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Abstract 

Highcnergy clcctron kam (EB) curing of advancd composites is a novcl 

alternative to conventional thnmel processing. It off- the possibilitics of both cost 

rcducticm and technid improvcments when comperrd to autoclave d g .  The purpooe 

of this thesis is to prcscnt a critical m o n  of the proccss of EB curing, with the 

intent of developing a bcttcr uncierstaadhg of L potential for commercial use. 

Specificaliy, thip study descri'bes EB curing, and then identifies and exSmines the 

influence of irnporîant mata*l and process parameters on curing and mstrrial properties. 

A resin system consisting of a hi&-tempcmtuc epoxy and a cationic photoinitiator is 

investigPted. The matmal and process parameters of radiant dose, initiator 

concentraton, tempanaae, dose rate, and reinforcement are d y z e d  for their effect on 

cure extent and glass transition tcmpetature, T,. Expcrimental investigation is p e r f ' d  

by differential scanning calorimetry @SC), and dynamic mechanicd analysis (DM.). 

Properties are Plso compared ktween EB and thermaliy cured samples of the identical 

resin formulation by mechanical testing. The most notable mult of this research is thaî 

incornplete curing (les thPn 8û% cure extent) occurs for the epoxy formulation irrediated 

at m m  temperatme, even Pt EB doses as high as 500 kGy. Also signincant is that the 

ultimate cure extent is strongly infiuenced by the temperature and dose rate durhg 

processing. These resuîts may curtail some of the proposeci advantages of EB processing 

such as the ability to EB cure at a selcctable temperature. Additional results are 

presented and discussed which are important to the further development of predictive 

models for high cnagy EB curing of composites. 
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Chapter 1 

Introduction 

High-energy electron beam curing of aàvanced polymer composites is a mique and 

potentially revolutionary pmcessing technology. It involves the application of radiant 

energy, ratha than the traditional themial energy, to &ce crosslmkllig of the polymer 

matrix. Both hdamentaliy and practicdy, diis represents a sipifïcant departure fiom 

conventionail pmcessing of polymer composites. 

In the pst two decades, highenergy electron beam (also referred to as E-Beam or 

EB) curing of composites has progressed fiom general concept, to interesting possibility, 

to a viable alternative to conventional pmcessing. Since the mid-198O9s, a notable 

amount of research on electron beam curing has been done by the Radiation Applications 

Group at Atomic Energy of Canada in Pinawa, Manitoba. In 1998, this group became 

Acsion Industries Incorporateci a d  has wntinued to be a leader in the field. Despite 

advances made by this team, high-encrgy EB curiag techn010gy has remained Iargeiy 

overlooked by indusûy until very rccently. Two fWors contriiuting to new-found 

interest in the process have been the demoastrrton that EB curing can be used to produce 



hi& perfiorxxtance aemspacc composites [la] and the prcvailing trend in the aerospace 

industry to JeeL out novel approaches to problem soiving aad cutting costs [6]. Presentiy, 

there is a clamouring of attention and excitement about the growing potential of elcctron 

beam curing in the acrospace industry and kyond into other sppiication areas of the 

polymer composite induûy. 

Recait *dies have ken done on the feasibility and potentid benefits of h@ 

energy EB curing of  composites 17-13] and on suggesting and tcstiag new applications 

114-171. As weil, new polymeric farmdaîions have been developed for EB, which 

f l o m  weil whea comperrd to conventional thcrmai formulations [18-201. Such studies 

have been necessary to 'seii' the techn01ogy to d l i s h e d  composites manufbcturers. 

However. very little work bas been done on advancing the hdamcntal understanding of 

the process itself, bot& h m  an engineering and rientific perspective. The lack of 

information in this area is the motivation for this investigation. 

1.1 Advanced Thermoset Poiymer Matrix Composites 

Simply descn'bed, an mgineercd composite mateprial is the union of two or more distinct 

components, which together yield a new materiai with enùanced pmperties and 

capabilities. Composites genetally consist of a binda or ma- matcrial within which 

reinforcement is embedded Pol- maeix composites (PMCs) are the most widely 

used and versatire type of composite. PMCs bave the chernical stabiüty, low density, and 

impact resisbnce of a polymr and obtain improved strength and st.ifbess h m  



reinforcing f h .  Poiymer matrk composites are commoniy used in a variety of diverse 

fields and applications from nshing roQ to boat huils to rocket casings. 

An ' a d n i c d  PMC' is a combination of high prfoCLlljng, temperatme resistant 

polymers and high-strength, high-stifïness, contiauous fibre reinforcement d t i n g  in a 

material with exceptional thmnnl and mechanical properties. Advanccd PMCs possess 

extremeiy fàvourabk values for specinc seeagth (strrngth to density ratio) and specific 

modulus (moduius to density ratio). Typicai specific tcnsile strengtùs for aiigned f i b  

PMCs an more than five times those for structural steel [21]. Graphite/carbo11 nbn 

reinforceci advanced PMCs are useâ extcnsively by the aetaspace industry because ttieir 

high specific properties lead d k c t l y  to weight roduction of ak&, which is of principle 

importance in reducing operathg ( h l  co~lsumption) costs. 

For advanceci aemspace composites, thennosetting resimo (thermostb) arc the 

predomiii4nt rnatrix material. Thennoset PMCs are shaped or molded into form, and then 

must be 'cured' before bemg use& The process of ciring transforms the resm fiom a 

liquid or pliable Setni-solid into a non-tacky, insoluble, infusible solid. Curing is a 

chernical process and is shown in schnnatic form at the molecular level in Figure 1.1. 

An energy input causes permanent crossiinking bonds (crwsünks) to form between 

molecules, transfohg the resin into a threedimensional polymer network The matrk 

is then dimemionaily stable and is able to trarisfer and evedy distriautc exterd loads to 

the reiaforcing fibres, giving the PMC its milicncy and strength. Once it has been cureci 

or crosslinkcd, a thermoset cannot be soRcwd or melted by any application of heat. 

for a more complac introduction ta p o l m  and composites, incltuhg a d d p t i o n  of polyma and 
PMC tcfminology plcase nfer to appeadix 1 



By far the most cornmon maîrix material for a d v m d  thennoset composites and 

for a variety of demanding applications is eposy [21]. Epoxies have taken this major role 

because of their exceUent adhesion, strength, low shrinkage, corrosion protection, 

processing versatility, and many other 

properties. Epoxies are thermoset polymers 

characterized by the presence of the epoxide 
/O\ 

group - two carbon atoms and an oxygen OC- C o  
atom, arrangeci as shown in Figure 1.2. This 

I I 
Figun 1.2: 

epoxide group b .&pically the site of the Eposidt Gmiip 

crosslinking reactions during curing. 

The investigation of the curing process for thermoset resins, such as epoxies, is an 

important subject in the composite industry. For curing of a composite to take place, 

energy must k suppiied to the resin to stimulate the &on. A reùuction in the time 

required for pmcessing or the energy-input nccessary for complete cuhg leads direcîiy 

to cost swings. Matcrial characteristics and process conditions influence the kinetics of 



cririag of the poiymer and effcct aie thermal and mechanid characteristics of the 

c d  PMC. Coasequently, optimization of mataial and process parameters is essenîid 

for reasons of economy and performance. 

1.2 Conventional (Autociave) Processhg 

Although there arc a variety of conventional manufacturing mcthods for PMCs, advanceci 

aerosjmce composites are normaiiy produced by aie proces0 of autoclave curing of 

molded laminates. A hminate PMC is made up of a numbcr of thin individuai layers or 

plies of composite which are consolidateci on a steel or aluminium mold to form a 

structure of desmd sbapc and thiclmess. An autochve is a large vesse1 with a 

programmable, controi.led environment of high temperature and high pressurr. 

Autoclaves range in size nom lab-scale autoclaves (Figure 1.3) which are able to 

accommodate s m d  molds, to giant warehouse-scale autoclaves (Figure 1.4) which 

accommodate a number of large aerospace structures at one t h e .  Autoclave curing 

produces composite parts with exceptional properties, but is expensive and hes some 

notable techuid drawbacks. 

Molded laminates are fâbricated by using prepreg, a single layer of unidirectional 

or woven fibres that has been preimpregnated with resin. A number of prêpreg layers 

(lamina) are stacked and shsped on a moM (layed-up) accordmg to design requirements 

to form the composite part. Preprcg laminatcs arc b8g-moldcd before autoclavin& by 

taping a thm plastic bag to the mold covering the composite part. A vacuum is drawn 

within the bag to consolidate the prepreg and remove entrapped air and 0 t h  gascous 



Figure 13: Labscrk antodrtve (1 m diuiutcr) 
[source: Crridkld University Atr0sp.a  Composites Croup] 

Figure 1.4: Large industrlal autodans (1525 m diameter) 
[source: The& Equîpment Corporation] 



volatiles. Usually, a n u m k  of bag-molded PMCs are p k e d  in the autochve for 

processing at the some the .  Manufiicturing steps prior to the actual curing stage are, far 

the purpose of this thesis, r e f d  to as 'pre-processing' otcps 

In autoclave proe«sing, the temperature of the autbclave is rarnped up slowly to 

ensure even h d n g  of  the uncund composite and mold The min s o k  and  lea as es 

gaseous volatiln as it flows between the fibres of the preprcg layers. The application of 

high pressure in the autoclave helps to fiirther consolidate the laminate and minimiïr 

porosity in the composite. Crosshkhg reactions kgin to occur during the temperature 

ramp and evenhiolly the autoclove reachcs the cure temperitute haî is optimum for the 

curing madon. For epoxics, tfiis cwe temperature is t y p i d y  1 7 X  (35oOF) or 12lT 

(250°F). AAer holding this tempetature for a rrquircd period of time to ensure that 

crossünking is complete, the autoclave is m l e d  slowly to avoid tesidual thermal stress in 

the cured PMCs. The entire autoclave curing cycle takes a number of hours, dependhg 

on the size of the autoclave and the kinetics of  the curing reaction. 

In conventional curing of a thermoset resin, the addition of a hardedg agent is 

required as weli as the application of heaî energy. The hardendresiu combination is 

referred to as the c o n  fomuiatioa. Both the cure formulation and cure conditions are 

important in determining the physid and mechanical propexties of the cured composite. 

For epoxies, the hardener r e m  with the epoxy ring during curing to fom a reactive site 

that can then react with another epoxy group leadhg to crosslinking of the chains. As the 

thermoset cures, the hardener kcomes an integral part of the polymer network so the 

relative concentration of nsin to initiator is an important consideration [22]. An excess 

of resin leads to undmuring, in which physical propcrties are less t h  ideal. An excess 



of hardener ieads to m adduct of b w  mokular wcight also kading to poa p h y s U  

propcrties for the PMC. 

Once the min a d  hâcncr arc mixeci, the curing d o n  begins irnrnedisttïy, 

but typicdy is vcry slow et low (ncar ambient) tcmpemtmes. The inacaPe in 

temperatme in the autociave rce1erafcS the cure pmcess and curing occm at a nistcr 

rate and to a fbrtùer âcgrce (more c r o s s b ) .  In gcncrai, the cure Dcmpartiirr will 

influence the temptrature capabilities of the cured min. The tiwitioi 

temperihm T, is a rheo10gicai0 propcrty of a thennoset polymer that mfhiences 

maximum pnrcticaf scivicc tcmprotiac. Below T, a tknnosa khaves Wre a gl.os and 

is rigid and dimensionaiiy stable, whik above T, a thermoset keomes rubbcr-likc, and 

has lower modulus and strcngth. Hence the maximum service tcmpcrahm of a 

composite is ahvays klow the giass transition temperature. The Tg of a composite is 

proportionai to the cxtmt of cure of the maeix and incrrsses diaiag curbg as the curing 

reaction proceais. For epoxy matrix composites, the resultiag Tg of the cured composite 

part is very near the process cure temprraam [U]. 

Autoclave procashg of bag molded Isminates is a weii-established method that 

results in PMCs of exceîlent quality suitable fiw achranced acrospace applications. 

However there are a numkr of disadvanîages to this type of conventional thamal 

processing. One drawback of autaclaves is their hi@ capital cost, which mcrrapes 

rapidly wiîh increasing size requircmenîs. Alsa, since t h d  curing is slow, a 

bottieneck is oftcn creatcâ in the autochave step of the manufiaCtlPMg process. Baich 



processing may also lead to a compromise in the curing conditions to accommodate 

ciiffirent parts using différent resin systems. Other âisadvantages to thermal curing 

include the high cost of heat rcsistant toohg materials (molds), and warping of parts due 

to coefficient of thermal expansion (CTE) mismatch withm the composite or between the 

composite part and tool. 

1 3  Electron Beam Processing 

Electron beam curing is an emerging alternative to thermal processing which ha3 many 

potential benefits compared to autoclave curing. In EB curing, the process centres on an 

elecîmn accelerator rather than an autoclave. A photogxaph of the electron accelerator 

used for EB curing in this study is shown in Figure 1 .S. Mead of heat energy, ndiant  

eoergy in the form of accelerated electrons is used to initiate and propagate the curing 

reaction. For a polymer maîrix composite (PMC) to be suitable for EB curing, specidy 

designed resin formulations must -be used, which utilùc unique radiation sensitive 

initiators rather than traditionai hardeners [ 11. 

Many of the traditional pre-proceshg steps in the composite industry such as 

prepreg lay-up and bag molding rernain the same for electron beam processing, however 

there are signincant diffmnees in the curiug cycle. In EB niring, the statioruny 

autoclave and encloseci heating elements are repiaced with moving conveyor belts and a 

continuously d g  electron gua Rathcr tbn curhg a composite part in bulk by 

raising the temperatme of the entire part, EB processing cures ody that section of the 

composite under the innuence of the electron beam at any &en tirne. Conventional 



Figure 13: High-encrgy aeedcrator d for eketron baiii d n g  

of pdymer rnatrir --si- 



&ch-processing of a numkr of parts in the autoclave rit one îime is repLad by 

repaitive 011c-aAn-ttio-odier (coiumt~p) procasmg. A programmeci time-temperahae 

cycle is replnced by a schedded d g  eIectn,n h pattern. In îhemai cram& the 

timedempcratrm cyck is designed wiîh vilswsity d resihjbv W I L P ~ ~ & M  m mind 

due to the incrcase in tanpcrpirirr in the aitoclave. Zn EB pnmssiag, ciniog of a semi- 

solid pre-poiymer may be designed to take phce with little temperature rise and no resRi 

jrow (caasolidaîion and resin flow kcow prc-ptocessiag steps). Fhaiiy, possible 

concems about thema2 &grdbtion caused ôy high tempaaturrs or over-curing in the 

autociave arc repleced by coneerns about mdiation &muge at high radiation doses. 

In EB processhg, a strram of eleetrons, wihmkd mto an intense beam, is aimed 

at the composite part- The electmns pcnetratc the part and interad at the 

molecular/atomic level. Ciiring reactions begin immediately and occur at a very fm rate 

[23]. High-energy electrons (typically in the ordei of 10 MeV) are used because they 

penetrate deep enough (2 to 3 cm) to cure most larninated composites [24]. The electron 

buun is scanned back and forth continuousIy as a convcyor moves the composite part by 

the beam. The cure extent (and haice the glass transition temperature) increases with 

iorrea~ing exposure to th electron beam. Multipk passes under the electron kam arc 

requid for maximum curing* Tht entire process is n o d y  performed at m m  

tempera- with no more than v8cuum bag pressure applied. Glass transition 

temperahires fhr excesding room temperatute are achieved. This is contrazy to 

convention81 poees~ing, where the maximum giass transition tempcratiirr achieved is 

highly dependent on cure tempet.tiirr. 



The advantagcs of EB c e  over autoclave curing have k e n  the abject of much 

speculation and discussion m the eaospace Forcmost in any &sis is the 

advantage of potential h m d a t e  andm long tcnn cost savings complaed to 

conventionad plocessmg. Curing at selectaôlt ambknt conditions (temperatrat, pressurr) 

yet obtsinmg vay  high T, vdues is a revolutiormy possibilty. Curing at m m  

temperaturc aliows the use of mcxpenSive mol& such as f k n ,  wood, and plastm, 

repking steel or 0th- high tanpcnhnr tooiing m. AIthough capital cos& of E- 

beam fhcilities are high (srniilPr to autoclaves) tfiae are no restrictions on size of 

composite parts ami thac is no bdtlcncck at the autoclave step. 

With EB c h g ,  improvments in part qualicy and new technical advanbiges are 

possibIe. Thc thermal Ming process must aaount for the deformaton of the tool auci 

composite part due to coefficient of thnmnl expansion (CE) mismatch during 

processmg and cooldown. E-Beam curing at arnbiait teinperaairc (or potentially at a 

selected optimum temperature) avoids this problem. In a iarge autoclave, for different 

parts to be c d  together, they must be subjeaed to the same curing cycle. In E-Beam, 

each composite part is ploctssed separateiy and mry have different curing cycles. 

Finthermorc, intcgrated stn&wcs d e  up of diffkent composites can be E-Beam cured 

in sections - accordhg to any ebcuring requuements. Reduced mruiufkttdg costs, 

sipnincantiy &ced d g  times, improvemcnts in part guality and @0rm8nce, 

reduced environmental and heaW concems, and improvements in material handlinn_ arc 

all potenthai bentfits of Es curing. 



1.4 ScopeofTbisStPdy 

The lllOfiVIIfi011 for this s t d y  is the rclativtîy limited mount of scientific 

Literaturr availnhle regardhg tccbnicsl aspects of hW eaergy EB curing. Tbe purpose of 

thk thesis is to help to fill this void by pviding an intensive examination of the EB 

curing pmccss. As a prrlude to the qmimcntal wo* the developmmt of EB criring is 

presenteû, and a debtild deScnption of tbe pnreso is fb iskd .  Foiîawing tbis, the 

criticai mataial d profcss pcirswta m idcntified, cxsmiiied and evphiated for their 

Muence on EB d g  and on qualit9 of tfie processed parts. These criticai materiai and 

pn>ccss parametas of hi&- EB curiag arc: 

1) Radiation Dose 

2) Ktiatn+concentration 

3) Temperatare 

4) Reinforcema~t 

5 )  Radiation Dose Rate 

Ta examine these parameters, a case shtrty of one epoxy min formukion was 

undertaken. The fOnnWon was studied m its neat (on-remforceû) fom and in 

composite forni, with IM7 graphite fibres. Of critical hportancc is that the farmulah'on 

seiected fbr tbis study is boai themiolly and radiation curable, which dows  thexmal 

analysis of the EB fonnuhîion and purnits a dircct w q a r b n  betwecn themai and EB 

curing. 





of po-on Pad c u ~ g .  Cbapter 3 cmîains a descriptkm of the hi* 

ntergy EB cur& poass and n typrPL EB f*. As we& an  an of the 

s p e c i n c ~ ~ ~ p e c t s o f E B c i n n i g ~ h ~ ~ t d o s e d d o a t & f n r y k p n , ~  

in Chapter 3. This technid discussion is lacking h m  Literahirr on EB cv ing  of 

composites, r m d i s e x p e c < e d t o ~ ~ ~ e ~ g r o u a c t w o P k n o t ~ f o r t h i s t b c s i s . b u i ~ f o r  

fitturesnidies. 

Ane~mofthtmufsofnustiagrescsnfirrMdte~eacrgyEB 

airkg of advancd composites- is preseatcd in a litmature review in Chapter 4. 

S p a i f d y ,  shidKs reiathg to cationt'c epoxy systems are discussed. The experimentd 

work Perfprmed for this study on EB curing is presented and d d b e d  in Chapter 5. 

R e s ~ ~ d 1 ~ ~ u s s i o h o f t b i s ~ w & i s ~ I n C ~ 6 .  F h d y ,  

conclusioms of this researçb are e d d ~ i n C h a p t c r 7 .  

A gencrak introduction to pdymers and composites is presented in Appendix A. 

This appendix k intended to serve as an overvïew of some ofthe terminotogy used within 

this thesis, and may k reaà for generai interest. It generally discusses polymers and 

plastics, and specinfally discusses thermosetting epoxies, crossLinking reactiom, PMC 

processing, and properties of PMCs. Since a great deal of experimental work for this 

study involves thamal analysis using differential scanning caiorimetry @SC) and 

dynamic mechanical anaiysis @MA), an iniroduction to the subject has bem included in 

Appendix B. 



Chapter 2 

Background 

This chnpter dtsm'bes the historical development of radiation curing and explains the 

fundamentai concepts of the interaction of radiation with polymers. Since expertise h m  

a number of fields has becn born,wcd to form the knowledge base on EB curing of 

composites it is necessary to review, at least briefly, those fields. Also, before 

commencing with an in-depth description and critical examination of the EB process, it is 

necPssary to briefly describe sbme chemistry of radiation curing. 

2.1 Radiation and Poiymers 

The study of radiation commenocd with the first detection of x-rays by W.K. Roentgen in 

1895. Soon afta, dkoveries by Becquerel, Rutherford, and the Curies established the 

existence and nature of nuclcar rodinton in its three fomis a, $, and y. Since these eariy 

days, the effects of radiaficm on matter have been studied by physicists, chemists and 

mataiais enginecrs. 



The nRt cvidmce of raâiition causing the f m t i o n  of chernical bonds c m  be 

attributcd to W.D. Coolidge, who in 1925 subjected various organic substances to 

'cathode rays' and noticed solid depasits fonned on the glas w& of his apparatus 

126,273. In the same yar ,  W. M d  a ai. made similsr observations when bombarding 

gaseous hydrocarbom with a-particles [26,28]. Systcmatic studies on the eff- of 

radiation on diffenat materiais became more widespread in the years followiiig the 

Second World War. The dcvclopment of nuclcar powa gave i n d  motivation to 

quanti@ the effects of radiaton on biological molecules for d e t y  -as, and on 

materials used in the construction of  nuclear power plants including moderating-watcr, 

concrete, metals, elastomers, and plastics. 

Durit~g the late 1940's and throughout the 1950's, radiation chemistny research 

becarne wmmon in University labotatories throughout the world. Mation chemists are 

interested in the Jhdy of primay products and intcrmediates cawd by radiation 

interaction with matter, as well as the kinetics of radiation-initiated reactions. The 

majority of reseuch during this perîod focusseci on understanding the chemktry of the 

electron, and the differences between reactions in soli&, liquids and gases [29]. In the 

1950's. a new field emerged h m  radiation chemistry researcâ., the commerciaI 

dewlopment of  products wing radiation processes. Because they are more susceptible tc 

radiation than crystaiijne met& or ceramics, it was the study of the irradiation of 

poi'ymers for commercial products that grtw quickly. It is h m  thest kginnings that 

high-energy curing of cornpites as a potcntd commercial prr>~ess has emerged. 



2.1.1 Radhtiom CLeaibtr)r m. PhotocheniiStxy 

Radiation cornes in the fonn of .cceleraîed particles or electromagnetic radiation. 

Accelerated particles arc usually electrons (Brays), helium nuclei (a-rays), or hydrogen 

nuclei (protons). Electrornagnctic radiation is classified accordhg to its energy and 

finqumcy. The electromagnetic sptrum h m  lowest to highest energy and fhquency is 

made up of: 

Radiowaves 

Microwaves 

rnfh-red UR) 
Visible üght 

Ultra-violet (UV) 

X-rays 

Y-YS 

In a b r d  sense, the phrase 'radiation chemisky' implies the study of the 

chemical actions (the making and brcaking of chernid bonds) caused by the interaction 

of all forms of radiation with materials. In practice, the forma1 mearch field of radiation 

chemistry has corne to rrprr~cnt only the study of chernical effefts causeâ by i o i b i y  

ridiation. IoniPag radiaiion has sufacient energy to cause the creation of multiple ions 

as it passes tbrough matter. It includes energetic electmns and alpha particles, as well as 

x-rays and y-rays. Ionizing radiation cornes h m  substances undergohg nuclear 

transformations, b m  outer space in the form of cosmic rays, and h m  particle 

accekrators such as those that produce elcctron bcams. G e n d y ,  radiation chemins 



study ionizing radiation with mergics in the range of thousands or millions of elcctron 

volts @eV or MeV). 

Chernid reactions causeci by ultraviolet and visible radiation make up the field of 

pbotochemky. Photochemists are nomially cbncemed with radiation with U? the 

electron volt (eV) range. Although not classined as ionizing radiation, W Light may 

have SUfficient energy to crratc ions @hotoionkation) above appmximateiy 10 eV [30]. 

High-energy EB curing of composites has developed to its cumnt state because of 

research breakthtoughs by both photochemists and radiation chemists. 

2.13 Radiation Eff- in Polymerr 

Both ionizing and electromagnetic radiation may initiate various chemical changes in 

polymers 1311. Radiowaves and microwaves are not powcrfùl enough to cause any 

signifïcant chemical alteratiom. i n f i a d  light initiates some chemical change but is 

generally used more as a heating source. Visible and UV light induce many identifiable 

chemical d o n s  and are studied by photochemists. X-rays and y-rays, as weli as 

accelerated electrons cause many prominent changes in polymers and are studied by 

radiation chemists. 

There arc several, distinct chexnical effects that may rcsult h m  the irradiation of 

polymers. The result can k main chah scission, mg, polymerization or 

crosslinkiag. Each of these is shown in simple schematics in Figure 2.1. Difirent 

polymers, ia varying irradiation environments generally show an nffinity for one result or 



Chain Scbion: 

-ABABABABAB- 
Radiant Energy - 

-CH2- CH- CH2- 
I 

-CHp CH- CH2- 



another, but under some conditions the effects may compcte with one another. An early 

pioneer of radïaîion chcmisûy of polymers, A. Charlesôy bas published a great deal of 

research on radiation-inàuced changes in simple polymers 1321. 

2.2 Radiation Induced Polymerization 

The most comrnercially usefbl effkds of radiation on polymers are thaî of polymerization 

and crosslinking. The tcrm poZymetitcItion is g e n d y  reseryed for addition-type 

reactions in themoplnstic polymem, while the tcmi M*rg is used for crosslmking 

thennoset polymers. Both of these effects basically consist of the formation of chernical 

bonds betwcen organic molecuies, which serve to raise the moleculnr weight and change 

(improve) the propcrties of the bulk systcm. Hence it b usenil to demibe the simple 

reactions of low-energy radiation polymerimtion fîrst, and then ta discm high-energy 

radiation curing next, as a simiiar but more complex fonn of the same phenornenon. 

2.2.1 Photochernid PoîyamriPtion 

The most straightforward form of radiation polymerization is simple direct chain growth 

by W light. Direct polymerimtion implies that the UV light influences the monomer 

directly, and not through a series of 0 t h  reactiom. In photochernical polymerization, 

each incident photon is absorbod by a single mcting molecule. The molecule is excited 

to a definite, known exciteci statc. From îhis excited and cnergctic state, mctive species 

in the form of ions or raâicals are proâuced. 



The formation of &ve species on the monomer by light absorption is the fkst 

step. When the specia are fke di& (highly reactive molecuiar fragments of fleeting 

existence), a simple chernical nprcsentation of  the reaction wouid bc [33]: 

bv M 
M M .  M. - e - P  

Where M is the monomer, hv represents a quantum of incident radiation energy of 

kquency v, * implies an energetic transitory state, implies a ûee radical species, (M)a 

represents the growing polymer chah, and P the nnal polymervcd state. I f  

photoionization werr to take place, then the d o n  wouid comspondingiy be cationic 

and a rcprtsentation of the d o n  would be: 

M L & -  p 

It has kn proven that dirrct polymerization or crosslinking is not an efficient 

route. Hena to be usefui, the initiation step of the polymerization reaaion requins the 

presence of a phatoinbtor, 1, which mder Light excitation is capable of genetating 

reacîive species: 

hv 
I - I* Re 

Where 1' is an excitcd or energetic state for the photoinitiator which preccdes its 

decomposition or transfORnation to the fkee radical Re. Simultaneously, the free radicais 

are produced by initiation and arc consumcd by the polymeruation reaction: 

M 
Re + M --, RMm - P 

A m e r  complication in the rcaction would k due to the addition of 

photosensithrs, which are added to absorb liuninous energy at a wavekngth where 1 is 



unable to operate and to tramfer the excitation energy to 1. These mechanisms are 

identifiable and arc the abject of much study by photochemisfs such as Foussicr 1341. 

Often, the wavelength of the incident light is maîched to the peak absorption 

spectrum of the polymer or photoinitiator. Additional Light sensitive chernicals are weâ 

extensively in W curing, and their rractMty when exposed to W light is a abject of 

much shidy. Much work has been done to develop fomulations that utilize 

photoinitiators, photoaccclerators and photocatalysts. With the addition of such c h d c a i  

additives, a nmôer of intermediaie steps are added to polyrnerization. With a large, 

m u l ~ c t i o n a l  (multiple poiymerization sites on the same molecule) monomer which 

f o m  crossünks, the d o n  becornes incteasingiy more difficult to d e m i ,  although 

the same principles of simple poîymerization apply. 

2.2.2 Curing with Higb Eaem Radiation 

In conûast to photochernical curing, each particle or ray of ionuing radiation produces a 

large number of ionized and excited molecules in the polywr dong its track. The 

ionizing radiation is not selective as in photopolymerization, and may interact with any 

molecule in its path, and raise it to any of its possible ionized a d o r  excited States. 

Primary and intcrmediate teactions quickiy become v e y  cornplex. 

The interaction of highlencrgy radiation with a molecuk AB may take one of two 

paths, either primary ionkation (resuiting in a molecuiar cation) or some fom of 

excitation [3O 1: 
EB 

AB AB+ + e' (iorhtion) 

EB 
AB - AB' (excitation) 



The electrons ejecteâ during the i on idon  will lose their excess kinaic energy by 

initiation of Mer ionhaîion and excitation untii the electrons mach thermal cnergies. 

At this point, ncutraiipition of a cation or attacbment can occur. 

e- + AB+ - AB or AB' 

or attachment to a neutrai m o l ~ e  nsulking in a molccular anion: 

e* + AB - AB* 
Cationic spccies may also have nifncient exccss encrgy to decompose furths by 

a numba of mechanisms hcludhg: 

AB+ - A+ + B 

AB+ - A+ + B a  + e- 

The end result of these reactions, in whatever fom they take, is the creation of reactive 

intermediate species - radicals, cations, and anions. These reactive species cause a 

number of cornpethg curing mechauisms. The result of  which is the transformation of 

the pre-polymer into a three-dimensional network. From a practical perspective, this caii 

mean the transfodon h m  a liquid or semi-solid, unusable state hto a mssiinked 

soiid date, to be used as an engineered, l a d  karing mataal. The demonstration of the 

curing of low molecular weight polymets has becn shown by a number of authors, 

notably A. Charlesby p2]. Tàe specific mechanisrns of radiation-induced polyrnerization 

and crosslhkbg are incrcasingly complicated and no attempt is made to describe them 

fûrther in this thesis. This role is rtserved for the radiation chernists of the scientSc 

worid. 



2.3 Commerciaî Developments in Radiation C u h g  

Since the earliest mpcrimcntal demoIlStrations of rdiption curing, the challenge has ban 

to apply it coxnmercially and prove its continucd development to be beneficial. The 

engineering perspective has been to develop the technology with oniy a passing conam 

for desctiiing rcactïons at thc molecular level. 

23.1 UVCiriag 

Commemial applications of W curing w m  developed earfy, and today are not 

paaicularly unwmmon. The use of ultraviolet 0 ligbt to cure polymers is used 

extensive@ for applications such as üthography and thin coatings. For example, some 

manufacnirers use UV inks or printing on toothpaste tubes, cosmetic packaghg, plastic 

botties, magazine covers, credit car&, and compact disk. Printed circuit boards o k n  

use W marking inks and w & o d  matinp. PVC or parquet flmring, dong with 

fbmiture and doors may use W curable Isuniriates to protect them. UV curing is not the 

oniy way to produce, w r  is it limited to, these products. In fact, in 1990 the world-wide 

market s b  for W curing of resins was oniy about 0.5 % for coatings and 3.0 % for 

graphic arts [31] compared to amventional processes. These market share figures arc 

srnall but remain significant in terms of tons of pduct ,  and continue to gmw each year. 

The use of W light for curing polymers is now a fairly mature technology, 

having been around for more than 50 y-. The first patent was granted to Inmont in 

1946 for UV c d  idc bascd on unsshwtcd polyester (UPE) resin [3 13. Theoretical 

discussions were published in the early 1950 '~~  and the first commercial application of 

thin coatings o c c d  in the 1960's. This application was a W c d  particle-board 



mer based on UPE (311. Radiaton curing continucd to expand in graphic arts through 

the 1970's' when radiation curable acrylic systems kûMc pop*. In the 1980's and 

1990's the technology has continued to grow and is now only in poorly industriaiized 

countrîes wherc it k not used Traditiody, the only -11 for a company to go to 

radiation curing was cost savings. Ptogressively, industries have gone to radiation curing 

for performance reasons and to avoid new and more numemus regdations on solvents 

used in c o n v d o n d  tûetmal curing. 

Two picturrs of UV niring machmes are shown in Figure 2.2. A tabletop 

research unit and an on-line industrial application. Thcm are a number of companies that 

seii W machines commercially for straigbdorward or custom operatiom. These types of 

low energy machines do not require any pmtective shielding h m  radiation. 

2.3.2 Low-Eitrgy EB Curing 

Low energy electron beam curing of poiymers is o h  considerd as very similar 

technoIogy to W curing. Low energy electrons (less than 300 keV) have been proven to 

initiate polymerizatiou when applied to the identical min systems with photosensitive 

additives designed for W curiog. The W curing industry has adopted the use of low 

energy electrws because they have betta penetration characteristics than UV in opaque 

resins. For example, a 1 aminete or coating of up to 0.5 mm in thickness may be cured 

with low energy EB radiation, whüe UV üght penetrates less than 30 p. 

Worfdwide, thcm have ban a 4 number of EB curing applications where a 

facility has becn built to produce product. Usually, these applications wen onginaily 

designed for W curing, but w m  adapted for low mergy EB due to design challenges. 



Figure 23: Iodustrhl (prinüng) UV curbg operation 
[source: Cold W Ltd.] 

Figure 2.3: Tabktop UV curîng chamber 
[sumrce: UVP, h] 



Typically 300 to 500 keV is the maximum enecgy possible for thcK types of applications. 

One reason for this is becawc above this lcveî, sceelerator tcîhnology changes 

drarnaticaiiy in design and style. As well, fot el-n cncrgies above this, shielcüng h m  

radiation becornes a major and expensive d k t y  and design concem. A 300 k V  lab-scale 

EB machine is shown in Figure 2.3. 

233 High-Eieay EB Caring of P M 0  

The era of radiation curing of composites began at Aemepatiak of France in 1979. Until 

this timc. commercial radiaton curing had becn strictly low-energy, and mostly 

photochernid in nature. Higher energy radiation was largely reserved for laboratory 

studies by radiation chemists. A e m p î h i e  begm doing expaimental work with both 

hi& and low energy radiation in an attempt ta cure polyrner composite casiags for solid 

propeilant motors without thexmai m e n t  141. They determined that the use of a high- 

energy electron acceZerator was more suitable tban any low-energy radiation source, 

mainly because of its petration .capabilities. Maîrix formulations investigated by 

Aempaîiale were acryked epoxies, polyesters, and utethanes. 

High-energy EB curing bccame more widely known in the mid-1980's. when 

Atomk Energy of Canada's WLitesbeU Laboratoly got Uivolved in EB curing of 

composites as a potential p w t h  &et for use of their high-energy Impella line of 

industrial accelerators [35]. Usmg a pilot seale elecîron accelerator and a radiation 

chemisby knowledge base they began to publish a stcady sîrwm of articles on the 

electron beam curing of polymer composites [3640]. Early resin formulations studied by 

AECL were mody acrylated epoxy systems, which typically had poor properties that 



Figure 2.4: Low-encrgy (175 keV) iab-scak EB cniing cbmber 
[source: Energy Sciences k] 



made them unsuitable for the aerospace industry, which dominated the composites 

industry . 
The ncxt critical dcvelopment in high cnergy EB c h g  came fiam a 

photochernisr in 1992, J.V. CriveIlo describeci a new, efficient mechanhm for the 

radiation curing of epoxy resins by a t k n k  polymerintion in the presence of unique 

initiators [Il. Radiation curing of epoxy resins had been d e m i  as early as 1%8 by 

Williams 1411, and other notable cuntriiutions on the subject had been made by 

Omel'chcnko and Bokdo in 1978 [42] and in 1982 by Laricheva (431. However, 

Crivello dweloped the fkst efficient initiators, which could be used with no solvents, in 

low concentrations and could readily be applied to existing, commonly used aerospace 

epoxy ma* resias. The multing EB c d  composites had gooâ thermal, physical and 

mechanical properties. It was at this point, that the composites and especiaily aerospace 

induaries took note. 

In 1994 a Cwperative Resarrh and Developmeit Agreement (CRADA) 

between the U.S. Department of Energy and 10 industrial partners was formed to 

investigaie the fwibility of electron beam curing of advanced composites for aerospace 

applications 1441. From this tirne onwards, a number of companies in North America 

have been working on developing the technology. An increased amount of attention for 

EB curing of composites has crcaîed a need for kttct development of the technology. It 

can be said with certaine that the 1994 CRADA marked the start of the modem era of 

high-energy electn>n beam anhg of advanced composites 



2.4 Summary 

This chapter bas d c s c r i i  some of the history and developmeat of high encrgy EB 

curing of composites up to the most rcccnt state at which the tecbnology fin& itsclf. As 

weü, somc clementary radiation-induccd chernical reactions have becn descriaed. At this 

point it is necessaq to p v i d e  a more complete description of the EB process, somcdiing 

that has ken lacking in the current outbreak of articles and shrdies on the subjcct. M y  

once this groundwock has km laid csn the EB curing process bc s c m t m d  . . h m  a 

ptactical pcrspcctnte. 



Chapter 3 

High-Energy EB Processing 

This chapter wntains a hctional description of high-cnergy elcctmn bcam processing of 

composites. The intention is to include an informative report on the basic featiaes of EB 

pmcessing, including describing processing fàcilities and process parametm. This 

description is something that is conspicuous by its absence in current iiteraîure on EB 

curing. In the fim part of this chapter, the logistics and layout of an EB processing 

faciiity are describe4 as is the accelerator used for the experimentai work in this thesis. 

Following this, a detailed description of the important processing parameters is provided 

which is essential in understanding the discussion that foiiows in chaptm 4,5, and 6. 

3.1 High-Energy EB Processing Facilities 

High-energy EB pmcessing is eady jistinguishcd h m  low encrgy radiation processing 

by the physical sale of the operation. While low-encrgy EB or UV curing equipment 

can be adaptcd into existing proâuction or laboratory facilities, hi@-en- EB 

processing requires a coasidcrabk amount of shielding b m  harmful radiation, and hence 



a specialiy designed fàcility is q u i m i .  The tlectron beam produces x-rays h m  

scatterhg in-ieractiots whilc onlinc, md so the eccelentor must be operated mmotely, 

with the technician oeparatbd h m  the electmn beam by thick concme or lead remforscd 

walls. 

A schemaîic of a high en- EB fâciiity is shown in Figure 3.1. This schcmaîic 

is of the existing fâcility in operation by Acsion Industries in Pinawa, Manitoba (391, 

which was usad in this study. It was designcd by AECL as a demonstration prototype for 

industrial use of an clectron acceleraîor. The accclcrator is containad within a concrcte 

bunker c o v d  by an carth bcrm for additional radiation protection. The facility has a 

moving conveyor belt thaî reaches the accelerator after moving through a labyrinth of 

concrete wak, so tbaî product can k moved to and h m  the acalerator w&ile it is 

online. Projected down towarb onto the conveyor h m  above by a fked hom is a 

sca~ ing  electron beam. When the composite part passes under the hom, it is imparted 

with d a n t  energy nom the electron beam. A technician operates the accelerator and 

conveyor remotely, and monitors the proces by closed circuit TV. 

Acsion's ~ccelaator building is a multipurpost production facility designed for 

continuous irracüation of simiiar si& objects. No fàcility has yet been designcd 

specifically for composite processing although thm is speculation on tbt fom that it 

would take. A brility designed for E-&am curhg of large aerospace composites might 

have a moving accelerator or EB gun rather than a moving composite parti This would 

facilitate curing of massive or geometncaily compLicatcd structures. A spinuhg mandrel 

couid also be wd for parts that arc spherical or cylindrid or need to be tumed as they 

are c d .  



F 3.1: Schematie of high-cnergy EB procrssing facUity 

in Pinan., Manitoba 

(Source: Acsion Iidustrh hc.] 



Such design possibiiities have been discussed in feasibility studies but nothing permanent 

has yet been implemented. 

A nurnbcr of other faciiities and a variety of electron accelerators and building 

layouts have also km used for high energy EB curing of composites. Universities, 

aerospaçc cornpimies and the U.S. military have been active in EB curing m h ,  and 

normally use a third par& contractor, wiEh expertise in accelerator operation and saféty, 

to pcrfonn the high energy EB curing services. Acsion Industries Inc., a major contractor 

for this dey  utilizts an AECL pilot ocale 1-10/1 accelcrator (10 MeV, 1 kW), with the 

facility shown. Other high-energy electmn ctaiag contractors use Y104 acceleraîors, or 

other accelerators such as the AECL ImpUam (10 MeV. 50 kW), the B A  Rhodotronm 

(1 0 MeV, 1 - 150 kW), Electmn Solutions 3 MeV (1 kW) accelerator, or the Titan Scan 10 

MeV (15 kW) accelerator. The specifics of eiectron accelerators Vary between facility 

and smrice contractory but they share a number of cornmon features. A closer look at 

Acsion's E-Beam f'acility gives some insight into the processiug operation and technical 

aspects of the procedure. 

3.1.1 The Accekntor Facility U d  for this Study - Acsioa Inc. 

In March of 1985. Atomic E a q y  of Canada Research Company fomed the Radiation 

Applications Reseamh Branch at Whitesheii Nuckar Research Establishment in Phawa, 

Manitoba The objective of this p u p  was to carry out the R&D rtquired to encourage 

fiirther industriai applications of ionking radiation and to showcase AECL's accelemîor 

technology (45). A fàcility was designecl and built (Figure 3.1), and orighdly equipped 

for studies in food chemistry? microbiology, materials propcrtks and dosimetry. Ln June 



of 1998, a group of Radiation Applications (AECL) employees, facing closure of theu 

branch, bought the equipment, took over the facility and formed Acsion Industries 

Incorpoded. It was at this facility, which includes an 1-1011 (10 MeV, 1 kW) electron 

acceierator that the EB irradiation for this thesis was perfomed. 

The fkility was designed to aliow expcrimental irradiation of solids, liquids and 

gases in various configurations, as weli as test quantities of various products. A conveyor 

system moves the product b m  tbe reccivhg area, tbrough a maze, past the eiectron 

beam Pt a controiied rate and fiirilly to the shipping area. Expdmental sampks may be 

assembled in the contml room and then moved through the maze to the accelerator room 

for irradiation. In Figure 3.2, a photogcaph of the control room is shown. Figure 3.3 

shows the 1-10/1 accelerator body, the EB horn above the conveyor, and two irradiation 

trays, used to carry pmduct almg the conveyor. In @cal operation of single 

composite parts, the conveyor is not nonnally used. The composite is placed in the target 

room under the horn while the acceierator is off-line (not producing elecirons). Then the 

operator retmîts to the control room, and monitors the process of the irradiation h u g h  

closed circuit television. After the irradiation., the accelerator is turned off-line again, and 

the materiaVexperiment is rctrievcd. 

Figure 3.4 is a photograph of AECL's mode1 220 Gammacell, which is an 

additional piece of equipment at Acsion's Whitcshel4 Laboratory used in highcnergy 

radiation curing experiments. This gamma celi produces high-energy (1.25 MeV) 

gamma rays h m  a Cobalt-oO source and is a calibraicd source of high-e~~ergy radiation- 

The w of the gamma ceil m experimental studies on EB curing of composites wili k 

discussed in the next chaptet, in section 4.1.1. 





Figue 3.4: The Grunmacell-22û 



3.2 The 1-10/1 EIectroa Accelemtor 

The 1-10/1 Acceleriitor was designed by Atomic Energy of Canada to be an acciaatcly 

calibrateci source of high-aiergy electrons for rcsearch and pilot-sde electron processing 

studies 1461. This electmn accelerator produces 10 MeV electrons and the beam powcr is 

norninally 1 kW. 

Featurcs attributcd to the E10/1 accelerator by AECL are accurate energy and 

dose conîrol, and simple automatic operation conûml and monitoring [4q. The actual 

specincations listecl for the accelerator arc 1461: 

Maximum Scan Width: 60cm 

Minimum Scau Width: 15 cm 

Scan Sweq Rate: 2Hz 

Conveyor Speeù Range: 0.01 to 5 cm/s 

Mean Energy of electrons: 9.5 i 0.2 MeV 

(at point where they leave accelerator) 

E1-a Beam Power: 0.75 (+.25,--00) k W  

Beam Pulse Rate: 300 Hz 

Puise L e n e : ,  4~rs  

The E10/1 accelemtor is magnetroa-driven, short pulsed tecbnology, and only 

produces elcctrons dining its brief; 4 ps pulses. A diagram of the accelerator bcam 

handiing system, Figure 3.5, shows the path the electrons take beforc they leave the EB 

horn. As weli as king pulsed on and off, the eleciron beam is continuously scanneci back 

and forth by the scanning coils. The beam emerges b m  the accelerator a the sîanning 

hom. Upon emerging h m  the scan horn, the electron bepm has a small diameter, but 

spreads to an signifiant area by the time it reaches the Conveyor, as shown in schcmatic 

in Figure 3.6. I f  the electron barn couid k noM at an instant in the, during one of its 



Figure 3.5: Barn handliig syrtcm for the 14011 i m k r i t o r  



Figrin 3.6: Depiction of the ekctroa bmm at an instant io time 



pulses. and if iî ans rcadily visible, the bcam would appcar as in Figure 3.6. The 

intensity of the electron kam varies in a normal distribution h m  beam cenîre to the 

periphery, so that the intensity profile of the beam at an instant in time wouid appear as in 

Figure 3.7. This Figure shows a contour plot of beam intensity in a cross section of the 

beam at conveyor height 

A closer view of the electmn scanning hom is shown in Figure 3.8. In this 

photograph three diflttent uir are deflaed by the author for fbturc refercnce. The x- 

axis is the direction of the conveyor movement. Thc y-axis is perpendicular to this in the 

same plane as the conveyor. The electrO11 beam is scanneci in the y direction by the 

handliag system to simulate a line soince. The z-axis moves away h m  the conveyor and 

towards the hom. The high puise repetition rate of the electron production means that 

any particular region of the sample receives many overlapping pulses (300 per second) as 

the beam sweeps back and forth in the y-direction, and the conveyor travels in the x- 

ditection. 

3 3  Process Parameters and Technical Aspects of E-Beam Curing 

In the advanced composite industry, conventional autoclave pmcessing is well 

established. At its simplest, the autoclave curing cycle involves three design parameters, 

time, pressure. and temperature. Easy to program and control, a feedback system may be 

used to contml the autoclave heating elements to obtain a desired constant temperaîure or 

ramp rate. Resin viscosity and flow, hot-spots due to exothermic heating of resin rich 

areas, and the production of volatiles arc potential cure cycle design concerns. The entire 



Figure 3.7: h m  CM sedion intenaity proBk at comveyor height 
(size of k m  appmrimateîy 14 cm in diamter) 



Figure 3.8: Co-ordioate systtm for EB proccssing 



operation is subjcct to continuai rekcmcnt and optunizpti . . 'on. To those familiar with 

conventional processing, the technical aspects of EB curing q u k  some explanation. 

Instead of autociave control in terms of time and tempenaturc, radiant dose is of criticai 

importance as weii as the timc rate of dose delivery. EB curing is prrsumed to take place 

at, or very near, m m  tcrnpemtw, but indications arc that temperature also plays an 

important role in the curing pmcess. Process controi, automation and feedback are 

currently 1- rrfined. Beforc any comprchensive saudy on the EB curing process can be 

undertaken it is cxucial to define specinc process parameters under the general categories 

of dose, dosc rate, and tempentin.  

33.1 Dost 

Dose is a physical quantity indicating the amount of radiant eiergy absorkd per unit 

mass [4q. It is analogous to the amount of t h e d  energy supplied in conventional 

curing. The higher the E-Beam dose, the more radiant energy supplied to the formulation 

to induce crossiinking. The absorbed dose to the mass Am, denoted by D, is defhed as 

the imparted energy, fid, per unit mass. In symbols, 

Dose, D = lm. 

The imparted energy, a, is delked by 

a E d = E m - L t ,  

Where Eh and & arc the sum of the kinetic energies of all electrons mcident upon and 

emerging h m  the volume AV, containhg Am. The absorbeci dose at a point is the 

limiting value of D as &n apptoaches n o .  The SI unit for dose is the Gray (Gy). It is 

equivalent to 1 Joule per kilogram (J/kg). With respect to EB curing, dose is u s d y  





F i i r e  3.9: Dose distribution witb penetration depth 



can v q .  If acccnate dose control is requirrd. it is o h  necessary to use dosimeters. For 

a typical chernid dosimeter, m d  dose is accurate witbin 5 to 10d/o 

3 DoScRate 

The rate at which EB dose is deiivercd to a composite part is difncult to quanti@ and 

descrii. The dose rate at a point on a composite part is a property that is changjng at 

each instant in timc during EB ptoccssiag. For an elcctron km, the intcnsity profile 

during an EB pulse and hence dose rate, varies spatiaily with x, y and z (the x-y variation 

for constant z is shown in Figure 3.7). An object in the centre of the beam receives a 

much higher dose rate than those objects at the beam periphery. Since the electron beam 

is contlliually puisecl, scanned in the y-dirtction, and the conveyor is moving, the dose 

rate changes drasticaiiy with time and position. Howcver, an electron beam accelerator is 

usually operated so that, although the dose rate varying, aii material passing under the 

beam obtains the samt  total dose. Since the effect of dose rate is to be investigated in the 

foiiowing chapters, it is necessary to describe and laùel the quantifiable dose rates (as 

perceived by the author) for the 1-10/1 acctlerator. 

33.2.1 Instantancous Dose Rate and the Doty Cyck 

The V10- 1 accelerator is a magnetron drivcn, short pulsed accelerator. It produces a short 

burst of high-energy electrons, foiiowed by a period of dead tirne. This on-off cycle is 

often referred to as the duty cycle of the acceleraior. At a pulse repetition rate of 300 

puises per second, and pulse length of 4 ps, the duty cycb sppea~  as in Figure 3.10. 

During the 4 ps burst, the iartamtaneou dose rite, di, may be defineci. hiring the 
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F î î r e  3.10: Dity cyck for the 1-1W1 icalerator 
( d m  rates are rt centre of k m )  
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Tabk 3.1: Dose rata at centre of h m  for dincreat wmpk beighb 



pulse, thc instantancous dose rate is highcst at the centre of the beam, and decreases as 

one movcs away h m  the centre of the kam in the x-y plane. Also, the instantaneous 

dose nite increases with incrruing distance h m  the convyor (+z, towacds the hom). 

The 4 ps biast of electrons is somctimes r e f d  to as a macropulse, because within the 

puise are d e r  bursts or micropuises, driva by the S-band radio-kqunicy generator 

at 3 GHz Diiring each 30 ps micropulse, sppmximately 10' electrons are produceci [48]. 

For the 1-10/1 accelerator, the instantaomus dose rate at the centre of the beam 

during the macropulse varies h m  approxhaîely 1.5 MGy/s at the conveyor (z = O) to 

approximately 5.4 MGy/s at 15 cm h m  the hom (z = 45 cm). Figure 3.10 is for a 

working distance of approximately 15 cm above the conveyor (z = 15 cm). At this 

nominai height and at the centre of the hm: 

dl = 2.1 MGy/s (z= 15 cm,centreofbeam) 

As weil, the dose delivercd in one pulse can be averaged over the course of one duty 

cycle. The duty cycle average dose rate, d2, (aithor & f i n e  is also shown in Figure 

3.10. At the centre of the beam and @ the w o h g  distance of 15 cm above the conveyer 

d2 = 2.5 kGy/s (z = 15 cm, centre of barn) 

A summary of peak (centre of beam) instanttaneous and duty cycle average dose rates 

corresponding to various heightp above the conveyor is show in Table 3.1 (previous 

page). 

33.23 Saining Average Dosc Rate 

In pracfical operation, the electron kam must be scaaning in the y-direction at al1 times. 

This meam that the actual instantancous and duty cycle average dose rates influencing a 



stationary point on the target are consîantiy changing wiîh timc as a point b iduenceâ 

by one section of tbe beam during one pulse, and a dinerent section during the next pulse. 

The kquency of the y-& scaMiag pattern is f i e d  at 2 Hz (4 passes over one position 

per second), so a d j h g  the scamhg width changes the dose rate profïie. Plots of me 

duty cycle average dose rate for thme dinetc~lt scan widths are shown in Figure 3.1 1, 

representing the range of adjustment for the 1-10/1 accelerator. The dose rates displayed 

in each of these graphs is for a point on the composite part, dircctiy beneath the scPnniag 

horn (x = O), and with the conveyor not movhg (Wdt = O). For each of these scan 

widths, a sanahg average doet rite, d3, is Wned by the &r as the duty cycle 

average dose rate averaged over a cornpletc scan. The three s d g  average dose rates 

are s u m m a r S d  in Table 3.2. If the conveyor is moving, the scanning average dose rate 

also changes with time, which wmplicates the definition of dose rate even fiuther. 

Tibk 3.2: Scrnniag avemge dom rata at conveyor height 

r 

Scan Width Scanning Average Dose 
Rate 
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Figure 3.11: Variation in saanhg average dose mte with s a n  widtb 



It is evident that the dose rate during EB proccssing is ditncult to quanti@ and 

heavily infiuend ôy the spatiai degrees of M o m  of EB operation. For example, 

changing the height above the conveyor (2) changes the instantancous dose rate, which in 

him changes the duty cycle and e g  average dose rates. During any pass unda the 

EB horn, there are in k t  thne spatial degreu of M o m :  (z, Ay, rad Wdt) which 

influence the dose and dose rate profle over tirne. The next section wiil show how these 

de- of fieedorn can k changed to producc differrnt EB passes during cuting. 

3.23 Dose Per Pws 

Dose per pus is a term that refexs to the dose i m p d  to the composite part for one p a s  

under the hom. In fact, dose per pass is not a dose rate but the incremcnt at which dose is 

provideci to the part. Also reférred to as the 'engineering dose rate', the dose per p a s  is 

the simplest way to descrik dose delivery. The dose per pass is controlied by the 

accelerator operator, by changing the saui width and conveyor speed without changiag 

the height of the composite above the conveyor. The 1-lO/l accelerator has reproducible, 

workiag limits for dose per pur Iman 1 kGy i p  to ipprosimateiy 60 kGy per pas. 

Nomindy, composite parts are given 25 kGy per pass. 

Dosc pcr Prrq d' = 1 to éû kGy per pass 

An important distinction shouid be made here bat the dose pet p a s  is o f h  r e f d  to as 

the dose rate, dthough it is acîuaiiy an incrcmental appiîed dose. Any applied 

incremental dose per piiss actually has continuaily chpnging scanning average, duty cycle 

average, and instantaneous dose rates. The dosc per p.ar ai k cbriged by rIterhg 

the conveyor speeà, scai width, or height h m  the coiveyor. 



A plot of the dose rate at a point on a composite sample diamg one pass under the 

EB hom is shown in Figure 3.12. This Figine can be rcfcmd to as the dose rate ponle 

over the course of  one pas. The scanning average a d  duty cycle average dose rate 

during this 2 kGy paps are continually changing. The peak scannjng average dose rate, 

dg, = 0.65 kGy/s, is set by the scan width of 30 cm. The peaL duty cycle average dose 

rate, d- = 2.5 kGy/s, is set by the height above the conveyor z = 15 cm, ris is the pcak 

instantaneous dose rate, dl, = 2.1 MGy/s. Anotther charactetistic of this dose rate 

profile is the length of timc the EB Mences a point on the composite duriag one pass 

under the hom. A simple parameter is dofUlod 6y the u ~ h o r ,  the time of inluence, t*, of 

the EB on a point, which is set by the conveyor speed. For this 2 kGy pas: 

A number of s i d a  dose rate proîïles can be obtained by manipulating the spatial 
r 

degrees of needom. For example, in Figure 3.13, three similar passes are shown, each 

with the same peak scannipg average dose rate (same height above the conveyor, and 

same scan width). Although the cifiinning average dose rate pealrJ at the same value, the 

tirne of infiuence of the el&n beam changes, as does the total dose per pass. in Figure 

3.14, three similar passes are shown again, this time each of them with the same dose per - 
pas and aiso the same height above the wnvcyor. To acachie mis, th- diffant scaa 

widths and hence peak scanning average dose rates had to be selected. As well, for a 

wider scan width (lower peak scanning average dose rate), the time of influence of  the 

beam increased. In ~igure'3.15, two similar passes are shown, this time again with the 

same dose pcr pas, and the same scan width, but at different heights above the conveyor. - 
To achieve the same dose pa pass, two differcnt mnveyor speed~ were used. 
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Figure 3.12: Dose rate i t  a point on moving conveyor during EB pus 
(30 cm a a n  width, dr/dt==235 e d s ,  2 kGy total dose per pus) 



Figure 3.13: Variatiom in dom per pas for same rai width 
(sai wiâtô = 3û cm, hcight = 15 cm) 
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Figure 3.14: Variation in sein width for urne dose per pass 
(Eeight: 15 cm, Dose per prrr: 2s K y )  
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Figure 3.15: Variation in umple height for same dose per pms 
(San WitL = 30 cm, Dose per P a s  = 25 kGy) 



A summary of the thm prcceding pages (Figures 3.13, 3.14, and 3.15) is 

presenteâ klow in table 3.3 as an aid in understanding how some dose rate parameters 

can be varied, whiie othm .remah the same, for different EB cur i~g passes. This fact is 

criticai for the investigation of dose rate discussed in chapter 6. 

Tabie 33: Dose delive y dincrencu and similanties 

L 

Figure 3.14: 

Temperature is another proccoo parameter of EB curing thaî requires explmation. EB 

curing is o h  considercd a non-thermal process, which can k performed at selected 

scan height (di,, d d ,  
doseperpass (d*) 

temperature, but this does not mean that tfiere is no temperature variation during the 

s ~ a n  width (d3-) 

process. The tcmperatuk of the composite part i i crcug  durhg EB ciring duc to 



two f8Ctors. exothtmk L a t  produccd h m  the crosslinkulg =action, and mdmtion 

heating due to scattering d o n s  of  the electrons bombarding the composite and mold 

Exothermic tempcrannc r k  depends on the min concentration, reactivîty, and the 

kinetics of the -011. For a given radiant dose, radiation heaîing depends only on the 

density of the material upon whïch the elcctmn beam is incident. A typical thickness of 

laminate PMC (2-3 mm), on a thin aluminium mold, king subject to a single 25 kGy 

pas, the tempcraturc rise may k in the approximate range of 15°C to 2S°C. A number of 

passes under the scanning honi, withouî adequaîe time for coolhg between passes may 

musc the ternperatw of the composite to rise to 75T, or more. Sincc these temperature 

rises are fairly large, it is appropriate to list the temperature, T, as a process parameter 

and to investigate the iduence of temperaaire in the experimental work to foilow. 

The temperature of the composite during EB processing can not be considad a 

bulk tempera-, as it is with autoclave curing. For EB curing, the temperature in the 

composite vdes accordhg to position, dose, dose rate, and time (x, y, 2 D, d, t) due to 

the nature of the pmcess. For simplicity, two process temperatures are defineci, which 

will help to describe and quant* the role of  therd energy during the EB curiag process 

in later discussion. The ambkit  temprahre, Tm, is the temperatme of the immediate 

surroundings to the composite part. This ambient temperature may be the temperature of 

the air in the acceleraîor m m  or the 'appiied' temperature if the composite or mold is 

cooled during the process. For example, if a composite part is packd in ice during 

curing, the ambient temperaturt would be K. The muiaom temperiturc T- 

during a p a s  under the EB hom during curing U also defieci as a specific parameter 



3.4 Summary 

The purpose of the previous discussion was to give the rradcr a good understanding of 

whor ir imoIved in the procesa of high aicrgy EB curing. Som: basic detaiis have ben 

pmvided on the appearance of an EB processing facility and acceleraîor. More 

specificaiiy, the process parametcrs of dose, dose rate and temperature have bcen 

describecl and specific proces variables have been definecl. These variables are 

identified and catagonzbd as: 

m D, Dair 

Dos+ Rate: di, a*, d* do, f 

Tempetaturc: T, Ti, T- 

It is now appropriate to commence with an examination of Literature tbat is 

available regarding the infiuence of these specinc pmess parameters as well as some 

important material parameters. 



Chapter 4 

Literature Review 

Previous rtsearch studies rdevant to high energy EB curing are discussed in this chape, 

specincaliy that litcrahÿe concerning the influence of materiai and pmcess parameters. 

Three general process parameters (i.e. dose, dose rate, and temperature) were identifid in 

the previous chapter. This chapter wiil introduce the d e r  to the additional 

considerations of the EB resin formulation and material parameters. As well, a few 

studies which discuss rheologicai propertia and reaction kinetics are considered. At the 

end of the chapter, armed with knowledge of the EB process and ment  literature, the 

motivating reasous for this thesis and specific msearch objectives are miisited. 

4.1 Resin Formulations rad Material Parameters 

Shce the earliest research on EB curing of cornpositcs, one cbiaiienge has ken to 

develop suitable min systcmJ. Describing their wo* thet began at Amspatial in 1979, 

Bezivs and Capdepuy [4] statd that radiation induced crosslinking o c c d  readily for 



polymen with double bonds on their chain ends. They suggested acrylate epoxies, 

acryate polyesters (figure 4.1) and acrylate urrthanes WC= suitable for EB whm wd 

with a W photoinitiator but did not identify any initiators they had used. This and other 

early research on high energy EB curing of composites was almost exclusively on 

acryhted ruin systems. 

Dickson and Singh [37J wiewed previous literature to evalute the potential for 

EB curing of epoxies in their 1987 prpoi. 'Ihy coachdeci that radiation-induced curing 

of epoxies via a ftee cationic mechanhm (Le. without addition of any initiator) was 

inefficient due to its inhiiition by even trace amounts of oxygen or water. They also 

suggested that =epoxy 4 e "  polymers wdd be produced by f- radiation curiag of 

acylatcd derivativcs of eposy oligomers. 'Ibis type of preliminary research on 

acrylated epoxies was done by maay &OIS including Saunders, et al. [36], Singh and 

Saunders [49]. and Kerluke et al. [24]. Mon extensive research was done by Singh et al. 

[50], who d d b e d  the screening and extensive evaluation of various acrylated mins 

that cured by fixe reactions. The objective of systematic research on EB curing of these 

acrylated systems was for their use. as matrix resins in composites, however they were 

generally found to k unsuitable for hi& performing advanced aemspace composites. 

Limitations included low glass transition temperahirts, low fkture toughness, and high 

shrinkage when c d  13.511. In short, acrylated systems wete shown to have poor 

ultimate pmpedes. 

Dcvelopments by Crivelio [1,52] in 1992 suggested that certain cdoik 

photoiniîiaton (diaryliodonium and triarylsulfonium salts) could be used with 

coaveitional eporia in very low concentrations to mpke EB curable fomiulaîions. 



These d o n i c  formulntions wac not iahibitcâ by trace water or oxygen and did not 

require the addition of any solvents and so thcy off& a very easy mixing and curing 

routine. This was the &st dnwaseatioa that epoxies wuid be efficiently radiation curcû 

and creatd the possibility for high energy EB c-g of wnventional aerospace-grade 

epoxy resins. E-beam ttsesrchers quickly movcd away h m  aaylated resins and kgan 

to evaiuate EB curable cpoxics (sec figures 4.1 and 4.2). 

h 1994, the Coapradive Rescarch anâ DNclapmmt Agreement (CRADA) to 

advance EB curing of PMCs was cstabiishcd in thc U.S.A. Resin development and 

scmning was one of the important objectives for this CRADA [53]. The intention of the 

CRADA was to screen diffetcat combinations of existing aerospace epoxies with cationic 

photoinitiators to producc a comprehensive list of pcrforrnance and cure charactcrstics of 

resin/itiator formulatons. AECL Radiation Appiicaîiom Group was one of the 

industrial partners in this CRADA and N o n n e d  most of the irradiation. AECL had 

been involveci in a lot of early research on EB curing, and had practical expertise on 

screening resm/initior formulations for theu Nitabiiity and relative curing 

chamcterilcs by a method called gamma ce11 calorimetry. Among the mins evaluated 

were a number of commonly used acmspace epoxies, iiifludiag Tactix 123 and EPON 

862 (figure 4.2) 131. 

4.1.1 Gamma CeU Caloiimet~y 

An empincal method for sçrrmiog and evaluating EB min formulations had bccn 

developed by AECL prior to the CRADA. Caiied gamma calorimetry, it hvolved 

exposing s m d  test samples to high-encrgy gamma d a t i o n  and monitoring their 



Figurr 1.2: 'New' EB rub - aecospact grade eposiu 
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temperafurr over time [3$0]. The rcsulting temperaturc rise (due to exodlermic heat of 

curing) vasus tirne data for each sample was a d y d  and compared to other test 

samples. The use of gamma radiation in place of electron radiation was justifid by 

masons of economy and good expcrimental cbntrol, and a number of pmeâents [54,55]. 

Experiments were donc with en AECL mode1 220 Gammaceii Cobalt-00 gamma source 

(photographs of which are shown in the previous chapter in figure 3.7), which produces 

1.25 MeV granma m. A ~beniatic of the calorimetq sctup for g a m ~  cell 

experimental work is show in figure 4.3 and an example of output data (dose versus 

temperaturc rise) k shown in figw 4.4. 

Conventional aerospace ma!rix resins combined with a number of cationic 

photoinitiators were tested and evaluated. The temperature difference between an inert 

reference sample and a resin sample was monitored as a function of dation dose. 

Evaluation involved examining the tempetatute history over 10 kGy dose, and 

subsequent visual expmination of the resin. I f  the tempe- history showed an 

. . exothermic peak, it was taken to be evidence of a curing reaction. Visual examiantion 

was wd as a qualitative way to èvaluafe the extent of the &on based on colour 

change and hardness 13,501. I f  thete was no evidence of curing, resins were immediily 

judged inappropriate for EB citring. SereenUg of atioiiic photoinitiafors with 

bisphen01 A, buphen01 F, i i d  cyclorliphatie eporks demoastrated that 

diaiyiiodonium srrlts of wmkly nucleophilic anions s ~ e h  w heufl~ororintimonate 

were partieuhrfy eff+CtjVe as i.iti.tors for mdiition induccd citionic epoxy curiag 

131. 



Figure 43: Gamma ceil akrimetry 
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The concentration of initiaîor mixeci with rcsin to create the cure fonnulation is an 

important material parameter. Normally, initiator concentration is expressed in mass 

parts per h u n d d  ofrcsin, md foi the is givcn the designation: 

bitlitor coecentmtioi, (2) @hr) 

It is obviously desirable to optimize the initiator concentration for high physical 

p c r f o ~ a  at mmimnl cost, 

Initiator concentration was evaluated by gamma cell methods during the CRADA 

[53]. A maximum or pealr ternpeiaturc due to the exothermic reaction was observed due 

to slowing of the rcaction anci heaî los  h m  the gamma c d .  The dose at which this 

maximum temperatute occurred was taken as an indication of efficiency of the reaction. 

When the maximum temperature o c c d  at a lower dose the fonnulation was deemed 

more efficient than a tcmpcraturr peak at a higher dose. Once a fomuiation had been 

approved for radiation curing, the concentration of initiator was varied and the resuitiag 

tempexature data h m  gamma calorimetry wcre compareci. The dose for peak 

temperature was obsmed to dencase with rising initiator concentration to a minimum 

dose and then for higher initiator concentrations the peak began to move to hi* doses. 

The concentration of initiator for which the temperature pegk occurred at the lowest dose 

was presumed to bc the optimum (most efficient) initiator concentration [53]. This was 

found to be between 2 and 3 phr (parts per hundred of  resin). depending on the 

resin/initiator combination. That is: 

2 * : m < 3  



Lopata a ai (531 llso oprimizcd initistor concentration based on dynamic 

mechanical analysis (DM.) of epoxy resins with dinmnt -or concentrations. DMA 

U O thermai d y s i s  method whcrcby a sample is cyclicaily s t resd  while scamiiag the 

temperohin (see appcndix B). The glaps transition temperature (Ta was measurcd by 

DMA aaalysis after EB curing of each sample. R d t s  showed that at a certain initiaîor 

concentration the T, was a maximum and ôeyond that concentration the Tg damased. 

The d t s  of this DMA rtudy w a t  i0 gaiersl agreement with the gamma cell analysis 

h m  the samc paper, namely îhat the optimum niitiator concentration was specinc to 

each fomulation but always h a n  2 and 4 phr. 

2 c m < 4  

4 . 1  Reinforcement 

Another factor in considering the efféct of material parameters on EB cuniig is the 

presence of reinforcing fibres in the composite. Resin scnening hm generally been done 

with neat resins and oubsequently prepreg has been fabricated and EB curcd with an 

approved min to achieve a composite for d y s i s  of mechanical properties. There has 

been Little mention of the effect of reinforcement on c m  kinetics durhg EB processbg. 

A unique situaiion occurs with EB proceshg wtiere prepreg consolidation and 

debuking is nquind kfm EB curing. In conventional piocessin& wetîing of fibres, 

min flow, and debullriag occurs during the temperaturc nmp up to the cure temperature. 

The min viscosity Lowas with increasing ternperaturc untii the gel point has bem 

mched. However, in EB curiag, thete is no viscosity dearase and hence polymea are 

cured in die semi-soiid, or solid state. Fibre wetîing and &buik.ing must be done bfore 

EB curing, and bcfome pre-proassing steps. This is a significmt difference baween the 



differtnce between the two cure methods which warrants discussion, but will not bc dcalt 

with in this thesis. For example, fibrt-rnatrix intatiw studies an beginning to appear 

[72] which investigatc diffennces ktwecn conventional curing and EB curing. 

The only reports on the effect of reinforcement on EB curicig have corne h m  the 

CRADA, which has reported thit reinforcement serves to siightly hinder EB curing and 

slightiy higher EB doses are needed when reinforcement is psent. This has b e a  

rrporicd in a gmed statement by the CRADA tcpor& but no supporting data has becn 

4.2 Raàiation Dose 

A criticai tsJk m regard to EB pmcesshg of composites has been to detennine the 

amount of radiation dose r e q d  for curing, D-. An insufficient dose is undesirable 

because it would rcsult in incomplete curing and poor rheological properties. An 

overdose is also undesired for efficiency and economy of the process and could, in 

extrexue cases; rcsult in radiation i n d d  damage (cleavage of bonds). 

Studies done on acrylated resins suggested that the D- for those systems was 

approximately 25 - 50 kGy [4,39]. The exparnienta1 basis for this estimate was the 

measurement of rheological properties with incrcasing dose, and when the properties 

showed no improvement, the system was presuwd to be c d .  Crivello et al. 11) 

suggested that the D, for caiionic epoxy systems was in a similar range of 10 - 30 kGy. 

The evidence for this tstimate was based on observiag the dose at which samples k a m e  

tack-fiet a f h  uradiation. 



Singh a al. [SOI, developed a systematic way to detcrmine the curing dose for each 

resin formulation. The EB dose quired was determinad by gamma celî anaiysis, bsred 

on the t n n p e r a t u r e - v d o s  data. Refmkig to figure 4.4, the point at which the 

temperature of the sarnple fïxst starts to in- above the rcference sample was labeled 

the 'induction point' and Singh assumcd this to be the gel point of the formulaton. 

Physically speaking, the gel point occurs when the bulk poiymer transforms h m  the 

liquid state to the m b k y  statc, notcd by the divergence of the viscmiw to infinity (at 

this point, the polyma network has just extendcd throughout the entire buik polymer). 

Singh aiso assumed tbt the p d c  temperatme o c c d  at 50 % cure exteat, An cmpiricai 

fomuia was developed that approxjmntcA the dose rsquirod for complete curing based on 

this induction point and the peak temperature. I f  D, is the dose at 100 % cure, DGP is 

the dose at the induction point and DTM is the dose at the peaL temperature, it was 

proposed that: 

Siagh: D- = DGP + 10@TM - DGP) (w- 4-11 

This empirical method for determinhg curing dose was applied to acrylated resins before 

the CRADA and d h g  the CRADA was applied ta cationic epoxies. For most acrylated 

resin systems, this formula kd to a dose for 100 % cure of 30 to 70 kGy. Ianke 1561 and 

Lopata et al. [53], simplined this formula to a ' d e  of thumb' that the curing dose was 10 

times the dose at peak temperature in the gamma tell. This led to predictions for the 

curing dose for uthaie cposy fortnahtions of 70-1ûû kGy. 

Singh et al. [SOI, used DMA to determint the curing dose to compare with his 

gamma ccil experimental work on acryiated systems. The glas  transition temperature 

(TJ was determineci for samples at various stages of irradiation and the values for Tg vs. 



dose were plotttd The &se st which the T, reached a plaau was eonsidmd the curing 

dose. Although gamma ceil anaiysis prcdictcd the curing dose would be lower, Singh did 

not observe the T, plateau mtil dose vaiues near 150 kGy, suggating this was the curing 

dose. 

The general process parameter of dose rate, 4 is critical for a numbcr of teasorm. From a 

practical point of view, the highcr the dose rate, the shorter the processing t h e .  Also, it 

is important to dctcrmint whether dinerences in appiied dose rate change the cure 

characteristics such as curing dose, or the resulting rheological properties of the 

composite. Very few stuâies have been done on this efféct for EB c u h g  presumably due 

to difficuities in quantifjkig the continuously varyhg dose rate for an electron accelerator 

(discussed in chapter 3). In fact, no studies could be found that made any attempt to 

describe or measme the influence of the continuously varying dose rate during EB 

irradiation. 

Singh a al. [SOI, briefly discussed the effêct of dose rate by comparing EB to 

gamma di irradiation. The gel fhction ( k t i o n  of polymer which has been 

crosslinked) by size exclusion chromatography (SEC) analysis was compareci with 

samples irradiatcd ' to the same dose in the gamma ceil and under the electron beam. The 

dose rate in the gamma ceil was nominally 7.8 kGyh and the stated dose rate for the 

electron beam was nominally 5400 kGy/hr. This dose rate for îhe electron beam is Wely 

the instantaneous dose retc at the center of the beam (di h m  chapter 3). The mins  



resins tested w m  acrylaod systcms (among hem epoxies, urctbanes, butylenesi and 

poiypropyleaes) cured wiîhout addition of an initiaior or cetalyst. ksuits showed a 

distinct difference in gel fiaction as a fimction of dose for the two dimnt dose rates. 

For three mi. systems, incrrased curing oîcurred at a much lower dose for the low dose 

rate (gamma ceU curing). Another way of stating this is to say that to reach a simiîar gel 

hction, a higher dose would be needed for EB irradiation (higher dose nite) than for 

gamma M a t i o n  (lowa dose ratc). For two acryldcd cpoxies tcstcâ, the oppositc was 

true and the gel point occumd at a lower dose for the highcr dose rate (El3 curing). For 

an acrylated epoxy blended systcm, no differc~lce in gel fiaction for the low dose rates 

was seen for m i n  samples, but for composite samples EB irradiation was more effective. 

While no genenil conclusions can be made h m  these results, they prove that dose rate 

dineremces have stmng impüatioea on the cure prognssioo d ~ ~ g  irradiation. 

Examples of other dose rate investigations can k taken h m  research not 

specifically dealing with the curing of thermosets. CNikovsky presented a d d l e d  study 

of dose rate effects for high-energy gamma and low energy EB crosslinking of wood- 

thennoplastic composites in 1992 157. R d t s  for diSetent methyl mediacrylate resin 

purifications and matrices show that the curing dose, D,, is proportional to dose nite, d. 

That is: 

CNUrovdry: Dan = k dd. (eci. 43) 

This d t  implies that die total curing dose (energy input) can be lowercd by chmsing 

the smallest acceptable dose rate for radiation proccssing. Di&rrnt gamma dose rates 

were easily obtained by moving samples to various distances fiom the gamma source. 

Different low en- EB dose rates wcre acbieved by varying the conveyor speed under 



the inauence of a iincar EB source. This suggests thst the EB dose rates may k similar 

in chanicta to the author's definition of pcrk scannï~g average dose rates (d3) as 

described in chaptcr 3. 

Shaba and L ~ M  1581 investigated the effect of dose rate on grafüng of 

Polyurethane foam. A Cobalt-60 gamma source (1 kGyIhr) and a Van de Graffelectron 

accelerator were both used in this investigation. The ~pecined accelerator dose rate of 

lûûû kGy/hr is Mccly samc typ of avcraged dose rate. The extent of graffing was about 

seven times grtater i t  the lowcr dose nte than with the accelerator dose rate for similar 

total doses. Campbell et al. [59], investigatcd the efféct of dose rate on the grnfang of 

vinyl monomers to wool. The dose rate was varied h m  7.5 Gyh to 10 k G y k  by 

changing the distance h m  a Co40 source. The grafbg yields increased as the dose rate 

d e c h .  Camkll also p d o d  experiments varying the dose rate on the electron 

accelerator. In thio case, the dose-per-pass was used in place of a dose rate per unit the. 

Dose-pet-pass vaiues of 2.5,s and 10 kGy were used to irradiate samples to total doses of 

20 and 50 kGy. An insignificant difference in grafong yield was seen between the 

different dose-per-pass values. 

4.4 Temperature Considerations 

Little has been pubüshed or discussed with regards to the influence of temperature, T, on 

high energy EB curing of composites. Gcoeral discussions on EB have o f h  simply 

stated that it is a non-îhermal process that may be performed at any selectable 

temperature. These discussions have helped attract attention to EB because of the 



potential advantages of avoidirig the autoclove, incxjmsive tooling, and co-curing of 

dissimilar cure systms. Furthennore, M i n g  at sclectabk tcmperahire sugges*, the 

possibility of avoiding warping due to coefficient of thermal expansion (CYTE) mismatch 

between the tool and composite part, or CTE mismatch betwecn cross directional plies of 

a lamjnate. In fact, the initial motivation for puRuing EB Euring of composites by 

Aerospatial[4] was to avoid thermal deformation during curing 

For conventional (non-EB) curi~g of low-performancc epoxies, offen no 

application of extermi heat is rcq- (so-calicd m m  tempcraturc curing). In nact. the 

reaction kgins at rom tcmp but the formuhtion quickiy heats up due to exotheimic heat 

produced. This temperatutc rise then causes the reaction to accelerate, which 

subsequently produces more heat. During EB curing, a similar exothermic heat rise 

occurs. The actual amount of exothermic heat and temperature increase depends on the 

reactivity of the reaction and on the buk amount of material (i.e. a thin fibre rich 

laminate wül not pmduce as much heat as a thick nsin rich part). Ab, the act of 

bombarding the composite put with radiation energy causes the part to heat up - a 

phmornenon g e n d l y  called radiation heating. 

Goodman al. 1131, fhst drew aîtention to these f~ in his 19% paper. In 1997 

Goodman et ai. [14], reporteci temperatms appwcbing 7OOC for the composite part, 

even with moihg betwwen passes under the EB horn and ümited dose-pcr-pass values. 

With the observation of significant temperature rises duhg EB inradiation, a sipnincant 

factor to consider is tbat Crivdo had suggested thPt cationic systtms could be t h d y -  

initiated [1] as well as radiation-initiated. This implicr that simuhaneous EB curing and 



thermai curing may occur during irradiation, influenced by temprstrnr fluctuations 

during processing. 

Pwing refercnces to the possibility of temperaturr inf'iuencing the reaction have 

b e n  made previously. Singh n al. [50], briefly mentions that the temperature rise in the 

gamma c d  was lower than the tanperaturc rise under EB, potentially influencing dose 

rate experimental data Tavlet et ai. [60], maLes a significant obsentation that 44ambent 

. * 
tcmperature may be of great importance when irrpdiahng polymers". 

4.5 Propertis of EB-Cured Composites 

A great deai of fiterature has been published on the mechanical, thermal and rheologïd 

properties of EB c d  composites. Usually, such literature is the result of an 

investigation of a new min formulation, or an initial trial and evaluation of the 

tecbnology of EB processing. The studies have typically non-technical in nature. 

However, a number of interesting results and questions have a- h m  such studies. 

The mechanical and t h e d  properties of EB curecl resins and composites have 

been studied by DMA analysis and mechanical (tende, shear, compression) testing. 

Some studies have beni used to determine optimum values for min formulation and 

curing dose, as alnady diocusseci. Farmer a al. [61], in 1997 compared the rheological 

properties of EB cured fibregiadepoxy (cationic EB formulation) prepreg iaminates with 

an autoclave cureci conventional formulation. Porosity and tende stmgth properties of 

the EB curai laminates w m  quivatent to the thetmal laminPte both at 25°C and 71°C. 

The moduli of the EB laminatcs were equivalent to or higher than the conventional 

laminaie. A drawback was that the compressive and f l e d  stmigths of the EB 



laminates were 20-30 % lower than the conventional lamhatc. G m d  to favoarrbk 

comprhons behveei EB u d  tbenaiOy c i d  rrimpla have also been cited by a 

number of othcr auîhors [3,9,55,62-641. 

Although Fariner a d. [61] observed very high primary T,'s for EB formulations 

he a h  observed two minor binsithu in flexural modulus while testing aii EB 

simples. He ahdes to the fàct that minor g h s  transitions such as those he observed are 

usually attn'butabie to u n d  min. Walton and Criveilo [20] obscrvcd high TI values 

for EB cured formulations, but thci- DMA plots appear to have the same type of minor 

transitions. However, thc authors cleariy stated that no thennal postcure was necesJary 

for their fomiuttions. 

A fact about conventional curing of thennosets is thnt the temperatme propeities 

of the nnel cured part depend highly on the cure temperature. Studies have shown that 

the T, may be limiîed to a value of approximaîely 50°C above the cure temperature [65] 

for thermal curùig. This is rnainly due to the k t  thaî the when Tg exceeds T,, the 

thermoset is in its glassy state, and crosslinking &ons become limited by diffusion. 

For example, an epuxy composite pea cured at 177°C (350°F) obtains a Tg in the range of 

17S°C to 2000C. Some EB rcsarch has contradicted this prïnciple by claiming Tg's as 

high as 300DC fot m m  temperature EB cure [66]. Goodmsn 1131 challenges such high 

reported values by suggesting that subsequent thermai testiug artificislly rsises the 

o b s e ~ e d  T, A number of other authors have s u g g d  that some form of t h d  

postcuring is rquircd afkr EB curing to finish off the reaction and raise the Tg [2,13,671. 

The questions regardiiig noassity of thermal postcure, thexmai curing during EB 

irradiation, and very high reporteci Ts, have not bem resolved in any cumnt literaturt. 



4.6 Reaction Mechrnisms and Kinetics 

The chernid mechanisms by which cationic curing of an epoxy occm unda el-n 

beam irradiation is the subject of specuiation by chemists. Ctivello has outlined a 

possible mechanhm for general EB curing based on past experience with photocurable 

formuiations [1,68,69]. However, no formai study has ban donc which specincally 

investigates the mechankm(s) or kinetics of EB d g .  Ia formulations that an both 

rad'ion curable and tbermilly curable (previous studies suggcst that this U the case with 

cationic epoxy systerm) no rcscarch has been published which discusses whetbcr the 

t h e d  and EB madons arc identicai, snnilnr or unrclattd in nature. 

4.7 Motivation for New Research 

A numkr of research papes on EB proccssing have been discussed in this 

chapter. From this literature, a preiimhary lwel of koowledge has been obtained on the 

general effects of the matrrial and proeess parameters of dose, io ihtor coocentnüon, 

temperature, dose rate, and mialorcement. Studies that have examinai the 

rheotogicai properties of EB cured d o n i c  epoxies and their composites have produced 

good resuits when compared to thermal formulations, which indicates that EB curing is a 

promishg technobgy. Howevn, the= arc a number of questions about EB processing 

which have arisen in prcvious msearch sîudies. These are due to lapses in the biowiedge 

of the expîicit influence of material and process parameters. 

The e>rperimentai study to foiiow was paformed with an overall goal: To make 

signifkant conbibatiou towards the development of a proaashg mode1 for bigh- 



energy EB enring. An accurate processing model would prcdict material propexties 

during and foîlowing EB curing based on the known inputs of PLI the materhi and pmcess 

parameters. This would facilitate improvcmcnîs in process wntml and quaiity, and allow 

optimization for cost aud perfbrmance consideratiom. An accurate pmlictive model for 

EB curing will, in reaîity, not be nilly developed for some t h e .  However, specific 

details on the nature of hi-ncrgy EB curing arc rcquircd as building blocks for M e r  

developmeat niis thesis sceks to mvestiga!c the iafluc11ce of matcrial and pmcess 

parameters, and to provide insight into the nature of EB curing. Over the course of  the 

experimental investigation, undetiying questions abwt EB curing will k addressed. 

Each of the following 5 parameters will be investigated: 

1) E1-n barn  dose, D. Required is an accurate method of deterrnining the ciring 

dose DM.. Resins that have been reporteci to require thermal postcirring may not be 

receiving enough dose, and daamination of the minimum dose for maximum curing 

optmuzes the time and energy spent during processing. Furthemore. a study of cure 

progression with dose is requited to evaluate the effect of EB radiation on cure 

extent at various stages of the proccss. Shce EB curing ostensibly takes place with 

the polyxner in tbe glassy state, the gifluence of EB dose on diffusion and ceaction 

kinetics also n& exploring. An expianation of how EB processing can achieve 

such high reported Tfi, whcn curing at ambient room temperature would be a 

desirabk resuit of such an investigation. 

2) Temperatare, T. Indications h m  a number of stuclies have suggested that thermal 

energy may play an important role in EB pmccssing. Some authors have suggesisd 

that thenml podcir i ig is a necessary rcquiremenî. Other authors have indicated 



that the temperature rke âurïng EB ptocessing may lead to simulbnww thermal 

ciring. The influence of tcxnperaturt during and a f k  EB profcssing must be 

determined. Siace EB curiag has generally becn considcred a non-thermal proccss, 

and m a q  projected advantages of EB curing revohe amund its tempenature 

independences ~uantifying the influence of pmcess temperature has major 

ramifications for the fiiture of EB euring. 

Iiitiitor coice~tratloi, m. Methods of evaiuahg the iduetlce of m on maSnisl 

properties rsquire investigation. It should k v d e d  whether gamma radiation 

screcniog and anaîysk is schiilly valid for EB curbg. Also, if the optimum initiator 

concentration for thermal curiag can k determineci, it must k ccsolved as to whether 

this concentration applies to EB curing as weli. 

Dose mte, do An investigation is needed to determine if the influence of the dose 

rates conceiveci of and descri'bed in chaptcr 3 can be quantifid Any changes in cure 

properties with dose rate will have implications on optimuing the time required for 

EB curing. 

FinalIy, it must be detetmined how the presence of reinforcing fibres eff- the 

ciaiiig process, and whether d t s  of EB ciiring investigations obtained h m  

analysis of neat (unreinforceci) resb cm k readiiy applied to composites. 

An additional objective of the work to follow is to evaluate the proposed 

advantages of EB curing. To aid in the evaluation of the process, cornparisons are to be 

made between thermal and EB curing of the same m i n  fonnulatons. Although 

mechanical characterization is not the focus of this thesis, some simple mechanical 

property measurements are to k made and corn@. 



Chapter 5 

Experirnental 

This chapter outlines the experimental wok performed in this thesû. First, the epoxy 

resin selected for this study is àescribed, dong with its EB initiator, and recommended 

conventional hardener. Next, the sarnple preparatkm and curing of the min formulation 

are descri'bed. Finally, the methods of &sis (narnely DSC, DMA and mechanical 

testing) used to investigatc EB curing are explaineci. 

5.1 Description of Materials 

A single epoxy min  was chosen for exruninotion of  the EB curing process. The 

fomulation chosen is a proprietaq formulotion developed by the CRADA [70]. Out of  

professional respect for iîs developers, the resin will not be idnitifid except to describe it 

as an aerospace resin desirable for its high d c e  te- and excellent adhesioa It 



will bc r c f d  to as 1E for thc remahder of thip thesis. No additional purification was 

perfmed upon rtceiviag this min. 

The initiator that completes the fomulaticm is a cationic photolliitiotor approved 

by the CRADA on EB curing [3,25,53], and fm developed by Cnvello [l]. It is 

avaiiable from General Elcctric Silicones and is f o d y  descri'bed as (4octyloxyphenol) 

phenyliodonium hexafluoroantimonate, but g e n d y  r e f d  to by its 8Cronym OPPI. 

The chemical structure of OPPI is shown in Figure 5.1. As with the m i n  w additional 

purincation was pedonncd on the photoinitiator once it was obtained. 

The initiator was nomkiîy used at a concea!raîion of 3 phr @arts pet hundred of 

min). 'Ihe justincatiun for thû nominal vaiue was that this wps the standard 

concentration used by otha researchers [3 f S] and determined as the optimum 

concentration by Lopata: et al. [53]. For initiator concentration experiments, the mixing 

reghm was varied ôetween P minimum of 1 phr and a maximum of 20 phr. For purposes 

of cornparison, a small amount of 1E min was prepared with a conventional curing 

agent, the amine hardener 4,4'-sulfony ldianiline (DDS). Reinforcement w d  in 

manufacaaiag of composites was IM7 graphite plain weave fabric. 

5.2 Sample Preparation and C u ~ g  

5.2.1 &mpk Pnparation 

Resin 1E is a semi-solid at room temperature that s o h  at approximately 60°C and ha9 

a suitably low viscosity for stmMg at appmximately 800C to 100°C. Addition of 





init ier  to resin was done by heating a known amount of min to lûû°C and addmg OPPI 

accordmg to desireci concentration. The fonnuiation was mixed repeatcdly to ensure 

even distn'bution of OPPI. AU transfcf of the resin formutation h m  maiag container to 

mold or other reccptacle was done while the min was still hot. Resin samples to be EB 

or gamma celI cured were taken into 1 ml or 3 ml polypmpylene syringes. A pictue of 

min filied syringes ready for El3 curing is show in Figure 5.2. Syringes were weighed 

before and afkr filling to determine the m a s  of resin. Since temperature monitoring 

during curing was necesspy, smali cbmmcl-aime1 tb~ocouples were set into the 

centre of the resin filied syringcs as the min cooled. For EB curing, syringes were taped 

onto a thin Aluminium plate to secm hem in place during conveyor movement 

Resin samples that were to be thnmally or EB c d  and then DMA tested werc 

cast in aluminium molds. Heated to IOOOC, the resin was transferred into a similarly 

wam mold of 10 cm x 20 cm x 3 mm wiîh aluminium walls of approximately 3 mm 

thickness. Resin samples to be t h d y  or EB cured and then tensile tested were cast 

into a wann mold specially designed for that purpose (Figure 5.3). Both types of mol& 

were kept at 1OOOC for approximatcly 2 hours a f k  king filled with resin so that any air 

bubbles caused by pourhg could escape. The resm mold e d  thpt tende specimens 

had dimensions as per recomrnendations in ASTM D638. The nominnl thickness of 

temile samples was 4 mm. Thermocouples were p l a d  both on the ouiside of the mol& 

and also within the cast m i n  ta monitor temperature rise during EB curing. 

Composite samples were prrprrod by lay-up on a 3 mm thick Aluminium plate. 

One layer of plsin weave IM7 graphite f ibm was placed on the plate aud then bnished 

with hot resin. This was followed by subocquent Lay- of composite and min untii a 



Figure 53: Rda suapks in poRypropykne syringes reaây for EB curlag 

Figure 5.4: Rdn mold for tensik simples 



lsuninatc of 4 iayers was achieved. The laminate was then vacuum bogged with nylon 

bagging film, and placed in a platai press at 1000C. The vacuum bag was evacuated and 

the composite was left to consolidstc for approximatdy 1.5 hours. 

Upon curing to a desireci dose or cure extent, DMA resin and composite samples 

were dry cut with a slow-speed diamond blade cut-off saw to the required nominal 

dimensions of 1 cm x 6 cm. 

5 3 3  EBCuriy 

AU EB curing was done at Acsion Inc. in Pinawa, Manitoba with the AECL mode1 1-10/1 

(10 MeV, 1 kW) accelerator, descn'btd at lcn@ in chapter 3. EB cured samples were 

transportcd to the University of Manitoba for subsequent mechanical or thermal analysis. 

A scan width of Ay = 30 cm was useci and a scan height of z = 15 cm (15 cm 

above the wnveyor) were used for aii EB curing except for dose rate experiments. 

Normally, both the resin and composite samples were c d  in steps of 25 kGy (i.e. 25 

kûy/pass). Additional dose rate experiments were also w o r m e d  at 2, 5, 10, and 20 

kGy/pass. The maximum total dose applied to any samples was 500 kGy. The scan 

widths, sample heights, and conveyor speeds used are sumrnarized in table 5.1, with their 

comsponding dose rates as defincd in chaptcr 3. 

The time required for EB curing of is dependent on a number of fàctors, and the 

time scale for curing in the experimenl worlc herein can only be cstimated to an 

a p p m m o n .  The time for one sample to pars under the EB hom dcpnids ody on the 

conveyor speed, however, the time bctween successive passes, depended on the number 

and size of the sampks bebg c d  during that pass, the amount of cooling deshed 



Scan 
width, 
AY 
( ! )  

Peak 
Scanning 

A v q e  Dose 
Rate 

(-kGy/s) 

Tabk 5.1: Specincrttions for EB imdiation 



between passes, and whether the accekaîor had to k tumeci off-line to retrieve samples. 

Typidy,  no more than 40 cm (Ax) of saniples were cured at one tirne, and the timc for 

one pass cau be estimated using the wnveyor speeds in Table 5.1. Normally, the 

progression of EB cure was investigatbd for samples, so a dead time of 3 to 5 minutes 

occumd betwcen inctcmentai passes to rctricve oamples h m  the accelenitor mm, 

unless otherwise speciflcd. For samples that wae caoled between passes to limit 

temperahm rise, the dcaâ tim b a n  passes was an additional 2 to 3 minutes. For 

example, for a scan width of 30 cm and a dose pet pius of 25 kGy, chart 5.1 shows the 

conveyor specd was 0.18 d s .  For 40 cm of travci, this equetcs to appmximateiy 4 

minutes (roundhg off to the nearcst minute). Assuming 5 minutes between passes; 10 

passes (a dose of 250 kGy) would have taken approxirnately 90 minutes. 

When cuting syringes of min, the syrbgcs were taped to a thin aluminium sheet 

or platfonn and piaced on the conveyor. According to applied ambient temperature 

requirements, either ice (OOC), m m  temperatme air (220C). or dry ice (approximately 

-78OC) were useâ in thermal contact with the aluminium platform during processing. 

When requirrd, ice or dry ice was piaced below and surrounding resin specimens, but not 

on top, to avoid even the slightest shielding effects. The syringe plunger and cap were 

kept in place when curing on ice or dry ice to easun that c o n d e d o n  fomed only on 

the outside of the syringe and no moisam was introduced in* the resin. Any samples 

thaî were c d  at sub-RT cure temperatures w m  t r s n s f d  h m  the accelerator facility 

to the tcsting facility at the University of Manitoba in o cooler at the same temperature, 

and kept at that tempcraaire until they wmc testad 

AU molded samples w m  cured with the mold in contact with a bag of ice to 



ensure a minimum temperafure rise during EB irradiation. Bagging nIm was t a p i  over 

the open mold to restcîct condensation on the miil. After ciaing in 10 kGy pcr pass 

steps, tensile samples were removed h m  the mold and n# c d  (no mold) in additional 

25 kOy steps up to 200 k W .  

During EB curing, the tcmperatirrr of min and composite samples was monitorcd 

by wiring the~mocouples h m  the accclcrator room to the conîml m m .  A panel of 

thennocouple comections was availabk in the accelemtor roam thPt was wired to a panel 

in the control m m .  Voltage signals were obtained with an acquisition board and 

computer and convcrted to temparture. In this maflllcr, the temperature of the sampk 

could k monitored during each pass uoda the EB hom. As well, the cining passes were 

delayed, if so requircd for tempenuurr control, to wait for the samples to be cwled 

before the next pass under the hom was perfod .  When this procedure was followed, 

the temperature rcquLement between successive passes was ayproximately within lOOC 

of the applied ambient temperature. 

5.23 Gamma CeU Ciiring 

The gamma ceU at Acsion's faciiity, de-bed in chapter 3 was also used to cure a 

number of resin sampla. The Gammacell220 produces high-ctlergy (1.25 MeV) gamma 

rays h m  a CobaitaO source. The dose rate in the gsmma celi was nomjnally 50 ûy/min 

(3 kGy/h). Samples wae placed in 1 or 3 ml syringes and placed in the gamma ceil for a 

set amount of time to a c q h  the desired t8idi8fion dose. Temperanuc measuremcnts 

were also made during garniru ceii curiag in a similar mannet to gamma celi calorimetry 

experimenîs descn'bed in chapter 4. 



5.2.4 Thermai Ciring 

Thermal curing of rcsin samples was performed either within the DSC ccli, or in a 

laboratory oven. Ramp curing of small samples was done in the DSC celi, so that cure 

exothermic reaction wuid be monitorcd. Isothemal curing of small samples was also 

pedonned in the DSC celi by ramping the sample up to the desirrd temperaturt and thrn 

curing isothamally for a programmed period of tirne. if a partiai cure was desired, then 

the sample was removed h m  the DSC and qucnchcboleâ in au after the desireci amount 

of tirne. 

Tensile samples of m i n  wcrc prcpareà in the same mold as for EB curing. The 

resin was poured in the rnold at approximately l W C  and the temperatme was kept at 

lOOOC until all  visible porosity had risen out. Then the temperature of the oven was 

ramped at approximately S°C/min to 17PC. Curiog at 17PC for 4 hours. A k- 

standing postcure (tensile samples out of mold) was performed at 232T immediately 

following the initial cure cycle. 

5 3  DSC Analysis 

The majority of the expcrimental tcsting for this investigation was donc with a 

DBerential SEanniag Calorimeter (DSC). An introduction to thermal analysis and DSC 

is presentcd in Appendix Two. Thermal Adysis of the epoxy/photoinitiator 

combination was made possible by the foct that the formulaton could be c d  by both 

thermal energy and radiation energy. ThÛ fact is of cenîral importance to aii testing and 

subsequent analy sis. 



A photograph of the thermal analysis quipment at the U of M is shown in 

Figures 5.4 and 5.5. The DSC is a heat fha type DSC, mode1 2910 manufacamd by TA 

Instnunents Ltd. Hermeticaliy (airtight) sample pans wen used and a nominal rample 

weight of 14 mg was used. Samples were tested in an inert gas (Nitrogen) environment. 

For measuring giass transition tempetaturc (Ta, ASTM standard El356 was followed. 

At a minimum, two sanaples of each cure condition were testeci to ensure repeaîability. 

For each min batch mixed and of expcrirncnt perfomed, at least 5 identidy 

treated samples werc tested to measurc and compare expcrimental m r .  For heat flow 

m«ininments, the average standard deviation of min sampleo was 5 W. 

A nominal ramp rate of LO"Clmia was used for all ramp expcriments. This ramp 

rate was determined by testing a number of identical samples at difEerent ramp rates 

( h m  2.5 to 200C/min) and selecting lO"C/min for its balance between good sensitivity 

and good resolution. For ali ramp DSC plots, a two-point rotation was used to correct for 

baseline dope. Temperatutes for isothemal DSC testing were selected between the 

reaction omet and peak heat flow temperatures during ramp curing. For irradiated 

samples, isothermai analysis wao oniy performed on samples that had teceiveci doses l e s  

than 14 kGy, for reasons that wiil be explaincd in the next chapter. 

5.3.1 Dcgree of Cure An8ïysin 

Ramp curing was uscd to detcrmine the total exothennic heaî of d o n  for a 

formulation that had not ban subjected to any radiation (untreated). This total 





exothermic heat of &on is &en the symbol AH,,. Samples were partially cured either 

by t h d  means or by EB, and then w m  subsequently ramp c d  with the DSC to 

detemine the exothamic heat of the remaining mssliiiking (rcsidual heat of d o n ) ,  

aH, A simple calculation of the degrce of cure, c, could k made by: 

c=mpJAH', 

53.2 Kinetic Aidysia 

Kinetic analysis was donc on the DSC by isothermal curing of untrtated and EB-treated 

samples. The cure kinetics can be rnathematically modelled by eitkr autocatalytic or nth 

order analysis. Nth O& reactions are characterized by maximum exothermic heat 

evolution at tiw Hl, while autoatdyzed reactions show a maximum heat evolution at 

30% to 40% cure extent and o h  show an induction perïod draing which no apparent 

reaction takes place. A signincant portion of the epoxy systems used in industry are 

autocatalytic. The autocatalytic effect is due to the formation of some intermediate 

species, which markedly acccleratcs the reaction. For example, the cuting process for an 

epoxy-antine themioset is autocatalyzed by the hydroxyl groups formed in the feaction. 

The induction t h e  for autocatalytic reactions depends on the initial concentration of the 

catalyst, or the reaction rate constant of the parailel reaction that produccs the 

intermediate species. 

Initial expcriments showed that the resin formulation studied here followed 

autocatalytic behaviow during curing. HCMX autocatalytic analysis was perfonned on 



the time-hcat flow data at a given i s o t h d  tempeiaturr. The autocatalyzed mode1 can 

be descnibcd as follows: 

aJdt = k cm (1 - C? (W. 5 2 )  

where: 

c = the fhctional conversion aftcr a time t 

k = specific rate constant at temperature T (Vsec) 

dddt = reaction rate (l/sec) 

n,m = d o n  constants (also know as reaction orders) 

And the rate constant may be describcd by the foUowing equation: 

k(T)=~e'*~ (eq- 5-31 

where 

Z = precxponential fàctor or Arrhenius îkquency factor (l/sec) 

E = activation energy (hol) 

R = gas constant (8.3 14 J/molX) 

T = absolute temperature (K) 

Taking logaritthms of equafion 5.3 yield 

=In2 - WRT (es* 5.4) 

A plot of in k(T) versus 1/T is called an Arrhenius plot, and should be a straight line if the 

temperature dependence of the rate constant can be modelled by equation 5.3. The 

activation energy and pre-exponential factor can be obtained h m  the slope an intercept 

respcctively. 

Tabiig the logarithms of cquation 5.2, 

log (dddt) = log k + n log cdn (1s) 



This modifieci equation can also be solved by a üwar fit, with the slope of the linc king 

n, and the intercept equal to log t The value of m is caldated by substituting n and k, 

and then solving for m. 

The two basic pararneters (dddt and c) required for analysis can be obtained h m  

the DSC exotherm. The reaction rate is obtained by dividing the peak height dH/& at 

time t by the total heat of d o n ,  AH,,. 

dddt = (dH/dt) AH,, (q- 5.6) 

The value of c is determined in a fâshion similar to ramp curing, by measuring the partial 

heat of reaction up to time t, AH@, and dividing by the total heat of d o n  (which is 

usuaiiy found by ramp curing), AI-&,. 

c =AHpiIaH. (q- 5-7) 

At lest  thm i w t h e d  nins at different temperatures are required to obtain kinetic 

parameters h m  an Arrhenius plot. 

5.4 DMA Analysis 

Dynamic Mechanical Analyzer @MA) tests were performed with a TA Instruments 2980 

DMA. The DMA is shown in the photopph in Figure 5.5. The n o d  size for resin 

or composite specmiens was 10 mm x 60 mm x 2 mm. The 'dual cantilever' mode was 

employed in whicl: eitha end of the rrctangular speciwn was fïxed in place by a clamp 

while a clamp nxed to a small drive motor was clamped to the centre of the specimen. 

The specirnen was then deformed sinusoidally in a flexural mode with a nomiilal 

maximum displacement of 20pm and a fhquency of 1 Hi. Ail DMA experiments WB 



pertormed as ramp tests at a lOOC/xnhute ramp rate. For al1 DMA experimentai work, 

the guidelines of ASTM standard D4û65 were followed. 

5.5 Mechanical Testhg 

Tende t&g was done on a mode1 8562 Instron test mohydraulic test fiame show11 in 

a photograph in Figure 5.6. Tensik testing wss perfonwd according to ASTM standards 

D3039 and D638. Initial sampics wac  testcd with two strain gages - one on each side. 

Following confirmation of equivaient strain on both scafaces of the sample (Le. no 

bending), one strain gage was uscd for subsequent samples. AU tensile tests w m  

e o r m e d  at m m  temperature. All tende tests w m  also Wormed at a constant rate of 

extension of 0.01 d s .  For the tensile specimen descriacd above, this is quivalent to a 

strain rate of approximately 1 0 ~  rnm,rnm. From teasile tests the uitimate strengh, 

ultimaîe strain, and modulus were rncaswed. 



Figure 5.7: Instron mode1 û562 at U of M 

'.- __ 



Chapter 6 

Results and Discussion 

Experimentai resuiîs and discussion of these resultc are presented in this chapter. The 

analysis of utmateci resin and composite samples is presented fïrsî, to demonstrate the 

characteristics of thermal curing of the EB formulation and as a basis for subsequent 

analysis of EB treated samples. Each material and process parameter of influence is then 

discussed separately - dose, initiator concentiation, temperature, reinforcement, and dose 

rate. Finally, kinetic enalysis and mechanical testing results of both EB and thermally 

cured m p l e s  are presented and âiscussed. 

6.1 Thermal Analysis of Untreated Samples 

A number of observations can be made about the resin formulation by thermal analysis of 

kshly mixed min tbat has not undergone any EB irradiation (i.e. unaeated min). 

When EB M o n  is iniroduced in tbe next section, the observations d e  on the 

untreaîed resin are used to make comparisons, analyze the data, and to draw conclusions. 



The epoxy rcsh 1E is a comentiomI min adoptcd for EB processing, and a bnef 

investigation of its conventionai formulation is useful. The recommendcd muOng 

schedule for conventionai thamal cure h 38 ph. of the amine hardener DDS (4,4'- 

sulfonyldianîline). The 1E m i n  was mixed with DDS at this concentration and themiaiiy 

cured in the DSC by ramping the temprranue h m  22T to 3 5 K  at a rate of 1OOC/min. 

The DSC pcan of this conventionai cilring d o n  is shown in Figure 6.1. As can be 

seen in the figure, a chaIactaistic exothemi occurs comsponding to the crosslinking 

reaction, beginning at appmximntcly 1300C and Peaoag at approximately 2200C. The 

exotherm ends at approximately 3000C and the increase in heat flow bcyond this 

tempera- corresponds to c h h g  and thema1 decomposition of the material. 

Integrating the heat flow exothcrmic peak, an energy of 418 10 J/g is determineci to be 

the heat of feaction for the thennally cured system. 

The EB desiped formulation of the photoinitiator OPPI with 1E resin was 

investigated ne*. Thermal activation of the photoinitiator OPPI had been reported 

previoudy, JO it was tested in the DSC cell with no resin present, to observe its thennal 

charactmstics. This DSC scan is show m Figure 6.2. The endothennic event of melting 

was obxrved over the temperature range of 45-60DC. A sharp exothermic peak observed 

at approximately 210°C indicates a distinct chernical change at thai temperature, likely a 

dissociation reaction. This indicatcs thaî the OPPI c m  be thennaliy activated, a f a  

which is criticai to M e r  understanding of the remahhg d t s .  

OPPI was mixed with 1E min Pt 3 ph, a concentmti011 recommended by 

previous rcsearchers [3,25,53]. This formuLation uns testcd in the DSC to investigate the 



Figure 6.1: DSC criring trotberan of lE/DDS (conventionil foimulrition) 
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F i i r e  6.2: DSC scan of photoinitiator OPPL without m i n  



potential themial activation and curing of the EBdcsigned system. The lO"C/min DSC 

scan shown in Figure 6.3 indicates that the system is t h d y  curable. A prominent 

exothedc peak is observeci at approxinuitely 18OOC followd by a smailer pesL at 

approximately 225°C. Thermal &gmMon bcgins at approximaîely 340°C. The 

existence of two e x o t h d c  pales indicatcs thrt complex curing rcactions takc place in 

which at least two distinct mechaaisms or reactions contnbute to crosslinking. The two 

prominent temperature pcaks (rt8Cfions) arc given the designations alpha (a) and bas (B) 

as show in Figure 6.3. Identifïcaîion of the chemisîry of these reactiolls would require 

FTiR (Fourier Transfonn InfÎa-Red) qectracopy, which b outside the scope of this 

thesis. Figure 6.4 shows an enlarged or exploded view of Figure 6.3 which shows the 

glass transition temperature of the mcured miri formulation, T, = 19°C. The value for 

Tg is selected to be the temperature corresponding to the inflection point of the transition, 

as shown. 

Isothermal curing of lE/OPPI at a temperature of 1600C in die DSC is sbown in 

Figure 6.5. This sample was kept at 1600C for 2 hours and cooled to room temperature. 

In Figure 6.6, the subsequent temperature scan of the same sample shows that while the 

alpha peak has disappead, the beta peak b intact. This is an indication that the 

temperature of 1600C was not high enough to initiate the beta reaction. Re-examining 

Figure 6.5, it is evident that th- art two exothermic peaks, which implies that two 

reactions are occuning, apart h m  the beta reaction. To confirm this, a h s h  3 phr 

1 WOPPI sample was rpmp c d  at a slower ramp rate of SWrnin. Shown in Figure 6.7. 

this clearly shows a third, lower temperature pak  corresponding to appmximately 1450C. 

that is nearly maskcd by the alpha peak. This third pet& and comsponding rcaction arc 



Figare 63: DSC mmp euring of 1E ruin nitb 3 phr OPPI 

Figure 6.4: Exploded vkn of Figure 6.3 showhg g h ~ ~  rriiiuitioi 
of uacareà 1WOPPI 
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Figure 6.5: DSC irothtrmal carhg of 3 pbr lE/OPPI at lSvC 

Fiure 6.6: Rc-raap DSC scan ifier isothermal euring at 15S"C 



Figure 6.7: DSC ramp ciriog of 3 phr 1WOPPI at eC/min 



given the designation gamma (y). Integration of the multiple exodinmic peaks of 

lUOPPI yields the total amount of  energy r e l d  during the curiag reaction. F k  3 

p b  resb samples were cured by DSC ramp M i n g  (as in Figure 6.3) and the average 

total integrated heat of reaction, H., w w  determi.ed to bc 615 * 10 J/g. The gliss 

transition temperature of the t h e  cureci 1UOPPI min, T, could not be 

detennined by DSC analysis because the transition occurs above the onset of degradation 

(i.e. Td3400) and is maskcd by this exothmnic event. As an alternative methd, 

thermaily cured m i n  amd mmpueite LEIOPPI sampks werc tested by dynamk 

mechanial andysis @MA). A sample 10"C/min DMA scan of a 3 phr lE/OPPI 

composite of 58% volume fraction of LM1 graphite fibres is displayed in Figure 6.8. The 

temperature of the peak in Tan delta or loss modulus is normaiiy taken to be the glass 

transition, but could not be used in this case due to thermal decomposition in the range 

where Tg occurs. Hence, the service temperiturc, T, defined as the temperature at 

which the modulus has dropped to SO./. of its value at room temperature, was 

alternatively wd. The service temperahue of the themially cured composite was 

detennineed to be T, = 37WC. Table 6.1 summarizes the g las  transition and heat of 

reaction cornparison between the thermally cured lE/OPPI and lE/DDS. Next, the 

contribution to total exothennic heat of cach of the alpha, beta, and gamma reactions 

during ramp curing was appmxllnatcd, and the temperature at which they occur for a 

10°C/min ramp cure was cietennineci. Table 6.2 shows a summary of this information. 

The nature of the progression of g las  transition temperature, T, with thermal 

cure extent was investigated next Resin samples w m  initially cured i s o t h d y  at 

177°C for increasing leagths of time, and then eooled to room temperature. The sarnples 



Figure 4.8: DMA sein of curcd IEYOPPI composite showing the giass mnsition 
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were subsequentiy scannd in the DSC to observe T, and obtiin the midual heat of 

reaction. The b o u m  heat of &on for 100.h themial curing and equation 5.1 were 

then used to caicuiaîe the cure extent. As 4 t h  di thermnlly c d  rcsins, as the cure 

extent incnases the glacrs transition tcmpcratutc also increases, and tbere is a one to one 

correspondence between nm extent and giass transition t c m m .  The cure extent 

versus Tg results are displayed in Figure 6.9. During isothcrmal curing, the Tg increases 

with mcmasing cure time at T,=l7TC and eventually surpasxs T-. When this 

happens, the Tg transition observeci by subsequent rc-ramp becornes masked by the 

residual exothermic heat. For this reason, the glas transition at higher temperatures can 

be more eady observecl by DMA analysis. For values of Tg beyond 60% cure exttnt, 

data was obtained by DMA adysis of min  and composite samples. The DMA and 

DSC analysis of =sin and composite samples was fitted to a combination of a straight 

h e  and expoaentiai curve, as secn in Figure 6.9. 

A number of significant observations can be made h m  the thermal cure analysis 

of the EB resb formulation 1WOPPI: 

1) The EB formriation CM be c u d  witb thermal energy. This observation (that 

the EB formulation can k cured in îhe same way a conventional formulation is 

cured) is of bdamental importance to other experimental results. In practice, the 

thermal curing of epoxies with the use of cationic catalysts is well known, but is 

much l e s  common than the use of amine hardcners such as DDS, [71]. 



Figure 6.9: The progression of T, with cure exteat 
for thermalty cured 3 pbr lE/OPPI 



2) The coapksity of the thermal madon for lElOPPI is signiflimnt whei 

cornparcd to the amine Cormohtion of 1EIDDS. Typically, an increase in 

temperature causes dissociation of a catalyst, the products of which facilitate ring 

openhg of îbe epoxy groups. The dominant alpha peak Iiely corresponds to this 

reaction, which occurs very quickiy once the dissociation of OPPI occurs. No 

suggestions are made hem with regards to identification of the beta and gamma 

reactions although it csn be said that they are Iikely competing or additionai 

curing reactions, which complicate the analysis of the prominent alpha reaction. 

3) Another observation to be made is that the glas m i t i o n  temperature of the 

thermally cureci cationic EB formulation exceeds the glas transition ternperaaire 

of the thermally c u d  amine formulation. This estabüsbu OPPI as a suitable 

thermal a t a i y s t  for achieving high T,+ with 1E epoxy under conventional curing. 

However, no consideration is made here of the comparative cost of the two 

catalysts. 

4) Lastly, 1WOPPI is more reactive tban lE/DDS. The concentration of OPPI 

required is only 3 phr (at this point, diis value has been bomwed h m  previous 

liteninire, but is investi@ experimcntaiiy later), whik the mkhg regime for 

DDS is 38 phr. However, the exothermic energy released during curing with OPPI 

(6 1 5 J/g) is nearly 1 Sû% of the energy released during curing with DDS (4 1 8 J/g). 



6.2 Influence of Dose 

A critical undertaking during anaiysû of hi& energy EB curing W the daermination of 

the effêct of EB dose, D, on cure extent of the resin system. A low curing dooc, D,, is 

desirable, becaw it can be achieved in a shorter t h e  and with l e s  mergy expenditure. 

A h ,  the influence of inmemental doses at dinmnt stages of EB curing must be 

determineci if a pmhtive m&l of EB processing is to be developed. 

During EB irradiation, the exothermic heat evolved cannot be directly measured, 

as is the case wîth thermal curing within the DSC c d .  In other words, an EB calorimeter 

does not exist However an indirect method of stuâying EB curing has been developed 

by the author, which involves exlnninmg the residual DSC exotherms foilowing EB 

irradiation. Analyzing the residual exothenns allows one to infer the cure extent and 

nature of partial EB curing. This method relies on the 1EYûPPI formulation king 

t h e d y  curable, which has been esbblished in the previous section. 

The lE/OPPI resin was exposeci to EB radiation in srnall increments, and then 

postcureci in the DSC celi. In Figure 6.1 0 and 6.1 1, residual exotherms of EB treated 

resin are cornpared with 1Wh thermal curing ('mtreated' resin or O kGy dose). Ail EB 

treated m i n  samples in these two fi- were EB c u ~ d  at an ambient temperature of 

T.=22OC, and the temperature rise due to the exothermic reaction and radiation heating 

resulted in a maximum tempetature of T-=5K. Figure 6.10 shows that as EB dose 

increases h m  O to 25 kGy, the midual alpha peak intensity d u c e s  while the beta peak 

r e m  unchangeci. From this obsewation, one can infer that the alpha reactioa is 

effected by EB radiation, and some curing has occumd This is also a ntst indication 

that the alpha &on is more sensitive to EB radiation than the beta reaction. 



Figure 6.10: The progression of EB cure (rrsidial exotherms) 0-26 kGy 

Figure 6.1 1: The prograsion of EB cure (rrsidual exothermr) 25-500 kGy 



Furthemore, the location of the alpha pcak shifts to a lower temperature than it had been 

for complete thema! c h g ,  indiaikg th& widi increasing EB irradiation, less thermal 

energy is rrquirrd to initiate the rcsidual thermal alpha reaction. Beyond approximaîeiy 

10 kGy, the midual alpha peak is no longer prominent compared to the beta pcak and a 

low temperature peak with temperrtrin oiset k m  thrn S(rC emerges. It is possible 

that this low temperature peak corresponds with the original gamma reaction that is now 

at a signifmntiy lower omet temperature than the 1500C observed for the imtreated 

formulation. Between 10 and 25 kGy, it can be observed that a signincant amount of low 

temperature tesicluai curing is present after EB treatment. 

From Figure 6.10, it is observed tbat the EB radiation is pacticularly effective with 

respect to the alpha d o n ,  as indicated by the decreasing alpha peak, but does not 

effect change in the beta reaction. In Figure 6.1 1, t can be seen that beyond 25 kGy, the 

EB radiation progresses the entire reaction, including the beta peak, although the 

radiation is l e s  effective than it was at lower doses. The most striking result h m  this 

analysis is that at even at 500 =y, there W a signifmnt amount of undercure, evident 

by the existence of midual thermal curing. To quant* the amount of undercuring 

during EB irradiation of IUOPPI, it was arsrimed that the totai heat of reaction for EB 

curing was the same as that for thermal curing. That is: 

L\Ho @B) = (thermal) 

With this assumption, the amount of residual cure was detemiined and subsequently the 

percentage of curing due to EB irradiation was detennined according to equation 5.1. 

The cure extent with increasing dose is plotted in Figure 6.12. In this figure, the cure 

exient increases rapidly, to 42% within die fïrst 50 kGy of irradiation. Beyond this dose, 



Figure 6.12: Cim estent for i i icrruhg EB do= 



increase in cure extent is less signifiant with increasing dose to appmximately 100 kGy 

at which a pbtau in cirimg is reached. Smaii gains in cure extent are made between 

150 kGy and .l7S kGy, but beyond 175 kGy, cure extent increases are ahost 

insignifiant up to 500 kGy. The muimom cire extent acbicvcd i t  500 kGy w u  73% 

(Le. 27% mideal thermal postcure). This indicates that thermal postcuring is a 

necessity to complete cuimg. 

Another way of studying the influence of dose is to examine the Bicreasing glas 

transition temperature with increasing dose Below 20 kGy EB treatment, the glas 

transition tempexature of =sin samples was measured by DSC anaiysis. Beyond 50 &y, 

however, the omet temperature of residual postcuriiig was less than the glass transition 

temperature achiwed during EB curing. This meant îhat the glas  transition was masked 

by exothermic heat flow. For sunples irradiateci beyond 20 kGy, the glass transition 

temperature was obtained by DMA analysis of composite samples. Composite samples 

were used because they retain a high modulus until the g las  transition making the 

transition readily observable. Resin samples, on the other han4 exhibit a more subtle 

DMA g las  transition and have a tendency to crack during testing. Although the 

partïcuiar idluence of the introduction of reinforcement fibres will be dkussed in 

another section of this chapter, it is useful to examine this data now, for the cumnt 

discussion. The composite -ples werc of the identicai 3 phr IUOPPI min, with 

approximatcly 58 % fibre volume M o n ,  prepared as describeci in the previous chapter. 

One problem with glas transition temperature obsewation is that as a resuit o f  the 

existence of residual thermai postcuring, the min formulation actualty cures during 

DMA testing. An example of this is shown in Figure 6.13. This sarnple was irradiated 
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Figure 6.13: DMA sein of ondercured EB trcated composite sample (50 kGy) 

Figore 6.14: Muence of doac on (B) g b  transition tempcraturc 



to 50 kGy and thcn tested on DMA. The r+sult is two transitions, A and B. The A 

transition is scen at 370°C, as it was for the M y  cured rcsin. The B transition is seen at a 

lower temperatrac due to the incomplete curing of the min. Examinhg this B g l a s  

transition, the DMA T, is plotted as a fbnction of dose as shown in Figure 6.14. The 

TG) shows significant mcreases with increasing dose until 1 0 0  kGy, et which time it 

increases amgidly with increasing dose mtil it reaches a plateau at approximately 150- 

200 kGy. The plateau value for T D )  is approximaiely 125°C. Subsequent DMA 

analysis f ier  the initiai postcure results in a single Tg = 3700C as observai during the A 

transition and no observation of any minor (B) transitions. 

In tcnns of optimùing the t h e  and cost of the EB process, a low curing dose, 

D, is desired. For example, doses below 50 kGy can quicldy be imparted in one p a s  

under the EB hom. In practical terms, curing doses over approximately 200 kGy are time 

coI1SUIIliag, and are to be avoided. For this reason it is important to detemine the 

partinilu infiuence of EB dose at various stages of  EB irradiation. From the previous 

experimental investigation, it c m  be observed b t  tkre are thme distinct 'ranges 

during EB euring. These correspond to stages of varying influence of  radiation dose. 

The fïrst range may be refemd to as the excitation and activation, h m  O kGy up to 

approximateiy 50 kGy. It is chanrctcrized by approximately linear increases in cure 

extent and Tg with increasing dose (as seen in Figure 6.12 and 6.15). The second range 

may be refemd to as the transi*on region, h m  50-10 m. It is characterized by 

limited gains in cure extent and Tg witb increasing dose. The third range may be d e d  

the diffusion region, above doses of 100 LGy. It is charaaerizcd by only very slight 



increases in cure extent and Tg with mcceasing dose. A number of characteristics cm be 

attrr'bututed to each of tfiese regions as foiiows: 

1) The excitation and activation region. EB eneqgy appkd to the formulation i t  

low doses (O kGy to ipproEimatcly 50 kGy) gocs into cxciting or importing 

energy to the inioitor. Some initiator is excited to a high enough energy that it 

dissociates (Le. is activateci). It is k i y  that activrted initiritor in this dose 

range caiws erossüaking teactions to occur immediately. Evidcace of these 

crossijnking reactiom are large gains nude in cure extent observai by themial 

anaiysis following EB trtatment. Initiator which h u  ken  excitai drinng EB 

pmcesing sabscqaentiy requires kss thermal energy to be activated and cause 

crosslinking reactions. This is evident f k n  the shift in the alpha peak to a lower 

temperature upon t h e n d  analysis as shown in Figures 6.10 and 6.1 1. 

2) The transition region. At approximately 50 kGy, a lot of the initiator hm been 

excited to activation by the EB energy, evident by the decrease in dominance of 

the res idd alpha reaction. Some of  the activated initiator has produced 

crosslinking (approximately 40% cure extent), but the= is obviously a si@cant 

amount of curing that has not occurred. At 50 kGy, T, has increased to W C ,  and 

since the poiymer is at or near the ambient ternperahire of Ta=220C, it is well 

below the giass transition and in a glassy state. It is probable that many of the 

reacüvc ions from the rctivatd, dissociated inithtor are ûvzppcd in the gtwsy 

poïymer, with limited mobility. With most of the initiator dissociated, the 



exothermic heat produad in thermal postcuring of a DM0 kGy resin sample is 

likely due to iicrewd diffusion of the rcactive ions with temperanire rise. The 

crossiinking d o n s  do not occur until the d v e  ions dinuse to the vicinity of 

an uncrosslinked epoxy group. Increases in cure extent and Tg for EB doses h m  

50 kGy to 100 kGy may be due to some additional activation-and-immcdiate- 

crosslinking of the initiator. but are Wrely due to increased thermal energy of the 

buîk polymer due to additionai radiant and exothamic heat produced during EB 

pmccssing. 

3) Tbe difldon region. Beyond 100 kGy, increases in cure extent ere limited. It is 

proposed that the activated initiator is iargefy trapped in the giassy state of the 

polymer. Increases made in cure extent in the transition region have increased the 

Tg (and crosslink density) and put the polymer M e r  into the giassy state. There 

are smaU incteases in cure extent in this region, which one can contribute to 

increaseà time at slightly elevated tempentures due to radiant heating and 

exothermic kat, 

B a d  on the obsewations made to this point, it cannot be detemiined with 

certainty how much of the residual exotherm at my dose is contributed by dinusion and 

how much is contributed by thermal excitation and d o n .  An effort was made to 

delineate these two contributions by analysis of the midual reaction kinetics at various 

dose levels. If the t h e d  reaction kinetics couid be modeiled following EB treatment, it 

foiiows that they could be predicted and delineated fiom diffusion related crosslinking. 



The kinetic adysis is described in more detail in section 6.7. Unfortunateiy, due to the 

complexity of the curing d o n s  oceUmng for this specific formulation, and to 

difficuities in performing residuai isothemai kinetic mùysis at higher doses, this wodr 

could not be completed. It is evident, however, that kinetic analysis may be a usefùl tool 

in dehl ' ' g the contribution of diaision to residuai curing and hence to EB cure 

extent limiîaîions. 

It should be noteci that the residual beta reaction started to occur in the transition 

region. This as observcd by the dccreasc in the height of the kta peak (starting at 

approximately 50 kûy) in Figure 6.1 1. For IWOPPI, the beta peak contributes to the 

amount of postcure required because it is only weakiy dependent of EB dose. This 

secondary beta d o n  continues to pmpss  slowly in the dicFusion region, and 

contributes to mail gains made in cure extent m that region. 

It is a usenil exercise to temporarily consider the primary alpha reaction by itself. 

The plateau in cure extent observed between 100 and 150 kGy in figure 6.12, and the 

limited change in residual exotherms as observed in Figure 6.1 1 indicate that a c e h g  

has been reached in the amount of EB curing for the alpha reaction. Hmce the effective 

curing dose is defined for maximum achievable cmsslinking for the alpha d o n :  

D, (IIFIOPPI, alpha rrictioa) = 1 0  kGy. 

Considering ail crosslinlcing reactions, observable gains in cure extent are made baween 

100 and 200 kGy, but gains ktween 200 aud 500 kGy are negligible. Hence it can be 

stated thst the practicai curing dose for the entire formulation is: 

D,, (lE/OPPI, ru maciam) = 200 kGy. 



These determined values of Do clearly do not comspond to complete curing, but to the 

maximum cure extent possible under EB. It is evident that incceases in EB dose beyond 

200 kGy are not helpful and do not d u c e  the need for thermal postciiring. The cvidence 

of the i%st (alpha) plateau indicatcs that optimization of the EB formulation to eliminate 

weakly EB dependent d o n s  @ta) may lead to a lower D- and hence more 

economica processing. 

It should also be noted that the g l a s  transition temperature increased significantly 

beyond ambient curing tempcnvurr to a ciifference of approximately lOOOC (12S°C 

cornparrd to 22OC). This contirms the unique ciiaracter of EB curiag as reporteâ by 

previous authors. However, the Tg of the thennally cured system was much pater still, 

observed at 3700C. Postcuring (complethg the cure extcnt fiom 73% to 100%) the EB 

treated resin brought the Tg up to this value of 37WC as weU. 'Ibis evidence suggests tbat 

although Tg may exceed T,, by sigdicant amounts compared to thermal curing, there 

may still be a ceiling for the maximum Tg achievable by EB curing due to diaision 

limitations. 

6.3 Influence of Initiator Concentration 

The matcrial parameter of initiator concentration, m, is now considered. Detrermining 

the lowest initiator concentration possible for acceptable performance is important to 

minimize material costs. This is especially applicable to EB fomulations because of the 

high cost of  photoinitiators such as OPPI. Balancing this concem, it is also desimi to 

find the initiator concentration which Ica& to the maximum cure extent and hence the 



ultimate physical and rheological properties. Lopaia, et. al 1531, determinecl the optimum 

initiator concentraîion by gamma aii anaiysis to be appmximately b = 3  phr for most 

EB resin formulations. Because of this dcte~ ' &on, this has been the nominal initiator 

concentration uscd in this study and in many other studics. Connrmaton of this gamma 

cell determination by an independent method of optimizing initiator concentration is a 

desired objective. 

The lUOPPI formulation was adyzed for its thermal curing characteristics 

under varying initiator concentrations. Resin spmples were ramp cured in the DSC and 

the d t i n g  exotherms were analyzed. Exothenns for concentrations of 1,3,5, and 10 

p h  are overlayed in Figure 6.15. in this figure it can be seen that the height of the aipha 

peak increases with increasing initiator concentration, and the alpha peaks overiay at 

approximately the same tempratiuc (there is only a matginal dmease in peak 

temperature with hcreasing m). Ttie beta peak height also increases with increasing 

initiator c~ncentration, but moves to a lower temperature. This is an indication that the 

cure kinetics of the beta reaction are more strongiy infiuenced by initiator concentration 

than the alpha reaction. In Figure 6.16, the integrated heat of reaction for the exothenns 

of Figure 6.15 are plotted. The total heat of the reaction increased with photoinitiator 

concentration d l  it reached a plateau value at approximately 5 phr. The exothermic 

heat correspondhg to each of the major alpha peak (alpha and gamma reactions were 

grouped together for this auaîysis since they couldn't be separated) and the beta peak was 

determineci by fitting a gaussian cutvc to each of the peaks. The heat evolved due to botb 

reactions also increased with inmeashg initiator concentration untii a piateau was 

reached at 5 phr. However, the fiaction of the total heat of reaction attrr'buted to the alpha 



Figurc 6.15: DSC exotherms for min with varying OPPI eoacentriiian 
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F i i r e  6.16: Infiaence of iiitiator eoncen~tion ou L a t  evolved 
for thermal curing 



(including gamma) d o n  decrrased h m  82 % at 1 phr to only 62 % at 5 phr. This 

c o n h m  that the beta d o n  is more sensitive to initiator concentration, Increases in 

the total exothermic heat cvolvcd during the c d g  reaction geaerally leads to gains in 

properties such as modulus and strength. Since the minimum initiator concentration for 

the highest total heat of reaction observeci was the omet of the plateau the optimum 

initiator concentrition for thenaai C P M ~  of the formulation wao detennined to bc: 

(tbermai) = S phr. 

To investigate the influence of initiaior concentration on mdhtioo caring, the 

gamma ce11 method used by the CRADA on EB curing (described in pmrious chapters) 

was used. The gamma ceii temperature-versus-dose data was acquired for various 

lE/ûPPI initiator concentrations. This data is plotted in Figure 6.17. The surprishg 

result of this analysis was that instead of showing a minimum dose for peak temperature 

rise as observed by Singh 1231 and Lopata 1531, the dose for peak temperanuc continued 

to decrease for increasing initiator concentration. The data of Figure 6.17 was analyzed 

to determine the dose at peak temperature for each initiator concentration. This 

information is displayed in Figure 6.18. Fmm this plot, it appears as though increases in 

initiator concentration up to approximatkly 3 phr show a significant reduction in the 

location of the dose for peak temperature. There is an additional reduction in dose when 

the initiaîor concentration is i n d  to 5 phr. Beyond 5 ph., the reduction in dose for 

peak temperature with increasing initiator concentration is very slight. For this muon, 

the limitimg value of iaitiator concentration for effective gamma ccll curing is 

determined to be [IJ* (gamma) = 5 phr. This confimu the optimum concentrotion 

determined for thermal curing. In this way, the gamma ceIl data has been utilizcd even 
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Figure 6.17: Gamma ceU temperiture data for v a m g  inihtor concentnition 
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though the CRADA method of the selection of an optimum initiator concentration for 

minimum curing dose could not bc applied to this min system. 

A fkther investigation of initiator concentration was conducted by progressivety 

curing min sarnples of 1, 3 and 5 phr by EB imdhtioi. Samples were subsequently 

ramp cured in the DSC to masure tesidual exothenns. Thc d t s  for EB doses of 25, 

50 and 250 kGy are shown in Figures 6.19 to 6.21. From these figures, the characttcr of 

the residual exotherms can be compared. It should k noted that the processing of each 

sample occurred at the same ambient t e m m  (T~ab=Ooc) and had approximately 

equal maximum tempeniauc (TmR=40"C). Foiiowing EB irradiation to 25 kGy (Figure 

6.19), the 1 phr sample stiii has a prominent alpha peak, while the alpha peak for the 3 

and 5 phr samples has lost is prominence. This is an indication that as the conecntratioo 

of initiator incmms, the EB d h t i o n  Ir more effccfive b activating the initiator. It 

is also noted that the beta peak is hi* dependent on initiator concentration, and is 

much more prominent for higher concentrations. In Figure 6.21, by 250 kGy, the beta 

peak has just begun to disappear,, impiying that the EB radiation has only a weak 

influence on the beta reaction. 

In Figures 6.22 and 6.23, the exothem h m  Figures 6.19 to 6.21. dong with the 

exothenns for intermediate dose values have bcen integrated and replotîed. In Figure 

6.22, the cure cxtent is plotted for inmashg dose, for each concentration. In the 

foiiowing figure, Figure 6.23, the cumulative absolute amount of curing during EB 

processing (determineci indirectly by subtraction of the rcsidual heat h m  the lmown total 

heat of reaction) b plotted for increasing EB dose. The 5 phr min  reaches a higher cure 

extent (68Yo), and the d o n  proceeds M e r  (450 J/g) under the influence of EB than 



Figure 6.19: Rgidual exoüerms for varying iniüator coicentntion 25 kGy 

Figure 6.20: Rcsidud exotbcrms for varylng initiator eoncentmtioa 50 kGy 

Figure 6.21: RcrlduiI exotierms for varying lalaitor wnecntmtion 500 kGy 
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Figure 6.22: Iifluence of  initiator concentrition on EB corn extent 

Figure 6.23: Influence of iaithtor concentration on EB bmt of reaction 



either the 1 or 3 phr samplcs. For this mason, and bgsed on the evidence nom thrrmal 

and gamma analysis, the o p b i m  iniâhtor wnceitntion for EB cnring of lENlPPI 

is siggcsted to bc: 

mc (EB) = 5  PL^. 

It may a b  be observai in Figures 6.22 a d  6.23 that there is an initial piaieau in 

the amount of curing for aii initiator concentrations after approximately 50 kGy, and then 

a second plaîeau after appximaîely 150 K y .  These two plateau in cure extent were 

repeatedly obscrved for aU experimeatd wo* and are likeiy due to, as prcviously 

suggested, diffiisioaal limitations and the difference in reactivity between the alpha and 

beta reaction. The nrst (iower temperatme) plateau is due to the completion or waning 

contrriution of the aipha d o n  to the progression of cure extent The increase in cure 

extent beyond this piaîeau is due to the growhg Muence of the beta reaction to cure 

extenf and when this reaction becornes restricted by diffiision the second plateau is 

reacbed. 

6.4 Influence of Temperatun 

The influence of temperature on the EB curing process has not been purposefuiiy 

examined in previous EB shdies. A number of authors have suggested that temperature 

plays an important role, but no data has been published. The fact that the EB formulation 

studied can be thermally cured is an indication that a significant temperature rise due to 

exothermic heat of reaction a d o r  radiation heating may leaû to sirnultaneous thermal 



curing. More importantly, any diffusion reiated phenornena caused by EB irradiation in 

the glassy state would k influenceci by a temperature incrcase. Re-examining Figure 

6.10 and 6.1 1 it can be observed that the onset tempcraturc (fïrst sign of exothennic kat  

produced) of residual t h 4  curing decrrases with inctcasiag EB dose. The o w t  of 

residual curing drops h m  130°C for the un- =sin to 45°C for a sample irrPdiattd to 

25 kGy. This is evidence that even low tempemûme rises approaching 45OC would 

signincantiy add to cure extent via thermal means. 

On-iine temperanne measurements were madc during aii irradiation to observe 

and estabüsh typieal values for temperature rises during EB processing. Sample results 

h m  thm EB curing runs are show in Figures 6.24,6.25, and 6.26. Figure 6.24 shows 

a (typical) curing cycle for a 3 mm thick composite sample with a volume M o n  of 

fibres of 0.58. The sample was apptoxunately 30 cm by 30 cm in area, and was cured on 

an Aluminium plate of appmximately 3 mm in thickness. Each curing pass, labeiled on 

the figure corresponds to one 25 kGy p a s  under the EB hom. Mer the signiricant 

exothermic temperature rise during pass #2, the sample was allowed to cool away h m  

the ùrfluence of the beam, before the next curing pas .  Passes #3 to #8 are done in 

succession with no cooling tirne. The temperature rise during these passes is due to the 

radiation heating of interaction of die barn with the composite and the caul plate, as 

much as due to chernid d o n  of curiag. F m  the figure, it can be seen that T, = 

700C. It is noted hem for completeness that the radiation heating may be prediaed by 

using the imparted dose and the t ù e m ~ c  rclatioaship: 

D ( J k )  = Cp (Jkg0K) AT (K) 



Figure 6.24: Temperature rUe for 25 kGy/paas EB curing of composite 
(Composite: 3mm tbhk, VMS./.; Aluminum caul plate 3 mm tbick, T,=22@C) 

Figure 6.25: Temperatare rW for 25 kGy/pass EB curing of smrii m i n  srut pie 

(approximatciy 1 g resii sampk, T,=û°C) 



Figure 6.26: Temperature rise for25 kGylpass EB curing of large m i n  sampk 

(approximately 3 g resin sampk; Tm = 22.C) 



In Figure 6.25 a tempcrahirc plot for a resin sample in a 1 ml Jyringe EB cured on an ice 

pack (i.e. at an ambient temprratiac of Ta = WC) is shown. The dose per pass was again 

25 kGy/pw. The maximum temperature exptnenced by the sample was appmximately 

T,, = 18°C. In Figure 6.26, the temperatiae during EB curing of a 3 ml syringe of min 

is shown. This sample was c d  at a dose per p a s  of 25 kGy/pass, and at ambient room 

temperature. It cari be observed that the exotbermic beat produces a iarge 

temperitore rise resulting in a maximum ternperaturt of appmximately 275T. The 

high temperatme occurs because the min sample is large and compact. This result 

indicates that during EB curing of a thick, min-rich composite part, temperature rise and 

conseqwntly thermal curing could be very signifïcant. 

Figure 6.27a shows the comparative influence of ambient cure temperature, T, on 

the progressing cure state of resin samples. The naal cure state aAcr 250 kGy of EB 

radiation is drasticdy a f f i t e d  by ambient temperature. The RT (T.=22OC) samples end 

up in a cure state of 70.h. but the samples cured with an ambient temperature of T.=OOC 

(cured on ice), end up in a cure state of ody 55%. The samples cured on dry ice (Ta= 

78°C) end up in a cure state of only 27 %. This data is plotîed another way in Figure 

6.2%. The cure states for the t h e  dinmnt ambient temperatures are plotted for four 

different doses (25, 50 100 and 250 kW). It is apparent fkom this figure that the 

divergence in cure state occurs most significantly afkr 25 kGy and that up to 25 kGy, the 

ambient cure temperatme does not significantly affect the cure state. This may imply that 

the ambient temperature does not strongly influence the kinetics of the chernid reaction 

of crosslinking (i.e. excitation and activation) under EB. As the cure extent proceeds, the 

diffusion of reacfive species h o m e s  restricted due to higher amounts of crosslinking (an 



Figure 6.27a: Iilloe~ce of ambicot temperatore on c i r e  extent 

Figure 6.27b: Iitlience of dosc on cure extent for incming 
ambitnt temperritare 

for incremiog EB dose 
100 . , 

w 

860- 
CI 
m 
O u s 
f a -  
U 

20- 

, . 



i n c ~ s i n g  ciifference between T,. and TJ and the ambient texnperaam becornes more 

influentid. Aftcr EB doses of 25 K y ,  and certainly for EB doses greater than 50 kGy, 

the fomulation is in the tnra~ition stage and is under the combined influence of three 

phenornena: Advancu made in corn estent fmm this point on arc prodi id  by the 

deciining cffmts of EB rrdtüon induencing the reaction kinetics, the incrcrsing 

effceb of temperature inflicncing the diffusion of reactive s p i e s ,  and the 

inenashg poesibiüty of thermal curiag of excited iaitiator specig. 

A significant observation can be made by examining the Ti= -78T data, where 

the influence of temperature is mrnmiiud 
. .  . . At this temperature, there is only a restricted 

contribution of diffùsion and thermal activation of excited species towards curing. The 

cure extent achieved at this temperature suggests that the maximum cure extent for EB 

curing alone witb no thermal ciring, and limited diffusion is Iws than 25%. 

Anothr important observation noted was that the onset temperature (the lowest 

temperature at which exothermic heat is £kst observed) for residual curing decreases with 

increasing dose. At doses grater tban 50 kGy, the onset temperature decreased to WC for 

those samples cured at sub-RT values. This b fiuther evidence that the OPPI is 

dissociated and has becorne avaiiable for crosslinking reactions, but is trapped by iimited 

mobility in the glaosy state of the polymer. An incrpaxd amount of thermal energy is 

requirrd to impart enough kinetic energy to the reactive species to complete the reactions. 

These nsults clearly show that temperitrire piays s v e y  signifiant rok daring 

EB curing. With increasing EB dose, the initiator is increasingly excite& and modest 

temperature rixs cause thermal activation and curing. The assumption that has b e n  

made by previous researchers that crossliiiking during EB processing is strictly due to EB 



interaction with the formulation is doubtfbl. As well, since dif i ion  of EB activatexi 

species is required for crosslinking reactions to occur, the ambient temperature during EB 

curing is an influentid parameter that cannot be independentiy selected. 

6.5 Influence of Reinforcement 

The same analysis of examinhg DSC residual exothemis for increasing EB dose was 

undertaken to ascertain the influence of the prrsence of reinforcing fibres on the EB 

curing process. Volume fiaction of approximately 58% composite samples were aven 

EB doses in 25 kGy increments up to 500 kGy, and the redulting residual exotherms are 

shown in Figures 6.28 and 6.29. The ambient temperature for irradiation of these 

composite samples was T.=22T, and the temperature rise during processing c a w d  the 

maximum temperature that the samples reached at times during irradiation to be 

approximately T-=70°C. Figure 6.28 shows the residual exotherms compared to the 

untreated composite sample. After irradiation, the exothenns are beüer examinec! on the 

expandeci scale of Figure 6.29. The alpha peak is prominent up to an EB dose of 100 

kGy, and has not moved to as low a temperature as it did for the resin samples (165OC 

versus 140°C). This may indicate a difference in the reaaion kinetics between composite 

and resh samples. 

In Figure 6.30, the cure extent versus EB dose is plotted for the composite and 

compared to the data for neat resin. From this figure, it is evident that the EB radiation is 

most effective below 100 kGy, and at doses above 150 kGy has a negligible effect on ' 

cure extent. In cornparison to tbt neat ruin, the composite cuns to a further extent 



Figure 6.28: Cire pmgmmioa for EB treatcd composite (0-500 kGy) 

Figure 6.29: Cure progression for EB tnrtcd composite (25-500 kGy) 



Figiire 630: Inflaeice of diforcement on emre extent for inereasiig EB dose 

(composite: Vf = 58 Y.; boa m i n  and composite cured i t  T,=2ZeC) 



(80% W. 73%) i t  Sûû kGy. Generally, the presence of reulforcetnent in the maîrix has 

previously ken thought by other authors to inhi'bit the EB processing, as mcntioned in 

chapter 4. This has meaut that a higher dose has been applied to composite samples 

(approximately 30 kGy higher) in an effort to advance the final cure state to the same 

level. Evidence that may support this rssumption is that the alpha peak requircs a higher 

dose before it loses its prominence over the other peaLs for composite than for neat min. 

Howevathe plot of Figure 6.30 implies that the pmnec of reinforcement serva to 

. . 
dccrease D,, and incmase thc muimiim cure estent. A more rigorous examination 

of the effect of reinforcement could be undertaken which would account for varying the 

volume Çaction (Vf) of fibres, type of fibres (giass vs. graphite), and fibre sizing (the 

microthin polymer coating depositeà on fibres foliowing their fàbrication). A study of 

such factors would be beneficial, but is outside the scope of this study. 

6.6 Influence of Dose Rate 

The experimental observation of dose rate effects for EB curing is complicated by the 

constantly pulsing and scannirig electron beam and moviog conveyor. However, an 

investigation of dBerent peak dose rates as àefhed by the auîhor in chapter 3, and 

ciifferent dose per p a s  values during EB irradiation was undertaken and resuits in some 

sigdïcant observations. These observations bave important implications on the practicd 

selection of spaîial parameters such as scan width, conveyor speed, and height above the 

conveyor. 



In Figure 6.3 1, the cure extent as a fiinction of dose is plotted for t h .  diffèrent dose per 

pass values, do, aii cured at Ta=O"C (ice packea) to reduce the influence of temperature. 

The 2 and 5 kGy/pass samples exhiiited very Little temperature rise up to 50 kGy 

(approximately Tm=50C), while the 25 kûy per p a s  sarnples exhibited a maximum 

temperature of approximately T-=2R. It is apparent that there is virtuaily no cure 

extent diffmnce betwcen the 2 kGy/pass and 5 kGy/pass samples; however, the cure 

extent of the 25 kGy/pass sarnples is much greater at the same value of dose. There are 

two possible eqlanations for this ciifference. It is possible that this difference is due to 

an influence of the process parameter of dose per pass on cure extent. That is, the higher 

the dose per pas, the higher the cure extent for a given Qse. An alternative explanation 

is that the small Merence in temperature Ne during EB curing at different dose per pass 

values is responsible for the different cure extents. If the former explanation were true, it 

would be expected that there would be a dflerence in cure extent values between 2 kGy 

and 5 kGy, but no difference was observed. It is likely that the difference in temperature 

rise between the 25 kGy passes and 2 and 5 kGy passes t&at has affecteci the cure extent 

at least to some extent Unfortunately it is not possible ta completely deheate 

temperature and dose per pass effects and therefore not possible to determine whetber 

it is the ineremental dose per pass or the associattà temperature rise that influeices 

cure extent. 

Another method employed to investigate dose rate effeçts was to vary the peak 

scanning average dose rate. Resin samples were curcd at WC, at the same conveyor 

height (15 cm) and the same dose per pass (20 kGy). The oniy différence in processing 

was the suui width, and hence the peak scmnniig avemgt dose rite, d3, as descfibed in 



Figure 631: Influence of dose per pass on cure extent for increasing dose 



chapter 3. A scau width of 30 cm corresponding to a pcak sfanning average dose rate of 

0.65 kGy/s, and a scan width of 60 cm, wmsponding to a peak scanning average dose 

rate of 0.32 LGy/s were used Figure 6.32 shows the progression of cure extent for the 

two différent scanning average dose rates. It can be observai that Ue loncr scaaning 

average dose rate (wider scm width) curcs to r furtbcr estent. At the plateau at 

about 80 kGy, the 0.32 kGy/s semple exhibits im ultimett conversion of approximateiy 

50 ./O, while the 0.65 kGyls sample exhibits an ultimntc conversion of only 45 %. This is 

a very significazit phenornenon. It irnplies thet the dose rate has severe implications on 

cure extent, and that low dose rates are more favourab1e to high dose rates. Temperature 

rise during these two dose rate experiments was very sunilar (T-=20°), however the 

time for which each sample was exposed to that temperature was different. The time of 

infirience, pairmeter t*, is doubled when the scan width is doubled, so that the lower 

dose rate experienced elevated temperatures for longer periods than the higher dose rate. 

It is likely that the diaerence in altimate cote extent for dincrrnt peak scaniing 

average dose rates ir a milt of a combination of the influence of t* and dl hctors. 

A simüar investigation of dose rate was undertaken that made use of the change in 

instantaneous dose rate with height h m  the conveyor. Resh sampies were 

progressively curexi in hcrements of 20 kGy/pass, at scan widîhs of 30 cm, but at 

different scan heights (1 5 cm and 45 cm). At F I S  cm, the peak instantaaeous dose rate 

is 2.1 MGyls and the peak duty cycle average dose rate is 2.1 kGy/s. At ~ 4 5  cm, the 

peak instantaneous dose rate is 5.4 MGy/s and the pcak duty cycle average dose rate is 

6.5 kGy/s. Figure 6.33 shows the cure extent progresion for the two diffcnnt scan 

heights, cured at the same dose per pass. The scan width was the same for both scan 



Figure 6.32: Iifiuenee of peak scaiaimg average duae rate (sami width) 
on cure extent for increasing EB dose 

+ coav y o r  beight 1 



heights, but since the peak instantancous dose rate duîy cycle average dose rate changes. 

both the d g  average dose rate and the duty cycle average dose rate change. At 

z=15 cm, the peak scanning average dose rate was 0.65 kGy/s. and at -5 cm. the peak 

scanning average dose rate was 1.7 kGy/s. It is evident brn Figure 6.33 haî &e lower 

instantaneous dose rate cures to a higher extent. Once again, the maximum temperature 

rise experienced for both experiments was appmximately Tmu=200C, but the time of 

influence, t* is almost tripled between the two scan heights. It is evident h m  this and 

the previous investigation that a 'slow' EB coring 8t 8 low doee rate rtsdîs in a bigher 

cure exteat tban 'fmt' c i h g  at a high dose rate for the samt appkd total d-. 

Resuuch by radiation chemists such as Czvikovsky [SA, in other applications of EB 

irradiation of polymers have suggesteâ the same phenornenon. 

The ciifferences in cure extent for d . e r e n t  peak dose rates may be solely attri'buted 

to the-of-influence ciifferences, rather than an a c t d  dose rate dependence. Evidence 

for this conclusion can be justifid by suggesting that increased the at an elevateà 

temperature causes increased diaision. Thpt is. reactive species trapped in the glassy 

state show increased migration to rraetive sites and wmplete crosslinking reactions with 

increased time at slightly elevateâ tcmpenitures. However, since temperature effects 

cannot be completely deiineattd îrom dose rate effects. it can only be concluded thaî as a 

practical matter, simple Merences in dose delivery significantly affect EB curing 

reactions. 



6.7 Kinetic Analysis 

To develop a betîer understanding of the phenornenon of EB radiation curing, an 

investigation of the criring d o n  kinetics was initiateci. Since it is not possible to 

accurately meas- the rate of heat evolution during EB proçessing (i.e. an EB 

calorimeter does not exist) the EB reaction was studied by thermal kiaetic analysis 

following EB irradiation. From this type of adysis,  characteristics of the EB curing 

reaction can be iderred. There were two specinc objectives of this anaiysis. The first 

goal was to investigate the decrease in residual curing onset temperature caused by EB 

irradiation. The second, and more arnbitious goal was to model the kinetics of the 

residual t h e d  curing reaction and to use this model to delineate kinetic effects fkom 

diffusional effects. Although sipififant observations were made through kinetic 

analysis, the second objective could not be tùlfilled. This shortcornhg was due to the 

complexity of the lE/OPPI formulation. Since tfiree reactions are observed during curing 

(alpha, beta, and gamma), a complete mode1 of each reaction would be required to 

distinjpisb diaision h m  reaction kinetics. For the mtreated formulation, the three 

reactions can be distinguished from one another, but with increasing EB dose, it is 

Increasingly d icu l t ,  to completely distinguish (and hence analyze) each reaction. 

Hence, the kinetic investigation to foiiow is a simplined analysis performed sotely to 

determine the influence of dose on residual themial curing kinetics. 

Isothermai cure monitoring of untnritcd lE/OPPI resin at different temperatures 

was performed, the results of which are shown in Figure 6.34. In these tests, the alpha 

and gamma reactions are observed, the alpha reaction to the right of the gamma reaction. 

For the test at 1600C, only the alpha r~ction is readily observed. For al1 isothemial 



Figure 6J4: Isothermal cunng of untreated m i n  

Temperature 
Cc) 

Tabk 6.3: Average n t e  constaiîs for n a t  min 



anaiysis, the beta reaction codd be ignored since it was not observed for the i s o t h d  

temperatures selected. From these multiple DSC tests, it is apparent that both the alpha 

and gamma peaks are shifted dong the time axis with decreased isothermal temperature. 

This suggests thaî the kinetics of both teactions are autocatalytic in nature and hence are 

described by equation 5.2: 

dcMt = kc*  (1 oc.) 

The alpha d o n  was sel& for andysis since it is the primary (highest 

exothermic heat) d o n .  By fitthg eqU2;Lion 5.2 to the alpha peak of the isothermal tests 

and forcing m + n = 2 (an assumption comrnody wd to simpiify the kinetic analysis), 

the rate constants k, m, and n, shown in table 6.3 were determinecl. 

The isothermai parameters obtained were then used to generatc an Arrhenius plot 

(Figure 6.3 5, previous page), which exhibits the relationship of equation 5.3 : 

k(T)=ze--  

For the neat resin, the results of the Arrhenius fi were: 

Activation energy: E = 147.1 (kJ/mol) 

Arrhenius frequtney factor: In(- = 40.9 ( I f s e c )  

This same method of thermal kinetic analysis was employed on min samples that 

had been EB treated. Low EB dose levels were selected so that the glass transition 

temperature was lower than the omet of the midual cuting reaction, to avoid diffusion 

related effects. The dose levels that met this criteria were 6, 10, and 14 kGy. The 

exothermic heat of reaction for each of the alpha beta and gamma reactions was 



Figure 6.35: Arrhenius plot of untreated m i n  



detemined by a trial and error method of fitting a Gaussian curve to each reaction peak. 

These results are summarized in Table 6.4. 

To b i t  the effect of thermal activation and curing, the min samples were EB 

cured on dry ice, at an ambient temperature of appmximately Ta = -78OC, and 

expenenced a maximum temperature of only T- = -40PC. The DSC isothermal tests 

and Arrhenius plots obtained are show in Figures 6.36 to 6.41. It should k noted that 

the kinetic analysis of Figures 6.36 to 6.41 is not an investigation of EB reaction kinetics, 

rather it is an anaiysis on the residual thermal cure reaction kinetics. However, h m  this 

type of investigation it is possible to determine how EB radiation treatment changes the 

kinetics of the alpha d o n .  

Tabk 6.4: Eatbalpy of rtactions for midual thermal caring 
following eacb EB mitment 

EB 
Treatment 
@Gy) 

Total 
Entbdpy 
(J/g) 

alpha 
(J/@ 

gamma 
(Jfg) 

7 

bcta 
(J4) 
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Figure 6.38: Isothermal curing of 10 kGy m i n  

Figure 6.39: Arrhenius plot for 10 kGy m i n  
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Figure 6.40: Isothermal euring of 14 kGy m i n  

Figure 6.41: Ambernius plot for 14 kGy m i n  



From the tesults of these isothermai tests, the influence of dose on activation 

energy for low EB doses can be obsewed (Figure 6.43). It is evident fkom this figure that 

small increases in EB dose at low total dose values act to reduce the activation energy for 

residual thermal curing with a linear tendency. Because of this trend, a simple 

modification of the Arrhenius equation is suggested for low EB doses: 

k m = Z e  -(LI D) /RT (w- 6.1) 

Where the constant f i s  inhodacd as the EB dose factor, the dope of the data plotted in 

Figure 6.42. This dose factor has uni& of:: 

dosc factor, f (uni&) = (kJ 1 mol) / kGy 

or simply, f (units) = g I mol 

For 1 E/OPPI, the calculateri value of this dose factor is: 

f(lW0PPI) = 4.12 g/mol 

In developing a simple mathematical model of EB curing (alpha teaction only), it is 

evident 6om the results tbat the influence of temperatut must be included in that model. 

The existence of the relationship between dose and reduced activation energy reinforces 

the conclusion that for low dose levels, EB irradiation serves to excite the initiator so that 

a reduced amount of thermal energy is required for activation. The relationship of 

equation 6.1 applies only for low doses ( l e s  than 14 Ky) ,  and bas not been verified 

beyond this range. This analysis demonstrates how simultaneous thermal and EB c u k g  

can be accounted for in modeilhg EB processing. 



Figure 6.43: Infiuence of dose on activation energy for residual thermal cunng 
(alpba reaction onîy) 



The previous evidence presented on the influence of process and material parameters 

produces the reoccurring certain@ that there is a signifïcant amount of undercuring 

associated with EB processing. This being said, the thermal reactivity of the lE/OPPI EB 

formulation makes it suitable for thermal postcuring to complete curing to the furthest 

extent (highest degree of crosslinking). It has been shown that this thexmal postcuring 

advacices the 'B' glas transition h m  approximately 150°C to 370"C, or in essence 

causes the 'B' transition to disappear. The challenge undertaken in the mechanid 

property comparison was to quanti@ the effect of undercure on the mechanical properties 

of the resin and to compare thermal and EB cured resin samples. To investigate this, 

some straightfocward mechanid testing was employed. 

Cured IE resin is very brittle and shows no plastic deformation, typical of many 

epoxies. Three diffèrent types of resin samples were prepared and tested: 

1) EB c d  at room temperature (T-b = 2Z0C) to 200 KGy; 

2) Thermally cured at 17TC for 3 houn and postcured at 232O for 2 hours; 

3) EB cured at RT to 200 kGy, and postcured at 232" for 2 hours. 

A minimum of ten samples of each type were tensile tested at m m  temperature to 

investigate any differences in moddus, strength, and ultimate straia. The average and 

standard deviation of the results of these tests are presented in table 63. 

Altbough the extremely brittle nature of the partiaily cured resin caused the 

standard deviation of measured mechanid properties to be signxcant, a number of 

general observations can still be made. For instance, a drop in modulus was observed 

after postcuring. There is a difference in ultimate strength and m i n  between EB and 



cycle: 
177°C for 3 hrs 
232°C MT--p for 2 hrs 

- 

EB 200 kGy 

EB 200 kûy 
Thennalpostcure: 

232°C for 2 hrs 

-- 

Tabk 65: Sammay of Mechanial Pmperties 

thennaliy processed samples. The ciifference in ultimate strength between EB cured and 

postcured samples faüs with the ma@ of error created by the high deviation h m  test to 

test and cannot be considered as a signifïcant difference. 

The reduction in room temperature modulus between EB and postcured samples 

is surprising. It is expected thai more crosslinking would result in a higher modulus 

value. This result may suggest that theR is a reduction in midual stresses during 

postcuring. The difference in strength between EB and thermally cured min may 

suggest that there are differences in the structure of the cured resin b e e n  the EB 

treated and untreated samples. A thorough investigation into the mechanical properties 

of cured resin and composite was not the focus of this investigation. However these 

initial results serve as an indication that sigdcant Merences aise in mecbanid 

properties and M e r  study in this a .  is warranted. 

21.0 8.7 

18.8 * 1.7 

I 

130 

370 

3.94 0.12 

3.46 * 0.08 



Chapter 7 

Conclusions 

Over the course of the previous six chapters, a complete description of EB curing 

has been provided. Aspects of the history, cornmercial development, and chernistry of 

EB curing have been outlined. Processing facilities, EB accelerators, and functional 

characteristics of the process have been described. A meaningfîd contribution to high- 

energy EB research has been made by defming the important process parameters of the 

technology, including the original concepts of duty cycle average dose rate and scanning 

average dose rate. Most Mportantly, on the basis of this work a better understanding of 

the influence of material and process parameters on high-energy electron beam curing of 

polyrner composites has been developed. Armed with this increased knowledge a 

number of conclusions can be drawn about the potential merits of EB curing. 



To fulfil the specific objectives laid out at the end of Chapter 4, a summary of the 

primary discoveries and conclusions made on each material and process parameter is 

useful: 

Dose: An improved method of predicting the dose for maximum c M g ,  Do, has 

been developed by examinhg DSC residual exotherms. The ultimate cure extent 

achieved by EB curing at room temperature was quite low (approxhtely two 

tbirds). Either thermal postcuring or manipulation of other material and process 

parameters is required to avoid this undercure. EB Dose is effective at exciting and 

activating the initiator for crosslinking reactions, however the extent of crosslinking is 

limited by difision. 

Temperature: Of critical importance was the discovery that temperature strongly 

influences the EB curing process. As irradiation proceeds, thermal curuig and EB 

curing are complementary phenomena. Also, since EB cuRag becomes more 

diffusion dependent with increasing dose, both the ambient (applied) temperature and 

the tirne-temperature history during processing play a major role in the overali cure 

extent achieved during irradiation. 

Initiator concentration: Three independent methods of optimizing the initiator 

concentration were use& al1 of which indicate a value of 5 phr, higher than the value 

currently accepted as the industry standard (3 ph). 

Dose Rmte: From a practical point of view, dose rate has a strong influence on cure 

extent. This implies that parameters such as conveyor speed and scan width must be 

selected carefiilly when EB curing. Although results are influenced by other 

parameters, it was observed that low dose rates lead to higher cure extents than high 



dose rates. This is thought to be due to temperature and time affecting diffusion and 

thermal curing. 

5) Reinforcement: EB curing shows similar behaviour for composite samples as for 

resins. However, for lE/OPPI, the composite achieved a higher cure extent than neat 

resins 

6) Kinetics: Based on the kinetic analysis of the primary curing reaction, it cm be 

concluded that the interaction between the EB and formulation causes a reduction in 

the activation energy required for thermal curing. This is the most convincing proof 

that thennal c h g  plays an important role during EB processing. A straightforward 

adjusment to the Arrhenius equation was detemined that indicates that modelling of 

thermal and EB curing simultaneous~y is possible. 

7) Mechanical Properties: EB cured resin samples have as good or better properties 

than thennally cured resin samples, even before postcuring. 

These observations serve to answer the specific objectives set out for the 

experimental research. Collectively, these discoveries lead to a number of important 

implications for the commercial potentiai and research direction for EB curbg: 

- Formulations (selection of resin-initiator pair) need optimization to eliminate curkg 

reactions that are only weakly dependent on EB. 

- Thermal and EB curing c m  occur simultaneously during EB processing and therefore 

must be must be modelled together. 

- Diffision is limiting factor in achieving high cure extents 

- EB curing not temperature selectable, which may curtail some of the proposed 

advantages such as CO-curing 



- T,s much higher than cure temperature are achievable, although the ultimate Tg is 

influence by temperature 

A few suggestions are made for future research: 

- identi& and compare EB and thermal reactions 

- investigate fibre-matrix interface for EB versus t h m a i  curing 

- investigate residual stresses caused by rapid curing in the glassy state 
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Appendix A 

An Introduction to Polymers and 
Composites 

A.l Polymers and Plastics 

The words polymer and plastic are often used interchangesbv in everyday English, 

without much confusion. Indeed, in scientific literature they are also used in place of one 

another, but strictly speaking the two tenns have quite diffêrent meanings. For example, 

the biological molecule DNA is a polymer but certainly not a plastic. So it is often left to 

the rpader to implicitly know what is meant by each usage of the words. This k ing  the 

case, some elabmation is presented hem. 

A poîymer is a large molecule (Po& meanhg many) composeci of repeating units, 

or 'mers' ( h m  the Greek word meros - part), comected by covalent bonds. Covalent 

bonds are those chernical bonds in which atoms share electrons with other atoms to form 

stable molecules. Polymers are considend their own class of materials, distinct 60m 

other classes such as metals or ceramics. Polymers may be (and are sometirnes classined 

as) naîuraiiy occurring or synthetic. Naturally occurring polymers include wood, bark, 

leaves, bone, skin, natural rubber, and silk. Synthetic polymers are easily recognizable as 



humanmade, and include W C ,  poiystyrene, syndietic rubber, and polyethylene. The 

term piastic refers to certain synthetic polymers and their formuktons, which may 

include filler material, anti-oxidants, colouring agents, plasticizm, or other additives. 

Plastics may have a variety of appearances and pmperties, but in general may be defïneà 

by their ability to undergo continuous deformatioa under an applied force. Plastics are a 

subgroup of the plymer class of materiais. ûther subgroups of poiymers include rubbers 

( a h  known as elastomers), textiles (e.g. fhric iike rayon, nylon, etc.), adhesives, paints, 

and biopolymers (e-g. DNA). 

Plastics are usually oamed by the manufacturer (a brand name) or given a genenc 

name. Sometimes plastics are r e f d  to by the primary polyrner they contain, despite 

dflerences in tbeir additives. Polymers always have a scientific, chemical name based 

on strict chemicai narning conventions that describe their structure. Some polymers are 

also given names by the chemical Company that synthesizes them, or person who 

discovers them. AIthough the term poiymer encompasses all of the sibgroups and 

examples iisteà, it is often used instnd of the more specifir term phtic, especiaiiy 

by engineers and materiab scientutS. 

Most plastics are organic polymers, meaning îhey are made up of carbon and 

hydrogen atoms. Familiarity with the principles of organic chemistry is necessary to 

understand the specifics of bonding and structur= in plastics. Although engineers must be 

knowledgeable in chemistry, they are generally l e s  concerned with the mechanisms of 

polymerizaîion and more with the rcsultant properties and usefûlness of a potymer. 

Most synthetic or engineered polyxners (plastics, elastomers, textiles) have been 

developed in the last 50 to 60 years. Early polymets were created by mod@ing n a t d  



polymers, but these days the trend has shiW to the production of totally synthetic 

polymers. These polymers are usualiy created h m  materials of low molecular weight 

bydrocarbons fkom oil or the pyrolysis (chernical change caused by heat) producîs of coai 

and wood. A very small percentage of polymers are crrated h m  the recycling of w d  

polymers. The processing of engineered polymers involves taking the raw material 

created fiom pyrolysis, blending various additives, and inducing polymerization to form a 

useful material. Sometimes parts are shaped during the polymerization, and sometimes et 

a subsequent processing stage. 

A 2  Thermosets, Thermoplastics and Processing 

There are two distinct classifications in plastics: Thennoset plastics (thermosets) and 

thermoplastics. Thermopiastics can be heated to their softening or melting point, 

reshaped by pressure or in a mold, and cooled to retain that shape. This can be done 

repeatediy without sisnificantly changing the properties or microstructure of the polymer. 

Thermoset polymers may only be shaped and cooled once. The pn>cess of crring 

thermosets causes permanent crosslinks to form between molecules, which will not allow 

subsequent reshaping. When thermosets are subjected to ensuing heat and pressure, only 

degradation or c h d g  of the polymer occurs. 

Polymers such as po1yvinylchlonde (WC) and polyethylene are thermoplaFtics, 

while epoxies and polystyrene are thermosets. Themioplastics are genedly fairly impact 

resistant, or tough, and usually melt at lower temperatUres, which are properties one 

usually associates with al1 plastics (plastic food containers don't break when you drop 



them, but they melt if you get hem cime to the rtove). Conversely, thermoset polymea 

can be brittle and giassy, but also have very good t e m m  resistance - up to 350°C 

and beyond. 

Polymerization is a reaction that creates chemical linkages between relatively 

small molecules, or moaomers, to form very large molecules made up of repeating 

monomer units. If the chemical b g e s  f m  a ri@, cross-linked molecular structure, a 

thermosetting plastic results. If a flexible molecular structure is formed, either linear or 

branched, a thermoplastic results. The tenn poiymerization is usually reserved for 

thermoplastics while the term carhg is generally reserved for thermosets. 

Polymerization reactions can occur by bulk, emulsion, suspension or solution 

polymerization. The chemicai reaction of cwhg is a form of bulk polymerization. The 

term m i n  is commoniy used to describe a polymer before it has been compietely 

processed and in general refm to a hi& molecular weight organic material with no sharp 

melting point. Resins consist of the building blocks of a polymer - namely monomers 

and oiigomers (polymers containhg only a small number of repeating unie). The term 

pre-polymer may be used to refer to any of these t e m  - resin, monomer, or oligomer. 

There are a wide variety of ways that a plastic may be fonned into a part such as 

casting, extnidhg, thennoforming, and blown molding. The spefifics, advantages, 

limitations and relative costs of each will not be discussed here. In general, a plastic part 

is produced by a combination of cooling, heathg, flouring, deformation, and chemical 

reaction. The processes &r, depending on whether the material is a thermoset or 

therrnoplastic. The usual sequence of prcxessing a therrnoplastic is to heat the already 

polymerized material so it sofiens and flows, force the matenal in the desired shape 



through a die or a mold and chili the melt into its fmal shape. By cmtrast, a thennoset is 

usuaily processed by starting out with a paitially processed material, which is softened 

and activated by heating. While so4 the thermoset is forced into the desired shape by 

pressure, and held it at an elevated curing temperature until the polymerization miftion 

proceeds to the point where the part hardens and sets into its permanent shape. 

A3 Epoxies 

Epoxies are a thennoset polymer of enormous importance to agineers. They c m  have a 

range of chernical structures, but they are based on the epoxide ring of two carbons and 

an oxygen in a linked ring. We generaliy think of epoxy as king used for adhesive or 

repair, for ewmple a two-part epoxy that you buy in the hardware store. In facf a great 

many of the applications of epoxies are in adhesion and repair. A two-part epoxy is 

actually a low molecular weight epoxy in one container, aad a hardeoiag agent in the 

other. The hardening agent causes the epoxy rings to open, and for each of the individual 

epoxy monomers to cmsslink or bond to adjacent molecules. Eventually the system 

becomes highly crosslinked and hardens nom a vismus liquid to a solid 3D polymer 

network. Cataiysts may be used in addition to (or in some cases in place of) hardeners to 

facilitate the curing reaction. 

This curing process depends on the hardener and the epoxy chernical structure. 

For some resin systems, the hardedg can take place at room temperature. For other 

epoxy systems, the application of heat is necessary to help initiate and sustain the 



crosslinking reaction. In either case, the chernical &on of crosslinking is exothcnnic 

in nature, meaning that the teaction releases heat as it is proceeds. 

A.4 Composites 

A composite matcrial is a substance d e  up of two or more distinct components, 

materials which do not mix, but exist together to fonn a material with enhanceci 

propertïes and expandeci capabilitia. The history of composite materials extends back to 

ancient times when it was discovered that the addition of straw to clay made stronger 

bricks. Concrete, invented by the Romans, is a composite made up of aggregate and 

cernent. Steel reinforcing bars used in modem concrete structures are merely an 

additional layer of reinforcement. In the last fXy  y-, with the advent of synthetic 

polymers, composites have evolved to become dominate in many fields of engineering, 

including the construction, aerospace, and biomedical industries. 

Typically, an engineered composite is typically made up of a matrix or binder 

matenal, within which reinforcernent is embedded. This reiaforcement can take the 

shape of particles, whiskers or fibres. One of the most cornmon modem composites is 

fibregiass, which has chopped strands of glass which are very strong, but also brittle, and 

a resin or plastic ma& which is durable, tougb and distributes extemal loads evenly to 

the glass fibres. Carbon fibre composites are relatively new, within the 1st 30 years. 

Carbon, or in its cryttaliine form, graphite, is vay strong, with both a high modulus of 

elasticity (it resists stretching) and a hi& ultimate strength (it won't easily break in 

tension). Carbon fibres are also very light for their strength, when compared to other 



materials. Carbon or graphite fibres embedded in a polymer matrix creates a material 

with niperior properties - üght, strong, tough and durable. 

Polymea make up the matrix material of a vast majority of modern composites, 

which are called polymer rnatrix composites (PMCs), or fibre reinforced plastics (FRPs). 

Metal and ceramic maîrix composites (MhdCs and CMCs) are used to a lesser degree for 

specinc applications. The matrix m e s  to bind, protect and transfer stress to the 

reinforcement, as weil as give the component its shape. The mejority of matrices 

currently in use are thermoset polyrners, with the majority of &ose behg epoxies. 

Epoxies offer ease of manufacturing, adhere weU to reinforcement, shrink litîle, and are 

strong and durable. 

Reinforcement for composites is usuaiiy in the form of long, thin fibres. 

Because of microscopie flaws present in ail materials, homogeneous materials such as 

steel or giass rock usuaiiy only achieve approximately 10 % of their theoreticai strengths 

(based on inter-atomic bonding). By drawing a material down to a fine h a 4  the stress 

(load per unit area) that a materid is capable of withstanding can rise exponentially to 

one quarter or more of the theoretical value. As weli, by using multiple fibres in a mat& 

instead of a bulk material, when one fibre fails, the crack does not automaticaily spread to 

the other fibres. Graphitdcarbon, aramid (Kevlar) and g l a s  fibres, embedded in epoxy 

matrices, make up the composites with the most superior properties and are ofken cdied 

advanced composites. 



A S  Advanecd Composites and Theu Properties 

Advanced composites are so-narned because they are useâ in advanced or hi&-tech 

industries and exhibit advanced or especiaiiy desirable properties. The aerospace 

indusûy is a very big user of advanced composites because strong and light materiais 

make it easier and cheaper to get into the sky. The Boeing 757,767, and 777, and Airbus 

320 planes all use carbon fibre PMCs extensively. The X-34 Reusable Launch Vehicle 

(space shuttle replacement) will have an aimame that is almost 95% graphite/epoxy. 

Improving the properties of advanced PMCs to impmve the peifomiance characteristics 

of such applications is an important field of study. 

There are two facto= that contribute to performance of a PMC - materials and 

processing. Materiais can be improved by developing better resins and fibres, and by 

optirniting both new and old formulations. In a similar matmer? processing can be 

improved by developing new processes? and by optimizing process conditions. 

Improvement in materials and processing are evaluated by composite qualification 

testing. Standard test methods are used to characterize mechanical properties such as 

tension (ASTM D3039), compression (ASTM D3410), in-plane shear (SACMA 8-77), 

short-beam shear (ASTM D2344) and flexural pmperties (ASTM D790). These 

properties are tested both at dry room temperature and at hot and wet conditions ôefore 

they are analyzed. In addition, physical properties such as void and fibre volume 

hction must be wd in evaluating composites. 

Thenno-mechanical properties of polymea are often dso d l e d  rheologial 

properties. Rheology is the study of the change in form and flow of matter, particicularly 

of the plastic flow of solids. A rheological property of significant importance is the glass 



transition temperature (T,J of thermoset polymers and their composites. The glas 

transition point is the temperature at which a matcrial changes fkom glass-like behaviour 

to rubber-Ne behavbur (i.e. h m  a rigid to a sofkened state). Both mechanical and 

electrical properties degrade significantiy at tûis point, which is characterized by a 

narrow transition range raîher than a sharp point as in k z i n g  or boiling. For advaaced 

applications that are subjected to temperature extrema, the glass transition temperature is 

an important parameter. Both material and pmcess parameters are ofken evaiuated based 

on the Tg of the resdting composite parts. 



Appendix B 

Thermal Analysis and Differential 
Scanning Calorimetr y 

The expression 'thexmal analysis' suggests the measurement of  heat. In fact, the 

measurement of heat is oniy one part of thermal anaiysis laboraîory practice. Thermal 

analysis encompasses measurement of phenornena associated with heat and heat transfer, 

and even more generaLiy speaking, the investigation of temperature dependent events. 

B. 1 Differential Scannuig Calorimetry 

The actual measurwent of heat, one of the most prominent thermal analysis techniques, 

is the objective of caiorirnetry. To measure heat, one must exchange heat The 

exchanged heat tends to effect a temperature change in a body, which can be used as a 

mesure of  the heat exchanged. The proccss of heat exchange involves the fiow of heat, 

which leads to 1 4  temperature ciifferences dong its path, which may also serve as a 

measure of the flowing heat. 

Chernical transitions, and many physical transitions, are associated with the 

generation or consumption of heat. Calorimetry is the universal methd for investigating 



such processes. Meaniring devices in which an exactly known amount of heat is input 

into a sample and the temperature change in the sample is measurcd, are also refemd to 

as calorimeters. DifTerential Sclnniag Calorimetry @SC) is Qhed as foiiows: 

A technique in which the kat-jlow rate @uwer) to t k  smnple b monitored 

agaimt time or temperature while the temperatwe of the sample, in a spect$ed 

atmosphere, i3 progrmmed. 

\ 

There are two different types of DSCs: the power compemating DSC and the heat 

flux DSC. The powa compensating DSC belongs to the class of heat-compensating 

calorimeters. Two specimens (a simple under investigation and a reference) are heated 

in separate identical funiaces. The dserential ternprratilrr between the sample and 

reference is convertecl to differential heat flow by measuring the power required to retuni 

the temperature dinérence to a constant value (theoretically zero). The heat flux DSC 

belongs to the class of heat-exchanging calorimeters. Two specimens are subjected to 

controlled heating in the same fumace. The measurement signal is the temperature 

difference between samples. A temperature difference develops if there is any dinerence 

between the heat flow rates to the sarnple and to the reference. The magnitude of the 

temperature difEerence describes the intensity of the exchange and is proportional to the 

heat flow rate. 



B.2 The Heat Flux DSC 

The analysis in the body of thk thesis has utiiized a heat flux DSC, and so its 

operation will be described in more detail. The chatacteristic feature of this measuring 

system is that the main heat flow h m  the h a c e  to the samples takes place duough a 

dirk of good themial conductivity. The samples, or more precisely the sample containers, 

are positioned symmetncaiiy on the disk The thermocouples are positioned directiy 

below each sampk, and are built right into the disk structure. Each temperature sensor 

covers an area that is approximateiy equal to the a m  of the sample container, so that the 

position of the sample inside the container (usuaiiy cailed the sample pan) does not 

matter. To keep the error in measurement as small as possible, the arrangement and exact 

location of the sample and reference should ahuays be the same. 

Figure B.1 shows a schematic of a DSC cross section. A constantan disk is the 

primary means of transferring heat to the sample and reference positions. The differential 

heat flow, a, is monitored by area themiocouples fonned by the junction of the 

constantan disk and chromel waférs, which cover the underside of the platforms. 

Chrome1 and alumel w i .  attacheci to the chromel wafers fom thermocouples, which 

directly monitor the sample temperature. The funiace is made of siiver to provide the 

high thermal conductivity needed for exceptional temperature stability. 

When the fumafe is heated, heat flows through the disk to the samples. When the 

arrangement is ideally synimetric and the samples are identical, e q d y  high heat flow 

rates flow into the sample and the reference. The differential temperature signal AT 

(dserential voltage fiom thennocouples) is zero at this point. When this steady-state 

equilibrium is di-d by a transition within one of the samples, a differentid signal is 



generated which is proportional to the diffeffnce h e e n  the kat flow rates to the 

sample and to the reference sample: 

am-mr=-AT (AT = Ts - Tr) (w* B.1) 

In practice it is not possible to have thermally identical samples nor is it possible to have 

exact themal symmetry of the measuring system at al1 operating tempeniturrs. 

Therefore there is always a signal AT, even if tbere is no transition taking place, which 

depends on the temperature and sample properties. This baseline heat flow, %l must be 

compensated for during the adysis. 

The measurement signal AT is obtained as an electrical voltage. The measured 

heat flow rate a, is assigned to the signal AT by an intemai caiibration: 

@.=-k*AT (W. B-2) 

The measmement signal output by the DSC is am in mW or pW. 

There are two obvious ways to check @, as compared to O-. The fkst method 

is made by measuring the steady-state heat flow into a sample of known heat capacity C, 

under a constant temperature scan rate dT/dt: 

C-dT/dt=O-=&-Q>, (~q* B a  

The second method is to compare the integral over a transition peak of a reference sample 

with the expected (known) heat of transition Qc 

Qr=Q-=&- I ( % - % I )  df 

Where al bis the baseline c w e ,  as previously mentioned. 



Figure B.1: H a t  flux DSC cross section 

Temperature - 
Figure B.2: Tùermal evenh on tbe DSC 



83 DSC Operation and Tesmg 

The most common mode of operation is to scan the temperature of the fimace at a 

constant rate, and measure the resulting heat flow. The sampie pans available are made 

out of aluminium, copper, graphite, goM or platinm. For most applications, aluminium 

pans are used. A sample can be sealed hermetically within the pan if desireci. Purge gas 

is admitîed to the fimace chamber automatically through an orifice in the heatuig block. 

The gas is preheated by circulation through the block before entering the sample 

chamber. Any purge gas may be use& but is most common to use Nitrogen. The 

reference is most often simply an empty pan. Sometirnes an extra pan lid or portion 

thereof is encapsulaîed in the reference pan to match the mass of reference with sample. 

This is done to improve baseline performance. 

The characteristic shapes of some transitions are displayed in Figure B.2. In 

endothermic events, heat is absorbed by the sample relative to the reference. For 

exothermic events, heat is released by the sample relative to the reference. Typical 

applications of DSC are glas transition, degree of cure (thermoset resins), and specific 

heat capacity measurements. 

The g las  transition is a step-change in the mobility ofpolymer molecules in the 

amorphou region of the polymer. At temperatures below the glas transition, mobility is 

restrkted resulhg in a hard, rigid structure. Above the glass transition the material is 

viscous or rubbery. Physical properties change significantiy at the glas transition 

temperature, Tg. Above the transition materials bave a higher heat capa~ity, higher 

coefficient of thermal expansion, and a lower modulus. Since there is a step-increase in 

heat capacity at T, an endothermic shift in the baseline occurs when heating. Typically, 



the temperature of the inflection point of the transition is used for Tg. The accepted 

sîandard test metbod for mesurement of Tg is covered by ASTM standard E1356. 

Measurement of the degree of cure (or crosslinking) appiies to thermosetîing 

polymers such as epoxies and phenolics. It  is a meamre of the extent of chemical 

reaction in the polymer system, usually expressed as a percent. It is often determined 

fiom the glas transition tempera-, which increases with increased crosslinking. It  

may also be detemined by a comparative study of cwing exothenns. An important area 

of study with DSC is the khetics of these crosslinking reactions. Obviously, 

optimization of the crning proccss is deskd for the manufachir0ig pmcess of polymer 

materials A review of DSC kinetic methods will not be presented hem 

It should be noted that sensitivity and remlution of thermal events are affected by 

the heating rate and sample mas.  As can be seen fiom equation B.3, for a large 

measured signal (higher sensitivity), a high heating rate and high sample m a s  should be 

used. Shce heat transfer is a tirne dependant phenornenon, the best resolution is 

observed with a lower heating rate and smaller sample mas. 



B.4 DSC Speci fdons  

The University of Manitoba's T h e d  Analysis Mode1 29 1 0 Differential Scanning 

Calorimeter has the following specifications: 

Sample Size: -5 to 100 mg 

Sample Volume (max): 10 mm3 

A tmosp here : Non-corrosive inert, reducing or oxidizing 

Dynamic Gas Purge (preheated): Up to 100 d r n i n  at pressures fiom 266 Pa 

to atmospheric 

Thennocouples: Sample: ChromeVAlumel 

Control: Platinel II 

AT: C hromeVConstantan 

Temperahrre Range: AidOxygen Environment: Ambient to 6ûû0 C 

Inert Gas Environment: Ambient to 725O C 

Liquid Nitrogen Cooling Accessory: As low as - 1 50" 

Temperature Accuracy: +/- 1 C or 1 % whichever is greater 

Temperature Reproducibility (using metal standards): +/- 0.1 O C 

Programmable Heating Rate: 0.01 to 200" C/min 

Maximum Sensitivity : 1 p W  (29 signai-to-noise RMS) 

Calorimetric Precision: +/- 1 % (based on metal samples) 



B.5 Dynamic Mechanical Analysis 

Dynarnic mechanical analysis @MA) is a thermal analysis technique that measures the 

mechanical properties of matenals as they are defonned under penodic stress. Especially 

use fui for polymers and PMCs, DMA is usually perfonned by scanning the temperature 

(warming or cooliog) to detennhe thennal dependence of the material properties. A 

variable sinusoidal stress is constantly applied to a material specimen, and the resulting 

strain is measured with respect to tirne and temperature. If the material is purely elastic, 

then the phase difference between the stress and strain sine waves is O" (Le. they are in 

phase). If the material is purely viscous, the phase difference is 90". Most materials 

including polymers are viscoelastic and exhibit a phase difference, 6, between those 

extremes. This phase difference, along with the amplitudes of stress and strain, is used to 

determine a number of fundamental material properties, including storage and loss 

modulus, tan 6, complex and dynarnic viscosity, transition temperatures, creep, and stress 

relaxation (see Figure B.3). 

A typical mode of operation of the DMA is to use a dual cantilever clamp, in 

which a long, thin wafer is held by fixed clamps at either end, while a middle clamp 

applies the periodic stress. Most D M .  measurements are made using a single fiequency 

and constant deformation (strain) amplitude, while the temperature is varied. DMA 

measures the viscwlastic properties of materials and provides, in graphic form, a picture 

of the relationship between temperature and modulus (Figure B.4). Standard practice and 

terminology related to DMA operation are describeci in ASTM standards D4065 and 

D4092. 



There are several cornponents that are critical to the design and resultant 

performance of a dynamic mechanical analyzer. These cornponents are the drive motor 

(which supplies the sinusoiclal defonnation force to the sample material), the drive shafi 

support and guidance system (which transfers the force fiom the drive motor to the 

clamps which hold the sample), the dûplacement sensor (which measures t he sample 

deformation [oscillation amplitude] that occurs under the applied force), the temperature 

control system (furnace), and the sample clamps. There are a number of different clamp 

configurations that allow testing of such properties as flexural & elastic modulus, as well 

as specific properties of thin films and fibres. The DMA machine at the University of 

Manitoba (TA mode1 2980) is able to deliver forces (stresses) of 0.001 to 18 Newtons (4 

Ibs.), and temperature ranges fkom -1 50°C to 400°C. 

Observation and measurement of the glass transition temperature is a comrnon use 

for the DMA. From an engineering perspective, the sweeping &op in modulus at the 

gIass transition has more significance than the change in thermal conductivity observed 

with the DSC. Referring to Figure 8.4, the Tg for a DMA test is usually chosen to be the 

temperature for the peak value of tan 6 or loss modulus. These temperature values are 

usually in agreement with a few degrees. Sometimes, if the polymer or composite sample 

is exhibiting complex behaviour, the loss modulus and tan 6 do not have a simple peak as 

in the diagram. In these cases, engineers uswlly quote the service temperature, Ts rather 

than the glas  transition. The service temperature is often defmed as the temperature at 

which the modulus falls to 50 % of its value at room temperature. Often, Ts is very 

nearly at the same temperature as the T, and it is easier to determine, so is used in place 

of a Tg value. 



E* = rt iuss/rt ipfn 
Et = E*cas 6 
E" = E + h b  
tan 6 = Ett/E' 

Figure B3: Complex modulus of a viscoehstic material 

Figure B.4: DMA complcx modulus plot sbowing the ghss himit ion 




