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Hygrothermal effects on structural stiffness and 
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In this paper the hygrothermal effects on structural stiffness and damping of laminated com- 
posites are investigated. Since the hygrothermal influence on properties of composite materials 
is primarily matrix dominated, we first determine experimentally the effects of temperature and 
moisture on the storage modulus, Poisson's ratio and material damping of the epoxy matrix. 
With the experimentally determined properties of the epoxy material, we then determine the 
complex moduli (E~, E~, GL*T and V~.T) of unidirectional glass-epoxy and graphite-epoxy com- 
posites. The structural stiffness (extensional and flexural) and damping of symmetric angle-ply 
laminates of glass-epoxy and graphite-epoxy are then investigated both analytically and 
experimentally for temperatues of 20~ and 80 ~ C, respectively. Three moisture contents which 
are the dry, saturated and a non-uniform moisture gradient states corresponding to each tem- 
perature case are considered. Numerical and limited experimental results show that the effects 
of moisture on the real part of A~I, A~6, D~I and D~6 at room temperature, 20 ~ C, are negligible 
for all the considered cases. But as temperature increases, the moisture and temperature com- 
bined influence induces significant changes in the complex stiffness A~IA~6, D~I and D~6 
especially for the matrix dominated terms. 

1. Introduct ion  
Shen and Springer [1] investigated the environmental 
effects on the elastic moduli of  a graphite-epoxy com- 
posite and made a survey of existing data showing the 
effects of temperature and moisture on the elastic 
modulus of several composites. Their conclusions are 
listed below. 

(i) The hygrothermal effects on the 0 ~ fibre direction 
laminates are negligible. 

(ii) For 90 ~ fibre direction laminates, the hygrother- 
mal effects on the modulus are insignificant in the 
200K to 300K temperature range. But, between 
300K and 450K, the hygrothermal effects on the 
modulus are important. 

Putter, Buchanan and Rehfield [2] investigated the 
influence of frequency and environmental conditions 
on the dynamic behaviour of graphite-epoxy com- 
posites. Their overall conclusions were: 

(i) The effects of frequency on the modulus and 
damping are quite small in all cases. 

(ii) The effects of frequency on the modulus and 
damping are relatively greater for matrix-controlled 
laminates at higher frequencies (about 400 Hz). 

(iii) At the same temperature, damping increases 
with moisture saturation. But for dry laminates, 
damping decreases slightly as temperature increases. 

From all these experimental works, a general sum- 
mary can be drawn: the influence of hygrothermal 
conditions on the elastic modulus, dynamic modulus 
and damping of composites is matrix dominated. 

2. H y g r o t h e r m a l  e f fec ts  on epoxy 
mat r ix  

Since the hygrothermat influence on composite 
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properties is matrix controlled [1, 2], the fibre proper- 
ties are assumed to be constant at any temperature 
below the glass transition temperature and at any 
moisture content. Therefore, to obtain the values of 
the complex moduli of composites, it is sufficient to 
know how temperature and moisture affect the com- 
plex moduli of the epoxy matrix, and then use the 
micromechanics formulations [3]. Thus, only the 
following functions need to be experimentally 
evaluated: 

E~ = Era(T, c) 

Vm = v m ( T ,  C) (1) 

/~m = r/m(T, c) 

The constant fibre properties are given in Table I. 
The effects of frequency are negligible below 400 Hz. 
The results of this investigation are not accurate for 
higher frequencies since their effects have not been 
taken into account. 

The qualitative influence of temperature only on the 
storage modulus, real part of Poisson's ratio, and 
damping of epoxy is illustrated in Figs 1-3. There are 
three distinct regions. At room temperature (in the 

T A B  L E 1 Properties of glass and graphite fibres 

Glass Graphite 

Eli I (GPa) 70.0 220.0 

El'2: (GPa) 70.0 16.6 
G~I: (GPa) 28.7 8.27 

r h 0.0015 0.0015 
Vt'12 0.22 0.16 
2 ( g c m  3) 2.60 1.75 
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Figure 1 Schematic variation of the storage modulus of epoxy with 
temperature. 
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Figure 2 Schematic variation of Poisson's ratio of epoxy temperature. 

glassy region), the storage modulus, Poisson's ratio, 
and damping of epoxy are equal to about 4.0 GPa, 0.35, 
and 0.018, respectively. In the glassy region, the 
storage modulus decreases slowly, while Poisson's ratio 
and the damping increase as temperature increases. In 
the next region (transition region), the storage modulus 
decreases rapidly, and both Poisson's ratio and damp- 
ing reach their maximum values. The last region is 
the rubbery region where the modulus takes a very 
low value, and all three parameters stay relatively 
constant. 

Typical values of the modulus in the rubbery region 
could be 10 -2 times the glassy modulus or lower. The 
damping can reach a value of 1 or even 2 in the 
transition region [4]. Poisson's ratio reaches the limit- 
ing value of 0.5, which is approximated by incom- 
pressible rubbers [5]. 

The position of the transition region depends on the 
moisture concentration. The effects of moisture on the 
glass transition temperature, Tg, of six epoxy resins 
have been determined by DeIasi and Whiteside [6]. 
These results are plotted in Fig. 4. They are compar- 
able with the data of McKague [7] and satisfy the 
theoretical relation derived in [8]. 
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Figure 4 Glass transition temperature of epoxy. From DeIasi and 
Whiteside [6]. 
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Figure 5 Experimental data of the storage modulus of epoxy as a 
function of temperature at diverse constant moisture contents. 
(A) M = 0.0%, (*) M ~ 2.90%, (O) M = 3.70%. 

broad [6], therefore, a glass transition temperature is 
used instead. The temperature ~ is usually obtained 
by measuring the expansion of a specimen as function 
of temperature. The point where the epoxy stops 
expanding as temperature increases corresponds to the 
first deviation from the glassy state and is termed Tg. 

According to the experimental data [6] plotted in 
Fig. 4, ~ is strongly dependent on absorbed moisture. 
These results show that, as the moisture content of 
epoxy increases, the transition temperature moves to 
the left in Figs 1 3. Hence, the abrupt change of the 
material properties starts at a lower temperature as the 
moisture content increases. This fact and the con- 
clusions reached by previous investigators [4] suggest 
that the following modelings of E~*, vn* and r/n* are 
appropriate. 

3. M o d e l l i n g  o f  e p o x y  p r o p e r t i e s  
The observations of the preceding section are used for 
modelling the material properties of epoxy that are 
given by Equation 1. 

The glass transition region of epoxy resin is not 
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Figure 3 Schematic variation of damping of epoxy with temperature. 
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Figure 6 Experimental data of the storage modulus of epoxy as 
a function of normalized temperature (T T~}) / (~-  T0). 
(.) Experimental data, ( - - )  Fit to data. 
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Figure 7 Experimental  data of  damping of  epoxy as a function of  
temperature  at diverse constant  moisture  contents. (zx) M - 0.0%, 
(*) M - 2.90%, (O) M = 3.70%. 
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Figure 8 Experimental  data of  damping  of  epoxy as a function of  
normalized temperature (T 70)/( ~ - T o ) .  ( , )  Experimental  
data. 

= Eo f 

v m = v; g (3) 

rim = t ] ~  Tg 

where the temperature T O is equal to 273 K. The mois- 
ture concentration appears implicitly in Tg. The glass 
transition temperature is represented by 

Tg = 2 1 0 e x p ( - 9 c )  ( in~  (5) 

where c is the moisture concentration. 
This modelling has been chosen so that it does not 

represent the material properties beyond Tg, since the 
study of epoxy in the rubbery stage is not within the 
scope of this research. Equations 2-4 are valid only for 
the continuous parts of the curves plotted in Figs 1-3. 

4. Experimental  results  
The experimental investigation is carried out in 
a Thermotron environment chamber. The storage 

0.4 

.s 

2 
tn 

~m 0.2 o 

i I 

/ / /  
/ d 

0 - { i  I I  I I  I I  I l t l  t t t ! J t I 

0.2 0.4 0.6 0.8 1.0 

Normalized temperature 

Figure 10 Experimental  data of  Poisson's  ratio in terms of  the nor- 

realized temperature T: = (T  - To)/(T ~ -- T{~). ( , )  Experimental 
data. ( ) Fit to data, ( - - - )  Extrapolation.  
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Figure 11 Longitudinal storage modulus  (E(~) of  glass-epoxy 

against T n = ( T -  To)/(Tg - To). ( ) Theoretical, ( , )  
Experimental  data. 

modulus and material damping of a beam specimen 
are measured with the impulse hammer technique 
along with a Fast Fourier Transform analyzer (HP- 
5420A). The specimen is clamped inside the testing 
chamber so that the temperature and humidity are 
maintained at the desired values. More detailed 
experimental procedures in environmental and damp- 
ing tests are documented in [9] and [10], respectively. 

All test specimens are conditions in a constant rela- 
tive humidity environment until moisture equilibrium 
is reached. Then the specimens undergo the impulse 
hammer technique and the four-point flexure tests to 
determine the storage moduli, the material damping, 
and Poisson's ratio at several temperature and mois- 
ture contents. 

4.1. Complex modul i  of epoxy 
4. 1.1. Storage modulus 
The experimental data on the storage modulus of 
epoxy in terms of temperature at three different 
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Figure 9 Experiment  data of  Poisson's  ratio of  epoxy in terms of  
temperature.  (*) M = 0.0%, (O) M = 4.17%. 
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Figure 12 Transverse (E~2) and shear  (G[2) storage moduli of  glass-  
epoxy against Tn = ( T -  T~)/(T~ - Tc~). ( - - )  Theoretical E{~, 
( , )  Experimental  E~2, ( ) Theoretical G~:. 
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Figure  13 Longitudinal (r/it), transverse (q22), and shear (r/g) damp- 
ing of glass-epoxy against T~ = ( T -  To)/(Tg --  To). ( ) 

Theoretical rh], (*) Experimental r/j i, ( - - - )  Theoretical r/22, (o) 
Experimental t/22, ( - - - )  Theoretical r/g. 
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Figure  14 Poisson's ratio (vi2) of glass-epoxy against T~ = (T 
To)/(Tg - To). ( ) Theoretical, (,) Experimental. 

equilibrium moisture concentrations are plotted in 
Fig. 5. It can be concluded that increase in either 
temperature or moisture content or both results in a 
decrease in the storage modulus. Representing these 
results in terms of the following normalized non- 
dimensional temperature 

T n = ( T -  T o ) / ( T  ~ - To) (6) 

in Fig. 6 shows a clear trend. Experimental studies 
have shown that the modulus of  polymer is very low 
at the glass transition temperature, therefore, adding 
the value Em = 0 for T = Tg to the data yields the 
following modelling 

Em = 4.0(1 - T 2) (GPa) (7) 

4. 1.2. Material damping 
Similarly, the experimental data of  the hygrothermal 
effects on the damping of epoxy are plotted in two 
Figs (7 and 8). There is very little change in damping 
for all the considered conditions. Therefore, it is 
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Figure  15 Longitudinal storage modulus (E(l) of graphite/epoxy 
against To = ( T  --  To)/(Tg --  To). 
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Figure  16 Transverse (E22) and shear (G~2) storage moduli of 
graphite-epoxy against T n = ( T  To)/(Tg - To). ( ) Trans- 
verse, (- ) shear. 
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Figure  1 7 Longitudinal (r/u), transverse (r/22), and shear (r/G) damp- 
ing of graphite-epoxy against T n = ( T  --  T o ) / ( T  ~ - To). ( ) 
Longitudinal damping, ( - - )  Transverse damping, ( - - )  Shear 
damping. 

proposed to let 
~m - -  0 . 0 1 8  (8)  

for temperatures up to 80 ~ C and moisture contents up 
to 5%. The conclusion that the hygrothermal effects 
on the damping of epoxy is negligible is qualitatively 
corroborated by Putter, Buchanan and Rehfield [2]. A 
quantitative comparison cannot be made since these 
researchers have not included in their publication the 
values of  the fibre volume fraction and moisture con- 
tent of  the test specimens. 

4. 1.3. P o i s s o n ' s  ra t io  

The experimental values of  the Poisson's ratio in terms 
of temperature at two different moisture contents, are 
plotted in Fig. 9. These results show that Poisson's 
ratio increases at a negligible rate as temperature 
varies from 0 to 80 ~ C. 

v m = 0.32 (9) 

for temperatures up to 80 ~ C and moisture contents up 
to 5%. Since v~ equals 0.5 at the glass transition 
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Figure  18 Poisson's ratio (/g~2) of graphite epoxy against T n = 
( T  - To)/(  ~ To). ( - - )  Theoretical. 
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temperature (Tn = 1), the plot of Poisson's ratio 
against the normalized temperature has been extra- 
polated as shown in Fig. 10. The extrapolation dis- 
plays a qualitative trend only. 

4.2. Complex modul i  of unidirect ional 
composi tes 

The complex moduli of glass-epoxy and graphite- 
epoxy in terms of moisture content and temperature 
can be determined by using the fibres' properties given 
in Table I, Equations 6-8 and the micromechanics 
formulas [3]. 

This procedure is illustrated by determining the 
storage moduli and the damping of a glass epoxy 
lamina with a fibre volume fraction of 0.5 and a 
graphite-epoxy lamina with a fibre volume fraction 
of 0.7. 

4.2. 1. G l a s s - e p o x y  
The parameters E(l , E22, G(2, ~/i1, ~22, E/G and vi2 versus 
the normalized temperature are plotted in Figs 1 1-14. 
The experimental data substantiate the theoretical 
results. 

4.2.2.  G r a p h i t e - e p o x y  
Similar ly ,  Ell , E~2 , G(2 , gill, F]22, /~G and vi2 against the 
normalized temperature of graphite-epoxy are plotted 
in Figs 15-18. For both glass-epoxy and graphite- 

epoxy, the results show that the matrix-dominated 
parameters (E~x and G~2) are strongly affected by 
moisture and temperature, while the fibre-dominated 
parameters (E(~, v'12) stay practically constant. 

5. H y g r o t h e r m a l  e f fec ts  on complex  
s t ructura l  s t i f fness of  laminated  
compos i tes  

The hygrothermal effects on the in-plane (A,*) and 
the bending (D*) complex stiffnesses of glass-epoxy 
and graphite-epoxy angle-ply [(_+ O)2]s laminates are 
investigated. The applied moisture gradients are the 
cases: A, dry state; B, moisture saturated state; and C, 
non-uniform moisture gradient state and the uniform 
applied temperatures of 20 ~ C and 80 ~ C, respectively. 
The material properties in terms of moisture content 
and temperature have been determined in Section 4. 
The fibres' properties are given in Table I. The theo- 
retical expressions of A*~, A6*, and D*I, D*6, in terms 
of the fibres and matrix properties have been developed 
in [11J by using the classical lamination theory and the 
elastic-viscoelastic correspondence principle. 

5.1. G l a s s - e p o x y  lamina ted  c o m p o s i t e s  
The fibre volume fraction of the glass-epoxy is 0.5 and 
the equilibrium moisture content c~ is 0.025. Since the 
fibres do not absorb any moisture, the equilibrium 
moisture concentration of the matrix is 0.05. The 
thickness of the laminate is 2.0 mm and Ai*, and D,j* 
are normalized with respect to 75.86 x 10 6Nm 
and 25.29 Nm, respectively. 

The real part of the longitudinal in-plane complex 
stiffness. A~] and its corresponding damping, I '7.~ are 
plotted in Fig. 19. As the moisture gradients and the 
temperature change, the relative changes of A~ 1 vary 
from 6% (for 0 = 0 ~ to 33% (for 0 = 90~ Similarly, 
A;6 and I TM in Fig. 21. All these cases show that the 
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Figure 21 Complex in-plane stiffness Ae*6 of glass epoxy. (a) Non-dimensional real part. (b) Corresponding damping. 
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Figure 23 Complex in-plane stiffness D~' 6 of glass-epoxy. (a) Non-dimensional real part. (b) Corresponding damping. 

hygrothermal effects on A* is matrix dominated (the 
line style legend of the figs is defined in Fig. 20). 

The real part of the bending stiffnesses, D*~ and D~'6 
and their corresponding damping F ~]1 and F "~6 are 
plotted in Figs 22-23. These results yield similar con- 
clusions to those of A*~ and A*6, respectively. The 
e:iperimental data of D~ and F "H substantiate the 
theoretical results. 

5.2. G r a p h i t e - e p o x y  
The volume fraction of the graphite-epoxy laminate is 
0.7 and its equilibrium moisture concentration co~ is 
0.015. Since all the moisture is absorbed by the matrix, 
co of the epoxy is 0.050. The laminate is 2.0 mm thick. 
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The real parts of the complex stiffnesses (A'~I, A;6, 
D'~I and D;6 ) and their corresponding damping (I,H, 
I ~66, E ~L and F "66) plotted in Figs 24-27. The terms 
A~ and D~/ are normalized with respect to 311.3 x 
106 Nm -~ and 103.77Nm, respectively. These results 
show the same tendency as those of glass-epoxy. Since 
the volume fraction and the longitudinal modulus of 
the graphite fibres are higher, the hygrothermal effects 
are less pronounced. 

6. Conclusions 
The storage moduli, Em, are strongly dependent on 
temperature and moisture content. But, r/m and v~n stay 
constant up to a moisture content M = 5% and a 
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Figure 24 Complex in-plane stiffness A~l of graphite-epoxy. (a) Non-dimensional real part, (b) Corresponding damping, 
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Figure 27 Complex bending stiffness D* 6 of graphite-epoxy. (a) Non-dimensional  real part. (b) Corresponding damping.  

temperature T = 80~ More severe hygrothermal 
conditions could not be reached in the environmental 
chamber due to operating temperature limitations of 
both the chamber and the motion and force trans- 
ducers used in the impulse hammer technique. 

The experimental results of the epoxy properties in 
combination with the micromechanics formulas are 
used to determine the hydrothermal effects on the 
complex moduli of unidirectional glass-epoxy and 
graphite-epoxy composites. It is shown that only the 
matrix dominated terms (Ed2 and G(2) are strongly 
affected by temperature and/or moisture. 

The complex stiffnesses and structural damping of 
[(+0)2]s glass-epoxy and graphite-epoxy laminates 
are investigated. These results display the same 
general trend as those of the complex moduli of uni- 
directional composites. That  is, only the matrix domi- 
nated terms are strongly affected by moisture and/or 
temperature. 

Recommendations and additional remarks that 
arose from this investigation are listed below. 

(1) The results and conclusions could vary among 
different material systems. Hence, it might be necess- 
ary to repeat the tests and the methodology for dif- 
ferent materials. 

(2) The experimental results are valid up to a 80 ~ C 
temperature and a 5% moisture content. In order to 
determine the properties of epoxy through a wider 
range of  temperature (from - 5 0 ~  to 200 ~ C) and 

moisture content, an environmental chamber and 
transducers that can operate under more severe 
hygrothermal conditions need to be used. 
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