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Abstract
Unsaturated permeability evaluation still remains an issue in composite manufacturing. Test liquids, considered as models for resins, have been largely used. Silicone oil is the most common test liquid for permeability measurements and has been used in benchmarks for unsaturated permeability evaluation [1]. But the choice of this liquid relies only on its viscosity which is comparable to the one of a liquid epoxy used for composite manufacturing. Capillary effects have been totally neglected for those measurements and the validity of this assumption has never been verified. Indeed, silicone oil is a totally wetting liquid. Epoxy resin at its liquid state has a very different behavior as it has been proved by the characterization of surface tension and its components for some uncured epoxy resins [2]. Wicking tests in carbon fabric reinforcements were carried out with different test liquids at several temperatures following a procedure established in previous works [3]. Silicone oil was used in comparison with an epoxy resin. Trends of wicking were found to be significantly different proving that the physico-chemical properties have thus also  to be considered to choose a model liquid for permeability measurements. To go further, the definition of an unsaturated permeability has to be questioned.

1.
Introduction
Test liquids used for permeability characterization, such as silicone oil, have wetting properties depending on temperature that are largely different from ones of epoxy resins. Silicone oil, due to its low and non-polar surface tension, is a totally wetting liquid [4]. Contrarily, measurements of surface tension and of dispersive and polar components for an uncured epoxy resin showed the partially wetting behavior of resins [2].
Moreover, recent studies proved the interest in using wicking tests for the characterization of capillary effects during impregnation of reinforcements, due to interactions between fluid and fibers [3].
The present work focuses on wicking tests in carbon fabrics using different test liquids at several temperatures, following an established procedure [3]. The aim is to evaluate if the choice of silicone oil as test liquid is suitable to determine morphological parameters of fibrous preforms, and define an unsaturated permeability value. 
2.
Theory
Wicking of a liquid in a fibrous medium compacted in a cylindrical sample holder can be described by the Washburn law [5]. This equation can be considered as equal to the Darcy law [6] in order to define an equivalent capillary pressure Pcap [3]. Followig the unidirectional flow hypothesis, the mass gain m measured by a tensiometer during wicking can be expressed as in equation 1, according to the Washburn theory, and as in equation 2 in agreement with the Darcy law [3]: 
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where R is the radius of the cylindrical sample holder and t the time of flow.  is the fluid viscosity of the liquid, its density and γL its surface tension. K is the permeability in the considered wicking direction [7-8],  the porosity of the fibrous medium. c is a parameter related to tortuosity, r the mean capillary radius of the porous medium and (a the apparent advancing contact angle . The squared mass gain should thus show a linear trend as a function of time, in order to estimate a capillary pressure and validate the assumption of a constant permeability.

Considering the mass gain as equivalent in both equations makes possible to derive Eq. 3 from Eq. 1 and 2:
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A relation between capillary pressures considering two different liquids wicking in a preform with the same morphology can be made. Considering the permeability as constant and related to the morphology of the preform, a ratio between capillary pressures can thus be expressed. If the preform is considered as unchanged during both wicking tests and the permeability is the same, the following ratio can be expressed as follows, considering the silicone oil as totally wetting:
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with Pcap−resin , (L−resin and θa−resin being respectively the capillary pressure, the surface tension and the mean advancing contact angle for a wicking test with resin and Pcap−Si and (L−Si the capillary pressure and surface tension with the silicone oil.

Then, performing a capillary wicking in the same preform with resin, it is possible to compute, for each time step recorded by the tensiometer, the permeability that should be obtained with the considered capillary pressure:
	
[image: image5.wmf]t

t

m

C

t

t

m

P

R

t

K

C

re

cap

re

re

)

(

)

(

)

(

2

)

(

2

2

sin

2

2

2

sin

sin

=

ú

ú

û

ù

ê

ê

ë

é

=

-

4

4

4

4

3

4

4

4

4

2

1

p

er

h


	(5)


The permeability should then be directly proportional to the slope of the squared mass gain measured by the tensiometer against time during wicking. Spontaneous impregnation of fibrous medium by different test liquids could thus be a mean to verify the validity of the permeability parameter, especially in transient flows.
3. Results
Wicking has been performed in a carbon quasi-UD fabric from Hexcel Corp. (reference: 48580), following the procedure established in previous studies [3]. The silicone oil is the XIAMETER® PMX 200-50 CS and the epoxy resin is the SP106 from GURIT® without hardener. Fig. 1 shows that even if silicone oil is used as a model for liquid resin in permeability measurements, it has a very different behavior during wicking.
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Figure 1.: Full time wicking in fabric for silicone oil and epoxy resin at three different temperatures.
Fig. 2 shows that resin has a behavior that can be modelled by Darcy and Washburn laws, which means that it is possible to estimate an equivalent capillary pressure. Measurements of both silicone oil and resin viscosity and surface tension, a capillary pressure can be calculated for the resin/carbon fibers couple, thanks to data from previous work [3]. 
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Figure 2.: Linear fit up to 200s with resin.

Fig. 3 and 4 show that wicking with silicone oil cannot be described with the same models, this hinders a proper estimation of an equivalent capillary pressure or permeability with this test liquid.
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Figure 3.: Full time wicking in fabric for silicone oil.
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Figure 4.: Non-linear behavior even for the first 50s of wicking with silicone oil.
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Figure 5.: Slope of squared mass against time at 40°C for both test liquids – directly related to permeability.

Furthermore, the calculated slope of the squared mass against time during wicking should be directly related to permeability. It is shown in Fig. 5 that permeability estimated from equation 5, with a capillary pressure determined from equation 4, would not be constant for silicone oil. This seems to indicate an inconsistency. Either there is a default in the capillary pressure definition, or a problem in unsaturated permeability definition. However, silicone oil does not seem to be a good model for uncured resin for wicking such as for low pressure gradient driven infiltration.
4. Conclusion
A lot of interesting conclusions can be drawn from those tests, but the main one is that wicking of silicone oil into carbon reinforcements cannot be described with the common equations used for permeability estimation. Since no pressure gradient is applied in this test, the physico-chemical differences between resin and silicone oil make the comparison impossible. It is also impossible to consider a capillary pressure for silicone oil at all tested temperature. This could indicate that viscosity should not be the only parameter affecting the choice of a a non-reactive liquid to model liquid resin. These results also raise questions about the validity of unsaturated permeability estimation, or on the meaning of unsaturated permeability itself.
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