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Objective & Contents

Presenting a complete analytical method to predict the behaviour of 3D stresses sorrounding a

hole in composite laminates under mechanical and thermal loads

* Literature
* Finite element (FE) model

* Analytical solution
o Basic formulations
o Boundary and continuity conditions
o Stress solution for the interior region under temperature change
o Stress solution for the boundary layer region
o Solution using energy minimization

e Results
e Conclusion and future work
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FE model

Alexander Nuhn & Christian Mittelstedt
Randspannungskonzentrationen an Kreisléchern in ebenen Laminaten
Master Thesis, Technishe Universitdt Darmstadt 2019.

MASCHINENBAU L M
We engineer future Free-edge effects at circular holes in composite laminates under hygrothermomechanical load | Kharghani & Mittelstedt 01.08.2023 5



TECHNISCHE
UNIVERSITAT
DARMSTADT

Coordinates. aeometrv and material properties

]
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Kl

Description of the parameter Symbol Value Unit
Description of the

parameter

Holeposon | - | central | -

Symbol  Value  Unit

Possomsrao | v, | om | -

Transverse thermal expansion coefficient ayy 2.5x 1073 K1
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Basic formulations

Equilibrium equations in polar coordinate system
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Total stress=boundary region stress+interior region stress

Lekhnitskii’s theory adopted with CLPT
+perturbation series of T

Lekhnitskii’s theory of 2D anisotropic
elasticity adopted with CLPT
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Simplification
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&, and &, are decay factors
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Boundary and continuity conditions

0()

Considering &, = 0 in the boundary layer region, fqﬁ’q, can be determined.

-,f;%(k)’f(gz(k) fzz(k)} = k=12, .. N decaying boundary layer stresses fl"( )at infinity

rg (k) =1 =0 disappearing interlaminar stresses on the free surfaces
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Stress solution for the interior region under temperature change TECHNISCHE

A®) = 2Re(W. A,(Z,))

___________________________________________ UNIVERSITAT
! i DARMSTADT
| A= A1(Z) + A2(Zy) + AL (Z) + A, (Z,) + AP ! e |
: dA i : = 2R ZQI 7 Z,Q,' 7 aZA(p) :
: _‘=Q1(Z1)+Qz.j+m+ﬂ(m ! | ox = 2Re{u “0(Z1) + u2*Q5(Z2)} + T !
| dz ! | 2 () :
' ! ' = 2Re{Q;(Z 0, (Z |
| 922 BN 924 i ! Oy e{Q1(Zy) + Q3(Z)} + %2 |
: Oxx = 73 20yy = 3 5,Txy = — 35— | : , , 924®) |
! d ox 0xdy i ! Txy = —2Re{u;1Q1(Z1) + 12Q5(Z5)} — 9xdy !
L e e e, ——,———— = JI ! 1

i - p°  q°  2pq |(Oxx R
| 1% =] 4> P —2pq {Uw} | | oy = 2Re{ 20} (Z1) + 12205(Z,)} + 2Re(W. 11, Q) |
| e —DGRNEEED — - | \ "y | 0y = 2Re{Q] (Zy) + Q5(Z,)} + 2Re(¥. Q)
; —— 5 - |ty = 2Re(uOL(Z) + 1052} — 2Re(¥.pi) | |
i q =sing i i W —ay + Axylt — ax.utz i

Tyt — 2061463 + (2015 + Coe) the® — 2Co6 1kt + €22

MASCHINENBAU L M
We engineer future Free-edge effects at circular holes in composite laminates under hygrothermomechanical load | Kharghani & Mittelstedt 01.08.2023 12



TECHNISCHE

Stress solution for the interior region under biaxial tension
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Regarding to Lekhnitskii's theory of 2D anisotropic elasticity: DARMSTADT
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Stress solution for the boundary layer region

The in-plane stress components for ply "k" using CLPT and coordinate transformation is:
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[b] is the laminate-equivalent anisotropic compliance matrix

considering constant values of & and &,through the laminate due to the interface traction continuity:
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« The problem is solved using minimum potential energy principle. It is necessary to calculate &, and &, for the zeroth order.
+ The external work is dependent to &; and &,. Therefore it doesn'’t interfere in the the energy equation.

N T 1 o
1 (k) (k) (k) (k) (k) (k) (k) (k)
ZEJ‘.I-J‘ 511f0 + 813/ +Sl6f0 )rg (513f0 + 833152 +536f0 )ZOZ
-7 0 0

k=1
€9) (%) €3] (k) €3] (k) €3] (k) €3] (k)
(516f0 +S36fry + Seef% ) a7 (544f0 + Susfiy ) 5 (545f0 + Sss £ ) 0 ] (R

+ hP)h2dPdAdg

T
38, = 51" R(362°Uss 38, Uss ) + §1°h(262"Usa) + 61 °R[&" (~2Uss — 2Use + Uy +2Uss + Uss) +85° (=2Uss = 2Use +2Uss + 2Uss + Uss) + 8" RUs|
1

- flR[€24(U11 +2Us6 + Ugg) + &°(4Us + 6Usg + 2Uq) + &,° (404 + 4Us + Uge) + 52U11]
- h[fz4(U11 + 2Use + Uge) + &2°(4Usy + 6Uyg + 2Uge) + §,°(8Uysq + 8Usg + Uge) + 48,Us4 + U11] =0

?— £°R(&,°Us3) + &,°(3&,°Us3)

+ 524[251 RUss + 28, *hUs3 + &°R(—2Uy3 — 2Usg + 2Uys + Uss) — & °h(—2Uy3 — 3Usg + Uys + Uss) — §1R(2U11 + 2U36 — h(Uyq + U16))]
+ 523[513R(_2U13 — 2Us + 2Uys + Uss) + & *(—2Uy3 — Usg + 3Uys + Uss) — & R(4Uyq + 2Uyg) — h(6Uy; + 5U16)]
— &%(3& RUy; + 6hUyy) — &,(§,RUy; + 4hUyy) — hUy; = 0

MASCHINENBAU
We engineer future Free-edge effects at circular holes in composite laminates under hygrothermomechanical load | Kharghani & Mittelstedt 01.08.2023 15



32-point Gaussian quadrature formulation TECHNISCHE
UNIVERSITAT
DARMSTADT
U = f $0m?n.dg
Ups = f §®mi?n (1/6+1/26{° +65°) .do
Uis = Zf $Emymyn. de
Uss = f $8m,2n 1/20 +1/46F +1/3 G(k) +1/36{ + G(k) + G(k)G(k)> de
Usg = Z f $Emiman (1/6 +1/265° + 6{9).dg
© W _ () _ o 2
U66 = Z 566 m, n d(p ml - a’lz rmZ a’32 ’n O-(p(p P=0
Upg = f S3my, 1/3 +689 + 6 ) de
Uys = Z f $imuman (1/3+1/2 (689 + 6°) + 63P6{7) .
Uss = f $8m,2n 1/3 + 69 4¢P ) do
—

MASCHINENBAU L M
We engineer future Free-edge effects at circular holes in composite laminates under hygrothermomechanical load | Kharghani & Mittelstedt 01.08.2023 16



Results for pure temprature change (Circumferential directions) TECHNISCHE
UNIVERSITAT
DARMSTADT
20 4 * 40 4 d
¢ ¢ ¢ FEM (@=45") at 45°/45° interface
. o ° o . 35 | 0 Boundary layer (@=45°)
) o _ @ FEM (=20) *
15 - * * at 45°/45° interface 30 © Boundary layer (¢=207) + °
° ° @ FEM (=0°) . s
= - 25 1 © Boundary layer (¢=0°) o
5 & FEM (AT=150°C) & : * °
= 10 i 8 ¢ 8 )\ o Boundary layer (AT=150°C) < 20 1 g : o
K o °  FEM (AT=300°C) S g 4
8 0 0 8 © Boundary layer (AT=300°C) P $
5 10 ] #
®
8 8 | $
¢ AT (°C)
0 T T T T T T T T 1 ] R & ? T T T T T T T
& 10 20 30 40 50 60 70 80 ) 50 100 150 PL0) %0 %0 3§0 4go 40 530
L 4 @ (degrees) @ 5
5 -10
Comparison of the maximum interlaminar peeling stress through the middle interface along a Comparison of the maximum interlaminar peeling stress through the middle interface at
quarter of the circumferential direction on the edge of the hole for two values of three circumferential positions on the edge of the hole respect to temperature
temperature changes using FEM and boundary layer changes using FEM and boundary layer
—

MASCHINENBAU L M
We engineer future Free-edge effects at circular holes in composite laminates under hygrothermomechanical load | Kharghani & Mittelstedt 01.08.2023 17



Results (radial directions) TECHNISCHE
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Results (combined biaxial and temprature change) TECHNISCHE
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Conclusion and future work

» The presented method is capable of predicting peeling and shear interlaminar stresses surrounding a hole in composite lamiantes which
are thin and the radius of the hole is small enough in comparison to the dimension of the laminate in both pure temprature change and
combined biaxial tension and temprature change.

» With increasing the variation of temprature, the interlaminar peeling stress increases non-lineraly and the discrepancy between the
boundary layer method and FEM increases too.

» Along the radial directions at the distance of 1.3R from the edge of the whole, the peeling and shear interlaminar stresses decay.
However in 1.1R, about 50% of the maximum stresses on the edge vanishes.

» Applying biaxial tension reduces the interlaminar stresses that have been generated by the temprature change.

» Changing the value of temprature is more effective than varying the biaxial tension on the peeling interlaminar stresses.

Future study:

* The effect of moisture change can be investigated by using 8 instead of & and M instead of T.

B: Moisture expansion coef ficient

. Mass of absorbed moisture in the material
M: Moisture content = !

Mass of dry material
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