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Hygrothermal effect

= Hygrothermal efffects

= Hygro (Moisture) + thermal (Temperature) effects
= Matrix dominated properties
= transverse tensile, transverse compressive and shear
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Fig. 6.1 Transverse tensile stress-strain curves for dry AS4/350)-6 carbon/epoxy com-

Fig. 6.2 In-plane shear stress—strain curves for unidirectional AS4/3501-6 carbon/epoxy
posite at various temperatures.”

: 2
composite at varous temperatures.
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Hygrothermal effect
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Fig. 6.6 Torsional stiffness degradation of carbon/epoxy composite under cyclic load-

Fig. 6.5 In-plane shear stress—sirain curves for unidirectional AS4/3501-6 carbon/epoxy
ing under various hygrothermal conditions.

composite illustrating effects of temperature and moisture concentration.
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Moisture effect on typical polymer
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Moisture effect on typical polymer

. . N\ \4
= Governing equation SN
= Temperature (Fourier heat conduction) Cc, —> — c,
—> z
pC— _i 8T avavY,
oz ‘oz
~
= Moisture (Fick’s 2Md law) ~C
oc & _ ac s
D=
o o ez —
dc Ambient temperature T,

« Cf) Fick’s 1t law ~ J [flux]= _DE Ambient moisture concentration C,

=  Where,
P = Density of material
C = Specific heat of material
Kz = Thermal conductivity of material along the z-direction
D; = Mass diffusivity along the z-direction

t = Time
C = Moisture concentration Temperature reaches equilibrium about one million times faster than
© Sung-Hoon Ahn the moisture concentration — T assumed to be the same as T,



Moisture weight gain

— ] o0 . - 2 2 2
G M - M, 1 BZZexp[ (2]+1_) 7T2(th/h )]
Mo —M; T =1 (2)+1)

m |

Where,
M; : Initial weight percent of moisture
My : Fully saturated weight percent of moisture

- Measured value: composite 0~2 %
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Moisture weight gain

= Example
Epoxy sample with h = 5 mm, D (diffusivity) = 3 x 108 mm’/s.
Determine the moisture absorption of an initially dry sample after a period
t = 100 days.

2
7Ot _ 102

h?

M, =0 for initially dry sample

M :1—%{@@(—0.102) 2P (_950'102)) +}

M, T — one term will be sufficient.

~0.23
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Degradation of composite properties

1
P TgW—T 2
* =T 7
0 -

go 0

F. = Matrix mechanical property retention ratio

P = Strength of matrix after degradation

P, = Net strength of matrix after degradation

Ty = Glass transition temperature (dry)
Tqw = Glass transition temperature (wet) [°F]
T, = Temperature at F, was measured

= Chamis (1982) suggested an empirical eq. for T,,, of aerospace epoxy resins.

Ty = (0.005M * —0.10M,* +1.0) T,

= Degraded material properties (longitudinal modulus)

E = Eflvf + FnEmoVm
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Degradation of composite properties

= Example
At a “hot-wet” condition, T = 200 °F, M, = 3 %.

Tgo = 350 °F Em = 0.5 x 106 pSI
E = 32 x 106 psi
Vs = 0.510
Vi = 0.49
Tow = (0.005(3)? = 0.10(3) + 1.0) 350 = 261 °F
E of matrix, .
._( 261-200 )2 6 o 6 -
m —[ 350_70) (0.5x10° psi)=0.23x10" psi

Longitudinal modulus

E,'= (32x10°%)(0.51) + (0.23x10°)(0.49) =16 x10° psi

Cf. E; = 16.4 x 106 psi
Transverse modulus
E,'=0.434x10° psi E, =0.82x10° psi
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Hygrothermal strains in lamina

= Uncoupled deformation from the thermal & moisture
= Hygrothermal strains

& = AT + fAC Note Carbon/epoxy — 0.9 x 106
e, = a,AT + ,AC Carbon/polyimde — 0.4 x 10
e =0 Kevlar/epoxy — 4 x 10
6 — .
have negative a;.

a. Coefficient of thermal expansion
B Coefficient of moisture expansion

= Transformation

e, =eMm° +e,n° s

_an2 2
Sy =&+ &M n=sing

e, =2(g, —€,)mn
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Hygrothermal strains in lamina

= Using above equations,

e, =a, AT + S, AC
e, =a,AT + 5,AC
e, = a AT + SAC

with (Eq. 6.6)

2

y
o, =2(c; —a,)Mn
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o-€ with hygrothermal effects

7S

Temperature Moisture
() |SuSy Sl (c,
g, |=[Sy S Ss | | 0,
7s) | Se Sy S | 7,

— _
——

Strains from mechanical loading
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o-€ with hygrothermal effects

= Inverting,

o) |QuQy Q] (e —e
Oy |7 Qe Qs Qs | | 6, 8y
o, ) | QuQy Qs | 78 ),
Qu Qy Qu | [&° +2K, ¢,
= st Q. st gyo +ZK,—€,
| Qo Qg Qs | | 7" + 2K, —e,

= Fora Iaminate,

— ( O
XX Qxy st Ex K e
Q

w

S

w

y

sX st

1 et
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Il
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o-€ with hygrothermal effects

= In terms of [A] and [B]
N _A<x Axy A@_ gX | XX XYy XS KS N XX Qxy st ex
Q

N Q
Ny (=1 Ax Ay As | &y |+] By By By | &, _Z Q.
sx sy ss Q |

Ns _Asx Asy Ass 1 )/so B
R/_/

o
o

o
W W W
o

o
o
A

N HT
= Similarly, N HT
n hy o SHT
M., =2, [Q s J{1£°1,,, + 2L, , ~[e]fny 2 dz
M, _Bxx B, Bxs_ g’ _DXX D, st_ K, i _QXX Qy st_ e,
I\/Iy = Byx Byy ByS g |+ Dyx Dyy DyS K, —; ny ny v |l € Z,t
Ms _Bsx Bsy Bss ] 7/50 _sz Dsy Dss ] K : _st st st | es K
N v
Phgs he —hey
M HT Zk —
X 2
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My
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o-€ with hygrothermal effects

« Let [N]&[M] be the total force & moment resultant

[N],, =[N1,, +[N""],, =[Alle°], , +[Bllx],,
M],, =M1, +IM™],, =[BI[°],, +[Dlix],,

As before,
N B AB \ &°
M) \BD)«x

Also inverting,
e”) (ab)}N
) (bd M
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o-€ with hygrothermal effects

= Example
[-45/45/-45/45], 0.25 mm thick unidirectional ( t: total thickness )
laminate heated from 20 C to 100 TC.
Determine the hygrothermal stresses.

CTEs a, = 0.88 x 106 /C
ay = 31 x 106 /C

CTE at +45° & -45° :

o, o 15.94 o, 0.88 15.94

a =[T MNeq 2, p =4 15.94 $x107° °C a =[T 44310 ={ 1594 | x10°°°C
y 45 2 y 45

Uiz e 0 -15.06 iz o 0 ~15.06

From equation @, [N]=0,and [M] =0
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o-€ with hygrothermal effects

= Example
From equation @, [N] =0, and [M] =0

[NT]={[QlLis{a}ss + [Ql ss{a} 45} (2) (AT)(t/ 4)

Thermal load 2 plies
T\
N 15.94 15.94
N L= (0], 15.94 %107 (2) (80°C) (0.25) +[Qy) 11594 [x107° (2) (80°C) (0.25)
T ~30.12 30.12
S

1.95
~=J1.95'x1072 GPa-mm
0
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o-€ with hygrothermal effects

= Example
Similarly for moment

MT1= [Q1 s s 2~ 2) + [Qlistrdis(z” ~22)+
[Q]_45{05}_45(232 - 222) + [Q]45{05}45(Z42 — 232))%

=4 0 >><10_4 GPa.mm2
-381
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Physical significance

AT =0
N=N"=N,

E=¢&,

= Thermal loading NT is equal to the reaction N, of the fixed-end beam under
thermal loading. The mechanical force necessary to produce a strain is
equal to the purely thermal strain of the laminate.

© Sung-Hoon Ahn
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Sandwich structure

= Sandwich — face sheets & core
= Analysis
= Modified classical laminate theory accommodating shear flexibility of the
core

= Material behavior

= The core material is orthotropic and linear elastic.
= The face sheet material is orthotropic and linear elastic.

» Stresses

= Core sustains only transverse shear stresses;
the in-plane stresses in the core are negligible.

Face sheets sustain only in-plane loads;

the transverse shear stresses
in the face sheets are negligible.

ARRARARNY
N

© Sung-Hoon Ahn
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Sandwich structure

= Strain
= The transverse strain is negligible.

© Sung-Hoon Ahn 22



Core material

= Honeycomb
= Aluminum ,0“‘[

2-10Ib/ ft®
0.0126-0.63kg/m?®

= Phenolic (1/100 CTE of Al)
(Porous wall — air connection,
in space structure escape)

= Synthetic core

= Glass microballons with matrix (resin)
= p~(2-10Ib/ ft*)~ 2.51kg/m?

© Sung-Hoon Ahn
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Core material

= Honeycomb

Triangular Cell

© Sung-Hoon Ahn

Hexagonal Cell
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Core material

= Honeycomb

© Sung-Hoon Ahn

25



Core material

= Honeycomb
= Compare Theoretical Result to Experimental Result

URES {mm}

5.198e-003
4,765e-003
- 4,332e-003
- 3.899e-003

- 3.465e-003
- 3.032e-003
‘ r 2,599e-003
- 2,166e-003
- 1,733e-003
- 1,300e-003

8,664e-004
4,332e-004
1,000e-030

Simulation result VS Actual Test
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Core material

= Advantages
= Continuous support to the face sheet
= No moisture ingress problems
= High compressive, transverse tensile & lateral strength

Micro spheres

O O@”’_ (~70 um mean)
O

e O ——— Thermoset resin

= Foam
= Sponge-like material — resin
= p~(2-10Ib/ ft*)~ 251kg/m’

© Sung-Hoon Ahn
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Benefit of core

Aij':Aij
Id B;'=B;+d A,

1 2
D; :Dij+2d Bij+d A

— Increased bending stiffness

N.'=N,
M.'=M. +d N,
v
' 2= 4
] I .
t 4
Solid Sandwich
Stiffness 1 37
Strength 1 9
Weight 1 1.06
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Damage type

= Types of damage

N7/ /A

e
L
z .

(a) Undetectable damage

(b) Detectable damage

= Delamination after impact

Impact load

Oent ! I//

Microcracks F/‘ 7 }
Delam:nation L )

' )
Ply splitting ——t o il R
Fiber breaks ——/

(a) Delamination and microcracks under dent

© Sung-Hoon Ahn
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Issues

= Water ingression

= Directional properties of cone — Starcell
plate bending

= Space craft - perforated

NN

© Sung-Hoon Ahn
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Joint

= Mechanical joint

= Bearing I | |
Shear out | Reduced load car_rylng material
. - Stress concentration
Tension

= Strength of joint — 20-50 % of laminate strength
= Near optimum layup: [0/£45/0], or [0/45/90/-45],

© Sung-Hoon Ahn
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Joint

= Adhesive bonded joint
= Analysis
= Volkersen (1938)
= Hart-Smith (1970’s)

= Load transfer by shear

= Minimize stress concentration — scartf, and stepped joint
= Surface treatment

= Do not use 90 ° plies on the outer surface — use +45 °
= Better fatigue performance

= Review paper by Gleich et al.

= Comparison of mechanical & adhesive joints
= (. bonded and fastened

© Sung-Hoon Ahn
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Structural joint of Composite/Metal

Bonding different materials
CFRP/SAF/Al honeycomb/SAF/CFRP

© Sung-Hoon Ahn
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Stress analysis of bonded joint

T

Adhesive
/

v

© Sung-Hoon Ahn
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\ Adherend
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Stress analysis of bonded joint

= In terms of displacement

© Sung-Hoon Ahn

unloaded

loaded
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Failure modes

Shear Scarf joint — could be as strong as the adherend
Strength 1 / — practically note

Consider to use when t > 6.35 mm
(stepped too)

Tapered — reduced stress concentration

»

© Sung-Hoon Ahn
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Effect of length of joint

P
4—- _>
P
—’ <_
* q > « 3
P A
- 7
I —>
d
T A T A
— d —> ” X =x
Short joint Long joint
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Stepped lap joint

= Extensively used to join CFRP & titanium

< Composite affects
stress profile

v

© Sung-Hoon Ahn 40



Joint and Repair

= Joint type

{ L T —
(@) Unsupported single-lap joint
{ I 1
| I
(b) Single-strap joint
L — p—— 4
(c) Tapered single-lap joint
{L I 1 3

L
{d) Double-lap joint

= Repair type

(C' e (.
1 = — s — 1

—— I s
(e) Double-strap joint
"——/\
¢ 1 3
e —————

(f) Tapered strap joint

e

(g) Stepped-lap joint

% e é

(h) Scarf joint

(a) Bolted repair

{ =) 1 ”;

(b) Bonded repair

(c) Stepped-lap repair
© Sung-Hoon Ahn
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T = @
(d) Scarf repair
(g oo OONuna0a0u00D

(e) Honeycomb repair

\L\/ 1

AQ

(f) Alternative honeycomb repair 41



Joint and Repair

= Flush repair

(a) Remove damaged material (b) Flush repaired panel

Typical flush repair (Scarf)

© Sung-Hoon Ahn
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Reaction-injection molding / Blow molding

Heat - | Heat
exchanger Displacement exchanger Y
l cylinders
Monomer 1 A Monomer 2
_Recirculation
Recirculation Y Y —  loop
loop T Tilg
Mixing < I >
—
head
FIGURE 10.25 Schematic
| illustration of the reaction-
Mold ! injection-molding process.
Source: Modern Plastics
Encyclopedia.
Extruder
Extruded :
Heating
passages - Tail

/ parison
Knife

Bottle
mold

A]yrﬂ Blow pin

Mold closed

and bottle blown

Il ‘\ -
Blown
bottle
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Thermoforming / Compression molding

a
— R
- i =
b—m_ anflnp. = /.- -
C/,-¢|..|.s. !
e—» d
1. Straight vacuum 2. Drape vacuum 3. Force above sheet
forming forming

a. Heater d. Mold
b. Clamp e. Vacuum line

c. Plastic sheet

FIGURE 10.28 Various thermoforming processes for thermoplastic sheet. These
processes are commonly used in making advertising signs, cookie and candy trays, panels for
Heating shower stalls, and packaging.

elements

Knockout __ 4 LMold
(ejector pin) +

Land

Closed

Molded part

(a) ©
FIGURE 10.29 Types of
compression molding, a

process similar to forging:
(a) positive, (b) semipositive,
and (c) flash. The flash in
part (c) has to be trimmed
off. (d) Die design for
making a compression-
molded part with undercuts.
Such designs are also used in
other molding and shaping
operations.

MALE

MOLD HALF

FEMALE
MOLD HALF

FIGURE
imoiding.

Ram

Ring

4. Plug and ring forming

0 05|

11 Matched-die [compression)
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Transfer molding / Casting

Mold closed and
cavities filled

Transfer plunger

Transfer pot and
l molding powder

Knockout
(ejector) pin

(a) (b)

FIGURE 10.30 Scquence of operations in transfer molding for thermosetting plastics.
This process is particularly suitable for intricate parts with varying wall thicknesses.

Mold open and

molded parts ejected

Liquid
plastic ’
Electrical
Mold coil
Spene Housing
or case
(b)
Coil
~——— Punch
~— Molded parts
Mold Mold

(c)

FIGURE 10.31

Schematic illustration of

(a) casting, (b) potting, and
(¢) encapsulation of plastics.
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Polymer matrix reinforced plastics

* Prepregs

= Sheet-molding compound (SMC)
= Bulk-molding compound (BMC)
= Thick molding compound (TMC)

Female Mold Half

L . 1

-

Surface
Y treatment

Molding
Compound
L
L \ 1
/ _ \ . Backing
Male Mold Half Heat & Pressure i

(a) (b)

FIGURE 10.34 (a) Manufacturing process for polymer-matrix P

S ) matrix composite.
B M ( Source: T.-W. Chou, R. L. McCullough, and R. B. Pipes. (b) Boron—epoxy prepreg tape.
Source: Textron Systems.
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Manufacturing of polymer matrix reinforced plastics

u MOIding Clamping

= Filament winding

Air pressure
345 kPa (50 psi)

Atmospheric pressure

e
'

bar

- — Gasket

Mold
release

Compression molding
Vacuum-bag molding

Vacuum trap
Metal or plastic

Vacuum trap Flexible bag - mold

Resin and glass Gel coat —

Ir\::[l(;la(iei Gel coat Resin and | Steam or hot
e Autoclave — il glass water
. Room-temperature or oven-cure Hand or spray lay-up
Contact molding hand or spray lay-up
(a) (b)
L4 H a nd |ay- u p FIGURE 10.36 (a) Vacuum-bag forming. (b) Pressure-bag forming. Source: T. H. Meister.

Resin transfer molding
Injection molding

S Separator
=N Cmbs

Nip Rollers

=== @
' / ff"leal‘{arEI
/ /![z?;zgiaxiﬂg

u Pu ItrUSIon ) Advanced Composites Inc.

Lay-up of resin Chopped-glass roving
and reinforcement ' B _
,—-Roving— — __ _Resin
Roller  Brush )%)

Mold Mold

FIGURE 10.37 Manual
methods of processing
reinforced plastics: (a) hand
lay-up and (b) spray-up.
These methods are also

(3) (b) called open-mold processing. 46



Automatic tape lay-up

Individual tow payout
with controlled

tension

Fiber
I et
HAComOR ~——— Band collimator
Tow l‘ Tow cutters and
restart rollers OW cutiers a
/«+— clamp mechanism
Collimated A\
fiberband——___
Compaction roller
Controlled heat Part surface

e

" Direction of head travel

Automated Composite Layup & Spray Up
https://www.youtube.com/watch?v=DI2xVPVifOw

47



Vacuum bag molding / Autoclave

VACUUM LINE

VA M

— CUUM VALVE BAGGING FILM
_ o BREATHER
T S e /BARRIER

S ————P - 1215 >3
— : : - RELEASE

SEALANT

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
::::::::::::::::::::::::::::::::::::::::::: \
N P i A aara e e et s b i TOOL(MOLD)

FIGURE 5 Vacuum bag assembly.

T T T A - -
-------------------------------------------




Resin transfer molding (RTM) manufacturing

Resin Transfer Molding

=== Resin Injection Unit

Resin Transfer Moulding
https://www.youtube.com/watch?v=1u-2GvhghQA
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3D-Printed electric production car

b LocaL MOTORS

Windshield

Front Carbon
Fiber support
for headlamp,
mirrors
windshield,
electric parts
*
Aluminium Frame
ner)

Main 3D Printed Body
One single ABS block

Front Frame
mechanical parts
support 4
PP \ A v * Optional

R AT RN TED CAR CINGINMNATT %OAK RIDGE

DESIGN CHALLENGE CINCINNATI INCORPORATED National Laboratory

Plastic / Carbon Fiber pellets used to print 3-D Car, Local Motors Roughly 75 percent of the LM3D Swim will be 3D printed,
including the body panels and chassis, using some sort of

composite ABS plastic/carbon fiber material that's yet to be
finalized. Eventually, Local Motors hopes to be printing as

much as 90 percent of the car.
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