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ABSTRACT 

Experiment a l work on the evaluation of epoxy resin systems for use at 

l i quid helium t emperatures is reported. The various oriteri a a re 

disous sed and the tests used to evaluate the potential wo r t h of a l arge 

numbar of systems are described. Tabulations are given of the performanoe 

of selec ted re sin systems. 
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INTRODUCTION 

The increas ed interest in the use of superconducting magnets in high energy 

physics applications has lead to a search for electrical i nsulators and 

encapsulating mater ials s uitable for use at very low temp eratures. The need 

in superconducting magnets, i s for an encapsulating material to give 

mechanical integrity to the magnet coils. This would prevent any conductor 

mo vement or ene rgy release which might lead to frictional or ot h er heating 

effects and a reversion- from the superconductive to the normal state. 

The ideal encapsulant for use In superconduct i ng magnet coils would have 

the following properties: 

a. Resistance to severe thermal shock. 

b. HighLY penetrat i ng for impregnation of closely wound coils. 

c. A thermal contraction which matches that of superconduct ors. 

d. Hi gh t hermal conductivity. 

e. Resist ance to high energy radiation. 

f. Good mechan i cal st r ength and resistance to cr eep under clampi ng f or c es. 

g. Reas onab ly good electrical resistance pr operties. 

h. Can be machin d easily . 

A s i ngl e mat eri al wh ich possesses all of these properties is not likely to 

be found. A compr omise of prop erties must therefore be sought to ful fil 

the demands made by a par ticular component and conversely, the des ign of 

superconduc t ing apparatus must take full account of the properti es of the 

range of encapSUl ating mat erials available at the present stage of development. 

Th i s report gives i nformat ion on a numb er of epoxy res i n syst ems whi ch have 

found u e , or are pot ent i ally useful, in the construction of superconduct ing 

magnets for high ener gy physics appli cat ion. 



2 EXPERIMENTAL METHODS 

2. 1 Cooling and Shrinkage Stresses 

A number of thermal shock and res~n shrinkage t es ts have been report ed 

but i n the main these tests are of little quant itat ive val ue. Attempts 

have been ma de to find exper iment al methods f or determi ning shrinkage 
1stress but these have not yet proved t o be of value. 

It was therefore decided to adopt a simple t est spec i men compris ing 

a resin block containing an i ns ert. The ins ert chos en was a bras s 

bolt since these are r eadi ly availabl , are r eproduc i ble in form and 

have a thermal expansion coeff i c ient simi l ar to the coppe r components 

used in coil construction. The f orm of these s pec imens is shown in 

Figur e 1 and consists of a resin block 2 1/2 i nches d iameter by 1 i nch 

thick contain i ng 1 3/4 x 3/8 inch BSF brass bolt. The posit ion of the 

bolt i n the casting is opt ionally loca t ed either (a) axially with the 

thr eaded end protrudi ng or (b ) susp nded diamet rically b y glass fibre 

tape to be fully encapsulat e d. 

Figure 1 

= 
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Tests were also conducted on pure res in blocks without ins ert s 2~ 

inches diamet er, 2 ~ inches in h e i ght. 

These specimens are p lunged i nto liqui d nitrogen, r emoved aft er 

several hours , allow ed t o warm to r oom t emper ature and exami ned 

f or s i gns o f crack" ng. Sp c i mens which do not crack are recycl ed 

s everal times . 
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2. 2 I mpregnation Characteris tics 

( a ) Unfilled Resin Systems 

The impregnat ing propert ies of the resin mix es a re determi ned 
2 

us ing a novel wetting and penetration test. This consi sts of 

a pyrex tub e approximat ely ~ inch diameter and 20 inches long 

fil l ed t o near the top vi t h 3000 grade Ballot i n i *. Res in lS 

pour ed under vacuum into the top of the tube to cover the 

Ballotini, the tube is then removed from the vacuum and placed 

I n an ove n at the appropriate cure temperature . The depth of 

penetration of the resin into the Ballotini layer is given as 

a measure of the impregnation properties of the resin mlX. 

(b) Filled Resi n Sys tems 

This test is the same as for unf ill d systems exc ept that 12-14 

mesh spheroidal alumina particles are used instead of Ballotini. 

2.3 Contract i on of Materials on Cooling t o Li quid Nitr ogen Temper at ure 

The fol l owi ng apparatus was cons t ructed so that integrated t hermal 

contract i on bet ween room t emperature and liquid nitrogen temperature 

could b e readily determined . It is s hown di agramatically in Figure c 

and consi s t s of a sili ca t ub e i nto which the specimen is place d 

t oget her with a silica rod located on top of the specimen . 

Figure 2 

.. 
'. 

·Glas s spheres manufacture d by the 	Ballot in i ManUfac turing Company Limited 
Pontefract Road Barns ley Yorks 
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On immersing the lower end of the tube into l iquid nitrogen the di f fer ential 

movement betwe en the rod and tub e i s measured by means of a lin a r 

displacement transducer*. The use of a very sl i ght vibr at ion to t he 

apparatus assis ts i n remov i ng any fr ictional effects. 

2.4 Mechanical Properti s of Material s at Low Temp erature 

Strength and modulus measurements are made at liquid helium t emp erat ure s 
3using a specially modified I ns t r on t es ter des cribed els ewhere . The 

results on r es i n systems discus sed in t his r epor t are tabulated i n 

Table 9. 

MATERIALS EXAMINED 

3. 1 Res in Systems 

Many different epoxy reSln systems were t e s ted. However , the selection 

was l a r gely l imi t ed to mixes having l ow vi s cos i ty and rel a t ively l ong 

, pot lives I and ther efore s uitabl e for impregnation of closely 

wound coils. The complete lis t of r esins and h ardeners is gi ven i n 

Tab l es 1 and 2 but the actual mixes used are not given except f o r those 

which have b een shown t o have good thermal s hock res i st a nce or wh i ch 

i l lustrate the b ehaviour of general r es in types. 

Whi l s t i t is apprec i a t ed that changes in cur i ng s chedul es can modify 

the behaviour of t he cured resins towards thermal shock , thi s var i able 

is l argely i gnored. Various standardised curing times and temperat ures 

are a d pt ed t o limit th e size of the progr runme ; neverthel ess certain 

conc l usions can be drawn from the l imited number of r es ults. 

Variat i ons i n r es in / hardener ra.t i o also modify t he behavio ur of cured 

resin sys t ems and from previous wor In t i s field it i s observed that 

resins contai ni ng rather more t ha.n t he stoichi ometr i c amount of 
. 4

hardene r have b ett r thermal shock r es l stance . 

· 7 DC DT 
Hewlet t Packard Ba th Road Slough Buck s 
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3.2 Fill e rs and Reinforcements 

The effect of f illers on the the rmal sh ock r es istance of epoxy resins 

was determined by incorporating a wide range of these materials into 

the two basic epoxy resin formulations g Iven below. 

2 

pbw pbw 

MY 740 100 MY 740 100 

D 230 44 Metaphenylene diamine 14 

dissolved in N-methyl-2-pyrrolidone 

Cur e 16 hours at 60
0 c Cure 3 hours at 100

o
C 

The complete list of fillers examined is gIven In Table 4. The amount 

of filler incorporated into each mix wa s such that the mIX was just 

pourable at room temperature and ther e f ore potentially useful for 

simple casting operations. Where fine particle fillers were u sed and 

dispersion was diff i cult a colloid mill* was us ed, otherwise the 

fi llers were incorporated into the reS I ns by h and mixi n g. 

DISCUSS ION OF R SULTS 

The experimental r e s ults are fully tabula t e d at the end of the report In 

Tables 5 to 9. 

4. 1 Unfilled Res in Systems 

From this pro gramme of tests, the following genera l obs ervations 

are mad e: 

( a. ) Of the exp rime n tal methods described e arlier the th rmal shock 

t st was found to be the least sat is f a ctory, some specimens with­

s tandi ng the t est and other , appa.rently identi c al , specimens 

fa.iling . Neverthel e s s , the test is of considera.ble value in 

*Pr emi er 84 Coll o i d Mill manufa.ct ured by P r emi er Colloid Mills Li mited 
Hersh am Trading Es tate Walton-on- Th ames Surrey 
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enabling a first select ion of resin syst ems to be made. Not 

more than five specimens of each t ype were t ested and in t h e 

completely encapsulated bolt specimen, no un f i lled r e s i n system 

gave five replicates that COQld withstand r epeated plunging into 

liquid nitrogen, although, for several systems all five specimens 

were 	uncracked after the first immers ion. 

(b) 	 The use of non-reactive flexibilis ars and reactive diluents, 

is to be avoided in epoxy resins for use at v e ry low temperatures; 

many were found to disintegrate explosively when immersed in 

liquid nitrogen. 

(c) 	 The reSlns need to be fully cured and cure temperatures as high 

as practicable a r e generally to be pr fe r red. 

(d) 	 It was observed that epoxy resins cured with p r imary amlne 

hardeners 	gave lower integrated thermal contractions (R.T. to 77K) 
. . 5

than 	anhydrlde cured epoxles. 

(e) 	 All of t he more s h ock re s i s tant reSlns tested In this report 

cont ain chain s of polye t h e r bon ds. 

(f) 	 Resin systems t hat are fl exible at r oom temperatu r e g lve higher 

integrated contraction s on cooling to l ow t emp rat u res. This is 

con s i d e red to be due to the higher temperature coefficient known 

t o apply to mat er i als in t he viscoelastic stat e . 

4.2 	 Res in System~ Contai in g P articulat e Fillers 

I t was observe d t h a t most fi llers reduce the e xt ent of cracking in 

re sins wh i ch c rac k rea dily but offer much l es s improvement to the 

tou gher resins. 
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The fillers found to improve the crack r esistance of res ins are 

as foll ows: 

Chinese Talc 

Zirconium Silicate 

Alumina 

Aluminium powder 

Lead powder 

Glass microballoons 

Phenolic microballoons 

PTFE powder 

In concentrations, which giv e stiff fl owing mi xes, all of these 

fillers are capable of producing spec i mens which stand repeated 

liquid nitrogen immersion. The most successful filler was 

undoubtedly Chinese Talc which was found to give non-cracking 

spe cimens in a wide variety of formulations and at various concentrations. 

The microballoons, PTFE powder and talc, are of value probably because 

they introduce into the syst em some duct ility at very l ow temperatures. 

The two refractory fillers probably fun ction because they lncrease 

the ther mal conductivity of the res in and reduce thermal contraction 

to l evels compar able wit h or lower than the met a l i ns erts. The t wo 

metal powd r s, wh i lst producing cra ck r es ista nt spec imens, increase 

the electrical conductivity to unacc eptab le levels; howeve r in lower 

concentrations in combination with talc or mi croballoons they are 

essentially non-conducting and produce good thermally shock r esistant 

mat er ials . 

Th e t hermal contraction results for th e filled mixes are given In 

Table 9 and var i at i on i n thermal cont ract ion with f iller loading is 

g~ven for tal c nd zircon"urn silicat e in Figur es 3 and 4. It may 

be obs erved t hat s everal materi als have i nt egr at d contractions 

similar to t hat of s uperconducting cab l es and magn et st eel. 

Impr to!gnation tes t s were carri ed out on a limited numb er of res in 

systems and the results are given in T able 8. The filled mixes 

show very l itt l e penetrat ion into the Ballotin i systen" the fil l er 

part i c l es fil t er i ng out nd arr est ing further flow. 

7 



5 APPLICATIONS OF EPO XY RESINS I N SUPERCONDUC'l'I NG MAGNET CONSTR UCTION 

5.1 The Us e of Unfilled gls tems 

Provided that the magnet coil is clos ely wound and conta i ns no res i n­

rich area~, it may be quc cessfully impregnat ed u i ng a convent i onal 

anhydride cured epoxy r esin such as mi x 1 given i n Tab le 5. Many 

succ essful superconducting solenoi ds have b een manufact ur ed us i ng 

this r esin system. In some cas .s , small res i n-r i ch ar ,-~as IDay b e 

unavoi dabl e; however, if thes e areas are t i ght ly packed wi t h g lass 

fabric or gl a.s s flock. it should prove s a t i s f actory. A numb er of 

resin systems describ ed in this paper have i mproved r es i stanc to 

thermal shock and these should now be considered speci 'ly wh er e 

small r esin rich ar el)l-9 are unavoi dable. 

5.2 Fi brous Fillers 1n Ev0xy Resin Syst ems 

, ... " .' , 

The incorporation of fibrous fillers has a most b eneficial eff ect on 

the r esis tance of epoxy r es ins to thermal cracki ng. The i r use how er 

is probably limited to 'dry stuffing' with flock a nd/or wi nding with 

woven t apes f ol l owed. by subsequent i mpregnat ion. I f the packing of 

dry f ibres i nt o the coil structure can be a chieved with comple e 

eliminat ion of resin- rich areas t h en t his t eChn i que has cons i deraQle 

mer it. Th e incorporation of fibrous fill er s into resin mixes in 

amounts suff ic i ent to prevent cracki ng, r es ults i n t he fo rmulat i on of 

non- f lowing pastes. A pos s i ble exception to this i s r s i n syst em 

numb er 117 wh i ch conta i ns ve ry short f i bres. 

5. 3 Sph ro i dal Alumina Ftll er with Shock Resis t ant Epoxy Resins 

Th i s te hnique consists of vi b r ating sint ered spheroida l a l umina 

parti cles into all unfi l led areas of the co i l. I n thi s conn ec t i on. 

it may be conveni ent to use gr aded particle s iz es and ,for example, 

vi b r at e smal l part icles into areas between coil windi ngs and lar ge 

s ph er oi dal part i cl es into the lar ger areas. The whol e as s embly 1S 

then impregnated with a thermally shock res istant r esin s uch as t hose 

gi ven in Tabl e 7. A numb er of s uperconducting magnet coi ls have 

b~en suc ceos f l y made us i ng this t echnique with r es i n sys t em 43H. 

I n any part i cular design . the penetration of t h r es i n i nto t he dry 

8 



filled structure is i mportant and may be determined using the appropriate 

s ize of aggregate in a manner analagous to the method described in 

section 2.2. I f a low vi scosity resin system i s employed th i s technique 

may prove satisfactory using gl ass microballoons, but tbis poss ibility 

has not yet been fully explored. 

5.4 Particulate Fi llers 1n Epoxy Resin Systems 

Particulat e fi l lers may be selected to impart improvement s i n strength , 

thermal conduct i vity or to reduce thermal contraction . The use of 

f illed res i ns sys tems in magnet co i l construction is however limited 

by their poor penetration characteristics . Systems with desirable 

loadi ngs of fillers can be made to flow into l arge resin-rich regions 

with i n the coil geometry but, with closely packed coils, filtration 

of fi ller invariably occurs. Systems containing fill ers of v ry small 

particle s i ze « lOv) will i n some cases flow into closely packed cabl es 

but i n general these systems are not especially crack resistant. 

An alternative process, which merits consideration is the use of cab les 

or windings pre-impregnated with a flexible resin system e.g .• system 

97. A heavily fi lled mix, e. g . , system 176, might then be used to 

encapsulate further and consolidate the windings and other components 

within the magnet. 

5.5 Wet Lay-up Techniques 

The discussion so far has considered techniques of construction 

involving the impregnation or encapsulation of coil assemblies with 

resin following ~omplete evacuation of air. A further technique that 

is sometimes empl oyed involves "trowelling" wet resin into the coi l 

concur rently with winding. This process more readily permits coil 

build ing layer by layer with a cure after ea~h stage. Furthermore, 

the technique permits the use of heavily filled resin mixes. However, 

wet lay-up techniques do not give the structural integrity of vac uum 

impregnated castings and also do not prevent the entrainment of 

large qualtitie;s of air within the coil lay-up . 

9 



CONCLUSIONS 

A wide range of epoxy resins, hardeners and fi ller s in var ious combi nat ions 

has been eXdffiined for potent ial use at very low temperatures. The range 

of materials examined is by no means exhaustive and f urther work on both 

unfilled and filled epoxy res i n mat erials is pl anned. Epoxy resins have a 

limited amount of resis t ance to thermal shock and careful attention to 

the design of components is necess ary if the r es i ns are to perform sat i s factori ly 

at very low tempe r at ures. 

The effects of cool ' ng rate on the b ehaviour of resi ns 1S cons ide r ed to be 

significant but has not be en discussed in this paper and i s the s ub ject 

of a separate st udy . 

In the approach to the des i gn of a magnet coil, consideration must fir s t 

be given to the us e of r einfor cement by glas s or other f i breB in t he form 

of flock, r avings or fabrics. Whe r th e use of such f i brous mat erials 

1S precluded, recourse should the n be made to the consideration of other 

mat erials and techniques dis cus s ed I n th i s r epor t. 

10 
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Tabl e 1 

List of Re sins 

Manufacturer Designation 

Ciba -Geigy (UK) Limited 
Plas t i c s Divi sion 
Duxfor d 
Cambridge 
England 

MY 740 
MY 745 
MY 790 
MY 720 
MY 750 
CY 208 
LY 558 
X33/11 89 
CT 200 

Shell Chemicals UK Limit ed 
Shell Centre 
Downstream Bui lding 
London S E 1 

Epikote 828 
" 871 

DX 221 

B~ke lite XYlonite Limited 
Pl as tics Materi als Group 
12-1 8 Grosvenor Gardens 
London S W 1 

ERL 0510 
ERL 4206 
ERL 4201 
ERLA 4617 
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Table 2 

Lis t of Hardeners 

Manui'acturer Designation 

Ciba-Geigy (UK) Limited 
Plastic s Di vision 
Duxfor d 
Cambr idge 
England 

HY 906 
BY 964 
MS 2010 
HY 219 
HT 907 
X83/319 
HY 951 
HY 931 

Jeffe r son Chemical 
1 '121 Walker Avenue 
PO Box 53300 
Houston 
Texas 

Company Inc Jeffamine 

" 
" 
" 
11 

D 
D 
D 
D 
T 

230 
400 
1000 
2000 
403 

Anchor Chemical Company Limited 
Clay ton 
Manohester 
England 

Anchorflex 150 
II 70 

Du Pont Company (UK) 
76 Jermyn Street 
L ndo n S W 1 

Limited 
MOCA 

BMjJ" ( UK) Limit ed 
Earl ROi:1d 
Cheadle Hulme 
Cheshira 

Laromin C260 
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Table 2 (oont. ) 

Manufaoturer Designat ion 

BDH Limited 
Poole 
Dorset 

I 

I 
m-phenylene diamine 
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Table 3 

Lis t of Modifiers and Diluents 

Manufacturers Des i gnation 

Du Pont Company (UK) Limited 
76 J ermy n Street 
London S W 1 

Adiprene L 100 

Pr oc to r and Gamble Limited 
PO Box 9 
Hayes 
Middlesex 

Flexibiliser 151 

BDH Limited 
Pool 
Dorse t 

N-rnethyl pyrrolidone 
Polyethylene Glycol 400 

" "4000 
Dibutyl phthalate 

Ciba-Geigy (UK) Limited 
Plastics Division 
Duxford 
Cambridge 

Phenyl Glycidyl Ether 
Butyl " " 

B F Goodrich Chemioal Company 
C1 vel and 
Ohio 

Hycar liquid rubber t ype MTA 
" " \I "CrrBN 

15 




Table 4 

List of Fillers 

Manufacturer or Supplier Type Approximate particle 
size 

BDH Limited 
Pool e 
Dorset 

Cilia Geigy (UK) Li mi ted 
Plastics Di vi sion 
Duxford 
Cambridge 

Turners Asbestos Fibres 
Limited 

Faulkner street 
Manche ter 

Norwegian Talc (UK) Ltd 
251 Derby House 
Liverpool 2 

PIC:.st ichem Limited 
Windsor Hou se 
Esher 
SQt'rey 
England 

Graphite powder 
Talc 
Bent oni te 
Kiese l guhr 
Magnesium Oxide 
Zi rconium Oxide 
Lead Powder 
P.T.F.E. powder 
Polyethyl ene Powder 
Copper Po wder 

Slate Powder 
Marble Flour 
Silica Flour 
Al uminium Powd r 
Mica Fl our 
Aerosil 

Chry sot i le Asbes t os 
Fibre 

Micro Talc ATI 
" I TI" 

Micro Calcite VK extra 
Micro Calcite VKI 
Microdol Extra 
Microdol Extra 1 

Ga.rctal c 132 
Al uminium Flake 
Ballotini 
China Clay ­

Icecap K 

l ess than 50 miorons 
-

less than 40 II 

less than 44 " 
l ess than 50 II 

l es s than 50 " 
-
-

less than 50 microns 

up to 30 microns 
up to 20 " 
up t o 30 " 
up t o 50 " 
up t o 30 " 
less t han 1 " 

25-50 mesh 
200 " 
less than 200 mesh 

up to 20 microns 
up t o 15 microns ,
up to 8 microns 
up to 20 microns 
up to 8 microns 
up to 20 microns 

up to 1 0 microns 
1/ 64" s q. x 0 . 00045 
20-40 microns 

1 micron 



Table 4 (cont ) 

Laporte Industries Ltd Rutile Ti0 2 Tiona VC up to 1 2 microns 
Gri msby II II Runa RG approx. 2 microns 
Lincs Anatase Ti0 2 Tiona G approx. 2 microns 

Emerson & Cumming Ltd up to 60 microns 
Colville Road 
Ac t on 
London W 3 

Glass microballoons 

Bakelite Xylonite Ltd Phenolic Microballoons up to 30 microns 
Hedi' em Roud .25 glcc 
Tygel ey 
Bir mingham B11 2BJ 

Imperial Chemical Ind Ltd 'Fluon' PTFE Powder 
We wyn Garden City Grade L 169 1-5 microns 
Harts 

ABBoci ated Lead Zirconium Silicate 

Manufacturing Co Ltd 
 Zircosil D up to 50 microns 

C.t'e sc en t House 5 up to 4 microns" 
Newcas t l e-upon-Tyne 1 up to 2 mic rons" 

" 200 up to 80 microns 

Colin McNea l Limited Woolastonite P4 up to 20 microns 
St oke-an- Trent 
Eugla d 

Chemical Trading Co Ltd Mill ed gl ass f ibr e s i " long 
25 B~.cke l ey Square 1/32" long 
Londo n W 1 



Table 4 (oont) 

Cabot Carbon Limit ed 
Ellesmere Pont 
Cheshire 

Carbon blaok 
Regal 315 F 
Sterling SOF 

.025 miorons 

.04 microns 

Briti sh Ameri can Optical 
Company Limited 

Watf ord 

Alumina EM 30 2 
" EM 30}~ 
" BM 305 

5 microns 
11 mi crons 
22 microns 

Dynamit-No bel 
Aktjengesell scaft 
Korund-Venkaui' 
403 Ratinger Bei 

Dusseldorf 
F Gt ers ti 22 

Alumina BAR 13 
" BAR 18 

20 microns 
30 microns 

Smiths Industries Limited 
Ceramics Division 
St. Peters Road 
Rugby 
Warwickshire 

Spheroidal 
Sintered Alumina 
Sintox 
Rumbling Media 

up to 5/32" 



Ta.ble 5 

Co mposit i on of Seleoted Unfi lled Epoxy Resin Formula.tions 

Formulation No. Compositi on pbw Cure 

1 
 100
MY 740 
 12 hrs @ 60 0 g 
HY 906 
 80 
 20 hrs @ 100 C 
DY 062 0.5 

1100 
 5 hrs @ 14.o°C50
4.A* 
Ep llco lE 828 
 35 


871 
 15 
" 
27 .6
MO CA 

1 100 
 5 hrs @ 140°c50 
4-3H 
30 
MY 740 


Epikote 871 
 25 

MOCA 25 


100 
 16 hrs @85°C53 
 MY 740 

D 230 
 44 


100 
 16 hrs @ 85°CMY 74.071 

D 400 
 57 

C 260 
 10 


60 
 16 hrs @ 85 0 cMY 74D79 

CY 208 
 4D 
D 230 
 35 


, 

* "ee ref'. 6 , 

- 19 ­



Table 5 (co nt ) 

97 MY 745 100 16 hrs @ 85° c 
D 2000 15 
D 230 20 

122 

I 

MY 740 
DY 021 
MPD 
NM2P 

100 
10 
14 

6 

°gel @ 40 C 
3 hrs @ 100°C 

- 20 




Tabl e 6 

Co mposi t i on of Selec te d Filled Epo xy Resin Formula tions 

Formulati on No . Composition p bw Filler Cure 
Vol % 

117 
 MY 745 
 100 

D 230 
 16 hrs @ 60°C4D 25 

Mi lled glass 1/32 100 


20
" B 
1 


125 
 MY 745 
 100 

D 230 
 29 
 16 hrs @ 60° C44 

Garotalc 132 
 140 


128 
 100
MY 74D 
HY 90 6 
 80 
 10 hrs @ 100° C31 

DY 062 0.5 
Garo talc 132 
 200 


100
136 
 MY 745 

16 hrs @ 60 0 

CD 400 
 58 
 30 

Woolastonite P4 160 


100
146 
 MY 74D 
16 hrs @ 600 eD 230 
 52
44 


600
Ziroosil D 

100
1 61 
 MY 745 

16 hrs @ 600 e22
D 230 
 41t­

Garotalc 132 
 100 


100
1 0 j MY 745 

16 hrs @ 60 0 C26
D 230 
 41t­

120
G-ar otal c 132 
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Table 6 (Cont) 

164 MY 745 
1 21 harden er* 
Centriforce BM 302 

" BM 303t 

" EM 305 

100 
18 

200 
60 
80 

47 3 ° hrs @ 100 C 

172 MY 745 
121 hardener 
Tiona VC 

100 
18 

400 
51 3 hr s ° @ 100 C 

176 MY 745 
1 21 hardener 
Zirco s il D 

100 
18 

550 
59 3 hrs @ 100°C 

1 79 MY 745 
MOCA 
Zirc o s il 200 

100 
35 

700 
59 6 hrs @ 150°C 

183 

1 96 

218 

MY 745 
D 230 
Zirco sil 5 

MY 745 
X83/3 1 9 
Zirc osil D 

MY 740 
D 2 30 
Centri f'orce BM 303~ 

100 
M 

130 

100 
24 

550 

100 
41t 

150 

20 

58 

25 

0
12 hrs @ 60 C 

a t lea st 24 hr s 
0

at 60 C post cur e 
0

4B hrs @ 60 C 

0
16 hrs at 60 C 

*1 21 hard e ner is a 70;10 w/w s o l u t ion of' lI1-phe ny l ene diamine i n N methyl 2 
pYI'!'olidone. 
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Ta.bl e 7 

Thermal Cycling Tests for Unfilled Resins 

Number of Specime ns
NumberSpecimenFormulation Uncracked After Each CycleofNumber Type Replicates 1 2 3 4 5 


resin block 01 

upright bolt 01 
 5 

encapsulated bolt 05 

, 

resin block 2 
 2 2 2 2 2 

upright bolt~A 5 
 5 5 5 4 j 

f-ncapsulated bolt 2 2 2 2 1
5 


res in block 2 2 2 2 2
2 

LjjH upright bolt 3 3 ) 2 2
3 


encapsulated bolt 5 3 2 2 1
5 


resin block 2 
 2 2 2 2 2 

upright bolt 4 4 1 1 1
53 
 4 

enca.psulated bolt 2 
 2 1 1 1 1 


resin block 2 2 2 2 2
2 

upright bolt71 
 3 3 3 3 3
3 

encapsulated bolt 3 3 3 3 3
5
I 


resin block 2 2 2 2 2
2 

upright bolt 3 3 3 3 3
79 
 3 

encapsulated bolt 4 4
5 


0)r esin block 2 
 small internal cracks
0)upright bolt 4
97 


r­encapsulat ed bolt 5 5 J 5 5
5 


0r 's'n block 1 

0upright bol t 1
1 2 2 

0encapsul ated bolt 1 
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Table 8 

Penetr at ion Te sts on Re sin Mi xes 

Formulation 
Number 

Penetr at i on into 3000 
Gr ade Bal l otini (ems ) 

1 30 
4A 5.2 

4-3H 6 . 5 
53 9.2 
71 11.5 
79 10 . 3 
97 22 . 5 

183 0 . 7 

Formulat i on 
Number 

Penetration into 12.14- mesh 
Spheroidal Alumina (oms) 

4-3H >30 
125 13 . 0 
14-6 7 . 5 
151 0.5 
161 ) 30 
163 20 .5 
164­ 26 .5 
176 23. 6 
179 11.3 
183 ) 3 
21 8 ) 30 
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Ta ble 9 

I'hy sical Pr operties of Hes ins 

Flexural Pro pertie s -:. ':' 
Resin 

Mix 
Thermal 

Co nt rac tion'~ Strength in tlN/m
2 

Modulus 
2

in CN/m 
No. (RT - 77)K 

RT 4.2K RT 4.2Y­

1 0.011 115.'S 262 .9 3.92 6.08 

4A 0.015 10.3 293.3 0 . 20 G.18 

43H 0.017 9.8 260.9 0.20 6. 18 

53 0.009 86 .3 255.1 2.94 6.47 
71 0.010 90.3 257.0 2.9l. 6.47 

79 0.01 1 14.7 266.8 0 .39 6. 47 

97 0.022 

122 0 .009 138 .3 160.9 3.53 7.95 
117 0.005 113. 13 201 .1 10.79 12.75 
125 0 .005 59.8 122.6 6.97 12. 75 
128 0. 005 58 . 9 78.5 7.26 12.75 
136 0.006 72 .6 163.8 5.40 15 . 70 
146 0.004 70.6 240.3 10 . 79 29.1.3 
161 0.007 62.8 124. 6 6.28 10 . 79 
163 0 .006 53.0 117.7 6.57 12. 36 
164 0.003 141 .3 313.9 16.28 32.96 
172 0.003 120.7 270.8 16.87 25.60 

176 0 .002 182 .5 29~' .3 25 . 60 36.59 

179 0.002 21,) . 8 25:) .1 1 9. 1~2 40 . 22 

183 0 .006 97 .1 157.9 5. 89 12. 95 
218 0 .006 73 .6 2j2 .5 8.04 11..13 

"Therna] 
.

Co ntl"OlctJ.on = L
ltT -

L77K 

~IT 
.·Tes L based on 1~3'rM D790 - 66 but r e sults converted to 

2
MN/ m us inG 

1 kgf ::: 9.81N 

- 25 
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FIG. . THERMAL CONTRACT ION V FILLER LOADING FOR ZIRCONIUM SILICATE. 


