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[na 12-cnoucToro nammuHaTa ¢ MaTpuLel 13 3NMOKCUMAHON CMOMbl U CTEKNIOBONOKOH MCCNefoBaHbI
3aKOHOMEPHOCTM abcopbumm Bnarm 1 MexaHW4eckoro MOBEAEHUS B YC/IOBUSIX CABUra. JKCMepUMeH-
Ta/lbHble MccnegoBaHna abcopbuuy Bnarnm obpasyamu M3 faMuHaTa Mpu pPasnnyHbIX 3HAYeHUSX
Bna>kHocTw Bo3gyxa (0, 60 1 96%) npn TemnepaType 6WC no3sonmam onpeaeniThb ABa NapameTpa
(koathhnupmeHT andpysnm D 1 MakcuMaibHOe KOAMYECTBO BNarv Mpu HacbiweHnn Mn), xapakTe-
pusyloLWNX 3aKoH Auddysun Prka, KOTOpbIA npegnonaraeT o6paTMMOCTbL npouecca. AHanus
MeXaHW4ecKoro noBefeHUs Mpu chgure, obecrnevynBaeMoM OLHOOCHbLIM pacTS>KEHWEM namuHaTa ¢
BOJIOKHaMW, OpPMEHTMPOBaHHBLIMK MOA yr/ioM 45° K ocy pacTsa>KeHWs, Mpy NOCTOSHHBIX CKOPOCTAX
nepemeLLieHNs MoKasan, YTO MpW BNaXKHOCTMK 96% KOHUEHTpauus Bnarm B KOMMO3UTe wrpaeT
0C06eHHO Ba>KHYH0 posb. Mpegno>keHa npocTas Mofenb, MO3BOAAKOLLAA ONUCATb BAMSHME abcopb-
UMK BRary Ha MexaHW4eckoe MOBefeHWe fnaMmuHaTa npu casure.

KnioueBble cnosa: a6cop6u,|/|ﬂ Bnarn, KOMnosnTt C YMNPOYHEHMEM CTEK/10BOJIOK-
HaMu, CTeK/0, anokKcngHaa CcMoJia, MeXaHNYECKOe MoBeaeHne

Introduction. The combination of moisture and temperature has previously
been found [1, 2] to degrade the mechanical properties of composite materials by
enhancing damage growth. Moisture absorption is characterized by the migration
of molecules down the concentration gradient, which occurs through diffusion. The
properties of the matrix (resin) can also change significantly during exposure to an
aguaous environment [3, 4]. Furthermore, the water can diffuse between the fibers
and the matrix, weakening or destroying the bond at the fiber/matrix interface. The
amount of moisture absorption during of specific period of time (t) depends on the
diffusion coefficients of the individual component in the plastic/composite. For
fiber-reinforced plastic composites, the diffusion coefficient depends on the
following three factors: volume or weight fraction of fibers, diffusion coefficient
of the matrix (base resin) and temperature [5, 6]. The driving force for moisture
diffusion is the gradient in the moisture concentration. For homogeneous materials,
the moisture diffusion follows the Fick diffusion law. It was observed [7] that
moisture absorption in fiber-reinforced plastics correlated very well with the Fick
diffusion law. In this study, we have estim ated characteristics of moisture absorption
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behavior by assuming one-dimensional diffusion. The main assumption involved is
that moisture diffusion can be described by the Fick diffusion law. Additionally,
diffusivity is assumed to depend only on temperature and to be independent of
moisture concentration or the stress levels inside the material.

If the initial temperature and moisture content in the specimen are uniform,
and if the geometry allows for the assumption of a one-dimensional diffusion
through the tickness, then the percent moisture content (by weight). The relative
moisture absorption can be described by the following equation [8]:
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where mt is the initial weight of the moisture in the material, mm is the weight of
moisture in the material when the material is fully saturated, in equilibrium with its
environment, and D x is the mass diffusivity in the composite. This is an effective
diffusivity since all the heterogeneities of the composites have been neglected.
Here h is thickness of specimen and t is the time. The moisture content is
measured by finding the weight gain of the material.

The percent moisture content of the composite as a function of time was
measured according to mass gain, using the following formula [9]:

w —W
M (%) = V\Eth ay 100, 3)
ry

where the wet and dry weights are denoted by Wwet and Wdry, respectively. By
solving the diffusion equation for weight of the moisture, and rearranging in terms
of percent moisture content, the following relation is obtained
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where M m is the equilibrium moisture content of the specimen. Using the weight
gain data of the material with respect to time, a graph of percent moisture content
of the material vs square root of time is plotted.

We perform the analysis of mechanical response of a laminate constituted of
12 layers of glass fiber fabric/epoxy resin saturated at different relative humidities
0, 60, and 96% RH at 60cC.
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The first part of this study consist to determine the two parameters
characteristic of the Fick diffusion law (the diffusion coefficient D and the
maximum quantity of water saturation M m) which admits the reversibility of the
phenomenon and the second part consist in testing the specimens oriented at 45° in
uniaxial tension until the failure at constant imposed displacement rates.

Experimental. Material. The material used was a laminate constituted of 12
layers of glass fiber/epoxy resin in one sequence [+45]3s. The physical properties
of woven fabric composite (glass fiber fabric/epoxy resin) studied are presented in
Table 1. The test is carried out on specimen with alength 200 mm, thickness 3.2 mm
and width of 30 mm.

Table 1
Physical Properties of Woven Fabric Composite
Composite Thickness (mm) Density (g/cm3) Fiber volume fraction (in %9
Fabric composite 3.2 194 55

Environmental Conditioning. After total drying in a vacuum oven, the
specimens were exposed to various moist environments in an environmental
conditioning chamber. A periodic weighing allowed to ensure that a physical
equilibrium had been reached before testing. The experimental analysis of the
kinetics of moisture absorption of the specimens conditioned in wet medium at
different relative humidities, 0, 60, and 96% RH at 60°C was carried out by a
measurement of resumption of weight (gravimetric method) according to the
duration of conditioning with an aim of determining the two parameters
characteristic of the Fick diffusion law (the diffusion coefficient D and the
maximum quantity of water of saturation M m which admits the reversibility of
the phenomenon. The equilibrium moisture level of saturation of material was
reached about six months. The aim is to study the environmental behavior
(moisture absorption) of glass fiber fabric/resin epoxy. This method is used to
calculate the diffusivity D and the maximum moisture content M m of the woven
fabric composite.

Mechanical Test. The [+45]3s laminate was tested in off-axis configuration.
Each specimen (200 X30 X3.2 mm) was equipped with aluminum end-tabs and
three-directional rosettes. All the specimens were carefully conditioned: after prior
total drying, the specimens were exposed to various moist environments. A
periodic weighing allowed to ensure that a physical equilibrium had been reached
before testing. The test itself was performed in a temperature- and moisture-
controlled environmental chamber. Both conditioning and testing were carried on
at 60°C, value chosen to enhance matrix influence on the material behavior. The
test was a tensile loading up to failure at constant imposed displacement rates.

Results and Discussion. Moisture Diffusion. The influence of environmental
conditions (absorbed moisture) for the lamina (glass fiber fabric/epoxy resin) is
discussed. Table 2 shows the experimental results of moisture absorption of
composite (fabric glass/epoxy resin).

The weight gain depends mainly on three parameters: time (t), equilibrium
moisture content (M m), and diffusion coefficient (D). The values (characteristic
parameters) of the kinetics of moisture absorption (M m and D) obtained by the
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experimental moisture conditioning method confirms clearly the principal remarks
observed: the diffusion coefficient D depends not only on the temperature but also
of the relative humidity and the equilibrium moisture content M m depends
strongly on the relative humidity.

T aEgpleiimgntal Results of Moisture Absorption of Composite (Fabric Glass/Epoxy Resin)
Humidity RH (%9 60 96
D (cm2s «10-8) 120 0.21
Mm (%) 0.18 1.10

Mechanical Response. The analysis of the mechanical and acoustic behavior
in shear of the specimens (Table 3), conditioned at different relative humidities 0,
60, and 96% RH at 600cC, tested in uniaxial tension at constant imposed displacement
rates, has allowed to show that the influence of the moisture concentration for the
specimens oriented at 450 is very important at 96% RH. This effect is particularly
observed for the specimens oriented at 450 through the evolutions of the tangent
shear modulus (G 06), the ultimate shear stress (o 6u), and the ultimate shear strain
(Yéu) with the variation of the quantity of water absorbed by the composite.

Table 3
Mechanical Responses at Different Relative Humidities
RH (%) 0 60 96
at 600C (dry) (wet) (wet)
Mm (%) 0 0.17 1.10
G06 (GPa) 6.08 5.55 3.49
06u (MPa) 145 128 100
Yéu (%) 15.83 11.00 9.80

From the preceding study it follows that it is reasonable to model the lamina
(glass fiber fabric/epoxy resin) behavior by a definite shear modulus-shear strain
relationship. We propose here the following exponential law:

G6- Gi f Y6
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The asymptotic value Gi of expression (6) is not easy to determine from
experimental plots, due to its nature. However, it can be assumed to fall within the
range 0.1-0.2 GPa and will be determined with more sensitivity by fitting the
computed laminate response to the experimental curves, as the sequel will show.
Nevertheless, choosing any value in the range 0.1-0.2 GPa has no great influence
on the values of G06 and y 06 obtained in plotting In(G6 - G1) versus y6-We
admit that the agreement is acceptable in the first approximation between the
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proposed model and the experimental data. Table 4 summarizes of G06, Gj, and
y 06 derived from tests on [+45” for various humidities. From the data in Table 3,
two main features can be pointed out:

(i) the different methods used to determine the shear modulus correspond to
different mechanical states of the lamina, and the evolution of the shear modulus
governed by the value of y06 depends on that mechanical state;

(ii) humidity both reduces the initial shear modulus, especially beyond 60%
(the decrease from dry to 96% RH specimens is 43%, and activates its decrease,
with y 06 varying from 31% for [+45]3s).

Table 4
Results of the Principal Parameters of the Model Proposed
Humidity RH (%) Gl (GPa) Go6 (GPa) V06 (%9
0 0.080 6.08 0.62
60 0.180 5.55 0.55
96 0.200 349 0.43

Thus, environmental conditions prove to have a prominent influence on the
mechanical behavior of epoxy-based composites. The comparison between
experimental and computed stress-strain responses of [£45]3s are shown in Fig. 1,
where there is a good fit for all moisture contents.

8

0 1 2 3 4
Shear strain (%)

Fig. 1. Comparison between experimental and computed responses for [+45]3i specimen [(m) expe-
rimental, (¢) modeling].

A good agreement between the plotted curves (modeled and experimental) of
the model proposed of behavior in shear justifies a good control of the nonlinearity
of the mechanical response in shear of material tested (Fig. 1).

The straight line of the curve (Fig. 2) representing the initial tangent shear
modulus versus characteristic strain by taking account of the maximum quantity of
water retained at the saturation (M m) for the conditioned specimens with various
relative humidities (0, 60, and 96% RH at 60°C), made it possible to propose a
simple model of the straight line obtained allowing for the sensitivity of behavior
in shear to the moisture and at the stressed state.
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Characteristic strain (
Fig. 2. Initial tangent shear modulus G06 vs characteristic strain y 06.

The proposed equation for the straight line is as follows:

GO06 _ aY06 b> (7)

where a is the slope of the straight line of the function in linear scale, and b is
the initial value (intersection of the straight line with the y-axis for y 06 = 0) of the
modulus of rigidity of the function in linear scale.

The graduation of the straight line (Fig. 2) in linear scale of M m which
corresponds to a well-defined scale, allows us to specify the value of the initial
tangent initial shear modulus and the characteristic strain for each quantity of
water absorbed.

Fig. 3. Characteristic strain yay vs maximum quantity of water retained at the saturation Mm

The plotted curve (Fig. 3) representing the characteristic strain versus the
maximum quantity of water retained at the saturation by fabric composite makes it

possible to determine the coefficients a' and b' according to the equation
obtained
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Y06 =b'~aMm, (8)

where M m is the maximum quantity of water retained at the saturation (%), a' is
the slope of the straight line of the function in linear scale, and b' is the initial
value (intersection of the straight line with the j-axis for M m = 0) of the
characteristic strain of the function in linear scale.

This model describes the influence of water absorption on the mechanical
behavior in shear.

Conclusions. Experimental results for laminate constituted of 12 layers of
glass fiber/epoxy resin having fiber orientation at [£45]3s exposed to humid
environment (absorbed moisture) and mechanical tests have been presented.
Moisture absorption takes place through of a diffusion process, in which water
molecules are transported from areas with moisture concentration. The amount of
moisture absorption during the hygrothermal conditioning depends on the diffusion
coefficients of the component in the plastic/composite. For fiber reinforced plastic
composites, the diffusion coefficient depends on the following three factors:
diffusion coefficient of the matrix (resin), temperature and volume or weight
fraction of fibers. The moisture diffusion process is highly dependent on the
temperature and relative humidity. The analysis of the mechanical behavior in
shear of the specimens, conditioned at different relative humidities 0, 60, and 96%
RH at 60°C, tested in uniaxial tension at constant imposed displacement rates has
permitted allowed to show that the influence of the moisture concentration for the
specimens oriented at 45° is very important at 96% RH. This effect is particulary
observed for the specimens oriented at 45° through the evolutions of the shear
modulus and the shear stress with the variation of the quantity of water absorbed
by the composite. The proposed simple model permits to specify the influence of
water absorption on the mechanical behavior in shear.

Pesome

[Ona pBaHaguATULWAPYBATOro faMiHata 3 MaTpuuero 3 enoKCULHOT CMOMAN i CKo-
BO/TOKOH AO0CNI[>XeHO 3aKOHOMIipHOCTI abcopbuii Boorn i MexaHiyHoT NoBefiHKM
B ymoBax 3cyBY. EkcnepumeHTanbHi gocnigXeHHa abcop6buii Bonorn spaskamu 3
NamiHaTa 3a pi3HMX 3HayeHb BonorocTi noBiTpsa (0, 60 i 96%) npu TemnepaTypi
60°C [03BONMAM BU3HAUYUTK [Ba napameTpu (KoediuieHT audysii D i makcu-
ManbHY KiNbKiCTb BOJIOFM MNPW HacU4YeHHi M m), WO XapaKTepusylTb 3aKOoH
angysil dika, AKMIA Npunyckae 3BOPOTHICTb mpouecy. AHania MexaHiyHOT nose-
OIHKM npu 3cyBi, WO 3abe3nevyyeTbcss OAHOBICHWUM pPO3TArOM samiHaTa 3 BOJIOK-
Hamu, OpieHTOBaAHMMM MNif KyTOoM 45° o oci po3TAry, Npu NOCTINHUX LWBUAKOCTAX
nepemilleHHA NoKasas, Lo Npu BONOrocTi 96% KOHLeHTpaLis BO/OrM B KOMMNO3UTI
rpae ocob/MBO BaX/WBY ponb. 3anponNoOHOBAHO MPOCTY MOAeNb, fika A03BONSE
onucaTtun BnavB abcopbuii BO/IOrM Ha MexaHiyHy NoBediHKY naMiHaTa npu 3cyBi.
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