressive areas within the tow.

= At larger length, fiber waviness occurs on the compressive side of the tow, whereas fiber
bunching/straightening occurs on the tensile side of the tow.

" |Increasing the stiffness of the foundation can reduce the in-plane deformation of the tow and possibly
eliminating it for a very stiff foundation. However, steering tow at smaller radii of curvature increases the
magnitude of the in-plane deformation mechanisms.

= Future work will consist of investigating the out-of-plane deformation mechanisms, and examining the
importance of other parameters such as shear and transverse strain. Experimental work is necessary to
determine the values of the stiffness of the foundation and to relate it to other process parameters such as
speed and layup temperature.
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