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Abstract

The present paper reports the results of the stfdgn inorganic resin in order to find the
best conditions to obtain the lowest viscosity todpce a structural glass-ceramic matrix
composite by liquid moulding. Firstly, rotationah@ oscillatory measurements were done on
a rheometer with cone-plate and plate-plate geo®&tThe studied parameters were resin
aging, shear rate, temperature and water conteato8dly, tensile tests on some composites
were carried out to study the influence of the nissivater content. Results show that the
resin conservation in a frozen state cannot reagheaod larger than few months. Besides,
the resin has a shear thinning behaviour but tteeasity is constant when the shear rate is
high. Moreover, a competition is noticed betweenrttatrix microstructure changes due to a
larger resin’s water content and a better infustbanks to a lower viscosity.

1 Introduction

A new class of glass-ceramic matrices for strutttwenposites was developed for continuous
thermal exposure applications. These new matric@secfrom inorganic thermosetting
polymers. One advantage of this family is that bamg occurs at temperature lower than
100°C. Thanks to their inorganic nature, these meatrices give composites with high
temperature resistance and structural propertiegpamable to conventional ceramic matrix
composites. As a consequence of the low temperhaudening of these matrices, composites
are manufactured using the conventional procegsinges of organic matrix composites like
prepreg process. So, these materials can bridggapebetween organic matrix composites
and ceramic matrix composites. But, to be competitieasy and cost effective process
technologies must be used. Liquid moulding, suchRisor RTM, seems to be a convenient
solution. However, both the viscosity of those ganic polymers and the effect of process
parameters on the composite mechanical propertiess be investigated. The research leaded
at Institut Clément Ader in Albi (France) focusasaunique resin synthesized by the French
company Pyromeral SystefhsThis resin is derived from a geopolymeric systerhese
systems are synthesized thanks to a chemical seabBtween an aluminosilicate material
and a silicate solution in an alkaline environmidit The exact mechanism of this reaction is
not fully understood yet but it is believed to cehsf the dissolution of solid alumino-silicate
particles in the solution, their diffusion, the yadndensation between solid particles and the
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silicate solution and finally the hardening of tipel phase [2]. A lot of researches aimed at
having a better comprehension on geopolymers bst ofahem focus on its solid state. The
particularity of the resin is that it gives a glassamic matrix. So, results cannot be related to
the system investigated here. The results of feias that have considered the liquid state of
geopolymer resins describe them as Bingham flug}4] [whose viscosity is influenced by
chemical composition, temperature and resin hisifyThe aim of this work is to find the
best conditions to obtain a viscosity as low assjbs in order to produce a structural
composite by a liquid moulding way. As the resirars aqueous suspension of mineral raw
materials, the first way to decrease its viscomtyo increase the water content in order to
keep an environmentally friendly material. Thatwhy the influence of water dilution is
investigated. This paper reports experimental tesabbout the rheology of the resin and the
mechanical behaviour of the glass-ceramic matrimmuosites manufactured by prepreg
process using this resin. Firstly, continuous asdillatory shear viscosity measurements
were performed both on a plate-plate rheometeraandne-plate rheometer, at temperatures
ranging from 10°C to 100°C. The effect of resinnagishear rate, temperature and water
content were studied. Besides, the gelation time estimated. Indeed, the glass-ceramic
matrix is obtained thanks to a heat treatment buatposite must be removed from the mould
first. So, resin must be hardened in the mouldgeidtion time is a key parameter. Secondly,
tensile tests on some glass-ceramic matrix comgmsiinforced with carbon fibres were
carried out in order to study the influence of tlesin’s water content on the mechanical
behaviour.

2 Materials

The studied resin is an inorganic polymer syntlegbiby the French company Pyromeral
System&. This resin is derived from a geopolymeric systeme Eomposition is fixed and
confidential. Between the manufacture and the dsthe resin, it is frozen at —18°C. The
resin is characterised as manufactured and withaddition of 2wt% water. Composite
materials are manufactured by the Pyromeral's pgemrocess. The reinforcement used in
this study is composed of 6 layers of woven fabrieade from carbon fibres. Thanks to a
specific and confidential heat treatment, a glass+ic matrix is obtained and provides a
composite for continuous thermal exposure appboati The composites are manufactured
from resins with different water contents from Owt8©bwt% with 1wt% increments.

3 Experimental procedure

3.1 Rheological measurements

Flow and oscillatory shear tests are performedgusirRheostress 600 (Thermo Electron)
rheometer. The flow test geometry consists of #&uricated cone-plate with a gap of 0.054
mm. The oscillatory test geometry consists of palrgllates with a gap of 1 mm. Both
geometries have smooth surfaces and a diametes ofr8. The frequency of the oscillatory
shear tests is maintained constant at 1 Hz thraugth® rheological testing. The resin is
frozen at —18°C between the manufacture and alltés¢s described bellowlhe first
rheological measurements aim at studying resingaglimnese oscillatory tests allow resin
complex viscosity to be determined at room tempeeatind are carried out periodically
during several months with a controlled strain &6.1Each sample tested has never been
defrosted before. The second rheological campaigs at studying resin sensitivity to shear
rate and temperature. Flow tests are carried odt determine the viscosity for three
temperatures (10°C, 15°C, 20°C). At these tempegajuhe reaction kinetics is supposed to
be low. A strain sweep is applied by strainingrigin sample from 0.0I'$o0 200 &, and the
resulting stress is recorded. The strain sweepeaap represented on figure 1. On each step,
measurement occurs when the stress is stabilisadh test lasts no more than a few minutes.
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So, it is supposed that no chemical evolution accline same resin sample is tested onge (t
and 30 minutes laterg(t 30 minutes). The third rheological campaign aanhsvaluating the
complex viscosity change during cure, at diffetemperatures. The measure of the viscosity
from liquid state to solid state is investigatetbtigh oscillatory tests. Strain is maintained at
3% to stay in the linear range. Considered temperdévels are 60°C, 70°C, 80°C, 90°C and
100°C, for undiluted resin and a resin diluted vatiwvater content of 2wt% and, another test
is carried out at 20°C on the undiluted resin. Mieaients last until the resin hardening.
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Figure 1. Variation of shear rate with time during flow tests

3.2 Mechanical tests

Cyclic tensile tests are conducted using a commdetrolled 250 servohydraulic testing
machine (810MTS) equipped with hydraulic grips. Thaasile tests are performed at room
temperature under displacement control at a displeat rate of 1 mm per minute. A 30 mm
gauge length extensometer is used to measure ftin@esatrain. Specimens are loaded up to
150 MPa during the first cycle and then, each cgtless increases by 50 MPa, until coupons
fail. Stress-strain data are recorded during tla€iltg. Specimen total length is 200 mm and
aluminium tabs of 50 mm-length are bonded.

4 Experimental results

4.1 Rheological measurements

The first rheological study shows that at the beigig of the resin life, the complex viscosity
decreases progressively from 23 Pa.s to reachsl Plais low viscosity is stable before it
begins to vary. Hence, the resin becomes unusébléexture changes and the resin gets
closer to a gel than a liquid. These results, prteskeon figure 2, permit to conclude that the
best period to use the inorganic resin is durisgdibmain of low and stable viscosity. The
resin tested in all the following results has therenfavourable aging time.

Stable and low viscosi
domain : optimalperioc

10 for LCM processing

Complex viscosity (Pa.s)
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)

0 !
Resin aging

Figure 2. Variation of complex viscosity with aging time thie resin conserved at —18°C (time scale hidden)
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The second rheological study gives rheograms gheeatures of 10°C, 15°C and 20°C and at
different reaction levels. All rheograms show thens behaviour. In the low shear rate range,
between 0.015and 10 &, the resin undergoes a shear thinning effect.igttdr shear rates,
the viscosity is quite constant. Figure 3 showsrtlemgrams obtained for the undiluted and
the 2wt% diluted resins at 15°C and ©nly constant viscosity domains are represemnted f
some curves (at 20°C and att30 minutes) to have a clearest figure. Thusgtr@ution of
constant viscosity domain with time for the 15°Q &0°C temperatures can be investigated.
In any cases, only the shear rate decrease ispeese
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Figure 3. Typical rheograms for undiluted resin and 2wtdatéd resin at 15°C and partial representations of
rheograms for undiluted resin at 15°C and 20°E, aind §+ 30 minutes

Temperature of 15°C offers a resin with a stableab®ur with time. Indeed, viscosity stays
quite the same during at least 30 minutes (evolutiom 0.67 to 0.73 Pa.s). At 10°C, the
same behaviour can be noticed (evolution from @0/9.83 Pa.s) but viscosity values are
higher than at 15°C. At 20°C, the viscosity is Is&ble because it increases from 0.52 Pa.s to
0.88 Pa.s in only 30 minutes. Moreover, rheograishe 2wt% diluted resin show that
rheological behaviour under various shear rategs stachanged compared to the undiluted
resin. Besides, the diluted resin viscosity in liigh shear rate is 0.36 Pa.s at 15°C and it is
approximately two times lower than the undilutesimevhich viscosity is 0.67 Pa.s at 15°C.

Gelation of the resin is studied thanks to thedthireological campaign. All the results show
the same behaviour. The figure 4 gives an exengl@@0°C. Viscosity firstly goes up, still-
staying low, but after a period dependant of timeperature, the curve rises to reach a plateau
which means the sample is in a solid state. Thegtomodulus G’ evolves similarly but the
loss modulus G” behaves differently. G” valueseadiirstly superior to G’ values. G”
increases and reach a pick after G’ begins to as&reand thus, G” becomes lower than G'.
Then, G” values decrease to finally stabilize. Gatation of the resin samples is assumed to
be at the intersection of the loss modulus andtihi@ge modulus curves [5].
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Figure 4. Typical oscillatory test results : case of the lutdd resin tested at 100°C until hardening

4.2 Mechanical tests

The tensile test results show that composites naatwied from undiluted resin have a mainly
elastic and quasi brittle behaviour. The initi@stic modulus is around 70 GPa and the failure
stress is around 290 MPa. Composites made frontedilkesins up to 2wt% of water content
keep constant their behaviour and elastic moduéisey but failure stress decreases. When
water content is 3wt% or more, composites exhibieahanced damage capacity as presented
on figure 5. The initial elastic modulus is decexhand close to 65 GPa but the failure stress
is not more affected, compared to lower dilutiolesa
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Figure5. Influence of dilution on the tensile behaviourgtdss-ceramic matrix composite materials

5 Discussion

5.1 Rheological behaviour of the resin during LCM

The viscosity variations during its storage at -€L&te obviously related to the resin chemical
reactions. The first reaction step is the dissotutof solid particles [2]. This could be
associated to a viscosity decrease. Consequentlgrder to have the lowest viscosity, the
resin needs to maturate. Dilution also permitsaweha lower viscosity, if needed. Besides,
the viscosity needs to be stable during the whodegss. So, the resin temperature needs to
be controlled and maintained around 15°C or le4s2@RC, results show that the reaction
kinetics is too important to use such a resin i€ process.

5.2 Low temperature curing of the resin

Figure 6 shows that the gelation time logarithnlingarly dependant to the inverse of the
temperature. Gelation time seems to follow an Arihe law which could demonstrate the
hardening process of the resin would be thermaitivated. Activation energy would be 54
kJ.mol* for the undiluted resin and 60 kJ.mofor the 2wt% water content resin.
Consequently, the reaction mechanism of the resams to remain quite unchanged after
dilution. The temperature of the low temperaturangustep (gelation step) is thus expected
not to affect drastically the properties of theufesg composite. Moreover, the high
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temperature curing (postcuring) may erase thesek weaterial differences. This is
particularly interesting since it allows large gatb be manufactured without paying a
particular attention to the homogeneity of the terafure.
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Figure 6. Gelation time versus the inverse of temperature

5.3 Influence of dilution on the tensile behaviour

Adding water seems to be a good way to decreasesiig without changing the chemical
reaction but consequences on composite materias lmeuinvestigated. The results of the first
tensile tests show that dilution decreases mechhapioperties like elastic modulus and
failure stress but enhances the damage capacityowiposites. This is a very wished
behaviour for safety reasons since it may prevaeltitebfailure of the part. This is obviously
due to microstructure changes involving a differgmaick propagation. Microstructure changes
will be investigated in further studies.

5.4 Discussion on the gelation time determination

The gelation time is assumed to be located at ¢ivet pvhere G'=G”. Some authors [5] think
that the gelation occurs when the rheological behans independent of the test frequency.
In the field of organic resins, both criterion asa@id because determined gelation times are
close. But, this needs to be checked for the syss@udied here. Tests with different
frequencies must be carried out to conclude abbet validity of the gelation time
determination criterion.

6 Conclusion

Rheological characterisation of a resin derivednfied geopolymeric system makes it possible
to obtain a better knowledge of its behaviour faygessing glass-ceramic matrix composites
by liquid moulding way. The resin needs chemicaturation to reach the lowest viscosity
values andts conservation in a frozen state cannot reachrmg larger than a few months.
Furthermore, temperature permits to decrease #e®sity but needs to be less than 20°C to
keep low reaction kinetics. The study of the infloe of resin water dilution permits to know
that the system stays unchanged. Morevover, vigcdscreases with the dilution rate which
allows a better filling of the fibre reinforcemerAnd, damage and strain capacities of
composites are improved. However, elastic moduha failure stress are affected by the
dilution of the resin. Hence, dilution is interesti because it helps impregnation and it
involves a non linear behaviour of the compositdge results of the mechanical teskow a
competition between the mechanical properties dubée larger resin’s water content and a
better infusion thanks to a lower viscosi#. compromise must be found between high
mechanical properties and impregnation ease. Tésearch is the first step to enable
manufacturing of competitive structural composiedde to bear up continuous thermal
exposure such as in aircraft parts located closagnes.
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