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1. IntroductionMany composite materials are manufactured using industrial processes, usually named RTM(Resin Transfer Molding), SRIM (Structural Resin Injection Molding), SCRIMP (Seeman Com-posite Resin Infusion Manufacture Process), or squeeze casting, which essentially consist in in-jecting a metallic, ceramic, or polymeric melt in a porous preform. The solid constituent, whichcan be for instance made of sponge-like materials, mats, or aligned �bers and is usually calledpreform, is put in a mold. Then the liquid is introduced through an injection port, while air goesout from suitably located air vents. At the end of the production cycle, the liquid matrix, whichshould uniformly �ll up the whole preform, solidi�es holding the reinforcing elements togetherand enabling the transfer of the major stresses and loads to the solid preform.In the literature, these processes are modelled assuming that the solid preform does notdeform during in�ltration. Under this assumption non-isothermal resin injection moulding sim-ulations have been performed for instance by Chan and Hwang (1991, 1992, 1993), by Lin, Lee,and Liou (1991, 1993), and by Young (1994).On the other hand, non negligible deformations are mentioned or experimentally put inevidence by several authors (Clyne and Mason (1991), Gonzalez-Romero and Macosko (1990),Kim et al. (1991), Lacoste et al. (1991, 1993), Lekakou et al. (1996), Mortensen et al. (1990,1996), Nam et al. (1995), Rudd et al. (1990, 1992), Yamauchi and Nishida (1995)), and inparticular by Lee, Liou and Young's group itself (Han et al. (1993a,b), Trevino et al. (1991),Young et al. (1991).)In fact, in several practical situations the pressure gradient driving the 
ow is large enoughto signi�cantly compress the reinforcing network. This is particularly evident near the injectionport where the liquid matrix entering the mold may push away the preform, forming a �ber-freeregion. Moreover, in�ltration generates a compression in the region near the advancing frontwhich in
uences the preform permeability.From an industrial point of view, it is important to have a model which allows to monitorboth deformation and stress states in the solid preform. The former in order to quantify theinhomogeneous characteristics of the �nal products. The latter in order to evaluate in advancethe possibility of damages in the reinforcing network, which may lead to material failure.From these observations, the necessity of including deformations in models aimed at sim-ulating composite materials manufacturing is clear. Keeping this in mind, in previous papers(Preziosi et al. (1996), Ambrosi and Preziosi (1998) and (2000), Billi and Farina (2000)) we haveconsidered the isothermal in�ltration problem. In particular, in Preziosi et al. (1996) the unin-�ltrated preform is assumed rigid and the behavior of the system is studied both considering andneglecting inertia and for both an elastic and a Voigt-Kelvin constitutive model for the in�ltratedregion. Billi and Farina (2000) proved, in the elastic case and under the assumption of negligibleinertia, existence and uniqueness of a classical solution and that when the 
ow is driven by aconstant inlet pressure the problem can be put in self-similar form. This, in particular, meansthat the in�ltration front and the sponge border move like the square root of time. In Ambrosi2



and Preziosi (1998) the coupled wet/dry problem is studied considering inertia and assumingthat both the wet and the dry preform are elastic with the same stress-volume ratio law.This paper instead deduces a model aimed at simulating non isothermal injection mouldingprocesses, always allowing deformation of the solid preform during the application of the pres-sure and temperature cycle. In addition, while in�ltrating the resin undergoes an exothermiccrosslinking chemical reaction, so that it may gel before full in�ltration is achieved. Thoughthe chemical reaction could be slowed down by decreasing the temperature, this increases theviscosity of the liquid and therefore slows down the in�ltration. From the application viewpointone has then to �nd a proper set of parameters leading to a rapid full in�ltration with reason-ably small compression and without strong inhomogeneities. The model presented in this paperproves to be able to do that.Besides the region occupied by the liquid only, the in�ltration problem presents the formationof two time-dependent domains, one occupied by the solid preform wet by the curing resin, andthe other consisting of the unin�ltrated solid preform. It is assumed that sharp fronts dividethe three domains. If this might be plain for the interface dividing the pure liquid and the wetpreform, i.e. one of the borders of the preform, it implies a simpli�cation of capillary phenomenaat the interface between the saturated and the dry porous medium. This assumption, oftencalled slug-
ow approximation, is reasonable when the applied inlet pressure is much larger thanthe capillary pressure as occurs in most composite material manufacturing processes. Antonelliand Farina (1999) developed an analysis of such phenomena in a similar framework. The readeris also referred to the papers by Sommer and Mortensen (1996) and Mortensen and Wong (1990)who deal with capillary phenomena in metal matrix composites.Though the paper speci�cally refers to the industrial processes mentioned in the begin-ning, the basic idea can be easily applied to other industrial processes involving in�ltration indeformable porous materials, e.g. sponge-like materials.The paper develops in six sections. After this introduction, the second section presents thethree-dimensional non-isothermal model with resin cure. In the third section the solution ofthe one-dimensional problem in the dry region is addressed. In fact, the mechanical problemcan be reduced to the integration of an ordinary di�erential equation determining either thelocation of the in�ltration front or the volume ratio in the dry region, depending on whetherthe parameter which is controlled from the outside and which determines the in�ltration is thepressure di�erence between the extrema of the preform or the in
ow velocity. The problem thenreduces to the integration of the heat equation coupled through the interface conditions to thesolution in the in�ltrated region. The other interface conditions referring to mechanical statevariables rewrite as boundary conditions for the solution in the in�ltrated region and depend onhow the liquid is pushed in the preform. In the fourth section the coupled initial boundary valueproblem is posed and written in a Lagrangian formulation. The �fth section brie
y describesthe numerical method, and discusses the results of some simulations which show how the modelcan be used to determine the deformation evolution during in�ltration and the parameter rangefor which the preform can be completely in�ltrated before resin gels. A �nal section draws some3



conclusions pointing out possible developments.2. Modelling the In�ltration ProblemConsider an initially dry solid preform, which at time t = 0 starts being in�ltrated by a resin.Referring to Fig. 1, it is possible to identify two time varying domains, a dry region Dd(t)and a wet region Dw(t). If capillarity phenomena are negligible, as occurs in most compositemanufacturing processes, which are driven by in�ltration pressures much larger than the capillarypressures, the two domains are divided by a sharp in�ltration front �i(t). Furthermore, we assumethat no gas remains entrapped in the wet preform, so that in each domain only two constituentsare co-present, the solid and the resin in Dw(t), and the solid and air in Dd(t).Referring to Preziosi (1996) and references therein for further details, we can write for thewet region the following equations� Conservation of mass of the solid constituent@�s@t +r � (�svs) = 0 ; (2:1)where vs is the velocity of the solid constituent, and �s is its volume fraction, i.e. the volumeoccupied by the solid constituent over the total volume;� Conservation of mass of the liquid constituent@�`@t +r � (�`v`) = 0 ; (2:2)where v` is the velocity of the liquid constituent, and �` is its volume fraction;� Momentum equation for the mixture�m �@vm@t + vm � rvm� = r �Tm ; (2:3)where Tm is the stress tensor of the mixture,�m = �s�s + �`�` ; (2:4)is the so-called composite density, i.e. the density of the mixture, while �p is the \true"density of the material which is used as p-constituent andvm = �s�svs + �`�`v`�m ; (2:5)is the so-called mass average velocity, i.e. the velocity of the center of mass of the mixture.In the following, the inertial term in (2.3) will be neglected;� Darcy's law �`(v` � vs) = � K(Fs)rP`� ; (2:6)4



where � is the liquid viscosity, P` is the pore liquid pressure, and K is the permeabilitytensor, which depends on the deformation gradient of the solid constituent Fs. We recallthat if �� is the volume ratio in the reference con�guration, Fs is linked to the volume ratioby detFs = ��=�s. Since we want to consider non-isothermal in�ltration processes withresin cure, the viscosity of the resin will depend on its temperature �, and degree of cure�c.Of course, several corrections can be considered here, e.g. Forchheimer law, or correctionswhich take into account the non-Newtonian properties of the resin. However, in this paperwe proceed assuming the validity of Darcy's model;� Degree of cure of the resin @�c@t + v` � r�c = fc(�c; �) ; (2:7)where fc is an experimentally determined function describing the chemical reaction. Werecall that �c 2 [0; 1] as it represents the fraction of cured resin;� Energy equation for the mixture�m �@"m@t + vm � r"m� = Tm : rvm �r � qm + �`Hcfc(�c; �) ; (2:8)where "m and qm are, respectively, the internal energy and the heat 
ux related to mixtureas a whole, and the last term represents the heat supplied by the exothermic curing reactionof the resin. In particular, Hc is the total heat of reaction.Equation (2.8) can e�ectively describe the thermodynamic behavior of the mixture if theresin 
ow is slow enough, so that the temperature of the bridges and of the pore wallsof the preform are allowed to adjust quasistatically to the changes of temperature of theresin 
owing through it, so that the two constituents can be always considered in localthermal equilibrium (on the time scale de�ned by the in�ltration velocity) with the sametemperature.Since in resin in�ltration problems inertial terms are very small, we will neglect them. Infact, in previous papers (Preziosi et al. (1996) and Ambrosi and Preziosi (1998) and (2000))which considered inertia, it was noticed that the dimensionless form of the equations presentsin front of the inertial term a coe�cient which is usually very small in practice. Actually, theyshowed that inertial terms are important only during the very initial stages of in�ltration. Inthe same papers it has been shown that, under the assumption of elastic constitutive equations,neglecting inertia changes the mathematical structure of the isothermal problem from hyperbolicto parabolic.Under this hypothesis, Eq.(2.3) rewrites as a stress equilibrium equationrP` = r �Twm ; (2:9)if, referring for instance to Terzaghi (1923) and de Boer (1996), one de�nes the e�ective stresstensor as Twm def� Tm + P`I: (2:10)5



Of course, Twm has to be constitutively related to the deformation of the solid constituent withrespect to the reference (or natural) con�guration and to the 
uid properties.In the following, we will use Darcy's law, the saturation condition �s + �` = 1, and thestress equilibrium equation to simplify the model (in particular, the energy equation) in a set ofequations which results easier to be handled.The �rst step is to observe that summing the two continuity equations (2.1, 2.2), one hasr � vc = 0 ; (2:11)where vc = �svs + (1� �s)v` ; (2:12)is the so-called composite velocity.Using Darcy's law (2.6), Eq.(2.11) can also be written asr � (vs +Q) = 0 ; (2:13)where Q def� � K(Fs)rP`�(�c; �) = � K(Fs)r �Twm�(�c; �) : (2:14)The main characteristic of the model proposed here is to consider the evolution of both thethermal �eld (and the curing process) and the deformation of the solid preform. To do that oneneed to pay a particular attention in handling the energy equation. In fact, starting from theones related to the single constituents and working under the assumption of negligible inertia andunique temperature for the constituents, one can distinguish in the heat 
ux term qm a staticpart, which can be modelled by Fourier's law with an e�ective conductivity tensor Ikm, and adynamic part due to the motion of the constituents, which depends on the di�usive velocitiesvs � vm and v` � vmqm = �Ikmr� + �s�s eCs�(vs � vm) + �`�` eC`�(v` � vm)� eTs(vs � vm)� eT̀ (v` � vm) (2:15)where eCs and eC` are the heat capacities and eTs and eT̀ are the partial stress tensors.One can then write�mCm @�@t + [�s�s eCsvs + �`(1� �s) eC`v`] � r� = r � (eTsvs + eT̀v`)+r � (Ikmr�) + (1� �s)Hcfc(�c; �) ; (2:16)where Cm = �s�s eCs + �`�` eC`�m ; (2:17)and Ikm are, respectively, the heat capacity and conductivity related to the mixture.In order to further simplify the �rst term on the right hand side of (2.16), it is useful to recallthat the assumptions under which Darcy's law can be obtained from the momentum equation6



of the liquid constituent (see Bowen (1980)) imply that the partial stress tensors eTs and eT̀ arerelated to Tm and P` througheTs + eT̀ = Tm ; eT̀ = �(1 � �s)P`I: (2:18)This means thatr � (eTsvs + eT̀v`) =r � [��sP`vs � (1� �s)P`v`] +r � (Twmvs)=�r � (P`vc) +Twm : rvs + vs � r �Twm ; (2:19)which, using (2.11), (2.9), and (2.6) simpli�es tor � (eTsvs + eT̀v`) = � (1 � �s)(v` � vs) � rP` +Twm : rvs= 1�rP` � K(Fs)rP` +Twm : rvs : (2:20)It is also convenient to rewrite the left hand side of (2.16) so that the material time derivativefollowing the solid constituent appears. This can be obtained observing that[�s�s eCsvs + �`(1� �s) eC`v`] =�mCmvs + �` eC`(1� �s)(v` � vs)=�mCmvs + �` eC`Q : (2:21)In conclusion, the heat equation can be written as�mCm�@�@t + vs � r�� =� �` eC`Q � r� +r � (Ikmr�)+ 1�rP` � K(Fs)rP` +Twm : rvs + (1� �s)Hcfc(�c; �) : (2:22)Finally, using again Darcy's law (2.6) to eliminate the velocity of the liquid constituent thedegree of cure equation (2.7) becomes@�c@t + vs � r�c = � Q � r�c1� �s + fc(�c; �) : (2:23)The model in the in�ltrated region is then given by Eqs.(2.1), (2.9), (2.13), (2.22), and(2.23), which are in charge of describing the evolution of �s, vs, P`, �, and �c.Before proceeding, it is useful to stress the di�erence between mass average velocity andcomposite velocity, which is a volume average velocityvm = vc + �s � �`�m �s(1� �s)(vs � v`) = vc � �s � �`�m �sQ : (2:24)The following relations will also turn useful�m(vm � vs) = �`(vc � vs) = ��`(1� �s)(vs � v`)�m(vm � v`) = �s(vc � v`) = �s�s(vs � v`) : (2:25)One can proceed in a similar way to obtain the system of evolution equations valid in thedry region with the simpli�cations due to the fact that air density and viscosity are very small.7



Therefore, it is easily expelled from the dry preform, and its contribution to the stress of themixture Tdm and to the inertial term can be neglected. Hence, the momentum equation doesnot involve any contribution from the gas. Actually, one can forget about mass and momentumbalance for the gas, and coherently assume that its pressure in the dry region is constant andTdm = Ts. Moreover, the mass average velocity is equal to the velocity of the solid constituent, thecomposite density is given by �m = �s�s, and, the composite velocity by vc = �svs+(1��s)vair.Similarly, considering the smallness of its heat capacity and conductivity, also in the energyequation there is no contribution from the gas. Therefore, in the dry region the heat capacityand the heat conductivity of the mixture are simply �mCdm = �s�s ~Cs and Ikdm = �sIks, whereIks is the heat conductivity of the solid constituent.Of course, a further simpli�cation is due to the fact that in the dry region there is noreaction, since no resin is present.One then has8>>>>>>>>>>><>>>>>>>>>>>: @�s@t +r � (�svs) = 0 ;r �Tdm = 0 ;�s�s ~Cs�@�@t + vs � r�� = Tdm : rvs +r � (�sIksr�) ; in Dd(t) (2:26)Equations (2.9), (2.13), (2.22), (2.23) and (2.26) still need the identi�cation of �, fc, K, Ikm,eCs, eC`, and of the constitutive equations for the stress tensors. In this paper eCs and eC` will beassumed to be constant, and Ikm to be given byIkm = �sIks + (1� �s)Ik` ; (2:27)where Ik` is the heat conductivity of the liquid (see Markov and Preziosi (1999)).Several models have been proposed for the remaining parameters (see Preziosi (1996) fora review). In order to use the experimental results by Young et al. (1991) and Sommer andMortensen (1996), the simulation to follow will take�(�c; �) = 8><>: ��eE�=R�� �g�g � �c�c�+d��c if �c < �g1 otherwise (2:28)where �g is the resin gel conversion, E� is the activation energy, R is gas constant, and ��, c�,and d� are constant, Kij(Fs) = �Kie�ni�s�ij ; (2:29)where �ij is the Kronecker delta, and �Ki and ni are constant, and Kamal and Sorour's (1973)model fc(�c; �) = �c1 exp�� E1R��+ c2 exp�� E2R�� �mcc � (1� �c)nc ; (2:30)8



where mc and nc describe the order of reaction, c1 and c2 are the reaction rate constants, andE1 and E2 are again activation energies.In addition, continuum mechanics concepts can help formulating the constitutive equationfor the stress tensors Ts and Twm, which can be, in principle, validated directly, through suitableexperiments.Unfortunately, there are only very few results oriented at describing the viscoelastic be-haviour of wet and dry preforms. Kim et al. (1991) performed some experiments to study thestress relaxation properties of a wet preform and found a spectrum of relaxation times. Theyalso pointed out the di�erent behavior of wet and dry preform subject to static compression.Nam et al. (1995) investigated creep deformation of a commercial prepreg, measuring a retarda-tion time of the order of 200 seconds. In addition, several other authors (Han et al. (1993a,b),Lekakou et al. (1996), Sommer and Mortensen (1996), Reboredo and Rojas (1988), and Trevinoet al. (1991)) have noticed a viscoelastic behavior of the materials they use with non negligiblerelaxation or retardation times.In agreement with the just mentioned experimental results and the qualitative argument thatin the wet porous materials the solid and the liquid constituents cannot deform independentlybut have to carry the load by joint deformation, in this paper we assume that the dry and wetmaterial behave respectively like an elastic and a standard linear solid.As far as the jump conditions are concerned, one can start observing that the border of thepreform near the inlet and the in�ltration front are material surfaces of discontinuity �xed onthe solid and liquid constituent, respectively. Under the hypothesis used in this paper, followingM�uller (1975) and Liu (1980) one can then derive the following interface conditions related tomass, momentum and energy balance[[vc]] � n = 0 ; (2:31)[[Tm]]n = 0 ; (2:32)[["m]]�m(vm � v�) � n� [[vm � (Tmn)]] + [[qm]] � n = 0 ; (2:33)where n is the normal to the surface of discontinuity, v� its velocity, and [[ f ]] denotes the jumpof f across it.Furthermore, as usual, we shall assume[[�]] = 0 : (2:34)Equation (2.31) is classical, and Eq.(2.32) is compatible with the fact that inertial terms havebeen neglected in the momentum equation. For the same reason, the term 12�mv2m(vm � v�) � ndoes not appear in (2.33). Actually, using (2.15), the hypothesis on the stresses, (2.24), (2.25),and (2.32), Eq.(2.33) can be rewritten as[[Ikmr�]] � n+ [[vs]] � (Twmn) = [[�s�s eCs(vs � v�) � n]] + [[�`(1 � �s) eC`(v` � v�) � n]] : (2:35)If the material interface is �xed on the liquid constituent and eCs is assumed continuousacross it, then the right hand side of (2.35) vanishes. The same is analogously true if the9



material interface is �xed on the solid constituent and eC` is assumed continuous across it. Using(2.31) and (2.32) we can then write[[Ikmr�]] � n+ [[vs]] � (Twmn) = 0 : (2:36)3. The One-Dimensional Problem in the Unin�ltrated RegionConsider, now, the one-dimensional in�ltration problem along a principal direction of the preformpermeability tensor, and, referring to Fig. 2, denote by xf (t) the left border of the preform andby xi(t) the in�ltration front. A fully draining boundary constrains the right border of the solidpreform to be �xed at x = L, but allows, at the same time, both air and liquid matrix to passthrough with no resistance.For t < 0 the whole preform is dry, at rest, and compressed at a given volume ratio , i.e.8<:�s(x; t < 0) = 	0 for x 2 [0; L];xf (t < 0) = xi(t < 0) = 0 : (3:1)The liquid matrix 
ows in the positive direction either pushed at a given in
ow velocity,or forced by a pressure gradient and at t = 0 it touches the left border of the preform. Asshown in Fig. 2, the incoming liquid then compresses the porous material while the 
uid startsin�ltrating. In particular, as will be shown at the end of this section, if the 
ow is pressure driven,inertia is neglected and on the dry preform an e�ective elasticity assumption is made, the preforminstantaneously compresses as it is touched by the 
uid to balance the applied pressure. Of course,these assumptions are a strong approximation as creep phenomena and plastic deformation, e.g.due to �ber displacement in �ber reinforced materials, usually occur, and inertial e�ects becomeimportant at the beginning of pressure driven in�ltration (see, Ambrosi and Preziosi (1998) and(2000)).Therefore, while the right border of the porous solid stays �xed at x = L, the other onemoves to x = xf (t), and part of the preform, precisely up to x = xi(t), wets up. The wet anddry regions are then de�ned by Dw(t) = �xf (t); xi(t)� and Dd(t) = �xi(t); L�, respectively.As in�ltration proceeds both the dry and the wet preform compress or expand back, ac-cording to the 
ow conditions. However, still assuming that no plastic phenomena occur, theundeformed con�guration can be reached again only if liquid in
ow is stopped and further re-laxation is allowed.Before proceeding, it is then useful to observe that, in one-dimensional problems, the con-dition that vc is divergence-free rewrites@vc@x = 0 ; in Dw(t) [ Dd(t) ; (3:2)which implies that the composite velocity is space independent in each sub-domainvc(x; t) =8<: vwc (t) in Dw(t) ;vdc (t) in Dd(t) : (3:3)10



Since, according to (2.31), vc is also continuous across the material interfaces xf (t) andxi(t), then, going all the way down where there is resin only, one has that the composite velocityhas to be constantly equal to the in
ow velocityvc(x; t) = uin(t) 8x 2 Dw(t) [ Dd(t) : (3:4)The above relation and Darcy's law allow to determine the velocity of the constituents andthe mass average velocity in the wet region asvs = uin � Q ; (3:5)v` = uin + �s1� �sQ ; in Dw(t) (3:6)vm = uin � �s � �`�m �sQ ; (3:7)where Q is given by Q = � K(�s)� @�m@x ; (3:8)and �m denotes the xx-component ofTwm. Equations (3.5) and (3.6) will turn useful in simplifyingthe modeling as well as in determining the evolution equations for the free boundaries xf (t) andxi(t), which are material surfaces for the solid and the liquid, respectively.In one-dimensional problems, saying that the stress depends only on the strain is equivalentto saying that it depends on the volume ratio as the only non vanishing component of the straintensor can be one-to-one related to �s. Therefore, focusing on the dry region and denoting by�s the xx-component of Ts, �s = ��s(�s) ; for x 2 (xi(t); L) : (3:9)Equation (3.9) together with the stress equilibrium equation @�s=@x = 0 implies that thevolume ratio in the dry region is space-independent, that is�s(x; t) = 	(t) ; for x 2 (xi(t); L) : (3:10)Therefore, from the continuity equation and the fact that the preform is constrained by a �xeddraining boundary at x = L (that is, its velocity vanishes there), one hasvs(x; t) = 	0(t)	(t) (L � x) ; for x 2 (xi(t); L) ; (3:11)where 	0 = d	=dt. From now on primes will denote di�erentiation with respect to time.The determination of 	(t) is strongly related to the method used to inject the resin in thesolid preform or, more properly, to the parameter which is controlled during injection. In fact,in�ltration can be achieved either as a result of resin injection at a given in
ow velocity uin, oras a result of a given inlet pressure �P (t).The starting point which can be used to link uin or �P to the volume ratio in the dry region	(t) is to use (3.10) and (3.11) in the chain of equalities obtained evaluating the compositevelocity, which from (3.4) is always equal to the in
ow velocity, on both sides of xi(t)�svs + (1� �s)v` = 	0(L� xi) + (1� 	)v` = uin ; on xi(t) : (3:12)11



Recalling (3.5) and the fact that xi(t) is a material interface �xed on the liquid phasex0i(t) = v`(xi(t); t) ; (3:13)one can write �s(uin �Q) + (1� �s)x0i = �[(1�	)(L � xi)]0 = uin : (3:14)3.1 Velocity Driven In�ltrationIf uin(t) is a given function of time, e.g. uin constant, from (3.14) the evolution of the volumeratio in the dry region 	(t) is determined by the initial value problem( [(1� 	)(L � xi)]0 = �uin(t) ;	(0) = 	0 ; (3:15)where 	0 is the initial compression of the sponge.The integration of (3.15) can be actually performed to give	(t) = 1L � xi(t) �Z t0 uin(s) ds � xi(t) + 	0L� ; (3:16)where xi(t) is determined integrating Eq.(3.13), which using (3.6) rewrites8><>:x0i = uin(t) + � �s1� �sQ� (xi(t�); t)xi(0) = 0 : (3:17)Of course, the term in bracket is evaluated coming to the in�ltration front from the wetregion. The free boundary problem is then characterized by a non standard boundary conditionon xi(t) for the volume ratio, since it is linked to 	 through (3.16), which depends on xi(t). Inturn, xi(t) is determined by the solution of the system of partial di�erential equations through(3.17) starting from the initial condition xi(0) = 0.3.2 Pressure Driven In�ltrationIf, instead, the inlet pressure �P (t) is given, then since inertia has been neglected, one canintegrate the momentum equations. The continuity of stress across the interfaces xf and xi thenstates that the applied pressure drop is equal to the stress in the dry solid�s(x; t) = ��P (t) ; for x 2 (xi(t); L) and t > 0 ; (3:18)and, therefore, from (3.9) and (3.10)	(t) = ��1s (�P (t)) ; for t > 0 ; (3:19)12



where ��1s is the inverse of the stress-volume ratio relation in (3.9).It should be noted that due to the elasticity of the dry preform, the application of the inletpressure generates a immediate compression of the preform from the initial location xi(t = 0�) =xf (t = 0�) = 0. Using the conservation of mass of the solid constituent this can be quanti�ed as	(t = 0+)(L � xi(t = 0+)) = 	0L ; (3:20)where 	(t = 0+) = ��1s (�P (0)).In the following we will assume that 	0 � 	(t = 0+), which determinesxi(t = 0+) = L�1� 	0��1s (�P (0))� > 0 : (3:21)The case 	0 > 	(t = 0+) corresponds to a strong pre-compression of the preform with amold pressure higher then the in�ltration pressure. In this case, xi(t = 0+) = 0, because it cannot move to negative values of x for the presence of the mold. In particular, if it is possible topre-compress the preform pressing the mold with a pressure equal to the in�ltration pressure,i.e. �s(	0) = �P , then the in�ltraton of the resin would not produce the initial movement ofthe preform expressed by (3.21).The velocity of the solid constituent is again given by (3.11). In particular, if the appliedinlet pressure is constant in time, then from (3.19) the void ratio is constant in time and thevelocity vanishes. This e�ect was noticed, for instance, by Sommer and Mortensen (1996) who,on the basis of their experimental observations, assumed in their analysis that the dry part doesnot move until the in�ltration front wets the material. Of course, this is not related to anyrigidity assumption on the dry material, but it is just that in it the volume ratio is so that thestress constantly balances the constant applied pressure and therefore it does not change.The evolution equation determining xi(t) can be obtained eliminating uin(t) from (3.14) andusing (3.13) and (3.6). This gives[(1�	)(L � xi)]0 + x0i(t) = � �sQ1� �s� (xi(t); t) ; (3:22)which, linked to (3.21) gives the initial value problem determining the evolution of the interface8>><>>: (	xi)0 = L	0 +� �sQ1� �s� (xi(t); t) ;xi(0) = L�1� 	0��1s (�P (0))� : (3:23)Actually, Eq.(3.23) could be integrated to givexi(t) = L �1� 	0	(t)�+ 1	(t) Z t0 �s(xi(s); s)1� �s(xi(s); s)Q(xi(s); s) ds ; (3:24)or 	(t)xi(t) = L(	(t) �	0) + Z t0 �s(xi(s); s)1� �s(xi(s); s)Q(xi(s); s) ds : (3:25)13



The in
ow velocity is then determined by di�erentiating (3.25) and substituting the resultin (3.14) uin(t) = (L � xi(t))	0(t)	(t) + � 1	(t) � 1�� �sQ1� �s� (xi(t); t) : (3:26)In conclusion, while in the case of a velocity driven in�ltration uin(t) is given and one has	(t) explicitly given in terms of xi(t), which is determined by solving the Cauchy problem (3.17),the application of a pressure readily determines 	(t) through (3.19). One then has to determinethe in
ow velocity uin(t), or, equivalently, xi(t) through the Cauchy problem (3.23).However, in both cases the solution in the dry domain is intimately coupled to the one inthe wet domain, even in the simpler isothermal case.It can be also remarked that while the solution related to a constant inlet pressure in generalpresents for �s a discontinuity at time t = 0, the solution related to a given in
ow velocity presentsonly a discontinuity in slope at time t = 0.4. The Coupled In�ltration ProblemsIn Section 3, we have partially solved the mechanical problem relating the space independentevolution of the volume ratio to the dynamics of the in�ltration front.The solution of the system (2.26) is completed by integrating the heat equation, which using(3.10) and (3.11) simpli�es to�sCs �	(t)@�@t +	0(t)(L � x) @�@x� = 	0(t)	(t) �s(	(t)) + 	 @@x �ks @�@x� in Dd(t) : (4:1)It need be mentioned that in one-dimensional problems the dependence of the parameterson the deformation gradient is equivalent to a dependence on the volume ratio, which is directlyrelated to the determinant of Fs (see Eq.(4.8)).Of course, the solution is coupled with the one in the wet region Dw(t), which in onedimension can be simpli�ed to8>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>: @�s@t + uin(t)@�s@x = @@x (�sQ) ;�mCm�@�@t + vs @�@x� = ��` eC`Q@�@x � @@x (Q�m)+ @@x �km @�@x�+ (1� �s)Hcfc(�c; �) ;@�c@t + vs @�c@x = � Q1� �s @�c@x + fc(�c; �) ; in Dw(t) (4:2)where Q is de�ned in (3.8) and, as already discussed in Section 2, it is assumed that the wetpreform behaves like a standard linear solid. However, as at equilibrium the stress is usually14



related to the strain � by a nonlinear relation, the constitutive law is modi�ed to��@�m@t + vs @�m@x � 2a�m @vs@x �+ �m = with � > � (4:3)� �" @e�(�)@t + vs @e�(�)@x !� 2ae�(�)@vs@x # � e�(")where the function e�(") can be determined by static stress-strain measurement, and the charac-teristic times � and �, usually called relaxation and retardation times respectively, can be eval-uated by stress relaxation and creep tests (see, for instance, Malvern (1969) and Joseph(1990).)The parameter a appearing in (4.3) ranges between [�1; 1] and determines the type of invariantderivative. In particular, a = 1; 0;�1 correspond respectively to the so-called upper convected,corotational, and lower convected invariant derivative. It should be mentioned that in (4.3) weimplicitly assumed that the velocity appearing in the invariant derivative is the one related tothe solid. This choice is based on the type of boundary conditions required by Eq.(4.3) and bythe other candidates obtained replacing vs with other velocities, say vm or vc. However, theproblem of which is the correct velocity to be used in the constitutive equation is still an openquestion which should be analyzed also on the basis of experimental results.The introduction of Sm = ��m + �e�(�) ; (4:4)simplify Eq.(4.3) to @Sm@t + vs @Sm@x � 2aSm @vs@x + Sm� = ��� � 1� e�(�) : (4:5)It can be readily realized that if � = �, then Eq.(4.5) joined with suitable initial andboundary conditions allows the solutionSm = 0 or �m = �e�(�) ; (4:6)i.e. the material behaves elastically. In continuum mechanics this is a well known property ofthe constitutive models corresponding to standard linear solids.It should be noticed that in one-dimensional problems the strain � is related to the volumeratio through � = 12 �	20�2s � 1� : (4:7)Therefore, one can de�ne �(�s) = e��12 �	20�2s � 1�� :From a computational point of view it is convenient to formulate the problem in a Lagrangianframework, introducing the coordinate � �xed on the solid constituent. Recalling that@x@� = det Fs = 	0�s ; (4:8)15



and Eqs.(3.5), one then has8>>>>>>>>>>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>>>>>>>>>>:
ds�sdt = �2s	0 @@� �bQ@�m@� � ;�mCm ds�dt = �s	0 ���` eC` bQ@�m@� @�@� � @@� ��m bQ@�m@� �+ @@� �km �s	0 @�@���+ (1� �s)Hcfc(�c; �) ;ds�cdt = � bQ1� �s �s	0 @�m@� @�c@� + fc(�c; �) ;dsSmdt = �Sm� + ��� � 1��(�s)� 2a �s	0Sm @@� �bQ@�m@� � ; in Dw(t) (4:9)and �sCs	(t)ds�dt = 	0(t)	(t) �s(	(t)) + 	3(t)	20 @@� �ks@�@�� in Dd(t) ; (4:10)where �m = Sm� � ���(�s) ; (4:11)bQ = 8><>:� K(�s)�(�c; �) �s	0 if �c < �g ;0 if �c � �g , (4:12)and ds( � )dt = @( � )@t + vs @( � )@x (4:13)denotes the derivative following the solid constituent. In the simulation to follow we will choosea corotational derivative, i.e. a = 0.In order to solve the systems of equations (4.8){(4.9) we still need to determine the evolutionequations describing the movement of the interface xi(t) relative to the solid, which is given byDarcy's law evaluated at the in�ltration front (see also (3.13))�0i = � �s	0 Q1� �s� (�i(t); t) ; (4:14)where �i(t) denotes the location of the in�ltration front in the reference con�guration. Of course,in a Lagrangian framework the free border xf (t), which is a material interface �xed on thesolid constituent, is �xed at � = 0. Recalling (3.5), its position in the laboratory frame can becomputed integrating x0f = uin(t)� Q(xf (t); t) : (4:15)As far as the interface and boundary conditions are concerned, at the preform boundary� = �f = 0, Eqs.(2.32) and (2.34) rewrite�m(� = 0; t) = 0 ; (4:16)�(� = 0; t) = �in(t) : (4:17)16



Furthermore, since in our problem v`(xf (t); t) > vs(xf (t); t) = x0f (t), and v`(xi(t); t) = x0i(t),the characteristics related to the hyperbolic resin conversion equation enter the domain throughxf (t) whenever Q(xf (t); t) > 0. Therefore, we obviously need provide the in
ow cure state inxf (t) �c(� = 0; t) = �in(t) : (4:18)At the in�ltration front �i(t), Eqs.(2.32), (2.34), and (2.36) specialize respectively to�m = ��s(	(t)) ; (4:19)�w = �d ; on �i(t) (4:20)km �s	0 @�w@� = ks	(t)	0 @�d@� ��1� �s	(t)� bQ1� �s @�m@� �s(	(t)) ; (4:21)where Eqs.(3.5), (3.6) and (2.31) evaluated at the in�ltration front have been used and �w and�d are the temperatures in the wet and in the dry regions, respectively.Finally, at � = L the condition �(L; t) = �L(t) ; (4:22)has to be provided.In addition the hyperbolic constitutive equation (4.5) needs other boundary conditions wherethe characteristics related to the convective velocity enter the domain Dw. The border xf (t) is�xed on the solid, and therefore a characteristic runs along it. On the other hand, at xi(t) thein�ltration front is wetting more and more solid, i.e. v` > vs as implied by (2.6). Therefore anadditional condition has to be given on it, i.e. on �i(t).Before tackling the question of determining which boundary condition should be imposed,we observe that if the wet and dry material respond elastically but according to di�erent stress-strain relations, then the continuity of stress across the in�ltration front implies that the volumeratio is discontinuous, adjusting in response of the di�erent stress-volume ratio relationships (seeFig. 3). This means that the region around a material point of the dry region is compressedat a volume ratio 	 corresponding to a stress �s = ��s(	), till it is wet by the in�ltrationfront. At this point due to the continuity of stress across xi its stress is still �m = �s = ��s(	),but since �m = ��(�s) with � < �s, the region suddenly compresses to a higher volume ratio�s = ��1��s(	)� > 	, as can be understood following the arrowed line in Fig. 4. This immediateresponse is a general characteristic of elastic materials, which has been put in evidence in theframework of wetting deformable porous media in Farina and Preziosi (1999).As a consequence, since the composite velocity is continuous and the volume ratio is not,the velocity of the solid constituent is discontinuous. This would be a direct consequence of theelasticity assumption with di�erent stress-strain relations in the two regions, which, however, weare not claiming to be the exact choice. As explained above, when wet by the in�ltration front,the material immediately compresses to achieve instantaneously the same value of stress on bothsides of the in�ltration front causing the discontinuity in velocity.17



If, instead, the material exibits creep phenomena (e.g., for Voigt-Kelvin or standard linearsolids), then the volume ratio of the point considered above will take some time to adjust to thedi�erence of constitutive equation as the in�ltration front is passed by. Following this argument,with the help of Fig. 4, one can then realize that besides the stress also the volume ratio shouldbe continuous across the in�ltration front�s(�i(t); t) = 	(t) ; (4:23)which also implies the continuity of vs and of heat 
uxkm @�w@� (�i(t); t) = ks@�d@� (�i(t); t) : (4:24)In terms of Sm Eqs.(4.16), (4.19), and (4.23) imply thatSm(�i(t); t) = ��(	(t)) � ��s(	(t)) (4:25)�(�f ; t) = ��1�Sm(�f ; t)� � (4:26)Finally, it need be mentioned that the assumption of negligible pressure drop in the drypreform together with the assumption of negligible inertia leads to an initial discontinuity instress for the pressure driven problem since it vanishes at the preform border and is equal to thepressure drop at the in�ltration front and the two interfaces coincide at time t = 0.5. Numerical ResultsIn this section we will present the results of some simulation of pressure driven 
ow. The freeboundary value problem (4.9), (4.10), (4.14), (4.17), (4.18), (4.20), (4.22){(4.26) is integratedusing an implicit �nite di�erence method, in which the time step is chosen so that the in�ltrationfront �i jumps from node to node. This is achieved integratingdtd�i = 1� �sQ (�i; t(�i)) ; (5:1)rather then (4.14).This has also the advantage of setting smaller time steps when the in�ltration velocity ishigher and the dynamics is evolving more rapidly and larger time steps when in�ltration isslowing down. However, as in�ltration does not stop exactly at a discretization node and onehas to evaluate the time step needed to reach the next discretization node, some accuracy is lostwhen gelling is about to occur. After gelling has put an end to the in�ltration process, the timestep is �xed according to accuracy requirements.To be more speci�c a backward Euler method has been used, since the more accurate Crank-Nicholson method su�ers from the need of obtaining in the wet region the value of the derivatives18



of some variables at the advancing in�ltration front at time t, which can not be done by centraldi�erences, as shown in the stencil below Dw �i(t+ dt)t+ dt � � � ���%t � � ����i(t)A Crank-Nicholson method has been instead used after in�ltration stops.As far as the integration of the hyperbolic degree of cure equation is concerned, an implicitupwind method is used for the central nodes. The in�ltration front, instead, follows the charac-teristic of the equation and then the degree of cure there is obtained by direct integration alongthe characteristic.An implicit upwind method is again used for the stress constitutive equation. However, inthe particular case of corotational convective derivative, i.e. a = 0, no space derivative appearsin the constitutive equation written in the Lagrangian formulation. This means that the nodesmove with the characteristics and the equation can be integrated directly along them.Domain decomposition techniques are �nally used to interface the problems in the tworegions. In particular, the problem in the wet region is solved using the boundary condition�w(xi(t); t) = �guess ; (5:2)and the problem in the dry region using the boundary condition@�d@� (xi(t); t) = �0guess : (5:3)After the very �rst steps in which �guess and �0guess are actualy guessed, then �guess and�0guess are obtained iteratively weighting the value previously used with the one obtained by theintegration of the problem in the other domain, namely�(i+1)guess = ��(i)guess + (1� �)�(i)d (5:4)�0(i+1)guess = ��0(i)guess + (1� �)k(i)mk(i)s @�w@� (5:5)where (i) stands for the i-th iteration and � is a relaxation parameter.The integration is then iterated to convergence, until the temperature and the heat 
uxconditions (4.20), (4.24) are satis�ed within a given accuracy. Because of the smallness of theconductivity of the glass �bers we shall consider in our simulations, the coupled problem isadvection dominated, and therefore a couple of iteration is usualy su�cient.The domain decomposition technique can also result helpful in evaluating the nonlinearcoe�cients appearing in the model, since the result obtained at the previous iteration can beused. 19



The accuracy of the numerical method is also controlled during integration by computingthe total mass of the solid preformM = Z xi(t)xf (t) �s�s(x; t) dx+ �s	(t)[L � xi(t)] ; (5:6)which must be preserved, of course.The simulations presented in this section refer to the in�ltration of a thermosetting resin ina network of glass �bers. It uses the values of the parameters given in Young et al. (1991) andreported in the Table below for sake of completeness.Variable Value see Equations�s 2560Kg=m3 (2:4); (2:17)�` 1100Kg=m3 (2:4); (2:17)eCs 670 J=Kg (2:17)eC` 1680 J=Kg (2:22)ks 0:168W=m 0K (2:27)k` 0:0335W=m 0K (2:27)Hc 1:54 � 108 J=m3 (2:22)c1 3:7833 � 105 sec�1 (2:30)c2 6:7833 � 105 sec�1 (2:30)E1 54418 J=mole (2:30)E2 50232 J=mole (2:30)mc 0:3 (2:30)nc 1:7 (2:30)�g 0:1 (2:29)�� 2:78 � 10�4Pa s (2:29)E� 18000 J=mole (2:29)c� 1:5 (2:29)d� 1 (2:29)ni 25 (2:28)In addition, according to the data obtained by Kim et al. (1991) and Sommer and Mortensen(1996), the deformability of the solid constituent is re
ected in the following stress-volume ratioand permeability-volume ratio relations�s = 0:3(e25�s � e25�r) Pa ;� = 0:09(e26:4�s � e26:4�r) Pa ;K = 4:95 � 10�9e�16(�s��r)m2 ; (5:7)where �r = 0:5 is the undeformed volume ratio. The behavior of �s and � is given in Fig. 3.Finally, we will set the preform length to be L = 0:3 m , �in = 0, and the resin, mold and airtemperature to be 300oK.In the �rst set of simulations the in�ltration process is driven by a constant inlet pressureof 0.1 MPa. Figure 5 shows the evolution of �s without curing and in isothemal conditions for� = 1 sec and � = 0:5 sec. As already mentioned in Section 3, the elasticity assumption ofthe dry preform gives rise to a sudden compression of the porous material to a volume ratio	 = 0:5323 corresponding to the applied inlet pressure. As �P is constant (see Eq.(3.19).) thevolume ratio in the dry region is constantly held throughout the evolution.20



Consequently, the border of the preform suddenly moves to xf (t = 0+) = 1:82 cm. Thismeans that in response to the applied pressure the preform compresses to 	0=��1s (�P ) = 94:1%of its original length.As time becomes larger than the relaxation and the retardation time the volume ratio,which according to (4.23) is continuous across xi(t), presents an overshooting. There is, in fact,a tendency to approach the solution of the case in which both the wet and the dry materialbehave elastically, but with di�erent stress-volume ratio relations, as in (5.7) (see Farina andPreziosi (1999).) In fact, as already stated, this di�erence gives rise to a discontinuity of thevolume ratio across the in�ltration front, since di�erent compressions in the two regions yieldthe same stress (see also Fig. 4). As there is no curing, the in�ltration process is completed in7.12 sec.Figure 6a shows the evolution of �s for the same set of parameters of Fig. 5 but in the nonisothermal case with curing. At early times the behavior of the solution is similar to that inFig. 5. However, after a couple of seconds the e�ect of polimerization starts a�ecting in�ltration,so that after about 8 seconds, in�ltration stops because the resin is gelling near the wetting front.This is then a case in which the driving pressure is not su�cient to �ll the preform before theconversion of the resin to a gel. However, as shown in Fig. 6b which refers to �c, in the regionnear the preform border the resin degree of conversion remains for some time below the gel value�g = 0:1, , but in�ltration is blocked by the gelled resin ahead. Therefore, in this region thepreform can expand back a little. After about 13 seconds all the resin has gelled and also thisbackward expansion stops. However the resin cures on, generating heat in the wet region (seeFig. 6b,c), which in turn favours conversion. The chemical reaction is completed after about 50seconds.As far as the temperature evolution is concerned, one can notice that the position of themaximum temperature gradually moves from the center of the in�ltrated region toward theborder xf (t) of the preform and that the maximum temperature increase is about 45oK. Dueto the smallness of the heat conductivity of glass �bers, heat is more convected by the movingin�ltrating resin, than conducted. In this simulation the di�using e�ect can be noticed at timesmuch larger than the time taken by the resin to gel, say t > 30 sec.In this case, one can then identify an initial mechanics dominated period (say, up to 5 sec-onds), an intermediate period (say, from 5 to 12 seconds) in which there is a strong relationbetween curing and mechanics, another intermediate period (say, from 12 to 40 seconds) domi-nated by the curing cycle without motion and a �nal period (say, from 40 seconds on) dominatedby heat di�usion. Of course, all aspects are strongly interconnected, periods overlap, and theidenti�cation is rather rough. However, the distinction of an in�ltration period and a temper-ature cycle, which is often used in describing some composite manufacturing processes, is notpossible in other cases, e.g. in metal matrix composites and if fast reacting resins are used.The evolution of the in�ltration fronts (lines with positive slope) and of the preform borders(lines with negative slope) for di�erent inlet pressures and curing conditions is given in Fig. 7.Figure 7a shows xi(t) and xf (t) for the data used in Fig. 6. From this �gure it appears that at21



early times the in�ltration front seems to go like the square root of time. This property of thesolution has been proved to be true in the elastic case and if the viscosity were constant by Billiand Farina (2000). In order to put in evidence to which extension this property can be appliedalso in the non-isothermal case and for di�erent constitutive equations, Fig. 7b plots xi and xfversus pt.As a matter of fact, the dotted line which refers to the data of Fig. 5 (no curing) is undoubtlya straight line. The full lines which refer to Fig. 6, is very close to a straight line for the �rstcouple of seconds, i.e. when the evolution is mechanics dominated. However, as viscosity stronglydepends both on temperature and on the degree of conversion it departs from it when curingbecomes important and eventually stops, e.g. if �P = 0:1 MPa xi(t) assumes the constant value25.4 cm. The dashed lines refer to a inlet pressure �P = 1 MPa, which will be discussed at theend of this section.In Fig. 8 we present the evolution of the volume ratio versus space and time for di�erentrelaxation and retardation times. In particular, with respect to Fig. 6, in (a) � is ten timeslarger, while � is kept of the same order of magnitude and in (b) � is two hundred times larger,and � a hundred times larger to get values closer to those estimated for composite constituents(see Nam et al. (1995).) It can be seen that the evolution is very sensitive to the viscoelasticcharacteristics of the mixture. In particular, with respect to Fig. 6 a smaller overshooting or noovershooting at all characterizes the solution. This di�erence is related to the higher value ofthe retardation time �. The instant in which 
ow stops and, more in general, the curve on thesurface characterized by �c(x(t); t) = �g are here more evident. However, it can also be noticedthat on the contrary of the deformation and stress states the instant at which in�ltration stopsdepends only weakly on the viscoelastic characteristics of the mixture (e.g., 25.6 cm for � = 1 secand � = 0:5 sec and 25 cm for � = 200 sec and � = 50 sec). The evolution of �c and � is in thesecases similar to that presented in Fig. 6b,c.Finally, in Fig. 9 we present the evolution of the volume ratio at a much higher in�ltrationpressure (1 MPa). This compresses more the preform yielding xf (t = 0+) = 5:26 cm and arelative initial compression to 82.8% of the original length. However, in this case the in�ltrationpressure is su�cient to �ll the preform in 1.18 seconds for � = 1 sec and � = 0:5 sec and in 1.35seconds for � = 200 sec and � = 50 sec. Actually, the in�ltration time is so short that the resinhas not reacted much (max�c = �c(x = L) = 0:008) yielding a maximum temperature increaseof 0:3 oK. Also in this case from Fig. 7b (shortest lines) one can appreciate the proportionalityof the positions of the in�ltration front and of the preform border with the square root of time.In fact, the 
ow is so fast that in�ltration is achieved before enough curing can take place.6. ConclusionsWe have presented a new model conceived to simulate some non-isothermal in�ltration problemsoccurring when fabricating composites by in�ltration processes, though the model can also beapplied with the obvious changes to compression and autoclave moulding processes, and to22



other industrial processes involving in�ltration in deformable porous materials, e.g. sponge-likematerials.The solid preform is not assumed rigid, and therefore it can deform during the applicationof the pressure and temperature cycle. In addition, while in�ltrating the resin undergoes anexothermic crosslinking chemical reaction, and may gel before in�ltration is complete, stoppingthe in�ltration.The problem presents the formation of three time-dependent domains, the �rst one occupiedby the liquid only, the second one by the solid preform wet by the curing resin, and the thirdone consisting of the unin�ltrated solid preform.In the one-dimensional case, the solution in the �rst domain is trivial, and the mechanicalproblem in the third domain can be reduced to the integration of an ordinary di�erential equationdetermining either the location of the in�ltration front or the volume ratio in the dry region,depending on whether the parameter which is controlled to drive in�ltration is the in
ow velocityor the inlet pressure. In this last case it is shown, among other things that the preform initiallycompresses to 	0=	P of its initial length where 	0 is the initial volume ratio of the preformand 	P is the one yielding a stress in the dry preform equal to the inlet pressure. This e�ectcan be reduced by pre-compressing, if possible, the preform with a mold pressure equal to thein�ltration pressure.The simulations presented show how the model can be used to determine the evolution ofthe deformation state and the parameter range for which the preform is completely in�ltratedbefore resin gels.They also show that when more precise measurements on the mechanical properties of thematerials used are available, the model can help identifying and optimizing the production cycleto be used in practice.However, before the three-dimensional model presented here can be operatively applied,some problems related to the determination of the interface conditions, to the di�erence betweenvolume fraction and surface area fraction in anisotropic materials and to the identi�cation of theconstitutive equations must be addressed and need a careful study. When this is done, the simu-lation of processes presenting racetracking and non-homogeneous and anisotropic permeabilitiescan be addressed.Acknowledgements. The authors are grateful to the Italian Ministry for the Universityand Scienti�c Research (M.U.R.S.T.) and to the National Research Council (C.N.R. Contract96.03858.CT01 on Multicomponent Flows) for funding the present research.ReferencesAmbrosi, D. & Preziosi, L. 1998 Modelling matrix injection in initially dry and deformable23
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Figure 1 | Geometrical description of the in�ltration problem.
Figure 2 | Schematization of the one-dimensional in�ltration problem.
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Figure 3 | Stress-volume ratio relation for the wet (dotted line) and the dry preform (full line).
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Figure 4 | Di�erence between elastic response and the standard linear solid response at thepassage of the in�ltration front. � is the Lagrangian coordinate labelling a solid particle. �i isthe in�ltration front. In the elastic case (heavy dashed lines) when the dry particle is wet by thein�ltration front (follow the arrowed line), the volume around it suddenly expands because ofstress continuity and of the fact that �(�) < �s(�). In the standard linear solid case (heavy fulllines) the same volume takes some time to adjust and, therefore, the surface �s(�; t) is continuousduring in�ltration. At a certain time t the solution will have the qualitative behavior shown bythe corresponding curve.
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Figure 5 | In�ltration due to a constant pressure drop �P = 0:1 MPa for � = 1 sec and� = 0:5 sec without curing. The normalized coordinate is Y = (� � �f (0+))=(L � �f (0+)) where�f (0+) = 1:82 cm.
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(c)Figure 6 | In�ltration due to a constant pressure drop �P = 0:1 MPa for � = 1 sec and� = 0:5 sec. The normalized coordinate is Y = (���f (0+))=(L��f (0+)) where �f (0+) = 1:82 cm.(a) Volume ratio. (b) Degree of cure. (c) Temperature. After about 8 seconds in�ltration stopsand the solid volume ratio near the in�ltration front does not change in time.31
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(b)Figure 7 | Temporal evolution of the position of the in�ltration front and of the preform borderfor � = 1 sec, � = 0:5 sec. In (a) �P = 0:1 MPa. At t � 8 sec in�ltration stops and thedashed line becomes constant. In (b) the interface positions is plotted versus pt for di�erent
ow conditions: dotted lines refer to the case without curing, full lines to �P = 0:1 MPa withcuring and dashed lines to �P = 1 MPa with curing.32
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(b)Figure 8 | Evolution of the volume ratio for �P = 0:1 MPa and (a) � = 10 sec, � = 1 sec. (b)� = 200 sec, � = 50 sec. The normalized coordinate is Y = (� � �f (0+))=(L � �f (0+)) where�f (0+) = 1:82 cm. 33
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(b)Figure 9 | Evolution of the volume ratio for �P = 1 MPa and (a) � = 1 sec, � = 0:5 sec. (b)� = 200 sec, � = 50 sec. The normalized coordinate is Y = (� � �f (0+))=(L � �f (0+)) where�f (0+) = 5:26 cm. 34


