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Abstract

Structural aircraft components are expected to be exposed to a wide range of changes in

the environmental conditions during their service. In the common design and certification

process, a large number of experimental tests, going from simple small specimens to the

full structure, are performed. In these tests, all the environmental conditions, especially tem-

perature and humidity, which the structural component will be submitted are considered.

This multiplies the number of tests to be performed. With the aim of reducing the economic

cost and the time needed for the design and the certification of components, numerical

tools that allow a reduction of experimental tests and help in the analysis of results, are

developed. In this framework, the present doctoral thesis tackles the topic of hygrothermal

effects in compositematerials in both fields: experimental tests and numerical tools. Specif-

ically, the thesis focuses its attention on two analysis levels which are seldom present in the

scientific literature: the optimization of structural components considering environmental

changes and the experimental characterization of the translaminar failure of the material

under different environmental conditions.

With respect to the structural components, an optimizationmethodology for stiffened panels

is presented. This methodology is based on genetic algorithms and uses a neural network

as a metamodel. The proposed methodology is able to find the optimal panel geometry, for

a set of different environmental changes together with mechanical loads, in a short time.

On the other hand, the experimental characterization with hygrothermal effects is consid-

ered for the translaminar toughness. A test campaign is performed using the Double Edge

Notched Tensile specimen. The broken specimens are observed by means of Scanning

Electron Microscopy in order to analyse how temperature and moisture effects influence

the failure mechanisms. The general conclusion is that the quality of the fibre/matrix inter-

face plays a key role in the translaminar toughness since it is linked to failure mechanisms

such as constituent debonding and fiber pull-out. With moisture, a slight weakening of the

fiber/matrix interface and small fiber pull-out are produced but humidity reduces the friction

coefficient between constituents, which reduces the amount of energy needed to produce

slippage between fiber and matrix and, consequently, the material toughness. Conversely,

elevated temperature and humidity cause a weakening in the interface in a way that in the

failure process a large number of long fiber pull outs are produced, which dissipate an im-

portant amount of energy. In this way, translaminar fracture toughness is slightly reduced

because of humidity but its value grows under high humidity and temperature conditions.
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Resumen

Los elementos estructurales de aeronaves se ven sometidos a una gran diversidad de cam-

bios en las condiciones ambientales durante su servicio. En el proceso habitual de diseño y

certificación de componentes aeronáuticos se realiza un elevado número de ensayos expe-

rimentales que van des de pequeñas probetas hasta la estructura final. En estos ensayos se

consideran también las condiciones ambientales, especialmente temperatura y humedad,

a las que el componente se verá sometido, hecho que multiplica el número de ensayos a

realizar. Con el propósito de disminuir el elevado coste y el tiempo de diseño y certificación

de los componentes se desarrollan herramientas numéricas que permiten substituir parte

de los ensayos en laboratorio y facilitan el análisis de resultados. En este ámbito, la presen-

te tesis enfoca la problemática de la consideración de los efectos ambientales tanto en los

ensayos de laboratorio como en el desarrollo de herramientas numéricas. Concretamente,

la tesis se centra en dos niveles de análisis con escasa o nula presencia en la literatura cien-

tífica sobre efectos higrotérmicos: optimización de elementos estructurales considerando

cambios ambientales y la caracterización experimental del fallo translaminar del material

en diferentes condiciones ambientales.

Con respecto a los elementos estructurales, se presenta una metodología de optimización

de paneles rigidizados, basada en algoritmos genéticos y que usa una red neuronal como

metamodelo. La metodología utilizada propuesta es capaz de obtener la geometría óptima

del panel, para un conjunto de situaciones ambientales distintas junto con cargas mecáni-

cas, en un tiempo reducido.

En cuanto a la caracterización experimental con efectos higrotérmicos, la tesis se centra en

la tenacidad a la fractura translaminar. Se lleva a cabo una campaña de ensayos basados en

la probeta Double Edge Notched Tensile. Una vez ensayadas, el plano de rotura de las probe-

tas es observadomediante microscopia electrónica de rastreo, realizando un análisis sobre

cómo varían los mecanismos de fallo a causa de la temperatura y la humedad. Se concluye

que la calidad de la intercara matriz/fibra juega un papel crucial en la tenacidad translami-

nar, ya que está ligada a mecanismos de fallo como la separación entre constituyentes y el

pull-out de la fibra. La humedad provoca cierto debilitamiento en la intercara matriz/fibra lo

que conduce a una rotura con pequeños pull-outs pero, a su vez, reduce el coeficiente de

fricción entre fibra y matriz, hecho que reduce la energía necesaria para producir el desliza-

miento fibra/matriz y en consecuencia, la tenacidad del material. En cambio, en presencia

de humedad y temperatura elevadas, la intercara se debilita considerablemente de manera
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que en el plano de rotura se producen numerosos pull-out de longitud importante que disi-

pan elevada cantidad de energía. De esta manera, la tenacidad translaminar del material se

reduce ligeramente en presencia de humedad, pero en cambio aumenta notablemente en

presencia de humedad y temperatura elevadas.
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Resum

Els elements estructurals de les aernoaus es veuen sotmesos a una gran diversitat de canvis

en les condicions ambientals durant el seu servei. En el procés habitual de disseny i certifi-

cació de components aeronàutics es realitza un elevat nombre d’assaigs experimentals que

van de petites provetes fins a l’estructura final. En aquests assaigs es consideren també les

condicions ambientals (temperatura i humitat) a les que el component es veurà sotmès, fet

que multiplica el nombre d’assaigs a realizar. Per tal de disminuir l’alt cost econòmic i el

temps de desenvolupament de components que implica aquesta campanya experimental,

s’intenta produir eines computacionals que permeten substituir part dels assaigs a labora-

tori i faciliten l’anàlisi de resultats. En aquest àmbit, la present tesi enfoca la problemàtica de

la consideració dels condicions ambientals tant en els assaigs a laboratori com en el desen-

volupament d’eines computacionals. Concretament, la tesi es centra en dos nivells d’anàlisi

amb poca o nul·la presència en la literatura científica sobre efectes higrotèrmics: optimitza-

ció d’elements estructurals considerant canvis ambientals i la caracterització experimental

de la fallada translaminar del material a diferents condicions ambientals.

Pel que fa als elements estructurals, es presenta una metodologia per a l’optimització de

panells rigiditzats, basada en algoritmes genètics i que usa una xarxa neuronal com a me-

tamodel. La metodologia proposada es capaç d’obtenir la geometria òptima del panell per

a un conjunt de situacions ambientals diferents juntament amb càrregues mecàniques, en

un temps reduït.

Quant a la caracterització experimental amb efectes higrotèrmics, la tesi es centra en la

tenacitat translaminar. En el treball es duu a terme una campanya d’assaigs en diferents

condicions de temperatura i humitat usant el procediment basat en la proveta Double Ed-

ge Notched Tensile. En les provetes trencades s’observen els mecanismes de fallada que

es donen en aquest tipus de fractura emprant microscòpia electrònica de rastreig i s’analit-

za com varien aquests mecanismes a causa de la temperatura i humitat. Es conclou que

la qualitat de la intercara matriu/fibra juga un paper crucial en la tenacitat translaminar, ja

que està lligada a mecanismes de fallada com la separació entre constituents i el pull-out

de la fibra. La humitat redueix el coeficient de frec entre fibra i matriu, fet redueix l’energia

requerida per produir el lliscament fibra/matriu i consequentment, la tenacitat del material.

En canvi, en presència d’humitat i temperatura elevades la intercara es debilita considera-

blement de manera que, en el moment de la fallada, es produeixen nombrosos pull-out de

longitud important que dissipen molta energia. D’aquesta manera, la tenacitat del material

es redueix lleugerament en presència d’humitat, però en canvi augmenta notablement en

presència d’humitat i temperatura elevades.
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1 | Introduction

1.1 Background

Technological advances are allowing to use the knowledge acquired from the behavior

of natural materials into the design of structural components which nowadays can be

manufactured with advanced (composite) materials. An understandable example of

these natural or traditional materials is the structure of a tree, which is made up of cel-

lulose fibers and lignite matrix. The main advantage of these natural materials is that

the shape of the structure is able to adapt itself the mechanical loads given by both

the environmental conditions, such as the wind actions. The fibers bear the loads while

the lignite transfers the stresses and binds the fibers together. The resulting material

from two or more constituents or phases such as cellulose-lignite is known as compos-

ite material. Generally, the combination of two or more constituents produces better

mechanical properties than its mere individual components. The macroscale material

properties will depend not only on the nature of its constituents, but also on the geom-

etry and the behavior of the interface between them.

The industry has achieved an evolution of these materials by improving the material

properties through the analysis of the geometry and the composition of each material.

For instance, from using the mud bricks (straw-clay) to reinforced concrete (steel- con-

crete), where the brittleness of the concrete is improved by adding steel.

Composite materials are usually classified according to the reinforcement geometry or

to the matrix material. Related to the geometry of the reinforcement, composites can

1



Chapter 1 Introduction

be reinforced by long continuous fibers, short fibers or particles. In addition, related to

the matrix material, three sets of materials can be found: materials composed by Poly-

meric Matrix Composites (PMC), Metal Matrix Composites (MMC) and Ceramic Matrix

Composites (CMC). On the other hand, when long fibers are used to reinforce PMC, the

composite is known as Fiber Reinforced Plastic (FRP), using, for instance, Glass fibers

(GFRP) or carbon fibers (CFRP). They are often fabricated in the form of laminates, i.e.

a combination of thin plies stacked together with a suitable fiber orientation in order to

achieve the mechanical design requirements.

CFRP components offer higher strength-to-weight and stiffness-to-weight ratios than

metallic ones, thereby their use in aerospace industry is increasing, mainly because of

the capacity of producing lightweight structures.

The increasinguse of thesematerials in elementswith higher structural responsibility re-

quires thick laminates, so one of the concerns of the aeronautical industry is how these

composite materials are affected by changes in the environmental conditions. Some

structural components of a plane can be subjected to high temperatures and humid-

ity in the take-off phase and, minutes later, to below-zero temperature in regular flight

conditions. In spite of that, environmental conditions have been seldom considered in

the optimization of structural design neither on thin nor thicker laminates and generally

buckling is the main type of analysis considered.

Although some analytical approaches of simple structures are possible, the optimiza-

tion of composite structures is generally based on the use of Finite Element (FE) codes.

When a composite material is modeled in a FE code, a considerable number of mate-

rial properties are required. For example, to model a composite ply at the mesoscale

level, commonly considered as a tranversally isotropic material, the elastic properties

required are: longitudinal (Exx) and transverse (Eyy) elastic moduli at tension (Exx,T

andEyy,T ) and compression (Exx,C andEyy,C ); shear elasticmodulus (Gxy); Poisson’s

coefficients (out-of-plane νyz and in-plane νxy); longitudinal and transverse strengths

at tension and compression (XT and XC , YT and YC ) and longitudinal in-plane shear

strength (SL). Concerning the fracture toughness properties in order to simulate delam-

ination, the required properties are, at least: mode I (Gdel
c,I ), mode II (Gdel

c,II ) and mixed-

mode (Gdel
c,I,II ) fracture energies. Finally, other fracture properties are the longitudinal

2 Hygrothermal effects on CFRP: testing, analysis and structural optimization
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tensile fracture energy (GXT
c ) and the longitudinal compression fracture energy (GXC

c ).

The thorough characterization of all these properties is essential to design composite

structures and so most of these properties can be obtained following standards.

It is worth noting that some of the commented properties are strongly affected by en-

vironmental conditions. To illustrate that, Tables 1.1 and 1.2 present the values of some

properties found from the literature, which have been obtained considering moisture

and/or temperature conditions. In these tables, matrix-dominant properties, as Eyy,T ,

Eyy,C , YC , YT and SL, suffer a decrease with moisture [1–4], temperature [5] and the

combination of both [5, 6], whereas the fiber-dominant properties such as Exx,C and

Exx,T are generally stable [2, 4]. Exx,C and Exx,T would only change when temperature

is near the glass transition temperature, Tg.

As XT is also a fiber-dominant property, it suffers a decrease in the case of GFRP [3].

However, for CFRP is not clear because the variation is very small and depends on the

kind ofmatrix [4], increasing for the regularmatrix and decreasing for the toughermatrix.

This is due to the fact that carbon fibers do not absorb moisture and have a very small

negative Coefficient of Thermal Expansion (CTE) in their longitudinal direction. However,

matrix has high Coefficient ofMoisture Expansion (CME) and CTE [7, 8], so themoisture

absorption capacity and the expansion at high temperature are very large in comparison

with those of carbon fibers [9]. Therefore, some types of matrix can slightly influence

fiber-dominant properties as well.

Regarding the interlaminar fracture toughness, moisture and temperature have influ-

ence in all the propagation modes. It is specially relevant the increment with both

moisture and high temperature for Gdel
c,I [10–12]. This phenomenon can be explained

by means of the plasticity of the matrix, which causes a tougher behavior.

Nevertheless, from the authors knowledge, there are no experimental data available in

the scientific literature under hygrothermal conditions concerning the GXT
c . Only a brief

fractography description of failure mechanisms through Four-Point Bend Test speci-

mens is presented in [13]. In this study, it is relevant the evidences of fiber pull-out with

less resin under WET/HOT conditions close to Tg.

The lack of experimental data in this field is probably related to the fact that there are

only a standardized Single-Edge-Notched (SEN) specimen configuration for composite

Doctoral thesis 3



Chapter 1 Introduction

materials [14, 15] and standardized Compact Tension (CT) for metals. SEN only covers

fracture energy determination for damage initiation and the specimenconfiguration pro-

posed recently [16–19] showed larger fracture process zone. Moreover, GXT
c has usually

been considereda fiber-dominant property, so the environment conditionswere thought

not to have a relevant influence on these properties. However, as it was observed in [13],

thematrix-dominant properties andmatrix/fiber interface properties could be damaged

by environment and this could have a significant influence on the translaminar behavior

significantly. In addition, if matrix/fiber interface properties are relevant for translami-

nar fracture, moisture could affect considerably its behavior sincemoisture exploits the

capillaries of the interface, besides the cracks and voids, to get in the composite.

The achievement of good mechanical properties in a composite material depends cru-

cially upon the efficiency of stress transfer between fibers through the matrix, which re-

quires a proper adhesion of the constituents. In order to gain an understanding of how

hygrothermal conditions can affect composite structures, a study aboutwhat these con-

ditions are and an analysis about the behavior of these materials from the microscale

level have to be carried out.

4 Hygrothermal effects on CFRP: testing, analysis and structural optimization



1.1 Background
re

f
M
at
er
ia
l

Ty
pe

C
on

di
tio

ni
ng

1
E
la
s
ti
c
p
ro

p
e
rt
ie
s

S
tr
e
n
g
th

s
T

g
[◦
C
]

E
x

x
,T

E
x

x
,C

ν x
y

E
y
y
,T

E
y
y
,C

G
x

y
X

T
X

C
Y

T
Y

C
S

L

[G
P
a]

[G
P
a]

[]
[G

P
a]

[G
P
a]

[G
P
a]

[M
P
a]

[M
P
a]

[M
P
a]

[M
P
a]

[M
P
a]

[1
]

C
F
2
/5

22
8

U
D

A
R
/R

T
-

-
-

-
-

-
-

-
-

-
9
7.
9

-
W

E
T
(0

.9
9
%

w
at
er
)/
RT

-
-

-
-

-
-

-
-

-
-

87
.5

-
[5
]

C
F
/E

P
3

U
D

A
R
/H

O
T
(6
0

◦
)

-
-

-
-

-
-

-
-

-
-

10
8

-
W

E
T
(1
.3
%

w
at
er
)/
H
O
T
(6
0

◦
)

-
-

-
-

-
-

-
-

-
-

9
2

-
A
R
/H

O
T
(7
0

◦
)

-
-

-
-

-
-

-
-

-
-

10
9

-
W

E
T
(1
.3
%

w
at
er
)/
H
O
T
(7
0

◦
)

-
-

-
-

-
-

-
-

-
-

79
-

[2
0
]

C
F
/E

P
U
D

D
R
Y
/-

20
9

W
E
T
(1
%

w
at
er
)/
-

-
-

-
-

-
-

-
-

-
-

-
17

6
W

E
T
(1
.7
%

w
at
er
)/
-

-
-

-
-

-
-

-
-

-
-

-
16

0
[2
]

G
L4

/E
P

U
D
-Q

I
A
R
/R

T
49

.7
-

0
.2
5

22
.0

-
6.
28

12
12

-
54

.8
-

84
-

W
E
T
(0

.5
3%

w
at
er
)/
RT

50
.7

-
0
.2
7

19
.8

-
6.
0
2

11
62

-
48

.5
-

79
.6

-
W

E
T
(0

.8
7%

w
at
er
)/
RT

47
.5

-
0
.2
6

14
.8

-
5.
42

76
2

-
36

.4
-

52
.7

-
W

E
T
(1
.4
6%

w
at
er
)/
RT

51
.4

-
0
.2
6

13
.4

-
4.
68

47
4

-
26

.7
-

43
.1

-
[3
]

C
F
/E

P
U
D

[0
/0

]s
A
R
/R

T
-

-
-

-
-

-
-

-
-

-
84

.5
-

W
E
T
(1
.8
%
w
at
er
)/
RT

-
-

-
-

-
-

-
-

-
-

60
.8

-
U
D
-Q

I[
0/

90
]s

A
R
/R

T
-

-
-

-
-

-
-

-
-

-
66

.4
-

W
E
T
(1
.4
%
w
at
er
)/
RT

-
-

-
-

-
-

-
-

-
-

49
.6

-
[6
]

IM
7/

85
52

U
D

A
R
/R

T
-

-
-

-
-

-
-

18
12

.2
-

-
-

-
A
R
/H

O
T
(3
5◦

)
-

-
-

-
-

-
-

15
19

.1
-

-
-

-
W

E
T
(0

.4
%
w
at
er
)/
H
O
T
(3
5◦

)
-

-
-

-
-

-
-

11
29

-
-

-
-

[4
]

C
F
/E

P
*5

U
D

D
R
Y
/-

-
-

-
-

-
-

-
-

-
-

-
25

8
W

E
T
/-

-
-

-
-

-
-

-
-

-
-

-
22

0
D
R
Y
/R

T
15

2
80

-
11

22
-

16
0
0

18
70

51
29

7
-

-
W

E
T
(1
%
w
at
er
)/
RT

15
5

83
-

8.
5

12
-

16
70

14
0
0

21
21

0
-

-
[4
]

C
F
/E

P
6

U
D

D
R
Y
/-

-
-

-
-

-
-

-
-

-
-

-
19

7
W

E
T
/-

-
-

-
-

-
-

-
-

-
-

-
12

0
D
R
Y
/R

T
14

9
83

-
10

22
-

19
0
0

15
10

71
23

0
-

-
W

E
T
(1
%
w
at
er
)/
RT

14
9

83
-

8
15

-
18

50
10

10
21

.5
15

0
-

-

T
a
b
le

1.
1:

G
la
ss

tr
an

si
tio

n
te
m

pe
ra
tu
re

(T
g
),
el
as

tic
pr
op

er
tie

s
an

d
st
re
ng

th
un

de
r
hy

gr
ot

he
rm

al
ef
fe
ct

on
th
e
lit
er
at
ur
e.

1
H
um

id
ity

co
nd

iti
on

in
g
at

eq
ui
lib

riu
m

st
at
e/

te
m
pe

ra
tu
re

du
rin

g
te
st
.

2
C
F
:c

ar
bo

n
fib

er
.U

ns
pe

ci
fie

d
no

m
en

cl
at
ur
e.

3
E
P
:e

po
xy
.U

ns
pe

ci
fie

d
no

m
en

cl
at
ur
e.

4
G
L:

ga
ss

fib
er
.U

ns
pe

ci
fie

d
no

m
en

cl
at
ur
e.

5
F
irs

t
ge

ne
ra
tio

n
m
at
rix

6
To

ug
he

r
m
at
rix

th
an

*

Doctoral thesis 5



Chapter 1 Introduction
re

f
M
aterial

Type
C
onditioning

1
In
te
rla

m
in
a
r
fra

c
t.

to
u
g
h
n
e
s
s

[J/m
2]

Testm
ethod

T
g
[
◦C

]
G

d
el

c,I
G

d
el

c,I
I

G
d
el

c,I
,I

I

[10
]

T
30

0
/9

34
U
D

[0]1
6

D
R
Y
/RT

10
3

-
-

D
C
B
2

-
W

E
T
(0

.56%
w
ater)/RT

10
6

-
-

D
C
B

-
W

E
T
(2.1%

w
ater)/RT

129
-

-
D
C
B

-
U
D

[0]2
0

D
R
Y
/RT

10
3

-
-

D
C
B

-
D
R
Y
/H

O
T
(127

◦)
121

-
-

D
C
B

-
U
D

[0]2
6

D
R
Y
/RT

121
-

-
D
C
B

-
W

E
T
(1.5%

w
ater)/RT

138
-

-
D
C
B

-
U
D

[0
6 //(±

45
5 /0)]

D
R
Y
/RT

-
272

-
C
LS

3
-

W
E
T
/RT

-
239

-
C
LS

-
[11]

A
S
350

1-6
U
D

D
R
Y
/RT

130
322

-
D
C
B
/C

LS
-

U
D

W
E
T
/RT

152
29

7
-

D
C
B
/C

LS
-

T
30

0
-6K

/V
378A

U
D

D
R
Y
/RT

149
181

-
D
C
B
/C

LS
-

U
D

W
E
T
/RT

152
149

-
D
C
B
/C

LS
-

[12]
H
TA

/6376C
U
D

[0
1
2 //(±

5/0
4 )

s ]
D
R
Y
/C

O
LD

(-50
◦)

251.1
9
9
7.5

517.5
D
C
B
/E

N
F
4/M

M
B
4

-
D
R
Y
/RT

229
.4

883.1
452

D
C
B
/E

N
F
/M

M
B

-
D
R
Y
/H

O
T
(10

0
◦)

263.5
70

1.8
514.5

D
C
B
/E

N
F
/M

M
B

-
W

E
T
/C

O
LD

(-50
◦)

243.9
586.6

445.6
D
C
B
/E

N
F
/M

M
B

-
W

E
T
/RT

248.3
69

8.4
425.4

D
C
B
/E

N
F
/M

M
B

-
W

E
T
/H

O
T
(10

0
◦)

313.7
375.1

39
7.8

D
C
B
/E

N
F
/M

M
B

-
[21]

T
30

0
/9

14C
D
R
Y
/H

O
T
(9

0
◦)

-
413.3

-
E
N
F

222
W

E
T
(0

.9
4%

w
ater)/H

O
T
(9

0
◦)

-
427.4

-
E
N
F

165
W

E
T-saturated(2.53%

w
ater)/H

O
T
(9

0
◦)

-
39

0
.8

-
E
N
F

129
[21]

T
30

0
/M

10
D
R
Y
/H

O
T
(9

0
◦)

-
9
31.3

-
E
N
F

141
W

E
T
(0

.74%
w
ater)/H

O
T
(9

0
◦)

-
770

.6
-

E
N
F

118
W

E
T-saturated(2.0

2%
w
ater)/H

O
T
(9

0
◦)

-
578.6

-
E
N
F

-

Ta
b
le

1.2
:Fracture

toughness
properties

under
hygrotherm

aleffecto
n
the

literature.From
the

author
know

ledge,there
are

no
data

fortranslam
inar

fracture
toughness

under
hygrotherm

aleffects.

1
H
um

idity
conditioning

atequilibrium
state/tem

perature
during

test
2

D
ouble

C
antilever

B
eam

test
3

C
racked-Lap-S

hear
test

4
E
nd

N
otched

F
lexure

test
5

M
ixed-M

ode
B
ending

test

6 Hygrothermal effects on CFRP: testing, analysis and structural optimization



1.1 Background

1.1.1 Governing laws and physical phenomena

The heterogeneity of polymer-based composite materials generates the usual but com-

plex failure mechanisms, with an interaction of several damage modes (delamination,

matrix microcracking, debonding and fiber breakage). The way, the sequence of appari-

tion and the interaction of these mechanisms could be modified by the influence of the

hygrothermal effects. Most polymeric materials can absorb relatively small moisture

content from the surrounding environment along the service life of the structure. How-

ever, this is a continuous process, which can lead to substantial effects on the material

properties.

The uptake of moisture is usually measured by weight gain, Eq. (1.1):

M =
Wi − W0

W0
100(%) (1.1)

whereWi [g] and W0 [g] are the initial (as-received or dry condition) and the post-absorp-

tion specimen mass, respectively.

The physical mechanism for moisture gain is often assumed to be mass diffusion, fol-

lowing Fick’s Law [20, 22, 23] (Eq. 1.2), which was firstly proposed in 1855 [24] and then

confirmed by Whitaker et al. [25] for neat epoxy and carbon/epoxy composites (some

polymers have a non-Ficklian behavior [26]):

∂c

∂t
= Dz

∂2c

∂2z
(1.2)

being c the moisture content [ML−3]1. , t is the time [T], z is the point (at the thickness

or the length) [L]. Dz is the moisture diffusivity constant [L2T−1], which is a material

property that describes the rate at which the material absorbs/desorbs moisture, and

is defined as [23]:

Dz = π

(

h

4M

)2 (

M2 − M1√
t2 − √

t1

)2

(1.3)

1[M]: unit of mass, [T]: unit of time, [L]: unit of length
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where h is the specimen thickness [L], M is the effective moisture equilibrium content

[M] (see Eq. 1.1), M2 and M1 [M] allow to describe the slope of moisture absorption and

t1 and t2 [T] are respectively the initial and final time of a portion of the time curve.

The Fick’s Law equation is useful to determine the strain due to the moisture and the

moisture content until achieving the equilibrium state for a given moisture exposure

level, normally expressed by the Relative Humidity (RH). For a determined RH, the mois-

ture content increases gradually with the time until an effective equilibrium, established

when the variation of the moisture content is smaller than 0.01% in a determined t2-t1

time period [23]. If this equilibrium state has been achieved, the higher the RH is, higher

moisture content will be. The effective equilibriummoisture content can change slightly;

only when moisture content requires no measurable change, the moisture equilibrium

is absolute. In the same way, moisture saturation content is defined as the moisture

equilibrium content at the maximum possible moisture exposure level [23], 100% of RH,

normally achieved by immersion.

Temperature may affect moisture absorption in polymers. Diffusion is a thermally acti-

vated process and its temperature dependence is defined by the Arrhenius exponential

relation with inverse absolute temperature [27–29]:

Dz =
D0

eEA/(kT )
(1.4)

in which EA is the activation energy of diffusion, D0 the pre-exponential factor, T is the

absolute temperature (◦K) and k is the Boltzmann constant.

The moisture flow through-the-thickness occurs relatively slowly, so the temperature

influence (from 10◦ to 85◦C) is normally used in experimental tests to accelerate the

uptake of moisture inside a climatic chamber [23] and to achieve the equilibrium state

for a given RH in a reduced time. Only when themoisture equilibriumcontent is reached,

the local moisture content is uniform through-the-thickness of the specimen [30].

This process causes: dimensional changes known as swelling (measured by CME), a

plasticizer effect of the matrix [30, 31], a decrease of the Tg of the polymer and the

composite [20, 30], and reduces the matrix and matrix/fiber interface dependent me-

chanical properties of the composite [30]. Moreover, moisture can also penetrate into

8 Hygrothermal effects on CFRP: testing, analysis and structural optimization



1.1 Background

the polymeric by the capillary process [32]. The microcracks act as capillary channels

for moisture with a faster process [32] than diffusion and swelling and plasticity mech-

anisms can increase the capillarity in polymeric composites [33].

Consequently, thematerial service temperature orMaterial Operation Limit (MOL), which

is normally established as equivalent to Tg [30], decreases. This effect is usually re-

versible when water is desorbed and temperature is below Tg , but an interaction with

high temperature can cause irreversible effects, due to a chemical degradation of the

matrix and a weakening of the matrix/fiber interface [30, 31, 34]. This phenomenon

causes an increment of voids and microcracks into the polymer matrix and this is one

of the reasonswhy hot-wet conditioning is recommended to evaluate as the worst-case

effects of moisture content [30]. To determine a cold MOL, the moisture conditioning is

not required below room temperature, being -55◦C the coldest design service tempera-

ture generally considered [30]. However, it is worth noting for a given moisture content,

under negative temperature, water freezes and expands in the solidification process

and thus increases internal strains [35], which generates new cracks.

Therefore, in addition to the areas rich in resin, moisture exploitsmicrocracks, voids and

the capillaries of the material [34, 36], being the matrix/fiber interface and the surfaces

between plies or structural elements the most sensitive paths for penetrating into the

material. Consequently, these regions become weakened by moisture presence and

they are strongly weakened by the combination of high temperature and moisture.

In compositematerials, residual stresses are caused duringmanufacturing process but

damage due to initial thermal residual stresses by the shrinkage of the matrix is rarely

observed [37]. Therefore, capillarity occurs when water gets into the material along the

matrix/fiber interface by intermolecular forces between the liquid and the surfaces. On

the other hand, hygrothermal stresses induced by the mismatch CTE and CME of each

constituent, are mainly located at the matrix/fiber interface. Swelling is a reversible

effect, but a significant swelling could cause cracks, which is, of course, irreversible.

Constituent level

In a constituent level (microscale), fibers practically do not absorb moisture and matrix

has a high capacity of absorption (it can be five times higher than that of fibers [9]).
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And concerning the temperature effects, there is a large mismatch between both con-

stituents (carbon fibers have a negative CTE), so this effect may contribute to increase

or reduce the internal stresses [38]. During the manufacturing process, which depends

on the type of matrix and fibers [7], residual stresses are generated between matrix and

fibers. For instance, following the Hexcel manufacturer recommendations [39], for an

epoxy resin, a curing process of 120minutes at 180◦ has to be applied for curing a panel

with a thickness smaller than 15 mm. After the curing process, there is a cooling down

process until room temperature, when the residual stresses take place. These stresses

can be reduced by swelling during the moisture absorption process or by dilatation dur-

ing a positive temperature variation. By contrast, they increase with a drying process or

a negative temperature variation.

These effects can trigger or increase the lack of adhesion between constituents and

the apparition of failure mechanisms such as debonding or fiber pull-out, which were

studied without considering the hygrothermal effects around the 90s [40–43].

A good tool to observe and to understand the physical mechanisms of composite ma-

terials and the influence of the environment, is fractography analysis. As an example,

Fig. 1.1 shows two Scanning Electronic Microscope (SEM) images of a poor matrix/fi-

ber adhesion, with bare fibers (1.1(a)) or the imprints of the fibers on the matrix surface

(1.1(b)) [34].

(a) Fibers clean of matrix (b) Fiber imprints

Figure 1.1: SEM fractography of poor matrix/fiber adhesion [34].
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In a longitudinal tensile failure, a very weak matrix/fiber interface can increase the fiber

debonding before fiber failure occurs and can cause long fiber pull-outs, as shown in

Fig. 1.2. Therefore broom-like failures and the lack of matrix on the surface of the fibers

is commonly a general characteristic of a weak matrix/fiber adhesion [44, 45].

Figure 1.2: SEM image with a broom-like tension failure of a GFRP laminate [46].

Regarding the matrix constituent (transverse tensile failure), normally epoxy has been

mostly used for polymer composites because of the high elastic modulus and its good

behavior under thermal conditions [38]. Themain drawback of epoxy resin is the poor re-

sistance to crack propagation, which leads a small absorption of energy during fracture

[47]. In order to improve this, modified epoxy resin are being studied for commercially

availablematerials [48]. Themost recurrentmethods involve the use of rubber-modified

epoxy [48, 49] or thermoplastic particles on the matrix and on the surfaces of the plies

[50], which improve the interfacial adhesion and produces a tougher matrix with a slight

reduction of the elastic modulus and Tg [51]. In fractography inspections, this rubbery

behavior can be showed by small wrinkles, whichwill havemore presencewithmoisture

content. Lin and Chen [52] performed an experimental comparison with dry (Fig. 1.3)

andwet (Fig. 1.4) epoxy specimens. In addition, to the clear increment of these wrinkles,

they obtained different behavior from a slow to a fast propagation of the crack.
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Figure 1.3: SEM micrographs of the fracture surface of dry specimens: (a) the fracture surface
(x30); (b) the slow crack growth zone (x200); (c) the fast crack growth zone (x200); (d) the rapid
crack growth zone (x400) [52].

Figure 1.4: SEM micrographs of the fracture surface of wet specimens: (a) the fracture surface
(x30); (b) the slow crack growth zone (x400); (c) the fast crack growth zone (x100); (d) the rapid
crack growth zone (x400) [52].
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Laminate level

In a laminate level (mesoscale), the residual stresses between plies will depend on the

orientation and the thickness of each ply due to themismatch in CTE between longitudi-

nal and transverse direction of an unidirectional ply [53]. The effect of residual stresses

is visually appreciatedwith non-symmetric layups because the thermal and chemical ex-

pansion mismatch, between plies with different angle, leads to curvature development.

These out-of-plane strains are compensated in symmetric laminates [54], but internal

residual stresses keep existing.

Ogi et al. [55] determined that both moisture and high temperature relax the residual

stresses between plies. However, moisture increases the critical stresses for trans-

verse cracking and delamination but with high temperature these stresses decrease.

This comparison could be justified by a plasticity of the matrix with moisture content,

which is possible to analyze with fractography image taken between plies. In this field,

a study of hygrothermal effects on mode II delamination was developed by Zhao and

Gaedke [21], using SEM inspections. Two different moisture contents at equilibrium

state were chosen with high temperature for two carbon/epoxy composites, T300/M10

and T300/914C, the latter with a better modified matrix/fiber adhesion. Fig. 1.5 and

Table 1.2 depict the effect of moisture on interlaminar toughness for different values

of the moisture content. For the first material, Gdel
c,II decreases with moisture content

in spite of increasing the toughness with the plasticity of the matrix, which indicates a

gradual deterioration of the quality of the matrix/fiber interface. For the second mate-

rial, the middle moisture content shows a higher delamination toughness, while at the

highest moisture content, it presents the lowest toughness. This can be explained by

an interfacial strength high enough to resist the crack propagation because of the qual-

ity of the interface, shown in Fig. 1.5(c) and 1.5(d). On the other hand, a study of high

temperature effect, without moisture, was developed by Greenhalgh and Singh [56]. In

Fig. 1.6, an increment of bare fibers is shown, resulting in a reduction of Gdel
c,II .
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(a) Mode II delamination in dry specimen of

T300/M21. Moisture content is 0%

(b) Mode II delamination in wet specimen of

T300/M21. Moisture content is 0%

(c) Mode II delamination in wet specimen of

T300/M21. Moisture content is 0.74%

(d) Mode II delamination in dry specimen of

T300/914C. Moisture content is 0.94%

(e) Mode II delamination in wet specimen of

T300/914C. Moisture content is 2.02%

(f) Mode II delamination in wet specimen of

T300/914C. Moisture content is 2.53%

Figure 1.5: SEM inspection for delamination failure with moisture and temperature [21].
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On the other hand, the performance of a multidirectional laminate under hygrothermal

loads is strongly dependent on its stacking sequence [57]. Moisture could reduce the

thermal residual stresses and the diffusion process could be slowed by the multidirec-

tionallity of the lay-up. However, themismatch angle betweenplies and the ply thickness

affect the residual stresses, so the hygrothermal loads could have special influence for

larger mismatch angle and thicker plies.

(a) SEM fractography at room temperature (b) SEM fractography at 100◦

Figure 1.6: Effect of high temperature on static mode II toughness of a carbon/epoxy
material [56].

Structural level

In a substructural or structural element level (macroscale), for the author’s knowledge

in the scientific literature there are no published studies about hygrothermal effects on

the laminate composite structures such as stiffened panels. A common process is the

strategy for structural design, known as building block approach, which analyzes these

effects at each level from the selection of the material and stacking sequences to the

structural component.

However, composite joints can be affected by hygrothermal conditions and these ef-

fects depend on the residual stresses caused during the manufacturing process. A

joint can be manufactured by using adhesive bonds or by co-curing process [58]. In the

case of composite joints bondedwith adhesive, the presence ofmoisture could weaken
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the physical and chemical properties of the adhesive and the interface between adhe-

sive and surface [59]. The process can be performed at elevated temperature (one-part

epoxies cure) or at room temperature (two-part epoxies cure), which can be accelerated

with temperature. The advantage of curing at room temperature is the no existence

of residual stresses between elements. The MOL depends not only on the character-

istic of the composite, but also on the adhesive, so the service temperature is from

-40◦C to 100/180◦C and combinations between high-temperature adhesives with low-

temperature adhesives increase the range from -55◦C to 200◦C [60]. In both cases, ad-

hesives or co-curing processes, the interlaminar stresses between the joined elements

should be analyzed. Further relevance should have the hygrothermal effects when other

kind of 3D-reinforcements are used [61, 62], such as a thread (glass, aramid or carbon)

for stitching or tufting [63], and stiff carbon fiber rod in the case of Z-pins [64], which pro-

duces an improvement in the behavior of the joint but allows the moisture absorption

through the new voids.

Therefore, the matrix/fiber interface, the interface between plies and the surfaces be-

tween structural elements are themore affected zones by the hygrothermal effects and,

however, they have not been considered in optimization of stiffened panels nor in the

analysis of the translaminar fracture. A wider description about prior work related to

these issues is given below in the following subsections.

1.1.2 Translaminar fracture toughness

The failure of a laminate is governed by one or a combination of ply-level failure mech-

anisms, initially defined as [65] (see Fig. 1.7(a)):

• Translaminar crack progression through fiber tensile/compression failure.

• Transverse/longitudinal intralaminar matrix crack.

• Interlaminar crack. Failure occurs between plies.
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(a) Ply-level failure modes [65].

(b) Planes of fracture: (1) interlaminar fracture (2) intralaminar fracture (3)
translaminar fracture (after [66])

Figure 1.7: Terms related to failure modes from the literature.

This description is in accordance with the definition given by Kessler [66] (Fig. 1.7(b)),

where remarks the difference of the dominance of matrix failure for inter/intralaminar

fracture surfaces. By contrast, the so-called translaminar fracture is governed by fiber

failure.

According to the ASTM E1922 [14] in a laminate-level, the fracture toughness of the

laminate is known as translaminar. However, in the existent literature, this definition

is not clear. Some authors define the intralaminar fracture as the combination of any

failure inside the laminate (e. g. [16, 67]). Other authors assume the dominance of the

fiber fracture referring the term translaminar fracture as the combination of any failure

through the laminate (e. g. [34, 68–73]).

Doctoral thesis 17



Chapter 1 Introduction

To unify these terms, along the present document, translaminar fracture is considered

as the failure of the laminate caused by the combination of any failure through the lam-

inate with a fiber-dominant failure. Consequently, the main terminology for a multidirec-

tional or unidirectional laminate is stated as follows (see Fig. 1.8):

• Translaminar fracture of the laminate, which depends on the stacking sequence

or the architecture of the laminate. It combines matrix, fiber and matrix/fiber

interface failures.

• Translaminar fracture of plies at 0◦, which occurs in a perpendicular plane to the

fibers and is mainly affected by fiber breakage and fiber pull-out. It is equivalent

to the translaminar fracture toughness studied in [68–72].

• Transverse/longitudinal intralaminar fracture along the fiber, which refers to ama-

trix-dominant failure and/or a matrix/fiber interface failure.

• Interlaminar fracture, which refers to failure between plies.

Figure 1.8: Planes of fracture. Definition of intralaminar, interlaminar and translaminar failures.

The translaminar fracture toughness canbe obtained by the critical EnergyReleaseRate

(cERR) [74], GXT

c,I , also known as fracture energy, associated to translaminar fracture.

Consequently, the translaminar cERR, or fracture toughness, is the energy required to

fracture the material in a perpendicular plane to the loading direction. The dissipated

energy is the result of the combination of complex failuremechanisms such as the fiber
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breakage, matrix cracking, fiber pull-out and debonding, among which the fiber break-

age is the most dissipative damage mechanism. However, the breakage in bundles of

fibers and fiber pull-outs may contribute to alter the value of the fracture toughness

as well. Clements [75] and Greenhalgh [34] described these two failure mechanisms

as high-energy failure morphology (see Fig. 1.9(a)), while the failure characterized by a

compact bundle of fibers (see Fig. 1.9(b)) is described as a low-energy failure morphol-

ogy.

(a) Failure mechanism with high energy dissipated: breakage in bundles of fibers (left) and
fiber pull-outs (right) [75].

(b) Failure mechanism with low energy dissipated: breakage in compact bundle of fibers
[34, 75].

Figure 1.9: Failure mechanism comparison [75].
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These morphologies are directly related to the quality of the matrix/fiber interface [76],

which may be affected by the environmental conditions Therefore, a detailed study ac-

counting the exposure environmental conditions should be performed.

Although there is a standardized test to obtain the cERR [14], the proposed data reduc-

tion does not consider the orthotropy of the laminate. Therefore, the cERR of a wide

range of laminates should not be obtained by this method [65]. In this field, the differ-

ent specimens considered to obtain this property are explained in [65]. Compact Ten-

sion (CT) [19, 68, 69, 77], Over-Height Compact Tension (OCT) [78–80] and Double Edge

Notched Tensile (DEN-T) [16] specimens are being the specimensmore frequently used

in recent works. CT and OCT have been successfully used for materials with not very

high fracture toughness. However, for a tougher material, these specimens presented

buckling or compression failures at the back part of the specimens [81, 82] (see Fig.

1.10). Catalanotti et al. [16] obtained the fracture toughness by using DEN-T specimens

with a methodology based on size effect law [83–85], which is able to consider a wider

range of material orthotopies. The goodness of [16] is that thee undesirable failures of

CT tests are avoided, although the fracture is unstable.

Figure 1.10: CT specimen with a T800S/M21 quasi-isotropic laminate [82] (a) C-Scan inspection
with compression failure at the back part of the [(90/45/0/ − 45)2]s laminate, (b) C-San inspec-
tion for [902/452/02/ − 452]s laminate, (c) buckling of the [902/452/02/ − 452]s laminate. Test
performed by the PhD candidate

Recently, Bullegas et al. [70] developed a study using modified CT specimens at which

is triggered the failure morphologies in bundles of fibers to dissipate more energy. The

procedure consists of drilling micro-cuts at different heights close to the crack path as
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shown in Fig. 1.11. Fig. 1.12 depicts one of the patterns, which increased the fracture

toughness by 60% of the baseline without micro-cuts.

Figure 1.11: Micro-cuts drill along the crack path by laser system [70], where the desired fracture
is described by bundles of fibers.

Figure 1.12: SEM inspection of the highest-energy failure pattern studied by Bullegas et al. [70].
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Therefore, these mechanisms observed in translaminar fracture have to be analyzed

taking into account hygrothermal effects, since the energy dissipated due to pull-out

process can be affected significantly.

1.1.3 Stiffened panels

Many composite components in aerospace structures are made of flat or curved pan-

els with co-cured or adhesively-bonded frames and stiffeners. Although hygrothermal

effects are not commonly considered on experimental tests of stiffened panels due to

the cost of each test, the failure mechanisms showed by Orifici et al. [86–88] (see Fig.

1.13), for a T-shape joint at laboratory conditions, match those described previously with

hygrothermal effects for composite joints. Hence, for both mechanical and hygrother-

mal loads, the weakest zones are generally the interfaces between elements and the

areas rich of matrix. Additionally, all the combinations between mechanical and hy-

grothermal loads increase considerably the cost for experimental tests, so a tool able

to find an optimum panel for a given range of combination would be important to de-

velop.

Figure 1.13: Failure modes for T-shape stiffened panels [88]: (1) delamination failure in the lam-
inate at the skin-stiffener junction, (2) failure in the stiffener blade, (3) failure between skin and
stringer and (4) failure at core.
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In this field, optimization processes could be useful, where the stiffened panels has

been already analyzed taking into account mono- or multi- stiffened geometries and

considering one or more objectives and constraints depending on the complexity of the

problem (Tables 1.3 and 1.4). However, to the author’s knowledge, hygrothermal loads

have never been considered in such optimization procedures. The standard formulation

for an optimization problem is:

min F (xi) = [f1(xi), f2(xi), ..., fm(xi)] (1.5)

subject to

g(xi) < 0

h = 0

xl
i ≤xi ≤ xu

i

whereF (x) is the objective function, m the number of objectives,xi is the set of i design

variables with xl
i and xu

i as the lower and upper bounds. g and h are the constraints.

When m = 1 the expression indicates a mono-objective optimization problem and, by

contrast, for m 6= 1 the problem is multiobjective.

Optimizationmethods are generally classified in twomain categories: classic and heuris-

tic. Generally, classic methods explore the objective functions locally by iteratively com-

putating gradients, which is generally computationally expensive but guarantees fast

convergence even for large number of variables [89]. They tend to have issues with

problemswhich are not continuous or not differentiable, which is a common fact in engi-

neering problems. To overcome this drawback, during the last century different families

of heuristic methods were proposed. They avoid the computation of gradients and ex-

plore the objective function globally. They tend to be more effective for multi-objective

problems. The most popular families of heuristic methods for mechanical engineer-

ing problems are Ant Colony Optimization (ACO) methods [90] and Genetic Algorithms

[91, 92].

Furthermore, for engineering optimization problems where the structure has to be de-

fined to generally minimize a multiobjective function, there is a second classification:

parametric and topology optimization [93]. Parametric optimization defines the final
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size of each design variable with an initial shape of the element. It is the most used

in optimization of composite stiffened panels. By contrast, topology optimization op-

timizes material layout within a given design space, an area [93–95]. For instance, a

stringer shape (1.15) could be found by a specific section (e.g. T-shape) by parametric

study, while topology procedure could find the optimal stringer for any kind of section

from an initial area. For composite structures, Fig. 1.14 shows the optimal stiffener

layout for the fuselage obtained by topology optimization [95].

Figure 1.14: Topology optimization of a fuselage [95].

Additionally to the complexity of the optimization problem, the number of design vari-

ables xi considered can often be very high. In Fig. 1.15, the geometric variables for each

kind of stiffened are identified. Moreover, in order to reduce the stresses at the tip of the

stringer and to avoid the interlaminar damage, geometric run-out configurations can be

studied [96, 97]. On the other hand, the stacking sequence design is a special issue in

optimization procedures [89].
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Figure 1.15: Geometric design variables.

Different strategies have been used to simplify the optimization processes: global ap-

proximation techniques, fragmentation in sub-problems and multi-level optimization

problem.

• Global approximation techniques, known as surrogatemodels, response surface

models or metamodels [98], are able to have similar behavior than Finite Element

models, in terms of input and output patterns, and to get the requiredparameters

in a faster process. The most extended techniques are:

– Artificial Neural Network (ANN). Thismethod is based on biological system

by a training process [99]. They are able to reproduce characteristic typical

from the human brain, such as the capacity of memorize and associate

dates from the knowledge and experience. This system needs a training

pattern. Bisagni and Lanzi [100] and Lanzi et al. [101] used thismethod with

several networks with an optimum behavior by comparing to FE results.

– Radial Basis Functions (RBF) consist of a interpolation technique able to

describe non-linear functions and are suitable for interpolation of scattered

data.
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– Kriging models approximates non-linear functions as linear combination

of known regression model and a stochastic process.

Lanzi and Giavotto [102] compared three of these methods: ANN, RBF and

Kriging models. All of them obtained closed results with similar behaviors

in comparison to FE analysis.

– Other response surface models: Todoroki et al. [103–105] developed a

method based on branch-and-bound to obtain the constraints for the op-

timization process. Polynomial regression functions were also performed

by Rikards et al. [106, 107] and Badran et al. [108].

• Fragmentation in sub-problems. To simplify the global optimization problem,

some authors break up the general problem in several subproblems, reducing

the computational cost. For instance, Irrisarri et al [109] optimized the stacking

sequence of the skin in a first sub-problem and of the stringer in a second sub-

problem.

• Multi-level optimization. Similar to the sub-problem fragmentation, a multi-level

optimization process is usually used to consider different objectives or constraints

for each level [110]. Also, Herencia et al [111] used two-level strategy, correspond-

ing to different sets of variables.

Regarding the objectives F (xi), as previously noted, the most common objective used

in optimization of stiffened panels is the weight of the panel. However, additional objec-

tives to minimize the influence of hygrothermal effects on the joints of any composite

structure could be included in the study. Therefore, a multiobjetive optimization proce-

dure with the capacity to afford different load conditions should be considered.
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1.2 Motivation

1.2 Motivation

The present thesis has been developed in the framework of the project called Ensayo

Virtual y Supervisión Estructural de Revestimientos de CFRP: EVISER2 (funded by the

Miniterio de Economía y Competitividad-Gobierno de España with reference: DPI2009-

08048), which is focused on the virtual testing of stiffened panels of CFRP subjected

to different hygrothermal conditions.

The aeronautical industry is clearly concerned in reducing the weight of aircraft struc-

tures. Regarding the greenhouse effect, one of the main issues is the gas emissions

and, in aircraft, a reduction of the fuel consumption can be obtained by a decrease of

the weight of each element. This supposes that a wide study where both mechanical

and environmental loading has to be analyzed for structural elements and optimization

techniques can be a good tool for structural designing.

However, as presented in the previous sections, despite of the growing use of FRP in

structural elements, the behavior of composite panels under hygrothermal conditions

is still difficult to predict due to the lack of understanding of the failure mechanisms.

To access to the highest level of the building block approach, expensive experimental

tests are required, so a combination of testing and virtual analysis techniques is usually

employed to reduce certification costs.

Developing a numerical tool able to account the combination of both mechanical and

hygrothermal loads is essential for the numerical analysis. A constitutive model based

on the micromechanical behavior under hygrothermal understanding is needed. Never-

theless, the material characterization under hygrothermal effects is not enough to feed

up a virtual tool. Experimental tests have to be performed and analyzed in order to build

an understanding of the failure mechanisms under hygrothermal conditions, from the

first level of the building block approach.

Over all, for the translaminar fracture behavior where an analysis of the behavior of

the matrix/fiber interface could be performed. Hygrothermal conditions could affect

directly the quality of this interface and the efficiency of stress transfer between fibers

by the matrix may be reduced and, so changes the global behavior of the material.
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1.3 Objectives

The present thesis aims is to provide a wider understanding about the hygrothermal

effects on compositematerials. For that, two principal objectives have been considered:

In a first part, at developing the optimization procedure for composite stiffened panels

under combination of hygrothermal and mechanical loadings. In this procedure, an

optimum structure with a combination of the lowest weight, lowest tension between

skin-stiffeners and minimum strain is developed under several different environment

and mechanical loadings.

Throughout this first part of the thesis, the deficiencies of the material characterization

under hygrothermal effects have been detected, thereby a suitable procedure able to

involve hygrothermal conditions is needed. An experimental test campaign is proposed

to analyze part of the properties that could feed up a virtual tool and could increase the

knowledge about the hygrothermal effects on composite materials.

Therefore, a second objective in the first level of the building blocking approach is con-

sidered, where the translaminar fracture toughness of plies at 0◦ and translaminar frac-

ture toughness of quasi-isotropic laminates are analyzed experimentally considering

moisture and temperature effects. This part delves into the goal of experimentally ob-

taining the translaminar fracture toughness, and the analysis of the failuremechanisms

involved in the failure processes for different hygrothermal conditionings.

1.4 Thesis structure

In order to achieve the objectives described in Section 1.3, the thesis has been divided

into two main research blocks that are reflected in this document as two parts. Part I

includes Chapter 2 and contains the work related to the optimization procedure for stiff-

ened panels. Part II encompasses Chapters 3 and 4, containing the experimental in-

vestigations conducted to determine and analyze the intra- and trans- laminar fracture

toughness in CFRP considering hygrothermal effects in a cross-ply and quasi-isotropic

laminates.
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In Chapter 2 an optimization tool based on neural networks and genetic algorithms

able to reach an optimum stiffened panel under several hygrothermal and mechanical

loading is developed. Thiswork has beenpublished on the journal Composite Structures

[120] and also yielded two contributions to theNational ConferenceMATCOMP2011 [121]

and the International Student Conference SAMPE [122]. In Appendix A, is presented a

reproduction of the manuscript published.

In Chapter 3, experimental tests of a cross-ply laminate for obtaining the translaminar

fracture toughness have been performed. An in-depth research about the failure mech-

anisms for this kind of fracture is conducted for different hygrothermal conditions.

In Chapter 4, specimens of three quasi-isotropic laminates are tested for several condi-

tionings in order to find a suitable standard for the translaminar fracture toughness.

The second part of the thesis have been presented in the National Conference MAT-

COMP 2015 [123] and in the International Conference on Composite Structures (ICCS17)

[82]. The work corresponding to Chapter 3 have been submitted to Composite Science

and Technology [124] and the corresponding to Chapter 4 to Composite Part A - Applied

Science and Manufacturing [125].

The thesis is concluded in Chapter 5 and 6, where general concluding remarks and rec-

ommendations for future research are given, respectively.
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2 | Optimization of composite

stiffened panels under

mechanical and hygrothermal

loads using neural networks and

genetic algorithms

Abstract. The present work develops an optimization procedure for a geometric design of a

composite material stiffened panel with conventional stacking sequence using static analysis

and hygrothermal effects. The procedure is based on a global approach strategy, composed

by two steps: first, the response of the panel is obtained by a neural network system using the

results of finite element analyses and, in a second step, a multi-objective optimization problem

is solved using a genetic algorithm. The neural network implemented in the first step uses a

sub-problem approach which allows to consider different temperature ranges. The compression

load and relative humidity of the air are assumed to be constants throughout the considered

temperature range.

The mass, the hygrothermal expansion and the stresses between the skin and the stiffeners are

defined as the optimality criteria. The presented optimization procedure is shown to yield the

optimal structure design without compromising the computational efficiency.
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Chapter 2 Optimization of composite stiffened panels

2.1 Introduction

Fibre reinforcedpolymer (FRP) compositematerials have been used in the aerospace in-

dustry because of their high strength-to-weight and stiffness-to-weight ratios, and good

behavior under elevated temperature environments. However, the major drawback of

these materials is its high cost, so a suitable design and optimization process is essen-

tial in order to improve their structural behavior to cost ratio.

This has led several authors to study the optimization of composite panels, considering

frequently as an objective the minimum mass, by geometric [107, 108, 114] and stack-

ing sequence design [103–105, 109, 110, 115, 116, 119]. On the other hand, these studies

have focused on buckling or post-buckling dynamic analysis, without considering envi-

ronmental effects. Nevertheless, these structures are exposed to extreme environmen-

tal conditions and some researchers have studied optimization problems of laminated

composite plates with thermal effects to maximize the critical temperature capacity

with uniform [126, 127] or nonuniform temperature distribution [128]. In addition, Ijssel-

muiden et al. [129] carried out a thermomechanical design optimization of composite

panels and Cho [130] studied the hygrothermal effects in optimization problems of dy-

namic behavior, where temperature and moisture are assumed to be uniform once they

have reached equilibrium.

Moisture and temperature changes affect the stiffness and strength of composites, and

generate tensions between bonded sub-components. Their static and dynamic behav-

iors can depend significantly on such hygrothermal conditions. The combination of

both phenomena is usually known as hot-wet (H/W) conditions. This state is charac-

terized by moisture absorption by the matrix due its exposure to humid air and high

temperature, which reduces the mechanical properties of the laminate. Additionally,

this absorption causes a volume increase and consequently internal tensions between

elements and interfaces. Experimental results show the influence of the temperature in

moisture absorption [57, 131–133], so this phenomenon should be analyzed for different

thermal load cases and hygrothermal effects should be considered in any design and

optimization process. On the other hand, Orifici et al. [86, 88] analyzed the post-buckling
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failure of T-shaped stringers classifying in four failure modes: bend, blade, flange and

core failure. The authors also found that delamination arises under the edges of stiff-

eners and the triangular resin-rich area.

The solution of the optimization problem is generally obtained with genetic algorithms

(GA) which have become one of the most employed solution method in engineering

problems since they can handle integer, zero-one, discrete and continuous variables

and are effective with nonlinear functions and non-convex design spaces. Due to this,

both geometric and stacking sequence variables can be introduced. Thesemethods are

based on Darwin’s theory of natural adaptation and biological evolution [91, 92], which

is translated into algorithmic terms through the computational operators of selection,

crossover and mutation. In engineering applications, the evaluation of the objective

function may be performed by means of an analytical function or, frequently, a numeri-

cal model (a finite element model, for instance). Since a large number of evaluations is

generally required to obtain the optimal solution, the whole solution process implies a

high computational cost. Some authors have used global approximation techniques to

reduce function evaluation computational time by using data previously obtained with

analytical or numerical methods. In this direction, Bisagni et al. [100] developed an opti-

mization procedure with a global approximation strategy based on obtaining the struc-

ture response bymeans of a system of artificial neural networks (ANN) and GA. Lanzi et

al. [101] performed a comparative study between three different global approximation

techniques: ANN, krigingmethod and radial basis functions. All the techniques showed

a similar behavior that the dynamic finite element (FE) analysis and computational time

was satisfactorily reduced.

The aim of the presentwork is the definition of a fast multi-objective optimization proce-

dure for the geometric design of stiffened panels under mechanical and hygrothermal

loads, which minimizes the mass, the stresses between elements and the strain due to

hygrothermal effects. The optimization problem is subject, in turn, to the correspond-

ing constraints of tensions between stiffener-skin, provided by a failure criterion. The
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optimization procedure is carried out under different thermal load cases. A global ap-

proximation technique based on ANN is used to reduce computational cost.

This paper is structured as follows: firstly, in Section 2, a standard panel is analyzed

to set up the model that will compute the objective functions and to define suitable

constraints; the optimization process is described in Section 3; next, results are shown

in Section 4 and finally, conclusions are presented in Section 5.

2.2 Definition of the multi-objective problem

2.2.1 Stiffened panel design

The considered structure is a compression loaded stiffened composite panel with three

stringers, as shown in Figure 2.1. This kind of panels represents a flat and partial ide-

alization of the wings and fuselage structures of commercial aircrafts and so is fre-

quently used in analysis and testing as a subcomponent. It is made of carbon fiber

reinforced polymer (CFRP) and is symmetric in x-z and y-z planes. The stiffener sec-

tions are double-L shaped1 showing rounded corners with a mean radius of 4 mm

for construction reasons. No run-outs are present. The different stacking sequences

corresponding to each part of the geometry are shown in Figure 2.1. Ply thickness is

0.184mm.

The specimen studied in this work is made with Hexcel T800/M21 prepeg ribbon of

epoxy matrix reinforced with unidirectional carbon fibers. Its properties are shown in

Table 2.1.

1 Cure process: The panel and stringers are manufactured independently according the
manufacturer recommendations [39] and they are joined by using of high-temperature and low-
temperature adhesives.
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2.2 Definition of the multi-objective problem

Figure 2.1: Stiffened panel (dimensions in mm).

Property Value Description

Exx[GPa] 134.7
Young’s modulus

Eyy = Ezz [GPa] 7.7

νxy = νxz 0.369
Poisson’s ratio

νyz 0.5

Gxy = Gxz [GPa] 4.2
Shear modulus

Gyz [GPa] 2.5

αxx[°C−1 ] -3.08·10−7

Coefficient of thermal expansion1

αyy = αzz [°C−1 ] 3.18·10−5

ρ[Kg/m3 ] 1590 Density

XT [MPa] 2290.5 Longitudinal tensile strength

XC[MPa] 1051 Longitudinal compression strength

YT [MPa] 41.43 Transverse tensile strength

YC[MPa] 210 Transverse compression strength

SL[MPa] 69.4 Shear strength

SIS[MPa] 106.48 Shear strength in situ

α[°] 53.5 Transverse compression fracture angle

β 5.10−8 Shear response factor

g 0.5769 Toughness ratio (GI /GII )

1 Values obtained using the relations described in [134].

Table 2.1: T800/M21 UD CFRP properties [135].
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The parametric analysis of the stiffened panel is performed in function of three geo-

metric design variables x = (x1, x2, x3) where x1 is the stringer base width, x2 is the

stringer rib and x3 is the distance between stringers with domains set forth in Table 2.2

and x ∈ Ωd, where Ωd is the decision space.

Geometric variables: x Lower bound: x(l) Upper bound: x(u)

x1: Stringers base width 20 30
x2: Stringers rib 20 30
x3: Stringers separation 70 110

Table 2.2: Geometric variables domain (mm).

2.2.2 Model of the panel: finite element modeling

For the automatic parametric generation of panels, a python code is used together with

the commercial software ABAQUS [136]. The stiffened panels are modeled by 4-node

shells S4R, with six degree of freedom at each node, three integration points along the

thickness for each ply. A compressive controlled displacement is applied to each trans-

verse edge, while the longitudinal edges are free, as shown in Figure 2.1. On the other

hand, different temperature states are considered with a constant moisture.

The temperature and moisture are assumed to be in equilibrium state. The thermal

strain is defined as ǫT =α∆T and the moisture strain has been computed by the formu-

lation proposed by Chang et al. [133] which considers the influence that temperature

has in moisture strain for HTA1200A/ACD8801 material:

ǫH =
0.591R

T + 273
(2.1)
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where T is considered as the final temperature of the ∆T and R is the relative humidity.

This approach is used for transverse and out-of-plane direction, while the longitudinal

moisture strain is considered negligible [7]. So the general form of stress-strain rela-

tionship for a transversely isotropic ply in which temperature and moisture effects are

considered is ǫTot = ǫT + ǫH + ǫ, where the components are:
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(2.2)

A standard stiffened-panel, analyzed in a previous project [135], is taken as the reference

panel with the following dimensions: x1 = 24 mm, x2 = 24 mm and x3 = 100 mm. The

behavior of the reference panel under different compressive and hygrothermal loads

is studied in depth, using LaRC-03 failure criterion [137], which defines the following

variables: failure indexes for transverse tensile failure (FIT T ), transverse compressive

failure (FIT C ), longitudinal tensile failure (FILT ), and longitudinal compression failure

(FILC ).

For temperature rising cases, the strains in the perpendicular direction are higher than

the temperature decreasing cases, and localized in the stiffener bases, so the tensions

between stringers and skin also increase. However, FIT C and FILC indicate that the

panel is capable of supporting larger temperature increases without breaking up to 1.45

mm compressive controlled displacement.

For decreasing thermal variations, the panel shows lower tensions, breaking with varia-

tions between -50° and -125° and compressivemoderated displacement, depending on

the final temperature. In these cases, FIT T and FILC are the most important failure

indexes. The interaction betweenmoisture and thermal effects helps to the behavior of

the panel but the matrix is damaged after the moisture absorption. Different environ-

mental conditions with decreasing and rising thermal variations have been considered

in the optimization problem.
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2.2.3 Definition of subproblems

The behavior of the panel under a wide range of temperatures leading to different fail-

ure modes is analyzed. For this purpose, the initial problem has been decomposed into

seven sub-problems so that, for each one, different ranges of temperature are consid-

ered. Initial temperatures correspond to the most significant values used in experimen-

tal analysis (generally -55°C, ambient temperature, 70°C, 90°C and 120°C) and tempera-

ture variations are chosen by the most important cases within the considered temper-

ature range from -55°to 120°[138], where the minimum and the maximum service tem-

perature commercial transport aircraft are considered as -54°C and 71°C respectively

and the design ultimate loads at temperature up during takeoff and landing is 93°C; the

temperatures higher than 100°C are considered only for special cases, such as super-

sonic transport, fighter, and bomber aircraft. So the different subproblems described in

Table 2.3 were considered. The variables TI (initial temperature) and ∆T (temperature

variation) form the vectors yn = (y1n, y2n) wheren is the number of each subproblem.

Subproblem (n) Loading conditions

Mechanical Hygro (H [%]) Thermal (T [°C])

Compression TI
1(y1) TF

2 ∆T 3(y2)
(Controlled displacement)

SP1

1.9mm 70

-55 120 175
SP2 20 120 100
SP3 70 90 20
SP4 20 -55 -75
SP5 70 20 -50
SP6 90 -55 -145
SP7 120 -70 -190
1Initial temperature
2Final temperature
3Temperature variation

Table 2.3: Loading conditions for each subproblem.
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2.2.4 Formulation of the multi-objective optimization problem

A multi-objective problem is established, which seeks to minimize the weight of the

panel f1(x, yn), the local strain in direction perpendicular f2(x, yn) and the tension

between skin and stiffeners f3(x, yn). All three objective functions are considered to

be equally important.

In this way, the optimization problem can be formulated as:

Minimize Y (f1(x, yn), f2(x, yn), f3(x, yn)) Y ∈ Ωo

Subject to gk(x, yn) > 0 k = 1, 2

x
(l)
j ≤ xj ≤ x

(u)
j

where yn = (y1n, y2n)

x = (x1, x2, x3)

(2.3)

where Ωo is the objective space. The constraints gk(x, yn) are defined as:

g1(x, yn) = 1 − FITC(x, yn)

g2(x, yn) = 1 − FILC(x, yn)

}

if ∆T > 0, (2.4)

g1(x, yn) = 1 − FITT(x, yn)

g2(x, yn) = 1 − FILC(x, yn)

}

if ∆T < 0

2.3 Optimization procedure

The solution of the problem, displayed in Eq. 2.3 and 2.2.4, implies a high computational

cost for the optimization process since the values of the objective functions and the

constraints are obtained from a parametrized FE model. For this reason, the procedure

shown in Figure 2.2 based on a global approximation technique is used to reduce the

computational time. This procedure is composed by two steps:

1. A system of ANN that is partially capable to reproduce the solution of the FE

model is developed. To the seven inputs corresponding to each subproblem
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En(In) it delivers the different outputs composed of the objectives and con-

straints En(On).

2. A GA obtains to get the optimal value for the design variables previously de-

scribed.

STEP 1

Finite Element
Analysis

Training set E (I On={ , )}n n

Not Converge

& initial population

Converge

En

On

x

Neural
Netwoks
System

Objectives

Constraints

Fitness
Function

Genetic
Algorithm

Final Design

STEP 2

Figure 2.2: Optimization scheme.

2.3.1 Model of the panel: neural network modeling

An ANN is a system used for information processing whose basic unit is inspired by the

fundamental cell of the human nervous system: the neuron. This system is capable of

acquiring knowledge and resolve situations that can not be expressed mathematically

by the experience [99].

The ANN needs a learning process and a training set, composed of input-output pat-

terns, as known examples. The input signals of an artificial neuron are continuous

variables instead of discrete pulses, as presented in a biological neuron. Each input
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signal passes through a weight or gain, known synaptic weight or strength of the con-

nection whose function is analogous to the synaptic function of the biological neuron.

An other term, calledbias, supposes a reinforcement of these connections. The summa-

tion node accumulates all input signals multiplied by the weights and bias and output

passes through a transfer function or, where appropriate, activation function. The result

of this sum is known as propagation function, which obtains the output vector.

A commercial software, Matlab [139], was applied for developing an ANNprocedure that

includes the following process:

• Choice of data set. The training data set is composed by seven subsets that

correspond to the different sub-problems displayed in Table 2.3. The set consists

of an input-output pattern-pairs obtained through FE analysis.

The input pattern forms a vector In, composed of the geometrical parameters x

and the vector yn, and the output pattern On, composed of the corresponding

responses of the panel for each sub-problem (objectives and constraints).

• Architecture of the ANN. The complexity of the problem is solved by using by a

suitable architecture to implement the information of the input-output pattern for

each sub-problems discussed that, once inside the network will be merged.

This architecture, shown in Figure 2.3, is defined by multilayer perceptron (MLP)

that consists of an input layerwith a vector dimensions In , two hidden layerswith

compet and tansig functions as activation and transfer functions respectively, and

Levenberg-Marquardt [140] backpropagation learning rule and an output layer,

with tansig function, that obtains the vector On, calculated from the bias and

weights are adapted after training in the network.

• Training of the ANN. The ANN is taught to form the relationship between input

and output variables by the training data set of known input-output patterns. This

set is composed by the response of 120 FE analysis for each sub-problem to

achieve a good performance of the system. A data processing MSE of about

10−4 is obtained.
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Figure 2.3: Neural Network scheme

2.3.2 Genetic algorithm

A variant of the algorithmNon-dominated Sorting Genetic Algorithm II (NSGA-II) [141] is

used to solve the formulated problem by the Toolbox for Matlab (Global Optimization).

It is one of the results of the evolution of the GA and is based on the application of

elitism preserving the use of Pareto front. This elitism is controlled by two options: the

Pareto fraction and crowding distance measure functions. The first, limits the number

of individuals on the Pareto front and the distance function helps to maintain diversity

on a front by favoring individuals that are relatively far away on the front.

The fitness function, which measures the genetic informations of each individual, is

composed of the different objectives and the constraints. A penalty method is used to

describe the constraints, reported in Eq.2.2.4. The individualswith better characteristics

survive during the evaluation process.
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The genetic search is performed with a population size of 75 members, generated ran-

domly, with a ’genotype’ function as crowding distance measure and the value of the

Pareto fraction is set as 0.5.

2.4 Results and discussion

The GA converged after 33 generations and required 1701 fitness function evaluations.

A considerable reduction of the computational cost is achieved with the optimization

procedure proposed. In fact, to obtain the optimal configuration, 120 FE analysis for

each subproblemwere performed in a total computational time of about 35 h. The used

computer is a DELL Precision T1500 with an Intel® CoreTM i5 CPU with 2.67GHz, 4GB

of RAM, Windows 7 x64 Edition. The CPU time required by the ANN training process

was approximately 25 min, while the computational cost for optimization was about

8 min. However, a direct optimization using GA coupled with FE analysis supposes

about 1701 different simulations for each subproblem, which means roughly 500 h of

computational time.

The optimal panel has been selected between all those solutions of the Pareto front

such as each objective function has the same weight. This panel is characterized by

a mass of 378 g and the following dimensions: x1=26.397 mm, x2=21.404 mm and

x3=90.23 mm.

The solution obtained using the ANN modeling is compared with the FE modeling for

each subproblem as shown in Table 2.4.

In turn, all the failure indexes of LaRC criterion are verified to be lower than 1. For this

parameters, the most restrictive problems have been the SP1 for temperature increase

and SP3 and SP6 for temperature decrease. In comparison with the reference panel,

the reduction in mass is 0.54%, and the hygrothermal strain and the tensions between

the stiffeners and the skin are reduced about 6.48-3.43% and 7.55-4.99% respectively

depending on the subproblem (Table 2.5).

Positive and negative temperature increments of five degrees are considered for each

interval in Figure 2.4, where the comparison between these panels is shown for the ex-

treme temperature cases. In both cases, the reference panel breaks as failure indexes
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Method SP1 SP2 SP3 SP4 SP5 SP6 SP7

Objectives m (g) 378
σxy(MPa) FE Analysis 32.84 28.79 25.43 24.85 23.90 22.08 22.49

NN System 33.15 29.89 26.50 24.66 24.16 21.80 22.05
error (%) 0.9 3.1 4.2 0.7 1.1 1.2 1.9

ǫyy FE Analysis 4.76 4.46 4.24 4.23 4.22 4.22 4.21
NN System 4.78 4.57 4.16 4.17 4.17 4.35 4.23
error (%) 0.4 2.5 1.9 1.4 1.2 3.0 0.5

Constraints FITT FE Analysis - - - 0.32 0.42 0.948 0.784
NN System - - - 0.31 0.45 0.93 0.81
error (%) 6 7.1 1.9 3.3

FILC FE Analysis 0.996 0.64 0.61 0.58 0.47 0.996 0.87
NN System 0.97 0.68 0.65 0.54 0.49 0.98 0.89
error (%) 2.6 6.2 6.5 6.9 4.2 1.6 2.3

FITC FE Analysis 0.978 0.80 0.36 - - - -
NN System 0.98 0.82 0.38 - - - -
error (%) 0.2 2.5 5.6

Table 2.4: Objectives and constraints values by each subproblem.

values indicate in Figures 2.4(a) 2.4(d) while the optimal panel shows a good perfor-

mance and the strain and the tension between the stiffeners and the skin are consider-

ably reduced.
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Panel SP1 SP3 SP6

Objectives m(g) reference panel 379
optimum panel 378
reduction (%) 0.54

σxy(MPa) reference panel 35.52 27.06 23.24
optimum panel 32.84 25.43 22.08
reduction (%) 7.55 6.02 4.99

ǫyy reference panel 5.09 4.46 4.37
optimum panel 4.76 4.24 4.22
reduction (%) 6.48 4.93 3.43

Table 2.5: Comparison of the reference and optimal panels for the most restrictive subproblems.

(a) SP1: Failure Indexes (b) SP1: σ12 (c) SP1: ǫ22

(d) SP6: Failure Indexes (e) SP6: σ12 (f) SP6: ǫ22

Figure 2.4: Comparison between reference and optimal panels
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2.5 Conclusions

An optimization procedure for stiffened panels under mechanical and hygrothermal

loads has been developed. This procedure consists of the interaction between an ANN

system and a GA with the purpose of reducing the computational cost that could reach

a direct optimization using FE analysis to obtain the response of the panel. For the cor-

rect definition of the optimization problem, the behavior of a reference panel has been

analyzed by means of FE with the aim of selecting the most significant objectives and

constraints for the possible load states.

A set of seven subproblems characterized by different temperature ranges and mois-

ture presence was considered in the optimization procedure. This decomposition of

the initial problem in several subproblems helps to analyze the hygrothermal effects

with negative or positive thermal variations and to find the optimal panel for the maxi-

mumnumber of load cases at which these structural elements can be subject. However,

the implementation of different subproblems increases the computational cost in the

optimization problem.

The use of ANN systems can increase the speed of the optimization processes, reduc-

ing the computational cost about 92.8%. The drawback of these tools is the time re-

quired to design its architecture to obtain the suitable learning, which can be higher

in specific terms and affect the optimization results. However, comparing the optimal

panel behavior calculated with FE analysis and ANN system, it can observed that is suit-

able for all subproblems and is able to reduce the several objectives satisfying the con-

sidered constraints. Comparing the optimal and reference panels, the mass is reduced

about 0.54% and the hygrothermal strain and tension between stringers and skin are

decreased until 6.48% and 7.55% respectively in specific load cases.

In conclusion, ANN and GA reduce the computational cost with suitable accuracy and

can help to implement several load states to minimize the global problem. These tools

can be used in engineering applications with a unique or various ANN systems. On the

other hand, to reduce the time required to train the ANNand replace the problematic trial-

and-error approach, a GA system could be used to find the optimal internal architecture.
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3 | Hygrothermal effects on the

translaminar fracture toughness

of cross-ply carbon-epoxy

laminates: failure mechanisms

Abstract. The present work addresses the damage mechanisms of polymer-based laminated

composite materials under different hygrothermal conditions by means of the translaminar frac-

ture toughness using Double Edge Notched Tensile tests of a cross-ply laminate manufactured

with T800S/M21 carbon/epoxy material.

Three different conditionings were considered: as received-room temperature (AR/RT), wet-room

temperature (WET/RT), and wet-high temperature (WET/HOT). The highest fracture toughness

was for WET/HOT and the lowest forWET/RT. To observe the corresponding failuremechanisms,

Scanning Electronic Microscopy (SEM) analysis was performed. The SEM inspections show that

the pull-out length and the frictional coefficient are the most significant parameters that best ex-

plain the differencesobserved in the crack propagation and the fracture toughness. For AR/RT, the

suitable adhesion between components allows stresses to be transferred from the matrix to the

fibers, so the crack is practically continuous in the same failure plane and the pull-out is barely vis-

ible. However, higher pull-out lengths can be observed in WET/RT and WET/HOT, especially in the

secondone. ForWET/RT, the crack surface shows fiber bundles at different pull-out lengths, while

for WET/HOT fibers are broken individually at longer pull-out lengths. According to the moisture

absorption in WET/RT and WET/HOT, a lower frictional coefficient is thought to slightly reduce

the fracture toughness, which can be compared between AR/RT and WET/RT. Nevertheless, the

highest fracture toughness is caused by the large pull-out lengths in WET/HOT tests, despite the

reduction of the frictional coefficient.
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Chapter 3 Hygrothermal effects on the translaminar fracture toughness: CP laminates

3.1 Introduction

The heterogeneity of polymer-based composite materials generates complex failure

mechanisms where several damage modes (delamination, matrix microcracking, de-

bonding and fiber breakage) interact. In multidirectional laminates under tension or

compression loading, fiber breakage can be considered the most significant failure

mechanism. That is because fibers are the principal load-carrying component, while

the matrix binds the fibers together and transfers loads between them [142].

Environmental agents can considerably affect the interaction of failure modes, espe-

cially by acting on the matrix degradation and the matrix/fiber interface or interlaminar

cohesion between plies, which will affect the stress transfer mechanisms.

Following Fick’s Law [20, 22], moisture is absorbed by the matrix through a slow diffu-

sion process, which causes dimensional changes known as swelling. Additionally, the

glass transition temperature (Tg) decreases and the matrix and matrix/fiber interface

mechanical properties are modified. The moisture exploits microcracks, voids and the

capillaries along the fiber/matrix interface and between plies [34, 36], and these regions

become weakened. On the other hand, fibers do not absorb moisture: therefore the ab-

sorption capacity of the matrix can be five times higher than the fiber [9]. The swelling

difference between the fiber and the matrix can cause stresses in the interface. More-

over, matrix cracking could appear as a result of expanded frozen water [36].

Concerning the temperature effects, the mismatch between matrix and fibers thermal

expansion may cause internal stresses in the interface. In fact, carbon fibers have a

negative thermal coefficient in their longitudinal direction, which can magnify this ef-

fect. Furthermore, at high temperatures, transverse microcracks occur mainly at the

fiber/matrix interface [138].

Combined hygrothermal conditions affect the service performance of composite struc-

tures. First, this combination acts on the moisture diffusion velocity since it depends

on the temperature [133, 143]. Moreover, with high temperature the presence of micro-

cracks at the interface increases, so the moisture can penetrate into the composite

more easily. Another effect, previously mentioned, is that the higher the moisture, the
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lower the Tg. The combined effects of moisture and temperature can affect the ma-

terial strength positively or negatively. For instance, WET/COLD conditions, can cause

thermal stresses because of low temperature, but those stresses can be compensated

by swelling [34]. On the other hand, the WET/HOT condition is often considered to be

the worst scenario. Actually, an extreme Relative Humidity (RH), common in tropical

zones [30], is usually taken into consideration together with a high temperature nearby

the Tg. A testing temperature of 120◦C is considered as extreme and is assumed to

be encountered only in supersonic transport, fighters, bomber aircraft or in determined

components of the wings, especially on the leading edges of the lifting surfaces or near

the engines [120, 138, 144]. The application of an advanced polymer matrix composite

is generally limited to a temperature of 120◦C [36].

Matrix-dominated mechanical properties, such as compression strength [6, 145] and

shear strength [4, 5, 146, 147] or and fiber-dominated mechanical properties like tensile

strength [4, 143], have been studied under different hygrothermal conditions. The previ-

ous research highlights that there are two zones that are especially weakened because

of the moisture and/or temperature: the interlaminar [12, 36, 148] and the matrix/fiber

interface regions. Hygrothermal effects on the critical energy release rate for mode I

(Gdel,I
c ) and mode II (Gdel,II

c ) delamination have been studied previously by Asp [12] for

dry and wet specimens, where the higher the temperature, the greater the decrease of

Gdel,II
c is in both cases, with lower values for wet specimens. In contrast, Gdel,I

c seems

unaffected by moisture and slightly increases at elevated temperatures.

Regarding to the matrix/fiber interface, some studies were performed in the 90s [40–

43], include an exhaustive review published by Kim andMai [76], in which interface prop-

erties are described in terms of fiber debonding, fiber pull-out and stress distribution.

The Interfacial Shear Strength (IFSS) [1, 149] is a good measure of the effectiveness of

the interactions at the interface. Biro et al. [22] tested the IFSS of two carbon/fiber com-

posites at hygrothermal conditions using microbond tests with two steps of moisture

content. They found an IFSS reduction in both cases and an even larger decreasewhen

moisture exposure increases. A microindentation analysis of an IFSS [150], only con-

sidering material moisture effects, was performed by Bradley and Grant [149], whose

results demonstrated a degradation of the interface.
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However, although a single-fiber experimental model system can contribute to the un-

derstanding of interactions at the interface, it does not show the global behavior in a

composite material and it does not provide information about the stress transfer in-

side the laminate. On that topic, intralaminar fracture (direction along the fibers) and

translaminar fracture (perpendicular to the fibers, plies at 0◦) and translaminar fracture

of the laminate (through the laminate) could result in useful information.

During the propagation of a translaminar crack, energy is dissipated throughfiber-matrix

interface debonding, fiber fracture and the fiber pull-out [151].

Until now, several different tests have been used to obtain the intra- and translaminar

fracture toughness without considering hygrothermal effects by Compact Tension (CT)

tests [19, 152] or modified CT tests [78, 151]. But buckling damage appeared for some

carbon/epoxy materials and other non-desirable failure types(e.g. bearing, back-end

compression), probably because of tougher matrices [78, 81, 151]. However, in a recent

study published by Catalanotti et al. [16], Double Edge Notched Tensile (DEN-T) speci-

menswere used to obtain the crack resistance curve (R-curve) and the length of fracture

process zone lfpz based on the size effect law [83].

The aim of the present work is to study how different environmental conditions can

affect translaminar fracture toughness and to determine which failure mechanisms ap-

pear for each case. Accordingly, this paper is structured as follows. Firstly, Section 2 de-

scribes the experimental tests and the different conditionings. Next, Section 3 presents

the experimental results and fractographic images and, finally, the results are discussed

in Section 4 and conclusions are drawn in Section 5.

3.2 Material, hygrothermal conditions and test set-up

DEN-T tests of a prepreg T800S/M21 cross-ply laminate have been used to measure

the translaminar fracture toughness under different hygrothermal conditions. Panels of

300x350mmweremanufactured using hand layup and cured in an autoclave according

to the manufacturer Hexcel recommendations (with a curing temperature of 180◦ for

120min). A wet sawwas used to cut the rectangular plates into the specimen geometry

(see Table 3.2).
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The stacking sequence is a cross-ply laminate with [90/0]4s , where 0◦ is aligned with

the loading axis. The nominal ply thickness is 0.184 mm and the nominal laminate

thickness is 2.944 mm. The elastic properties of the ply are shown in Table 3.1.

Property Value Description

E11 [GPa] 152.8
Young’s modulus. 1

E22 = E33 [GPa] 8.7

ν12 = ν13 [ ] 0.335 Poisson’s ratio. 1

ν23 [ ] 0.38 Poisson’s ratio. 2

G12 = G13 [GPa] 4.2 Shear modulus [120]

G23 [GPa] 3.15 Shear modulus 3

ρ [Kg/m3] 1590 Density [120]

Vf [%] 56.6 Fiber volume 4

Table 3.1: T800S/M21 UD CFRP properties. 1 Values obtained by tensile test. 2 Value approxi-
mated using the ν23 of the matrix. 3 E22

(2(1+ν23))
. 4 Value obtained by BS EN 2564:1998[153].

As described in [16], several sizes of the DEN-T specimen are needed in order to obtain

the R-curve since the data reduction is based on the size effect law. These sizes are

shown in Table 3.2. The geometry is kept constant using the same relation between the

crack length, a0, and the width, 2w keeping the length large enough, i. e. L=250 mm

[16]. The initial crack of the specimens was performed using a coated diamond thread

wire with a diameter of 0.3 mm.
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Na
0

L l

Specimen

label

Geometric parameters [mm]

2w 2wN a0 L l

A 15 6 4.5

B 20 8 6.0

C 25 10 7.5 250 170-180

D 30 12 9.0

E 35 14 10.5

Table 3.2: Specimen geometry. L is the length of the specimen and l is the free clamping.

Three specimens were tested for each size and each conditioning at a 1 mm/min dis-

placement rate, using an MTS 810 machine with a 250 kN load cell.

Moreover, three tensile specimens for each conditioning have been tested to obtain the

elastic properties of the laminate and the ultimate strength, σu. The ASTM D3039M

standard [154] have been followed and same MTS machine with a 250 kN load cell has

been used.

3.2.1 Hygrothermal conditions

The three conditionings considered for this study are: As Received and Room Temper-

ature (AR/RT); 85% RH and RT (WET/RT); and 85% RH and 120◦C (WET/HOT).

The choice of both humidity and temperature for the test campaign was based on the

results of a previous DynamicMechanical Thermal Analysis (DMA). These results show

that the Tg is around 173.74◦C for AR specimens, while it decreases to 156.71◦C for wet

specimens. Additionally, DMA reveals that the elastic modulus is constant from RT to

HOT (120◦C) conditions.

Furthermore, the extreme 85% RH is representative of a tropical area [30]. On the other

hand, the testing temperature of 120◦C has been chosen, so that the failure mecha-

nisms could be analyzed without achieving a rubbery behavior.
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Wet specimens were conditioned according to prEN 2823 [155], in a climatic chamber

at 80◦C/85% RH during approximately 1700 hours, until achieving the equilibrium state,

so the specimens were tested with 1.03 % moisture content.

3.2.2 Fractography

After testing, Scanning ElectronMicroscopy (SEM) imageswere takenwith a Zeiss DSM

960 scanning electronmicroscope and the digital imageswere collected and processed

using ESPRIT 1.9 BRUKER program. The samples were sputtered with a 22.5 nm gold

layer a 1.5KV, deposition current at 30 mA, deposition time 2 minutes.

3.3 Data reduction and results

3.3.1 DEN-T test and data reduction

The data reduction method is developed in the recent work by Catalanotti et al. [16],

which relates the size effect law of DEN-T specimens (strength versus specimen width:

σu = σu(w)), with the crack resistance curve of the composite laminate [83].

The fracture toughness can be measured by the Energy Release Rate (ERR),G , also

known as fracture energy [74]. The ERR for a crack propagation in mode I of any or-

thotropic planar specimen with its principal directions aligned with the crack can be

expressed as:

GI =
1

E
σ2wκ2(α, ρ, λ) (3.1)

where σ is a stress measure (for DEN-T usually the mean gross or net stress), w a mea-

sure of specimen size, in this case the width, E the young modulus (for orthotropic

material under plane stress is defined as É = λ1/4
(

1+ρ
2E22E11

)

−1/2

, where 1 is the direc-

tion normal to the crack), α = a/w is the normalized crack length and ρ and λ are two

material properties that accounts form material orthotropy. For plane stress, they are

defined as:

λ =
s11

s22
and ρ =

2s12 + s66

2
√

s11s22
(3.2)
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where sij are the components of the compliancematrix. The orthotropic rescaling prop-

erty of planar elasticity allows the elastic stress field of a set of orthotropically rescaled

specimens to be defined by changing the material parameter λ [156]. Consequently, for

the DEN-T specimen the rescalingdependson the specimen length (l, distance between

the grips). Then, if this length is large enough, the parameter κ does not depend on λ:

κ(α, ρ), the specimens tested are under these circumstances according to Catalanotti’s

results. Bao [157] presents the parameter κ for 0< ρ <4 and then Catalanotti increases

the applicability up to ρ <20, covering the typical values of cross-ply laminates.

The determination of the R-curve from the size effect law results in a curve that depends

on the material and on specimen geometry but is independent of the specimen size [84,

85, 158, 159]. The ultimate strength with respect to the specimen size can be expressed

as 1
wσ2

u
= Á 1

w + Ć , where Á and Ć are two parameters fitted with the experimental

results and are related with the fracture toughness and the equivalent lfpz as [16, 83]:

Gc = Rss =
κ2

0

É

1

Ć
and lfpz =

κ0

2κ́0

Á

Ć
(3.3)

where κ0 = κ |α=α0
, κ́ = ∂κ

∂α and κ́0 = ∂κ
∂α |α=α0

. With these material parameters it is

possible to define the R-curve with the following expressions:

R = Gc
κκ́

κ0κ́0

∆a

lfpz
and ∆a = lfpz

2κ́0

κ0

[ κ

2κ́
− α + α0

]

(3.4)

Obviously, this R-curve depends on the geometry but not on specimen size; so it is useful

to compare two different materials if the specimen geometry is the same.

3.3.2 R-curve results

The corresponding properties of the laminate without initial notch are reported in Table

3.3.

Tensile test results confirm that the elasticmodulus does not change for the considered

range of conditionings, which indicates that the testing temperatures do not achieve the

Tg .
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Conditioning Laminate’s properties

Exx [GPa] νxy [-]
Gxy [GPa]

σu [MPa]
É [GPa] ρ [-] λ [-]

Average S.D. Average S.D. Average S.D.

AR/RT 79.19 1.69 0.041 0.0015
4.2

1580.38 25.51 34.75 9.39
1WET/RT 80.44 0.70 0.036 0.0150 1582.04 30.34 35.04 9.54

WET/HOT 80.57 2.78 0.037 0.0066 1546.93 2.75 35.01 9.55

Table 3.3: Laminate properties. a Estimated using Classical Laminate Theory with the UD prop-
erties (Table 3.1). b S.D.: Standard Deviation.

Results of tensile strength versus specimen width of the DEN-T are shown in Fig. 3.1.

Figure 3.1: Ultimate and nominal stress-size. σN and wu are the nominal stress and the nominal
width, while σu and w are the ultimate stress and the full width being σu = σN

w
wN

.

As it can be seen, a clear trend of the size effect is observed for each conditioning. The

highest values are for WET/HOT, the lowest for WET/RT, and the AR/RT values falls in

between slightly above the WET/RT values.
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The size effect law that best fits for each case is plotted in Fig. 3.2. The R-curves of the

laminate are shown in accordance with these size effect laws in Fig. 3.3. The highest

fracture toughness value is obtained for the WET/HOT conditions and the lowest one

for WET/RT case. On the other hand, differences between lfpz can be observed: lfpz

are 3.88 mm, 4.09 mm and 4.39 mm for AR/RT, WET/RT and WET/HOT, respectively.

The size effect charts, shown in Fig. 3.4 are obtained to evaluate the location of the

tested specimens. The approximation given by the strength criterion (horizontal line)

is calculated using the unnotched tensile test (Table 3.3), which corresponds to very

small specimens. The inclined straight line corresponds to the solution given by Linear

Elastic Fracture Mechanics (LEFM). The sizes chosen for the specimens tested are in

the central part of the chart. Nevertheless, a higher size (approaching the LEFM line)

could have provided more experimental information around the Gc, corresponding to

the horizontal part of the R-curve.
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Figure 3.2: Linear regression II of the laminate for AR/RT (Á =3.926e-6 MPa−2mm−1,
Ć =3.09e-7MPa−2), WET/RT (Á =4.206e-6MPa−2mm−1, Ć =3.143e-7MPa−2) andWET/HOT
(Á =3.571e-6 MPa−2mm−1, Ć =2.484e-7 MPa−2) conditionings.
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Figure 3.3: Fiber R-curve comparison.
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(a) Size effects for AR/RT specimens (b) Size effects for WET/RT specimens

(c) Size effects for WET/HOT specimens

Figure 3.4: Size effects graphics.

3.3.3 Fractography

SEM inspections on the fracture planes of broken specimens were performed, taking

into account that the failure pattern was similar for each size. These inspections are

shown in Fig. 3.5 and correspond to the same size specimens (label C, in Table 3.2) at

different conditioning and magnification scales.
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• Images from A.1 to C.1 (700 µmscale). Some bundles of fibers and a continuous

failure plane are observed in image A.1 for AR/RT, whereas in B.1, WET/RT, the

presence and the size of these bundles decreases significantly and that previous

continuity of the failure plane has disappeared. For C.1, WET/HOT, these groups

of fibers have disappeared completely and every fiber is bared of matrix.

• Images from A.2 to C.2 (100 µmscale). The fiber pull-out length can be analyzed.

For instance, in A.2 the bundle of fibers maintains a solid block and no pull-out

is observed. Nevertheless, an interlaminar step of length (ldel) between 0◦ and

90◦ plies is detected. On the other hand, some fiber pull-out are evidenced in B.2

with a stratified failure plane. Finally, in C.2, a broom-like failure is shown where

part of the matrix has disappeared and the pull-out length has increased.

• Images from A.3 to C.3 (20 µm scale). In image A.3 the matrix is still bonded

to the fiber, whereas in B.3 and C.3 fibers are almost clean, being the pull-out

length higher for the last one. Small delaminations between plies were detected

in image A.3.

The corresponding failure mechanisms have been sketched in the bottom row of Fig.

3.5. For the first AR/RT conditioning, shown in image A.4, the fiber debonding is small

and the fracture is continuous in a plane. However, for WET/RT, the debonding length

increases slightly, which is shown through a stratified failure plane. For WET/HOT, in

image C.4 the matrix/fiber interface has been weakened and thereby debonding and

pull-out lengths increase, which implies that fibers tend to break independently at differ-

ent lengths.
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Figure 3.5: SEM fractography comparison between the three conditionings: AR/RT (A), WET/RT
(B) and WET/HOT (C).
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In Fig. 3.6, the three schematic processes are shown together with additional SEM

images. The crack for the third conditioning, WET/HOT, is shown newly in C.5 and C.6.

Particularly, in C.6 a high degree of fiber brooming is shown with all the fibers bare and

with a wide range of pull-out lengths. In the case of AR/RT, an image taken in a plane

perpendicular to fibers is shown in A.5, where no debonding can be appreciated, since

fracture has happened in block. However, the imageB.5 of aWET/RT specimen,multiple

strata can be seen along several failure planes, but with small changes of height and

with moderate pull-out lengths.

Figure 3.6: SEM fractography comparison between the three conditionings: AR/RT (A), WET/RT
(B) and WET/HOT (C).
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3.4 Discussion

For both unnotched and DEN-T specimens, the higher coefficient of variation for σu

was of 5.72% for size C and WET/AR conditioning. This variation has been considered

acceptable. Moreover, during the fractography inspection, no visual alteration was ap-

preciated at the microscopic level.

The fracture toughness has shown a value of approximately twice the value obtained by

Catalanotti et al. [16, 71] and Teixeira et al. [71] for the same T800S/M21 material, which

could be attributed to the increment of the thickness [18, 69] (in [16, 71] the ply thickness

is 0.125 mm instead of 0.184 mm). However, the ply properties cannot be considered

equivalent, so the results cannot be compared. On the other hand, the T800S/M21 is

much tougher than other materials from the literature, such as T300/913 (133 kJ/m2)

[19], or T700/AR-2527 (254 kJ/m2) and IM7/8552 (205 kJ/m2) [16]. Teixeira et al.[71]

attributed this higher value to the fracture in bundles and the high quantity of fiber pull-

outs, where the last is in accordance with Underwood et al. [160] and the recent work

developed by Bullegas et al. [70]. Underwood’s work demonstrated the influence of

the fiber pull-out by a comparison of the low toughness carbon/fiber pull-out with a

high toughness carbon/bismaleimide which had a high amount of fiber pull-outs and

Bullegas improved the translaminar toughness by triggering an increment of the energy

dissipated by fiber pull-out and bundle of fibers. In the fractography inspection shown in

Fig. 3.4(a) for AR/RT conditions, no single fiber pull-outs could be found but the fracture

takes place in bundles of fibers.

3.4.1 Fractography

SEM fractography analysis has provided an understanding of the differences between

the failure mechanisms for each conditioning. These differences are sketched in Fig.

3.7.

• For AR/RT, the small fiber debonding (ld,(1)) indicates a strong matrix/fiber inter-

face, which causes a proper stress transfer between fibers, and the distribution

of forces are assumed to be more marked at the tip of the crack, as represented
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in Fig. 3.7. In addition, a small quantity of energy is dissipated by an interfacial

delamination process between plies.

• For WET/RT, the stresses are not transferred as perfectly as for AR/RT due to the

weakness of the matrix/fiber interface. Some fiber pull-out (lpo(2)) and debond-

ing (ld(2)) appear. There is a redistribution of stresses, so that the failure plane

begins to advance at different heights, in a stratified plane. This behavior causes

crack propagation with a longer lfpz than AR/RT and with broken fibers at differ-

ent heights. Instead of increasing the energy dissipated by pull-out, the absolute

energy decreases with respect to AR/RT, which can be explained by the reduc-

tion of the IFSS, through the frictional coefficient reduction in the presence of

humidity, and the reduction of the energy dissipated by the interfacial delamina-

tion region.

• For WET/HOT, the pull-out (lpo(3)) and debonding lengths (ld(3)) are the highest

due to a weaker matrix/fiber interface. This weakening implies that the fibers

tend to fracture independently at different lengths and, for this reason, the lfpz

is longer than WET/RT and AR/RT conditionings (see Fig. 3.7). In this case, the

frictional coefficient will be similar to WET/RT, but conversely the lpo increases

considerably, so the energy dissipated is the highest.

The debonding lengths have been represented in the sketch through the debonding an-

gle (αi) and the debonding line (D.L.). For the same opening increment (∆), α2 increases

withmoisture and α3 with moisture and temperature. This angle is related to the quality

of the interface.
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Figure 3.7: Comparison of failure mechanisms for AR/RT, WET/RT andWET/HOT. a) crack propa-
gation sketches, b) fracture process zone, c) supposed stress distribution in lfpz , d) hypothetical
bridging law.
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3.4.2 Characterization of translaminar failure mechanisms

The dissipated energy, Ed, can be defined by means of the fracture toughness and the

fracture area. That is:

Ed = tlam∆aGlam
c = t90∆aG90

c + t0∆aG0
c + ldel∆aGdel

c (3.5)

where tlam is the laminate thickness, and t90 and t0 are the total thickness for 90◦ and

0◦ plies in the laminate. ldel is the interfacial length betweenplies and∆a is the variation

of the crack length for the laminate. G0
c is the critical fracture toughness for 0◦ plies and

is defined by G0
c = Gpo + Gf + Gm , where Gf , Gm and Gpo are the fracture toughness

of the fiber, the matrix, and the fiber pull-out, respectively, and Gpo = Gfric
po + GII

po , being

Gfric
po andGII

po the fracture toughness due to the friction and themode II opening, respec-

tively. The component G90
c is the critical fracture toughness for 90◦ plies. Both G90

c and

Gm are usually approached to the Gdel,I
c , which is practically negligible when compared

to Glam
c [12]. Finally, Gdel

c is the interlaminar fracture toughness between plies, which will

be important for mode II. Only for AR/RT seems relevant. This is in agreement with the

results obtained by Asp [12], where Gdel,II
c drops when temperature and/or moisture in-

crease. However, as with G90
c , the values of Gdel,II

c are around 1000 times smaller than

values of Glam
c , so their influence is negligible.

The Gfric
po for a fiber can be expressed as follows:

P (x) = 2πrxτfric

Gfric
po =

∫ lpo

0 P (x)dx = πrf τfricl2
po

(3.6)

GII
po = lpo2πrf GII

int (3.7)

where x defines the sliding in the fiber direction coordinate, lpo is the pull-out length,

τfric is the IFSS, rf is the fiber radius, and GII
int is the fracture energy stored by the
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matrix/fiber adhesion. For a group of fiber in a determined area, the fracture toughness

due to the pull-out is:

Gpo = (Gfric
po + GII

po )Nf =
Vf A

rf
lpo(lpoτfric + 2GII

int) (3.8)

where Nf is the number of fibers, so it can be defined as Nf = Vf
A

Af
, being A the

fracture area A = t0∆a, Af the fiber area and Vf the fiber volume. Nf will be constant

and (Gfric
po + GII

po ) will be variable.

From this relation, some questions can be analyzed: when moisture content is ab-

sorbed, the interface fiber-matrix is weaker, the frictional coefficient decreases and,

then, the IFSS for WET/RT and WET/HOT is lower. This decrease in the frictional co-

efficient is in agreement with Biro et al [22], who obtained two values of τfric for two

moisture contents, being τfric lower when moisture increases. Consequently, Gfric
po

decreases. Moreover, the adhesion between components has been deteriorated, so

GII
po decreases as well. However, when temperature is introduced in the test, the abso-

lute pull-out fracture toughness (Gpo) increases considerably, which can be explained

through the highest value of lpo.

3.5 Conclusions

Hygrothermal effects on translaminar fracture toughness of the 0◦ ply for the T800S/M21

material have been evaluated by using the Double Edge Notched Tensile tests. Three

different conditionings have been considered: AR/RT, WET/RT and WET/HOT.

The values of the translaminar fracture toughness are 515.68 kJ/m2 for AR/RT, 501.90

kJ/m2 forWET/RT, and 634.28 kJ/m2 forWET/HOTconditions, with a good repeatability

between the different specimens of each batch. The respective values of the fracture

process zone are 3.88 mm, 4.09 mm, and 4.39 mm.

The fractography study has been essential to associate the different failure mecha-

nisms for each conditioning and results, where the main observation has been the rele-

vance of the fiber pull-out and the quality of the fiber/matrix interface and the fracture

in bundles of fibers. The main differences for each conditioning are as follows:
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• The fracture of the specimens with laboratory conditions showed a clean frac-

ture in bundles of fibers, without pull-outs, which indicates a suitable transfer of

stresses between fibers due to a good fiber/matrix adhesion.

• Moisture affect directly the fiber/matrix interface, causing a weakening adhesion

and short fiber pull-outs appear, increasing the fracture process zone a 5.4%. Fric-

tional coefficient between constituents decreases, which reduces a 2.7% the frac-

ture toughness for the WET/RT conditioning.

• Interaction betweenmoisture and temperature causes a strong weakening of the

fiber/matrix interface. A broom-like fracture appeared with larger fiber pull-outs.

This failure mechanisms increases a 23.0% the energy dissipated and a 13.1%

the fracture process zone.
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4 | Hygrothermal effects on the

translaminar fracture toughness

of quasi-isotropic carbon/epoxy

laminates

Abstract. Double edge notched tensile specimens have been tested to analyze hygrothermal

effects on the translaminar fracture toughness of three different quasi-isotropic laminates, which

havebeen chosen to show the ply thicknessandmismatchangle effects. A conventional laminate

(L1-CV), a conventional with ply clustering (L2-CV-PC) and a non-conventional laminate (L4-nCV)

were tested under as-received and room temperature (AR/RT), wet-room temperature (WET/RT)

and wet-high temperature (WET/HOT). The L2-CV-PC and L4-nCV laminates did not obtain the

translaminar fracture toughness because clustered plies induce delamination processes. How-

ever, for L1-CV, the WET/HOT conditioning had the highest fracture toughness value, WET/RT had

the lowest, and the AR/RT value was slightly larger than the WET/RT value. As for the failure

process zone length, WET/HOT had the longest and AR/RT, the shortest. Scanning electronic mi-

croscopy survey has allowed the failure mechanisms to be analyzed, which link the quality of the

fiber/matrix interface with the results.

75



Part III

Concluding remarks





5 | Conclusions

The present thesis covers a study about how the hygrothermal conditions affect Carbon

Fiber Reinforced Polymers (CFRP). In the first part of the work, hygrothermal loads are

considered within an optimization procedure for stiffened panels, which is developed in

Chapter 2. In the second part, an experimental test campaign to determine translaminar

fracture toughness under several hygrothermal conditions is performed. The results of

this test campaign have been analyzed and discussed in Chapter 3 and Chapter 4.

5.1 Optimization of stiffened panels

Mass reduction is a priority in aeronautical structures, which are generally subjected to

a wide range of environmental conditions in spite of not being considered in the com-

mon optimization problems. The large amount of combinations combinations between

mechanical and hygrothermal loadings, which need to be considered, increase the com-

putational cost in a procedure using FE analysis.

With the aim of reducing themass together with failure considerations, the optimization

procedure proposed in Chapter 2, which consists of the interaction between an Artificial

Neural Network (ANN) system and a Genetic Algorithm (GA), is able to reduce the com-

putational cost that the use of FE analysis could require for a group of subproblems,

considering both mechanical and hygrothermal loads.

This system allows the optimum panel to be obtained under a compressive load, for a

combination of seven subproblems characterized by different temperature ranges and
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moisture presence. The principal advantage of this scheme is that the system decom-

posed in seven cases helps to analyze the hygrothermal effectswith negative or positive

thermal variations. This tool reduced the computational cost about 92.8 %, obtaining

the optimal panel for three different objectives: mass of the panel, hygrothermal strain

and tension between stringers and skin.

The Non-dominated Sorting Genetic Algorithm II has demonstrated to be a good and

fast method to solve multi-objective problems.

TheANNsystemhas beenauseful approximationmethod, which allowsdifferent groups

of suproblems to be included in a global optimization problem by using a training set

extracted from FE analysis. The drawback of this kind of approximation techniques is

the time required to design their internal architecture to obtain the suitable behavior.

5.2 Translaminar fracture toughness

A lack of the understanding of the failure behavior of the composite under hygrothermal

effects has been detected, specially, in the field of translaminar fracture toughness. To

analyze these effects, an experimental test campaign for a cross-ply laminate and three

quasi-isotropic laminates have been conducted for the T800S/M21 material. These

three quasi-isotropic laminateswere chosen in order to compare the ply thickness effect

and the mismatch angle on the translaminar fracture toughness, so each laminate is

described as a conventional laminate, a conventional laminate with ply clustering and

a non-conventional laminate with larger mismatch angles.

The test method used is based on the Double Edge Notched Tensile (DEN-T) specimen.

The main conlusions obtained under laboratory conditions (AR/RT) are as follows:

• The resistance curve was obtained for the 0◦ plies by the cross-ply laminate,

resulting a high fracture toughness of 515.68 kJ/m2 and a fracture process zone

of 3.88 mm.

• This kind of test is suitable to obtain the fracture toughness of tougher materials.
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• The resistance curve was obtained for only one of the three quasi-isotropic lami-

nates: the conventional laminate without ply clusteringwith a fracture toughness

value of 247.46 kJ/m2 and a length of fracture process zone of 7.88 mm.

• The resistance curve for laminates with thick plies or ply clustering and lami-

nates with larger mismatch angles cannot be obtained using this method be-

cause these kind of laminates are prone to experience largedelaminations during

testing. These delaminations dissipate a considerable amount of energy which

interferes with the energy to be measured in the test.

• A wider range of sizes of the specimens is recommended but often the testing

machines do not allow to test larger sizes due to limitations on clamping widths.

Regarding the hygrothermal effects, a second conditioning with high relative humidity

of 85% at room temperature (WET/RT) and a third conditioning with 85% RH at 120◦C

(WET/HOT) were considered and compared with the baseline AR/RT conditioning.

The resistance curve has been obtained for each conditioning for both cross-ply and

conventional quasi-isotropic laminates, concluding the following observations:

• The shortest fracture toughness zone lengths were for the baseline conditioning.

• The presence of moisture reduces slightly the fracture toughness and enlarges

the fracture process zone with respect to those values obtained with the baseline

conditioning. The test performed revealed a decrease of the fracture toughness

of 2.7% for the cross-ply laminate and 9.6% for the quasi-isotropic laminate and

an increment of fracture process zone of 5.4% and 3.6%, respectively.

• Combination of moisture and temperature causes the highest values of fracture

toughness and the largest fracture process zone lengths. The increment of the

fracture toughness was of 23.0% for the cross-ply and 58.5% for the quasi-iso-

tropic laminate while the fracture process zone length increased a 13.1% and a

18.0%, respectively.

• The behavior under hygrothermal conditions was similar in both cases, being

the failure process zones longer for the quasi-isotropic laminate. Also, the dif-
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ferences between each conditioning were generally more accentuated for the

quasi-isotropic laminate.

Scanning ElectronicMicroscopy analysis has been essential to describe the failuremech-

anisms and the characterization of translaminar failure mechanisms analytically by a

hypothetical bridging law. The general remarks about this analysis and the characteri-

zation of translaminar fracture toughness can summarized as follows:

• The quality of the matrix/fiber interface is decisive in the fracture toughness, the

type of failure and the fracture process zone length. The weakening of this inter-

face causes an unsuitable stress transfer between fibers.

• Hygrothermal conditions affect strongly the quality of the interface, which turns

out to be a key factor in translaminar fracture. The effects have been analyzed

by the frictional coefficient and the fiber pull-out:

– The baseline AR/RTconditioning exhibited a clean fracture, where the fibers

broke in block and no pull-outs appeared.

– The frictional coefficient between matrix and fiber is reduced by the mois-

ture, which weakens the adhesion between constituents. Additionally, the

fracture is produced in several heights, showing aplane distributed by strata.

– The interaction between moisture and temperature originates a fracture

with longer fiber pull-outs, due to a larger weakening of the matrix/fiber

interface.

– The fiber pull-out length depends on the quality of the matrix/fiber inter-

face and is a relevant factor of the fracture toughness and the length of the

fracture process zone.
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5.3 General conclusions

Thiswork has been focused on two different levels of the building block approach: struc-

tural element and characterization of the material. The contributions previously noted

are only a short part along the building block approach.

The cost of a complete experimental campaign increases considerably if several envi-

ronmental conditions are considered, not only because of the cost of the material, but

also because of the time required to the material conditioning. Much further work is

needed about how the hygrothermal conditions affect the composite materials taking

into account the zones which aremore sensitive to these effects: matrix/fiber interface,

surfaces between plies, surfaces between elements and the zones rich in matrix.
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6.1 Translaminar fracture toughness characterization

Design of a suitable test and analytical tools

Certain limitations have been identified concerning the test method used to measure

the translaminar fracture toughness, so further research could be conducted in the ex-

perimental investigation of a suitable procedure for this material property for any lami-

nate.

• To define a suitable geometry for Compact Tension (CT) tests or modified CT

tests. This kind of test has the advantage of propagating the crack in a stable

form. However, there is no standard for composite materials, which accounts

the corresponding laminate anisotropy. Some materials can be tested with the

standard geometry for metallic materials, but for tougher materials and quasi-

isotropic laminates this procedure is not suitable because of buckling instability.

A thorough study of the buckling instability has to be analyzed in order to achieve

an optimum geometry.

• To define a suitable test with stable crack propagation and develop a linked method

to determine the cohesive law of thematerial or the laminate. DEN-T testmethod

does not allow to obtain the cohesive law and its form could modify the result-

ing fracture toughness. Through DEN-T method, it is difficult to test wider speci-

mens, which could contribute to define the horizontal part of the resistance curve.
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Moreover, the changes of the detected failure mechanisms under hygrothermal

conditions could alter the cohesive law of the material.

• An experimental study of DEN-T cross-ply specimenswith different ply clustering

is needed in order to analyze if this kind of test is suitable to thick plies.

Hygrothermal effects on translaminar fracture toughness

In order to improve the understanding about how hygrothermal effects can affect the

translaminar fracture toughness and its associated failure mechanisms, some issues

have to be analyzed, which are:

• The characterization of cold conditions (-55◦) on translaminar fracture tough-

ness for cross-ply and quasi-isotropic laminates. This temperature without mois-

ture is also an extreme condition because of the high level of residual stresses

between fiber andmatrix. However, the interface could result lessweakenedwith-

out the presence of the moisture.

• The characterization of high temperature without moisture on translaminar frac-

ture toughness for cross-ply and quasi-isotropic laminates. This condition could

help to understand the interaction between moisture and temperature and how

it affect the interface matrix/fiber.

• The characterization of ply thickness size effect with hygrothermal effects. Laf-

fan et al. [18] reported an experimental study with AR/RT conditions about the

influence of the thickness on the translaminar fracture toughness of the fiber us-

ing CT, obtaining an increment for thicker 0◦ ply laminates, which is attributed

to an increment in fiber pull-out. A study of the ply thickness size effect with hy-

grothermal effects could be relevant to detect the failuremechanisms that cause

the increment of the toughness with thicker plies.

• The characterization of the Interfacial Shear Strength by a single-experimental

model system under hygrothermal loads.
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6.2 Constitutive model for FE simulations

Until now, there is no tool able to account the hygrothermal loads because of the lack

of understanding about this field, so the development of a constitutive model able to

predict the behavior of a laminate under hygrothermal effects could be performed once

the failuremechanisms are analyzed for all possible combinations of moisture and tem-

perature.

6.3 Stiffened panels

Once thematerial is characterized under hygrothermal effects and virtual testing allows

a validation of the first step in the building block approach, the study in the level of

structural elements could be performed.

Firstly, an experimental study in order to analyze the hygrothermal effects on the joint be-

tween skin and stringers has to be tested. As explained the Chapter 1, residual stresses

are very important between constituents (microscale), between plies (mesoscale) and

between structural elements (macroscale) and in a future study of stiffened panels

should be considered, over all, between skin and stringers.

Secondly, the tool developed in Chapter 2 could be used to obtain an optimum panel

under any combination of hygrothermal and mechanical loadings. Moreover, the study

could consider the following improvements:

• To include the hygrothermal effects on the study of buckling instability in stiff-

ened panels.

• To consider other type of stringer and run-outs finishing. Topology optimization

could be used for a first step of the procedure in order to choose the shape of

the stringer.

• To contrast the ANN system with other approximation techniques.

• To use a GA to improve the ANN and consequently, to reduce the time required

to train and design the ANN.
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• To add the stacking sequence as design variable in the optimization problem,

which requires a previous analysis of the influence of the temperature and mois-

ture on the variation of the stacking sequence of the laminate.
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