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Abstract

The growing use of reinforcement preforms duringnposite manufacturing requires resin soluble bisdehich
significantly affect the properties of crosslinkitigermosetting resins. In this study, for the ftiste the influence of an
epoxy preforming binder on the curing kinetics atmorheological behavior of a crosslinking epoxgtnr was
studied. The results proved that the addition eftilmder lead to a significant change of the culdagavior suggesting
that the epoxy binder was an essential componerttateto complete the stoichiometry of the resirdéaer mixture.

The developed kinetic and chemorheological modéh@fexperimental results could be used for proaggamization.
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1. Introduction

Liguid Composite Molding (LCM) processes are beamyma popular alternative to the autoclave technotogmeet
the increased demand for advanced composites witiplex shapes, shorter production times and lowstsd1]. One
of the most used thermosetting matrices in LCM psses is epoxy resin due to its favorable propestieh as high
tensile strength and modulus, excellent chemicsibt@nce and high thermal stability. These proggrtivhich make
epoxy resins widely applied as matrices for highfgrenance composites [2] and nanocomposite masef8J[4], [5],
[6] and as adhesives and coatings [7], [8], arelred if the crosslinking process, also named cuighgroperly carried
out. During curing, epoxy resin changes irreveysibbm viscous liquid with low molecular molecularight into a
rubbery and then a solid glass state[9]. Duringgtecessing of epoxy based composites, if propapégature and
time are not used, the variation of the degreeuré deads to defect in the composite. If a compokiminate is
undercured due to insufficient time in the mold thatrix has lower properties than those which daldvelop in a
fully cured state. As a consequence, the interlaméear strength and the creep resistance ofotimpasite will be
reduced and fine interlaminar cracks or delamimatian occur. Conversely, if the laminate is overduit may result
in brittle matrix susceptible to crazing under s§{@0].

Moreover, in Liquid Composite Molding processe® flow behavior of the resin through the fibrousfercement

during mold filling is an essential factor thatlignces the final quality of the products. The e&ty, which is a



function both of the temperature and degree of,cigsr@ot constant but evolves during filling andiog. A proper
model for viscosity is very important in order tgsare a good impregnation of the fiber reinforcemfiet].

In the last two decades, preforms of dry reinforeetrare increasingly being used in LCM processes @mnsequence
of the high fiber volume fraction needed in demagdiigh performance applications. The preforms lsgansist out
of several layers of stacked and aligned textilefoecements, which are sized with an appropriateldr, usually in
the form of sprayed powders or coatings, and bduyna thermoforming process [12], [13]. The advaesagf preforms
include: easy handling and mold placement of thefeecement material, control of fiber alignmentepention of
unwanted wrinkling of layers, accurate control afrtpthickness and of the final fiber volume frao8oin the cured
composite [14], [15]. Most of the binders commonlsed for performing operations are low melting theplastic
materials (polyester, polyamide) or thermosettiagins (epoxy, cyanoacrylate), which are solid afrrdemperature
but they dissolve in the liquid resin during théusion process and are often designed to reactthithiesin [16]. The
binder content is usually less than 10% of the weigf the reinforcement. In many cases, the biratds as a
toughening agent for the matrix, after its soluaition and eventual reaction with the other comptmef the reactive
matrix. If high molecular weight oligomers are adde the matrix, the viscosity of the resin will tw® high for resin
injection. For this reason, differently from pregrmatrices, it cannot be added directly to thénrased for LCM
processedlt is then evident that the reactive binder may @ssignificant role in the curing kinetics andvildehavior
of the matrix during LCM processes. Therefore,pghesence of the binder must be taken into accouthtei kinetic and
chemorheological models, needed for mold fillingl aure modeling. In particular, each epoxy-hardesystem has
specific kinetic and chemorheological parametechsas kinetic constants, activation energies, oodeeaction, etc.
These parameters can be obtained by using diffeeehhiques able to measure some physical relattgbtstate of the
reacting system, such as differential scanning rizakdry [17], [18],[19], [20], dielectric analysi2l][22],[23]
ultrasound wave propagation [24],[25],[26], [27R8], [29], Fourier Transform Infrared spectroscd@@], [31],
rheology [32], [33], [34], [35].[36], etc.

In the literature, the influence of the binder dve tproperties of the matrix has been little exmglorBrody and
Gillespie[14] characterized and evaluated the e€fiéa thermoplastic polyester preform binder amyl/ester resin. Wu
et al. [15] studied the influence of an epoxy prefimg binder on polymerization and crystallizatwincatalyzed Cyclic
Butylene Terephthalate (CBT) oligomers while Hswakt[37] analyzed the effects of thermoplasticitgels on the
cure of unsaturated polyester resins. Howeverpuput knowledge, the role of the reactive bindercaring behavior
of the epoxy matrix has been completely ignorethénliterature.

In this work, for the first time the effect of thaddition of an epoxy binder on the curing kinetasd the

chemorheological behavior of an epoxy resin is at&ld.The very popular RTM6 resin from Hexcel, widelyedsor



the manufacturing of carbon fiber-reinforced conifgssby LCM processes, has been chosen for thidystdery
recently, there has been a renewed interest iryisimidhe curing kinetics of this matrix in view ofew potential
applications in the field of composite joining wipkartially cured and fresh resin [38]. Although theing process of
the RTM6 resin has been already studied by caldricyelielectric and optical techniques [39],[4@]L].[42],[43], [44],
[45], [18], the effect of a reactive epoxy bindemwaler on curing kinetics and rheology has been ¢etely ignored
and could lead to relevant differences in the ojz@étion of cure cycle. The manufacturer recommemadeating and
injection of the RTM6 resin at 80 °C and the use o$pecific epoxy bindered carbon fabric. In #tisdy, the binder
powder has been extracted by the carbon fabric raixéd with the resin. Differential scanning caloeiry and
rheological analysis have been carried out in rsathermal mode at several heating rates. A kinetid a
chemorheological model of the experimental resdige been developed and compared to former kisetiies on the
same resin, lacking of the binder component.

2. Experimental

2.1 Materials

The investigated epoxy system is HexFlow® RTM6, anotomponent resin designed for Resin Transfer vgld
(RTM) and infusion processes supplied by HexcelMBTsystem includes a multifunctional epoxy resirsdzh on
tetraglycidyl-4,4-diaminodiphenylmethane (TGDDM) and a mixture ofimenhardeners of different functionalities
[17], [45]. At room temperature it is a brown trlutent paste but its viscosity decreases quicklyingyeasing the
temperature. When it is uncured, the resin hasnaijeof 1.11 g/crf) which becomes 1.14 g/érn the fully cured
state. The resin is usually stored at -20 °C teZeethe macromolecular chains mobility and avoidngureactions.
During composite processing, RTM6 is preheateddat@ injected in a preheated mold at 120 °C umdeuum/low
pressure (from 1 to 5 bar) and cured usually at°t3(14],[46].

RTM6 is recommended by the manufacturer to be tegether with a carbon fabric with the commerciahe of
G0926 HSO06K. It is a 5H satin with HEXTOW AS4C GR farns, having a nominal weight of 375 §/As reported
in the technical data sheet, the carbon fabricainston one side some powder in the amount of & (% by
weight), acting as a binder coating. The bindingvgher, produced by Hexcel with the commercial nahelB03, is
added to the fabric in order to promote adhesidwéen plies in the stacking/pre-forming procesdqrered before
resin infusion processes. The preforms are obtdigatiermoforming, i.e. by applying heat and pressn the carbon
fabrics. The binder powders are then soluble at°® epoxy resin during resin infusion processede powders are
a reactive compound that complete the stoichiomefirithe reactive epoxy, which should be not usedombination
with reinforcements not containing such powdersolder to assess the effect of the binder powder¢he curing

behavior of RTM6 system, they were extracted frarbon fabric. Specimens of 200 x 200 frsize were cut from



G0926 carbon fabric and placed in an aluminum dépetdilled with acetone for about 30 min. Afteribhg detached
from the fibers, powders were dissolved in acetdie dispersion was left at room temperature tvalboth acetone
evaporation and binder harvesting. Before analybis,resin was conditioned at room temperatureafatay. The
binder, reduced to a powder with the aid of a nmor@as mixed with the epoxy resin in an approprateunt which
was chosen according to the typical fiber contembmmended by the manufacturer in the datasheet57% by
volume: this corresponds to 8.5 wt% of binder adttedeat resin. Then, the resin-binder mixture wegnetically
stirred at 70 °C for 45 min until the complete dission of the binder powder. The dissolution timie45 min was
obtained by tests at 70 °C using a Carl Zeiss Axiager A2M optical microscope, equipped with a kégleed digital
video camera and a THMS600 hot stage (Linkam Séiembstruments Ltd.) able to heat the sample given rate.
The complete solubility of binder in the RTM6 resias obtained when the binder particles disappadrno solid
residue could be distinguished.

The cure kinetics was monitored by differential rsiag calorimetry (DSC) on uncured samples in remtkiermal
scans at 0.75, 1, 2, 5 and10 °C/min from 25 to®0@nder nitrogen. AMettler-Toledo DSC 822e diffefal scanning
calorimeter was used. Standard aluminum pans wsad, with liquid resin mass between 5 and 10 mdedsdt three
measurements were carried out at each heating rate.

Rheological measurements were carried out in @&stantrolled rheometer (ARES, Rheometrics Scientiéquipped
with a parallel plate geometry (50 mm plate diamdtedynamic mode at 1 Hz and a strain amplitul® &. The tests
were performed from 30 °C to 220 °C at 0.75, 1 ariC/min. At least three measurements were caoigdat each

heating rate.

Results and Discussion

DSC results

In Figure 1 an exothermic reaction, beginning auad 120 °C with a peak at approximately 170 °Ghiswn by the
HPO3 binder upon heating in the DSC. The exothepeak can be ascribed to a crosslinking reactioaracterized by
an enthalpy of reaction of 105 J/g. The second alyoi@®SC scan shows no residual enthalpy but ordiseontinuity
in the heat flux related to the glass transitioB@&fC. The DSC results confirm that the epoxy birid reactive.
Dynamic DSC runs at constant heating rates have pedormed in order to determine the conversiaxilerand the
total heat of reaction released during non isotlarauring of the studied resin systems. The compariof the
thermograms obtained on the RTM6resin and the RBiilermixtureat different heating rates is repoite&igure 2
and 3, respectively. The thermograms are charaetehy the presence of a single peak, which icatidie of a single

autocatalytic polymerization reaction, as typicallyserved in epoxy/amine formulations [17], [47F &xpected, the



exothermal peak temperaturg,J; and the onset temperature for the reaction isereath increasing heating rate [40].
In Figure 3, the presence of only one exothermakpe the resin-binder mixture is indicative of fldl dissolution of
the binder in the matrix as also reported by Scheti@l. [13]. The presence of the binder in RTMSim anticipates the
beginning of the crosslinking reaction at aroun@ 1G instead of 125 °C, as in the case of the R&M6 resin. Also
the temperature of the exothermic peak of the RHiMgler system is lower than that of the RTM6resis,can be
inferred from Table 1, where the results of theaiyit DSC scans on neat RTM6 resin and RTM6-bingstes are
reported.

The total heat of reaction necessary to completeptilymerizatioryH, has been obtained by integrating the heat flow
curve. As inferred from Table 1,tl#H values of the neat RTM6 resin at different heataigs are comparable with the
literature data[17], [39], [40].Moreover, the avgeaheat of reaction necessary to complete the piyation of the
RTM®6-binder system, 501 + 20 J/g, is higher tham dlhierage value for the neat RTM6 resin, which58 # 12 J/g.
This confirms that the binder has an active rol¢him crosslinking reaction of the neat RTM®6 re3ihe calorimetric
results suggest that there are still unreactedpgrouRTM6 cured resin and that the mixture staioieétry is completed
in the presence of the reactive binder of the aafhbric.

Assuming that the heat flow measured in a DSC déxgat is proportional to the rate of the exothermrosslinking
reaction, the rate of conversion/dt has been determined as the ratio of the hapubuate at time t (dH/dt) to the

overall heat of reactiod\H[48], [30][49]:

do 1 dH W
dt AH dt
The degree of curer, can be then determined by the integration ofale of conversion as follows:
¢ da
o= f — [dit @)
dt

Figure 4 and 5 show the temperature dependendeafdgree of cure obtained at different heatingsrahRTM6 and
RTM®6-binder systems, respectively. At the sameihgatte, the resin system with the binder reaehbigher degree
of cure at lower temperatures. For example, aéimgrate of 10 °C/min, the degree of cure ofif./eached at 238 °C
and 218 °C for RTM6 and RTM6-binder systems, respely. In Figure 6 and 7, the reaction rates foe studied
systems at different heating rates are reporteth BOM6 and RTM6-binder systems present small sterslat a high
degree of cure, which are more pronounced wherehitgmperature are reached in correspondence béhhgeating
rates. These shoulders could be ascribed to theetitron between the epoxy-amine reaction and oy hydroxyl

reaction, as suggested by Navapbour et al. [40].



Kinetic modeling of not isothermal reactions
The kinetic analysis of the curing process is basedhe simplifying assumption that the transfolioratate di/dt
during a reaction is the product of two functionse depending completely on the temperature, T,thadother

depending completely on the transformed fractig80]:

da
— =k(T) *f(a
m (T) * f(a) (3)

where Kk(T) is a temperature-dependent reaction faetion and f@) a kinetic-dependent model function. An

Arrhenius type function is generally assumed far)k(
k(T)=Aexq] - £ @
RT

where A is the pre-exponential factog, i the apparent activation energy and R is theassal gas constant.

During the curing of epoxy resins, multiple eventay occur simultaneously and lead to very compmigaeactions,
consequently, the use of multiple rate constants m@vide more accurate modeling results. Kamaltdeh [50]
represents the most general form that can be adiéptanodeling the reactive behavior of epoxy rssihis based on

the use of two rate constants, expressed in tlefislg equation:

da m % n
a=(k1+k20() d-a) (5)

where k and k are the rate constants and m and n are the reantéters. In the specific case of neat RTM6 resin,
Karkanas and Partridge [51] modified the Kamal'sdelo(Equation 5) with two different reaction orders and

n,,0btaining a very accurate fitting of the experita¢curves. The model presents the form expresseduation:

da n m n
a=k1(1-0()1+k20( @-a)™ (6)

Karkanas and Partridge’s model describes indepéiydéie two main chemical reactions that typicalbycur in epoxy—
amine systems. It is well known that the uncatalymaction of an epoxide with a primary amine pasdua secondary
amine which reacts with another epoxy group to farnertiary amine. These reactions are auto-aatektrby the
hydroxyl groups formed in the reactions. At higiemperature condensation of OH groups with eporgsriis also
favored [52]

Considering the Arrhenius dependence oditkd kconstants from the temperature, equation 6 canrbemalso as:

da E n Ea m n,
- = A eXF{_R_fFJ(l_a) 1+A, ex;{-R—_Fja @1-a) @)



The parameters AE., Ay Eim, n and nhave been determined by minimizing the sum of tigased differences
between experimental and predicted reaction ratesrding to the Levenberg-Marquardt numerical methoailable
in Microcal Origin software. The experimental reantrates as a function of the temperature (disadets) and model
predictions (full line) are compared in Figuresrtl& for neat RTM6 and RTM6-binder systems, respelgt At all
the investigated heating rates, there is a verydgowrespondence between the non linear fit andedperimental
results over the whole range of curing temperatures

The parameters for the analyzed systems are reporfEable 2. For neat RTM6 resins, a very goocegrent of the
kinetic parameters with the literature data is itjeabservable, while the kinetic parameters ol#dion neat resin and
resin-binder system are significantly different,plarticular, in the RTM6-binder system the pre-exgttial factors are
larger than those of neat resin while the reactiotler m and pare significantly different. This suggest that the
presence of the binder plays a key role in the ceaetion by affecting the competition between ¢paxy-amine
reaction and the epoxy-hydroxyl reaction. In paitic, the presence of unreacted groups in the R&M6 resin is
probable, being the stoichiometry completed bypiresence of the binder powder of the carbon faliherefore, it is
correct to account for this contribution for kireethodeling of these matrices when used in RTM @sese

Rheological results

Rheological analysis has been carried out by aseily rheometry in order to study the viscositylation of the resin
system as a function of the temperature and degressaction. The dependence of viscosity upon hgas relevant in
composite processing, being related to resin flad @olatile evolution, both responsible of the fiparosity content.
The rheological curves, experimentally obtainedifierent heating rates, are reported in Figures® 9 for the RTM6
and RTM6-binder systems, respectively. As repomederature for thermoplastic and thermoset bisdéhe presence
of binders increases the initial viscosity[13]. the present case, the initial viscosity at 40 Wldes due to the
addition of the epoxy binder.

As expected for a crosslinking thermosetting rasiuiergoing a heating cycle, the viscosity is goedrioy two
competing phenomena: the effect of the temperainréhe molecular mobility, which reduces the visigosand the
growing size of the macromolecules due to the chehtieaction, which increases the viscosity [33jefefore, a
decrease of the viscosity with the temperaturdoseoved when the effect of temperature is domingmen, as the rate
of reaction increases, a minimum of viscosity iserved. The steep increase of the velocity is attlie of gelation,
the stage at which the resin changes from a visliguigl to an elastic gel due to the formation dheee-dimensional
network.

According to the ASTM D4473 standard, the dynamdttgmperature (DGT) and the gel point in isothdroaadition

have been taken as the temperature at which tlesiig of the curing system has reached the vabfiek00 Pa*s



during heating at a constant heating rate and edithe at which the crossover of G’ and G” modaticurs in
isothermal conditions, respectively. The valuesamietd at different heating rates and temperatureshie studied
epoxy systems are reported in Table 3. The adddfotihe binder to the RTM6 resin leads to a redaurctf the gel
temperature of 9-14 °C depending on the heatirg fEte anticipated DGT of RTM6-binder systems, aeitged by
rheological measurements, is in agreement with athécipated ..« obtained by calorimetric analysis. They are
indicative of an unbalanced stoichiometry of nesgin, probably lacking of some functional groupssent in the
binder. The gel time is an indication of the praedslity of the resin matrix. As inferred by TabldBe addition of
preforming binder leads to a significant reducta@frthe processing time, which is almost halved careg with the
referencematrix system without any preforming bmddis result is very important from a technol@adipoint of view,
since the working time and temperature during casitpgorocessing have to be chosen on the basiseoRTM6-
binder system and not on the neat RTM®6 resin.

A proper rheological model has been used, ablatespolate the experimental data, which is giverihgyproduct of a

function of the temperature and a function of thgrée of reaction:

n(T,a) =£(T) *g(a) ®
In recent years, different models have been prapdosepredict the viscosity behavior of epoxy resimgler non-
isothermal curing conditions. One of the most usethe Castro-Macosko model[53] -[54], which acdsufor the

chemical reaction in isothermal curing:

A+Ba
N=ng*| —2
o, -a
()]

whereng is the viscosity of the unreacted resig,is the degree of cure at the gel temperature,ewhiland B are
constants.

To account also for the variation of viscosity witle temperature during heating, Kenny and Opaliekie proposed
the following chemorheological model [55]-[21]:

—C ¥ (T-Ty) L

C,+T-Ty a,—a (10)

N=Ng ™ ex

where Tyis the initial glass transition temperature, wiGlg C,, A and B are constants.
Since the modeling of the viscosity curves of thalied systems at different heating rates withKbany and Opaliki
model is not satisfactory, a chemorheological mdieded on a modified version of Kenny and Opaliokidel has

been used:



. A+Ba
—C*(T-Ty) |, [ o 0

C,+T-T, ) \o,-a

r] :ngo*ex

wheren is the viscosity of the unreacted resin at théahglass transition temperaturgyTag is the degree of cure at
the gel temperature, while;0C,, A and B are constants. The degree of reactiod irs¢he chemorheological model
has been obtained from dynamic calorimetric measents, as reported in Figures 4 and 5. The proposeel
accounts for the twofold effect of the temperatae:increase of the temperature lowers the visaufsihe resin but
simultaneously promotes the curing reaction antefoee increases the viscosity.

For the identification of the first three paramsetére. the viscosityiy at Tyo and G and Gconstants, the initial part of
the rheological curve, until a temperature loweanttthe onset temperature of reaction peak observexd DSC
experiment, has been considered. In this parteoftieological curve, the effect of the resin reactias been neglected
in a first approximation and the dependence ofvibeosity from the temperature has been considéede obtained
the values ofg, C; and Geonstants from the non linear fitting of the initrt of the curve, the overall viscosity
curve has been non linearly fitted with equatioy @®taining the parameters reported in Table 5.

As can be seen fromy, values, the gelation of neat RTM6 resin and RTNi@ler system occurs at 0.4 and 0.42,
respectively. These values are in agreement wélealure data for resin systems, where the dedreere at gelation is
in the range between0.4 and 0.5[32].

The comparison between the experimental rheologizales and the non linear fit at different heatiatgs, reported in
Figure 8 and 9 is very satisfactory. The modelbie do predict either the initial viscosities ainit decreasing slope
up to the gelation either the fast increase ofosgy at gelation.

Conclusions

The curing kinetics and the chemorheological bafrasf a commercial epoxy resin used in aeronauapglications
has been investigated with the aim of assessingeffeet of the addition of a binder used in theboar fabric
recommended by the supplier for that resin, fofqrering operations. The autocatalytic cure modeKaykanas and
Partridge has been successfully applied to desthibecure kinetics of the investigated epoxy systefn modified
version of the classical Williams—Landel-Ferry(WL&quation that took into account the gelation avel dffects of
crosslinking was uses as a chemorheological model.

The DSC and rheological results prove that the tamdiof the binder generally causes a significaminge in the
kinetics of the cure reaction. This is evident frdm shift to lower temperatures of the beginnifghe crosslinking
reaction, the heat flow peak and the dynamic geiptrature. Furthermore, the heat of reaction deeeldby the

system mixed with binder is higher than that depetbby the neat RTM6 resin, indicating that thedbimis needed to



complete the stoichiometric balance of the resimiiaer mixture. Finally, the addition of preformibgnderleads to a
significant reduction of the processing time of thsin matrix.

Most of the literature devoted to the study of tbactive behavior of neat RTM6 is of limited praatiinterest, dealing
with a commercial system never used without thetrea binder, essential to reach the target pragserTherefore, the
knowledge gained in this study is very useful fog thanufacturing optimization of cure cycles, whidwe data on the
RTM6-powder system and not only on the neat RTMfnrehould be taken into account.
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Table 1: Comparison of the results of dynamic DSCcans on RTM6-binder mixture with those on neat RTM6
resin and literature data available for RTM6

] Literature Experimental Results
Experimental Results Result e
i esults on on -binder
Heating on RTM6
Rate RTM6
(OC/min) AH Tpeak AH AH Tpeak
(J/9) (°C) (J/9) (J/9) (°C)
1 469 170 432 [17] 502 163
436[51]
2 441 195 528 179
401[40]
437 [51]
5 464 220 475 203
413 [40]
438[51]
10 458 242 496 224
428 [40]

Table 2 Fitting parameters for the neat RTM 6 and R’ M6-binder systems

Al El A2 E2 m Ny no
(sh (kd/mol) (sh (kd/mol) ) ¢) )
Neat
RTM6 39111 73.70 5432 51.78 1.35 0.57 1.99

e, 20340 [51] 70.20[51] 5400[51] 51.5051]  1.40[51] 0.45[51] 1.83[51]

B 39300[40] 74.00[40] 5216[40] 50.75[40]  1.48[40] 0.46[40] 1.90[40]
RTM6-

, 69309 74.02 54551 60.36 0.52 0.82
binder 2.01
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Table 3 Results of rheological analysis on neat RTMand RTM6-binder mixture.

Experimental Results — Dynamic Gel Temperature (°C)

Heating Rate

Clmin) neat RTM6 RTM6-binder
°C/min
2 189 175
1 171 157
0.75 161 150

Experimental Results - Gel Point in isothermal conitions (°C)

Temperature )
3 neat RTM6 RTM6-binder
(°C)
160 40 23
180 30 17

Table 4 Fitting parameters for neat RTM6 and RTM6-kinder mixture.

MNgo Ci C, Og A B
(Pa-s) () K) () () )
neat RTM6 2.00-168 31.60 33.50 0.42 5.58 7.20
RTM6- 0
) 1.99 - 16 32.96 30.92 0.39 5.04 8.64
binder
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