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ABSTRACT

This document is the publishable synthesis report of the CEC timded project BE5477-92
(BRE2/CT/0227) the aim of which was to improve the state of tht:  art and design methods utilised ,
within Europe for components manufactured using resin transfer r loulding  (RTM). This was
achieved by the interaction of data and experience produced fror ~ four main tasks:-

1 Material Characterisation - this int”oh-ed  rhe measurement OE resin viscosity, cure
behaviour,  and thermal conductivity ; permeabili~  of various fabl ic combinations using different
techniques ; fabric preforming; edge and pore microstructure anal{sis;  and correlation of”
mechanical properties with processing.

2 Software Development - data g,enerared  predominantly wi thin tasks 1 and 3 was used to
aid the development and partial validation of sot%~are  to simulati:  the RTM process.

9 3 Validation - A number of laminates and t]-pical structures of increasing complexity were
manufactured utilising a range of processing parameters primarily to validate, troubleshoot and
provide data gor the software developments in tasks 2 and 4. This included some mechanical and
component testing.

4 Intelligent Knowledge Based Sys~em  (IKBS) Developer [t - Using data generated from
within the programme, a sollware  based IK13 S for RTM was dev :loped and partially evaluated.
Additionally work was conducted on mould and cure optimisatio  1, void formation and finite
element analysis.

The research was conducted by the pan-European. consortium bt :tween November 1 st 1992 and
May 3 1st 1996. The work conducted has helped to advance the: tate of knowledge considerably
in many areas including: retin characterisation: permeability of fi ,brics;  preforming; mechanical
property:processing  correlation; optimum material selection and processing parameters; and
software developments for simulations and IKB S. II has also hl~ blighted where fi.u-ther  work is

*
required to resolve outstanding issues

!

INTRODUCTION

Resin transfer moulding (RTM) is a composi~e  manufacturing pr ~cess which” dates back at least to
the late 1940s (Bloodhound missile nosecones)  and has in recent years gained increasing favour  as
a process which offers high tolerance componen~s and the poterr:ial of reduced costs, reduced
scrap and reduced operator exposure to harrnfid  agents. Whilst 1 LTM has been used for nearly
fifiy years, the technology to produce consistent parts without several trial runs and
modifications has been restricted mainly to a fe~v large compani~s  and hence the process has been
largely restricted to long runs and/or large companies. ,Conseqtlently, information within the
public domain with respect to the RTA4 process and simulation 1 las until  relatively recently has
been sparse.

The aim of BRITE-EURAM project BE5477-92  which was stal ted in November 1992 was to
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to improve the design methods, process knowledge. simulation tt JOIS and general data avilable  to
enable the whole RTM process to be utilised \\ith minimal iteratic  n . This was performed in four
mutually interactive tasks which can be broadly classified as:-

Task 1:
Task 2:
Task 3:
Task 4:

Material Charaaerisation
Simulation Sofiware  Development ‘
Validation . .

Intelligent Know-ledge Ba.4 System (IKI 1 S) Development

By using the knowledge gained and so,ftware  de~eloped  within t] lis project, the ultimate goal of
the project was to significantly reduce the development and man~ facturing risks associated with
the production of potential RTM components. B>- decreasing the risks of RTM manufacture, it is
believed that many more companies, especially small and medium sized enterprises (SMES),
would benefit from the potential cost. performance. high toleran~:e, low waste and reduced
operator exposure to harmfd  agents associated w-ith RTM manufacture.

TECHNICAL DESCRIPTION
,1

The approach taken by the consortium ~~as to sub-di~-ide  the fou main tasks into several smaller
subtasks which involved one or more of the partners mentioned. Some activities were duplicated
at different establishments in order to ob~ain  a muhiple  approach to particular issues, for
example, the measurement of fabric permeabilities  which were p aformed  initially at. the
University of Plymouth and TNO P&RRI and subsequently at tl e Swedish Institute of
Composites (S ICO,MP) as it became apparent tha~ permeability r .leasurements  were not quite as
straight forward as envisaged.

Task 1: Material Characterisation
Isothermal viscosity-time curves for LY556,  LY5W1 and RTM 6 epoxy and Arotran D6530
polyester resin systems were determined at \ariogs  temperatures from ambient upto a maximum
of 160C’C  using a Carrimed controlled stress rheorneter at the University of Plymouth. Dynamic
viscosity measurements ,using a stead> state shear rate ~vere  also conducted and Non-injection
point data were presented. Attempts ~~-ere  also made to utilise differential scanning calorimetry
(D SC) under equivalent conditions to provide datz.for  phenome lological  models but was
discarded as instrument baseline drift it-as found to be too high at low temperatures and reaction
too rapid at elevated temperatures.
Fabric permeability measurements were’ conducted al the Univel  sity of Plymouth and at TNO
P&RRI and subsequently a limited number of correlation check: were performed at SICOMP.
The Plymouth experiments utilised a radial flo~~ technique and in essence consisted of an
aluminium  base plate with a glass co~-er  and video camera to mcinitor  the flow front.’ The TNO
permeater consisted in, essence ofakkninium and glass plates foiming  the bulk of the mould cavity
whose separation could be alterred by screujs i,n order to vary fi we volume fractions. The fluid is
introduced under pressure at one end of the pernwater, its pre: sure is monitored at five points
along the length of the cavity prior to exiting at the other end oi” t he permeat er and the resin
throughput is weighed. Plymouth utilised real resins and measul ed the permeability in a wetting
state, whereas TNO used a glycerol-w-ater  mixture as a model fluid and measured the permeability
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of a wetted  fabric. A variety of glass and carbon +brics of d“ifferen~  lay-ups, t o~v sizes, volume
fractions and degrees of shear, including a fabric from 13rochier  S A specifically designed to aid
resin flow.
The cure behaviour  of the resins mentioned pre~ioudy  were char ~cterised  by SICOMP and the
University of Plymouth using DSC with the data king used to input into kinetic models. Limited
resin thermal conductivity measurements were ah made using T modulating DSC and attempts
were made to use Lee’s disc apparatus, A brief ~=-<essment  of die ectric spectroscopy of curing
epoxies was also conducted by the University of Rigs usin~  resirs supplied by Brochiei  SA.
Investigations into the characterisation of shaped fzbncs  were ab,o performed by INASMET  and
TNO P&RIU utilisng a range of glass and carbon fabrics This included moulds,  preforming
techniques and handling trials. The University of P1}-mout h addit  on ally performed work on edge
effects and pore space microstructure analysis. ~he latter using i! nage analysis techniques.
Work conducted by Brochier  SA and the Kun~Qiga Tichniska Hoegskolan  looked at how
composite mechanical and physico-chemical  values  including sh x-t beam interlaminar  shear
strength, glass transition temperature, tension strength, compres  iive  strength, flexural strength ,
and fracture toughness were influenced by processing  parameters.

Task 2: Simulation Software Development
Data generated in the other tasks was used, to aid zh,e developm  mt of software to simulate the
RTM  process and thus predict flow paths, dry spcts. optimum g~ting, fill-times and heat transfer
during cure. This task was planned to progress in le~-els of incre,ising  complexity from simple ~
two-dimensional isothermal simulation models tc z;hree-dimensi{  mal non-isothermal models. The
simulation work started using the mainframe-basei Iqp/SEPRA N software, but due to numerous
problems the soflware  development was changei to a PC-based system and the Pi 7 software
development initiated by TNO P&RRI, with the I_”nhersity  of k ‘Iymouth also being directly
involved in this activity.

/

Task 3: Validation
A number of laminates and component type stru~~~res  of increa sing complexity were ~
manufactured using a variety of processing para.n-.e~ ers in order to validate, trouble-shoot and

*
provide general input to the other tasks. The L-ri~-ersity  of plyr louth  conducted two-dimensional
moulding  work and assessed the effects of flo~~  iicrn conver-ger .ce join lines using short beam
intedaminar  shear strength results. INASMET zni Brochier  SA conducted investigations on both
two- and three-dimensional simple mouldings.  The le~el  of com plicat ion was raised firther to an
intermediate e level of complexity by Short Brothers Rho made n lade both ‘T’ and ‘I’ beams and by
SONACA  SA who manufactured a skin panel ~~~tb  a cut-out ard stiffeners. The most complex ~
three-dimensional moulding  was made by British .\erospace  Ai:b.us Limited who manufactured a
complex aircraft spoiler panel comprising pre-fcmed foam cor[:s and and a number of carbon
fabric preforms, ,,

Task 4: Intelligent Knowledge Based System (MS) Develop  rlent
Starting with a system specification, data and kno~l-how  gener ~ted from the rest of the
programme was used by INASCO Hellas and fi-TR+COM  SA to develop an HCBS with
associated

associa ted
documentation to cover material selection, processing and mould considerations
with the RTM process., The system was initially dev doped by INTRACOM SA using a
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mainframe-based G2 software platform with assistance from INA~iCO  Hellas. The knowledge
gained was subsequently adapted by INASCO HeHas to utilise the PC-based KAPPA-PC expe~
system platform with assistance fiorn INTRACOll  S.%.
SONACA SA also compiled a mould tool optjmisaiion  handbook with data inputted from a
combination of literature searches, general partner comments an(l answers to specific questions
Within this task, work was conducted by SICOkfP covering finite elemental analysis, a simple
cure model for process optimisation and ~oid fonrkion  in RTM.

RESULTS

The level of results presented in this document repr=nts  only a small fraction of the data
generated within this project and has been summarised for reason i of space and to prevent the
publication of sensitive data.

*.
Task 1: Material Characterisation
The viscosity data showed dramatic differences in resin viscosity ;md reactivity between the
viscosities of the re’sins  characterised which w-ould hal-e have a dil ect influence on the useable
processing window of each system. The iriitial  \5cosities  in mpa. s within the temperature ranges

‘ studied for the epoxy systems were as follows:-

L Y 5 5 6 -600 (.25’”C) -30 ‘:80°C)
LY564-1 -650 (2$ ’C) ,-70 :80°C)
R T M 6 -400 (80:’C) -25 :160”C)

Thermal characterisation of the same resin system=  using DSC ga ve the following enthalpy  of
reaction and activation energy values, in units of joules per graml ne and joules per mole
respectively.

Enthalpy
LY556 194
LY564 4 3 8
RTM6 429

.\ctivation  E ;nergy
82 ,,
58
62

A large number of permeability values \vere produced by the three establishments performing the--

tests and used to input data into the simulation and IK13S tasks. ‘ ~he results of a particular
material configuration were generally consistent for a particular technique/establishment, but there
was poor agreement between the results genera~ed by the differe It establishments for nominally
the same ,material  and configuration. This finding lead to a list o; factors which need to be
considered when measuring fabric permeabilities  being drafted as a reference and general aid. a
copy of which is shown in Table 1. Graphical presemation  of permeability data from the
University of Piymouth  for carbon fabrics indicated groupings such that the major permeability
of warp aligned fabrics increased in the order satin < twill < Injectex  (modified 5HS) and that the
minor permeability of the same fabric types was in the order sat{ n < Injectex < twill. The tow
size of the fabric also influenced permeability due to the pore sp:ice architecture, with higher tow
sizes exhibiting higher measured permeability values.



The results of the shaped fabric characterisation \\ork indicated s wet-al  factors including:
-pressure used has little effect on the preform quaIi~-
-preforms should be handled as little as possible
-due to the difference in binder chemistries, vacuum bag forming{ )f carbon fabrics is preferred
press forming 1
-drawability of the 5HS carbon fabric was best and&e unidirectiol]al  fabric the worst, but the
drawability of the latter could be impro~~ed  by cross-plying

Quantitative analysis of edge effects is \ery  difficult  due to the complicated fabric architecture.

r’

to

Analyis has also shown that the flow rate increases l~ith the degree of fibre clustering (eg. large
tows) and initial results suggest that compression and shear stren~ ;th decrease as the flow rate

I increases. Witlin the limits of the work conducrecl,  i-wing the pr{ ~cessing parameters had an
insignificant effect on the test values measured.

*
Task 2: Simulation Software Development
Both versions of software exhibited good agreemem with the exp srimental results by predicting
resin flow and dry spot areas. However, correlation with resin fill times was variable, especially
for the more complex demonstrators, with both o~er- and undere intimations being made. At the
conclusion of the project, work had still to be com.nleted  to devel >p a non-isothermal version and
to make data transfer easier.

Task 3: Validation
This activity produced a vast amount of practical &m and experi(mce on ‘how to’ and ‘how not to’
produce good RTM components which ~~as used TO ~-alidate  and input to the software packages.
There were many factors found to be importantam  in producing ~ ;ood RTM components
including: pressure, especially at high volume fiaaions  and low ~ lermeabilities; the relaionshlp
between resin temperature, resin reactivity and rnz-tium  process  time; mould design and
temperature; flow path length; flow join lines:  mould design and I emperature;  the position of
injection and exit ports; and componem complexig-. The. most complex component demonstrator
produced was the ‘British Aerospace Ai rbus Ltd. s>ciler, as shovm in Figure 1. This measured

● 177 x 63 x 6cm, comprised an internal C-spar, foam cores, several preforms and proved the most
difficult  component to accurately simulate.

Task 4: Intelligent Knowledge Based Sysrem (IKBSj Development
Both mainfi-ame  and PC based IKBS sofi~varesystems  were deve loped and documented, but there
was limited opportunity to filly evaluate them. .% e>~ensive dot. ~ment was also produced
coverring  all possible mould tool optimisation considerations im luding:  economic aspects; tool
design; material selection; clamping and heating: anti micellaneots  points such as seals, surface
roughness and tool preparation. Investigation of ~-oid  formation imd dissolution in RTM
processing showed that the rate of dissolution is dependent on th e gas and resin, with the rate
being higher in polyesters than in epoxies of those’ resin types studied. The ease of void transport
is also dependent on capillary effects, pressure and ~iscous effects. Ultrasonic NDE and
subsequent destructive examination showed an approximately Iirear relationship between void
content and attenuation with only a slight influence from changir.g  fibre volume fraction.
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CONCLUSIONS

Significant advances have beenmadein the understanding of mo ;t aspects of the RTM process
ranging from the initial selection of fibre and resin to simulation ar Id the production of complex
components by RTM. This information is now available to a range of establishments across
Europe to act as a basis for fhrther research (not n~essarily  in R’rM), to be used for consultancy
purposes and to be commercially utilised in making RTN4 components or selling sotl!ware  when
fully developed.

The majority of the initial aims and objectives of the project were achieved, but as with any
research projects, some issues were found to be more complex th; m initially perceived and could
not be fiJly resolved or developed within the progmumne.  This is :rue of both the permeability y
measurements and the simulation sotlware, but for which significt  ,nt advances in the state oft he
art were made.

* It is possible to state that the apparent fabric permeability measur>d is a fimction  of how the
measurement is made and that there are many factors to be consit .ered when choosing the
techniqtie  to be employed (ref  Table 1). However. it is not possil Je to state which technique, if
any, gives the ‘correct’ answer under all conceivable circumstances where permeability data are
required and hence firther work would  be required to filly resoh e the measurement of thk
fi-mdamental  parameter.

The approach adopted of having several mutually imeractive  tasks subdivided into several smaller
subtasks was a succesfil  way of managing this large project. The use of incremental changes in
levels of complexity and validatiori  was also found to be succesfil.  in developing the simulation
software. However, in developing an IKBS it was found that the most appropriate approach to use
was to start with the most complex model and decrement the levl >1s of complexity as required to
match the component being modelled.

[ The knowledge and databases generated within this programme t m all aspects of RTM technology

*
have reduced the risks associated with the development of any pt )tential  RTM component by
increasing the chances of making a component rig@ first time. Pt ovided a good  quality injection
has been achieved, the mechanical and physico-chemical  properties of the resultant component has
been found to be little affected by
maybe regarded as being robust.
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Table 1
Potential Problems in the Measurement of Reinforcement Fabric Permeabilities

Parallel Flow
.Efig~ ~I~ccts ~ld asy paflIs call  dominate tlo\\

-Sqxwate expts.  are required for each direction

-Direct use of Darcy’s equation
-Data is integrfed over fluid collection period

I

*

Wetted Flow
-Ma} not adequately represent tbe flo~!’  situation in RTXf
-No flow front can be discerned

-C’apillary  effects are not present

-Leakage paths from intratow’  to iutertow tlo~v are no~
present
-Mass and volume flow should be equal

,’

Variable Cavity
-Variable mould  height play be subject to-relaxation

Model Fluids
-Molecules smaller than resin may flo~Y through finer p~i.t~

*

-ViscositJ’ of glycerol is a strong function of ~fater comem
-Contact angle may be wrong for RTM simulation
-Information is lost at the end of the experiment for
non-curing tluids

-Significant differences in penneabilities  have been reported
with different fluids

Constant F1OW Rate
-Visual record of flow front is not essntial
-Ri:i~ too] nl]llin~~ses  ~Vi@]StOr-f]On
-sanlplin~  linlited to tile number Of transducers a!-ailablt

tie  aqxrimeut
-Cmnpkx  algorithm 10 compensate for gcotnet~
-:k=lidual isochrone j are required: data is fittedto the
&gession of these ! ines. A windowing algoritlun may be
~+~  10 confirm cons! ancy of the permeability wdue.
-.s. Me in the fabric nay be requiredto ensure plug llolv.
5uz ~s not implicit in the theoq’

-wI’S no hole, the pn ssure drop though  the IiIbnc ma}” be
~k~icant
-akulated penneabi .ity may be sensitive to measured hole
>-2 ~

fl-etting I?Iow
-~,~~ tlo\v slt~tl(  ,11 to RT’M
-D+&Emlt  to discern ~ Ictual position of leading flow front
~< +J]I wetting in il tertow gaps
-S:WeriIg  in unidirc ctional fabrics can be significant,
& her are assume 4 to be sn3aIl
-Leiw+ paths from iutratow to intertow floll’ are present

-!. LESSS  I1OW and app rent volume flow may dii~er
~ ~xsibly giving infc nuation about the above leakage
. .,!.:.s -< ;- ,,

Fked  Cavity
< knping  to grounc flat stock may still permit
;e[==tloll  of tile fab -ic .,
Resin
-L-= of. resiu simula :es actual RTM process

; ‘:.<-osity is a fhnct on of temperature and cure->
-C .+~-~ct  angle is act .urately represented
<“ :=ed  plate can be measured to confirm cavity size
=-,< :mii vidual f~bre positions, but may not co~npletely
~m<smt the dimen ;ions duriug flomr

Constant Pres;ure
-Ze+ires visual record of 11OW front position
-Tr.2nJTare11t lll.ater ials are predominantly less rigid
-; ii IIOIV  front i so{ hroue recorded

G e n e r a l  C o m m e n t s

-Low viscosity may cause experimental problems
,-Detenneination of fibre volume fraction is experinwntaily  ditiimk during 11OW

Mould Flexibility
-Vactnun may cause inward deflection ~> high V( -> low pmneabilg
-Pressure may cause outward deflection -~ low Vf -> higlr nwmre.i .wrrneability

I



FIG[-RE 1

British Aerospace Airbus  Linli~ed  Demonst’-ator Panel ,


