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Abstract:  An original method to estimate the behaviour at temperature and humidity variations of some fiber-reinforced composite structures is presented. Especially, the coefficients of thermal- and humidity expansion, along and perpendicular to fibers direction are presented. Two types of structures are presented: laminate [0/45/-45/90]s based on glass fiber-reinforced epoxy resin and laminate [(0/90)2] based on carbon fiber-reinforced epoxy resin.
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1. INTRODUCTION

Both fibers and matrix material, presents extreme different deformations at temperature and humidity variations. These variations cause internal stresses in a laminate structure, both at micro- and macromechanical level. This paper takes only the macromechanical internal stresses into account, stresses that appear, for example, at cooling from the polymerization temperature to the ambient temperature of a laminate structure. These internal stresses, due to temperature variations, are very dangerous and can lead to the damage of the structure even in the absence of an external mechanical loading. This fact is more striking in case of carbon fiber-reinforced composite structures, fibers that present extreme different coefficients of linear thermal expansion along and perpendicular to their direction. By exposing a laminate composite structure to humidity, inside of it appears an internal stress state caused by the increase in volume of the matrix, due to its swelling. Glass and carbon fibers do not absorb humidity but aramid fibers are strongly influenced by it. According to Schneider [1], the coefficients of linear thermal expansion along and perpendicular to fibers direction, are:


[image: image1.wmf],

1

M

E

FII

E

1

FII

M

FII

II

+

×

-

-

+

=

j

j

a

a

a

a










(1)


[image: image2.wmf](

)

(

)

(

)

,

1

,

1

1

,

1

1

M

E

F

E

M

E

F

E

M

M

1

1

M

2

M

2

1

,

1

1

,

1

1

M

2

M

3

M

2

F

M

M

ú

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ê

ë

é

-

+

^

^

×

-

+

-

÷

ø

ö

ç

è

æ

-

+

×

×

÷

ø

ö

ç

è

æ

-

-

+

^

-

-

=

^

j

j

u

u

u

u

j

j

u

u

u

a

a

a

a




(2)
where:
αF║ = coefficient of linear thermal expansion for the fiber in the longitudinal direction;


αF┴ = coefficient of linear thermal expansion for the fiber in the radial direction;


αM = coefficient of linear thermal expansion for the matrix;


EF║ = fiber longitudinal modulus;


EF┴ = fiber radial modulus;


EM = matrix modulus;


υM = matrix Poisson’s ratio;


φ = fibers volume fraction.

Equations (1) and (2) shows that these coefficients of linear thermal expansion can be calculated as a function of the properties of composite material components and fibers volume fraction. If the fibers are disposed at an angle θ with the x-axis direction, the coefficients of thermal expansion in the x and y directions can be determined using α║ and α┴ [2]:
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where αxx and αyy are coefficients of linear thermal expansion and αxy is the coefficient of shear thermal expansion. According to Tsai and Hahn [3], in case of an unidirectional reinforced lamina, the coefficients of expansion due to the humidity can be calculated from the following equations:
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where:

β║ = 
coefficient of expansion due to the humidity, in the longitudinal (0°) direction;

β┴ = 
coefficient of expansion due to the humidity, in the transverse (90°) direction;

βM = 
coefficient of expansion due to the humidity, for the matrix;

ρcomposite = density of the composite material;

ρM = 
density of the matrix;

υF = 
fiber Poisson’s ratio;

υM = 
matrix Poisson’s ratio;

EF║ = 
fiber longitudinal modulus;

EM = 
matrix modulus;

φ = 
fibers volume fraction.

Similar to equations system (3), the coefficients of expansion in x and y directions, due to humidity, if the fibers are disposed at an angle θ with the x-axis direction, are:
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where βxx and βyy are coefficients of linear expansion and βxy is the coefficient of shear expansion due to the humidity.

The strains of a fiber-reinforced composite lamina εxx t-h, εyy t-h and γxy t-h due to a ΔT temperature- and ΔH humidity variation, without a mechanical loading, can be calculated in the following manner:
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where:

εxx t-h = strain of lamina in x-axis direction, due to a ΔT temperature- and ΔH humidity variation;

εyy t-h = strain of lamina in y-axis direction due to a ΔT temperature- and ΔH humidity variation;

γxy t-h = shear strain of lamina due to a ΔT temperature- and ΔH humidity variation.

The index t-h denotes the combined action of a temperature variation ΔT and a humidity variation ΔH.

2. CALCULUS OF A SYMMETRIC GLASS FIBER/EPOXY LAMINATE [0/45/-45/90]s SUBJECTED TO TEMPERATURE AND HUMIDITY VARIATIONS
The composite laminate with plies sequence [0/45/-45/90]S is subjected to a combined temperature variation ΔT and humidity variation ΔH (fig. 1).
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Figure 1: The architecture of symmetric glass fiber/epoxy laminate [0/45/-45/90]S subjected to temperature and humidity variations

2.1. Data regarding the architecture of symmetric glass fiber/epoxy laminate [0/45/-45/90]S
· Number of plies:




N = 8

· Thickness of laminate:



t = 2 mm

· Thickness of plies:




t’1…8 = 0,25 mm

· Plies fibers disposal angle:


θ1, 8 = 0°; θ2,7 = 45°; θ3, 6 = -45°; θ4, 5 = 90°

· Plies fibers volume fraction:



φ1…8 = 65%

2.2. Data regarding the fibers- and matrix characteristics

· Type of reinforcement:



E-glass fibers

· Type of matrix:




Epoxy resin

· Fibers Young modulus:



EF = 73000 MPa

· Fiber Poisson’s ratio:




υF = 0,25

· Fibers shear modulus:




GF = 29200 MPa

· Matrix Young modulus:



EM = 3750 MPa

· Matrix Poisson’s ratio:



υM = 0,35

· Matrix shear modulus:




GM = 1390 MPa

· Coefficients of linear thermal expansion for fibers:
αF║ = αF┴ = 4,8 · 10-6 K-1
· Coefficient of linear thermal expansion for matrix:
αM = 65 · 10-6 K-1


· Coefficient of expansion for matrix due to humidity:
βM = 0,18

· Density of composite material:



ρcomposite = 1950 kg/m3
· Density of matrix:




ρM = 1200 kg/m3
2.3. Data regarding the laminate loading

· Temperature variation due to 


cooling from the polymerization temperature 

to the ambient temperature of the laminate:


ΔT = - 40 K

· Humidity variation due to the change of

relative air humidity:




ΔH = 1%

The results are presented in tables 1 – 4.

Table 1: Basic elastic properties of the plies

	
	Value

	Young modulus along fibers E║ [MPa]
	48762,5

	Young modulus transverse to fibers E┴ [MPa]
	18903,4

	Poisson’s ratio υ┴║ [ - ]
	0,285

	Poisson’s ratio υ║┴ [ - ]
	0,11

	Shear modulus G║┴ [MPa]
	6871,2


Table 2: Plies’ coefficients of thermal expansion due to temperature variation ΔT = - 40 K

	
	Plies

1 and 8
	Plies

2 and 7
	Plies

3 and 6
	Plies

4 and 5

	Coefficient on 0°-direction  α║ [10-6 K-1]
	6,4
	-
	-
	-

	Coefficient on 90°-direction α┴ [10-6 K-1]
	-
	-
	-
	23,4

	Coefficient on x-axis direction αxx [10-6 K-1]
	6,4
	14,9
	14,9
	23,4

	Coefficient on y-axis direction αyy [10-6 K-1]
	23,4
	14,9
	14,9
	6,4

	Coefficient of shear therm. exp. αxy [10-6 K-1]
	0
	- 17
	17
	0


Table 3: Plies’ coefficients of expansion due to humidity variation ΔH = 1%

	
	Plies

1 and 8
	Plies

2 and 7
	Plies

3 and 6
	Plies

4 and 5

	Coefficient on 0°-direction β║ [ - ]
	0,022
	-
	-
	-

	Coefficient on 90°-direction β┴ [ - ]
	-
	-
	-
	0,183

	Coefficient on x-axis direction βxx [ - ]
	0,022
	0,102
	0,102
	0,183

	Coefficient on y-axis direction βyy [ - ]
	0,183
	0,102
	0,102
	0,022

	Coefficient of shear expansion βxy [ - ]
	0
	- 0,161
	0,161
	0


Table 4: Plies’ stresses

	
	Plies

1 and 8
	Plies

2 and 7
	Plies

3 and 6
	Plies

4 and 5

	STRESSES DUE TO TEMPERATURE VARIATION ΔT = - 40 K

	Stress along fibers σ║ t [MPa]
	- 18
	- 48,5
	- 48,5
	- 18

	Stress transverse to fibers σ┴ t [MPa]
	- 19,7
	- 10,2
	- 10,2
	- 19,7

	Shear stress τ║┴ t [MPa]
	0
	0
	0
	0

	STRESSES DUE TO HUMIDITY VARIATION ΔH = 1%

	Stress along fibers σ║ h [MPa]
	21,25
	91,7
	91,7
	21,25

	Stress transverse to fibers σ┴ h [MPa]
	36,9
	13,8
	13,8
	36,9

	Shear stress τ║┴ h [MPa]
	0
	0
	0
	0

	

	STRESSES DUE TO COMBINED ACTION OF BOTH LOADINGS

	Stress along fibers σ║ [MPa]
	3,2
	43,2
	43,2
	3,2

	Stress transverse to fibers σ┴ [MPa]
	17,2
	3,6
	3,6
	17,2

	Shear stress τ║┴ [MPa]
	0
	0
	0
	0


3. CALCULUS OF CARBON FIBER/EPOXY LAMINATE [(0/90)2] SUBJECTED TO TEMPERATURE AND HUMIDITY VARIATIONS 

The composite laminate with plies sequence [(0/90)2] is subjected to a combined temperature variation ΔT and humidity variation ΔH (fig. 2). This laminate may come from a two plies carbon-fiber fabric used commonly, fabric that presents a so-called twill weave. The main feature of this weave is that the warp and the weft threads are crossed in a programmed order and frequency, to obtain a flat appearance.








Figure. 2: The architecture of carbon fiber/epoxy laminate [(0/90)2] subjected to temperature and humidity variations

3.1. Data regarding the architecture of carbon fiber/epoxy laminate [(0/90)2]
· Thickness of laminate:



t = 1 mm

· Number of plies:




N = 4

· Thickness of plies:




t1…4 = 0,25 mm

· Plies fibers disposal angle:



α1, 3 = 90°; α2, 4 = 0°

· Plies fibers volume fraction:



φ1…4 = 60%

3.2. Data regarding the fibers- and matrix characteristics

· Type of reinforcement:



Carbon fibers of high rigidity

· Type of matrix:




Epoxy resin

· Young modulus along fibers direction:


EF║ = 540000 MPa

· Young modulus transverse to fibers direction:

EF┴ = 27000 MPa

· Fibers Poisson’s ratio:




υF = 0,3

· Fibers shear modulus:




GF = 10385 MPa

· Matrix Young modulus:



EM = 3900 MPa

· Matrix Poisson’s ratio:



υM = 0,37

· Matrix shear modulus:




GM = 1425 MPa

· Coefficient of linear thermal expansion 

 for the fiber in the longitudinal direction:

αF║ = - 0,5 · 10-6 K-1
· Coefficient of linear thermal expansion 

 for the fiber in the radial direction:


αF┴ = 30 · 10-6 K-1
· Coefficient of linear thermal expansion for matrix:
αM = 65 · 10-6 K-1


· Coefficient of expansion due to humidity:

βM = 0,18

· Density of composite material:



ρcomposite = 1700 kg/m3
· Density of matrix:




ρM = 1200 kg/m3
3.3. Data regarding the laminate loading

· Temperature variation due to 


cooling from the polymerization temperature 

to the ambient temperature of the laminate:


ΔT = - 100 K

· Humidity variation due to the change of

relative air humidity with 55%:



ΔH = 1%

The results are given in tables 5 – 8.

Table 5: Basic elastic properties of the plies

	
	Value

	Young modulus along fibers E║ [MPa]
	325560

	Young modulus transverse to fibers E┴ [MPa]
	14100,3

	Poisson’s ratio υ┴║ [ - ]
	0,328

	Poisson’s ratio υ║┴ [ - ]
	0,014

	Shear modulus G║┴ [MPa]
	5212,4


Table 6: Plies’ coefficients of thermal expansion due to temperature variation ΔT = - 100 K

	
	Plies

1 and 3
	Plies

2 and 4

	Coefficient 0°-direction α║ [10-6 K-1]
	-
	- 0,186

	Coefficient on 90°-direction α┴ [10-6 K-1]
	43
	-

	Coefficient on x-axis direction αxx [10-6 K-1]
	43
	- 0,186

	Coefficient on y-axis direction αyy [10-6 K-1]
	- 0,186
	43

	Coefficient of shear therm. exp. αxy [10-6 K-1]
	0
	0


Table 7: Plies’ coefficients of expansion due to humidity variation ΔH = 1%

	
	Plies

1 and 3
	Plies

2 and 4

	Coefficient on 0°-directio β║ [ - ]
	-
	0,003054

	Coefficient on 90°-direction β┴ [ - ]
	0,159
	-

	Coefficient on x-axis direction βxx [ - ]
	0,159
	0,003054

	Coefficient on y-axis direction βyy [ - ]
	0,003054
	0,159

	Coefficient of shear expansion βxy [ - ]
	0
	0


Table 8: Plies’ stresses

	
	Plies 1 and 3
	Plies 2 and 4

	STRESSES DUE TO TEMPERATURE VARIATION ΔT = - 100 K

	Stress along fibers σ║ t [MPa]
	- 14
	- 14

	Stress transverse to fibers σ┴ t [MPa]
	- 60,8
	- 60,8

	Shear stress τ║┴ t [MPa]
	0
	0

	STRESSES DUE TO HUMIDITY VARIATION ΔH = 1%

	Stress along fibers σ║ h [MPa]
	17,2
	17,2

	Stress transverse to fibers σ┴ h [MPa]
	22,6
	22,6

	Shear stress τ║┴ h [MPa]
	0
	0

	

	STRESSES DUE TO COMBINED ACTION OF BOTH LOADINGS

	Stress along fibers σ║ [MPa]
	3,2
	3,2

	Stress transverse to fibers σ┴ [MPa]
	- 38,2
	- 38,2

	Shear stress τ║┴ [MPa]
	0
	0


4. CONCLUSIONS
Any calculus regarding the behaviour at temperature and humidity variations of fiber-reinforced composite structure must be followed by using failure criteria to predict plies failure due to combined action of various stresses. In the case of fiber break, the following failure criterion is valid:
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In the case of inter-fiber break, Puck suggests the following break criterion [4, 5]:
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