
I 
I 

eo,sa 3 

UNLIMITED RELEASE 

CURE SHRINKAGE IN CASTING RESINS 

by 

J. Brock Spencer, llll-1 
Summer Hire · 

June 8 - September 6, 1961 --
Engineering Notebook No. 2145 

ABSTRACT 

A method is described whereby the nhrinkagc 
of a casting resin can be determined. Values 
for the shrinkage of several resin aystcm3 
in f requcnt use by Sandia have been mcanurcd. 
A discussion of possible methods for dctenni­
ning the stresses generated by cure shrinkage 
and thermal contraction is also included. 

n·s•ppz &aar 

TOTAL PAGES:Jd_ 

; 

·~ 

. i 

SAND2015-0791R

jmkropk
Typewritten Text
Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy’s National Nuclear Security Administration under contract DE-AC04-94AL85000.



' 

' t 
~ . 

' '• 
" 

CONTENTS 

Introduction . • • • • • 
Theoretical Considerations • ~ 

Di::;cur.:::;ion of the Literature • 

Procedure. • • • • • 
? rcp<l t"a tion of Materials. • • 
Hixing and Pouring. • • • • 
Cure. • • • • • .. • 
Shrink.:ige and Density Measurements. 

Results. • • • • • • • 
Method of Calculation • • • • 
Tabulation of. Data. • • • 

Discussion . • • • • • • 
Rc::>ults . • • • 
Test Method • • • • • 

Recommendations~ • • • • • • • 

Liat of Referenc11 • • • • • • • 

-2-

• 
P.:i.t,e 

• • • • • • 3 

• • • • 3 

• • • 4 

• • • 8 

• • • • 8 

• • 8 

• • • • • • • 9 

• • • • • • .9 

• • • • • • • 10 
• • • • • 10 
• • ·• • • 12 

• • • • 17 
• • • • 17 

• • • • 20 

• • • • • • • 21 

• • • • • • 23 



.. 
"• 
" 

• . • 
' ;/ .;; 

-· t - -· ·-

CURE SHRINK~.GE IN CASTING RESUtO 

Introduction 

Two rcl :i:.:cd problems 'of constant concern in the development and cvnluntion 
of cncn?~ulating resins are failures of encapsulated componentn due to 
:;trc:.::; L:~~) o~cd upon them by the rc3in and cracking of the reain it5clf 
<luring c:..:rc ::ind thernw.l testing. In addition to acknowledge the physical, 
ekctricnl, and thermal properties of casting resina . it would be useful · 
to know the actual stresses existing wf thin a resin and the cure shrinknce 
w~ich giv..:!s rise, o.t least in. part, to those stresses. 

Theoretical Considerations 

The proccs::; by which an epoxy resin is transformed £rom a liquid to a ·., 
u=cful .solid is primarily one of cross linking a number of units of the 
c:)o>:y rc~-;in through the action of a hardener. Such a change of stnte 
iivcs ri~~ to changes in the physical properties of the system. In 
particular, there is usually an increase in density which may cau ::; c 
stressea to be set up within the curing resin which, in turn, m.'l)' impose 
stresses on embedded objects if the resin has sufficient .rigidity. 

Consi'Clcr , for example, an idealized system in which the temperature 
l·c;nains con~t~mt th.roushout the resin ma~o during the curing precess. 
In such a case all portions of the resin would be undergoing reaction at 
t~1c s.:irae r.'l te and, therefore, any shrinkage would occur evenly throughout 
the c.:isting and would give rise to an even distribution of otreos within 
the resin mass. 

The renction of unfilled epoxy resins with hardeners, amines in pa~ticu­
lar, is usu.llly exothermic and often highly no" Since the pla:-;tic itself 
i~ a poor thermal conductor there should be a more rapid transfer of heat 
froo the r.::::;in near the surfaces of a mold to the mold th.'.ln from the 
interior of tha resin m.iJs to its edges. When the hent in che cente r of 
a resin r.i:.ss cnnnot be rnpidly dissip3tcd there in a rise in tcr.1pci:.:.: turc 
w:i.ich tcnC:s to speed up the reaction rate, whlch increanes the :imount of 
hc.:it libcr.:ited) and so on. In this manner a therm::il gradient i::: :Jct up 
throuGhout the reci,. with the hottest portions bein3 in the center of rcoin 
maccec diotant frQm heat sinks. Becau::;e of this difference in t~mpcrc'.lturc, 
different portions of the react~nts will be at different energy levels 
causing reaction at different rates. Generally. the exterior portions of 
a ca~tinz will cure more slowly than those portions in the interior of the 
resin nwos. 
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~ ~ ~ ~c:in cures it rcmain3 a fluid of incrcosi~& vi~co3ity for a ~ ~ rio<l 
oL L i~c . Durin~ chia time it may undcrco ohrinkacc from the croo n-linking 
procc~3, but no Gtrccscs can be cct up within the mobil e r ccin or c ~crtcd 
on any c :-:.copcullltcd objects. Bccausii? of the thern:il g'l":Hlicntc c :d.ntinr, in 
the c11rinr, r.cr.in, the tranoition from fluid to solid, cnllcd r,clcition, 
occu r;; ilt: dif.icrcnt cimco in dit.tai.·cnt portionu. a! Lh..s L .. 1bJ.11 i11r1uu. l.L Lo 
this p ~occs~ which sets up stress patterns within the rcnin mnno 'Which may 
l c .'.l~ t o cr.'.lcking of the resin during cure or thermal cycling. In a<ldltion, 
~~ t he rc~ction tapers off and the semicured plastic cools to the curing 
t c:-::pcr.:iturc, stracscs are again imposed due to differcncea in thi.i rate of 
coolinc within the n.ass. The absolute level of such strcssci:; will depend 
on the flexibility of the system, the more flexible sy.ctcms being uble to 
relieve such stresses. 

If an object were embedded in the curing resin undel.· isothermal conditions, 
the only stress imposed upon it would be from postgclation shrinkar,c of 
the r ccin •md would be uniformly applied to all surfaces, the m:1gnitudc of. 
which would depend both on the amount of shrinkage and the flexibility of 
the• r esin. Should the ambient temperature be c;hangcd at any time after 
some riBidity bis been obtained in the system, any difference in the thcnnnl 
cocfficicmts of expansion of the resin and the insert would cause compres­
sive or tensile stresses on the insert (depending on the rclationr:hip of 
tl:c coefficients and the direction of the temperature change) 11nd, if the 
insert ,.:ere bonded to the resin, shear stresses would develop at the points 
of contact. 

Ti1c situ.:ition is further complicated if the polymcrizntion procc.:::;s is no 
10~1ccr isothermal but includes temperature gradients and chnnginf,; tcmpcr.:i­
turcs during th~ course of the reaction. So long ao the resin ha~ not 
obtained .:my rigidity» stresses will not be set up within the reoin. As 
soon Cl C .:my rigidity is establfahed in the resin, however, further shrink­
age or temperature change will c.luse stresses to be set up within the 
res i n ,'lnd imposed on the insert. 

It is with these processes and ef±ects that th\? present study is concerned: 
pregcl.:ition .:ind postgelation shrinkages, stresses within a curing resin, . 
stresscz upon .:in embedded object and the variables controlling these f.:ictors • 

.D. i ~J.~u s:;i o:i o f the 1.iternture 

Host o f the research in this aren h<ls appeared in the li tcraturc since 1957. 
With rc~:lrd to stress measurements, the method developed by Bushl hns b.ccn 
succecsfully applied to a variety of systems. This method makes use of n 
tu;,ul.ar st..iinless-steel transducer with stra.in gages bonded to the inner 
surf.:icc. From tcmparature- and hydrostatic- preacurc cnlibration curves 
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fo~ thu crancducor it W<lS posuiblo to nrrivo at atrcGc values during cure 
:md t hcr;:i:i l cyclinz from a train gace and temperature rend inc~. 

It r;hould be noted that the values for Gtrccses thuo obtained nrc not true 
: ,;.;: ,. ,,:· : .. .. :~ ryf: the nrit:unt ntl'NH'l wi.t;htn tho resin itcclf, but fll"C? componita 
V•~luc::; in'clutlinu shc.ir otre:rnc:o developed between tarn plaatic anr.i 1111.H..it oui.t 
to <liffcrances in their thermal coefficients of expansion. Such dat.'.l; th~n, 
.'.lrc u~cfol for di3tinguishing between rigid and flexible syntemn tmd provide 
n rclotivc sc~le for the Irulgnitude of &tresses experienced by components 
e:r:c'"p::;ulatcd in various i1l0Gtics 1 but indicate neither the absolut~ · o .. rcss 
::.mposed upon .:my trnnsducer other than the one used in the experiments nor 
the nbcolutc magnitude of the stress within the plastic itself which may 
lc.'.ld to cr~ck fon:lution. 

Sampson and Lesnick2•3 have used the method developed by Bush to study 
flexible and rigid systemS and the effects of reactive dilucnts, hnrdcncr, 
cure cycle, filler type and content, and rate of thennal shock on the 
strcssc:::; experienced. Of particular interest is the rather sharp tranM 
zition point found on cooling flexible resins. As a flexible resin in , 
cooled· little stress is exerted on the encapsulated transducer until a 
characteristic temperature is reached. At that'temperature the plnstic 
assumes the stressMimposing characteristics of a rigid system. Prcsum.:ib1y, 
most systems would show similar behavior if a large enough temperature 
rcnge '>·~ere considered, w:l.th systems nonnally thought to be rigid becoming 
flexible at sufficiently elevated temperatures. Further study of this bcM 
h.ivior and the variables affecting the transition temperature could be 
potcnti~lly useful in developing resinMhardener systems with reduced 
ztress l~vels. 

In nn attempt to minimize otresscs due to the resin-transducer bond and 
~ore c4c~cly approximate the absolute stress level within the resin, 
Scheid employed spheric.il plastic transducers with externally mounted 
stroin g.:i.gez. Although the thermnl coefficient of expansion of the resin 
changes ;:!S cure progresses, the more clo:;ely matched coefficient::: of 
expan:::ion for the resin and transducer should, in principle, provide infor­
mation of n more basic nature. The drawback to this method, however, lies 
in creep of the plastic in the transducer at the points of bon<lfog to the 
strain e.:i.gc. In spite of this difficulty Scheid was nblc to show that the 
stress i::1po.:::cd on the inse.rt at room tempcrnturc v.:i;:; hir,hly dcp cnt! c nt on 
the peak exothen:\ of the polymerization reaction, that temperature bcin~ 
an indication of both the temperature at which the rcsin·transducer bon<ls 
were fo1::ncd (the temperature at which gelation occurred) and the nize of 
the then:ml gradients e:dsting in the resin durini; gclation. 

In substnntiating previous work with polyester rcsins5,6 Schaid showed 
the applicnbility of using insulated molds to minimize crDckinr, of rcninn 

.during cul·e. Molds wero insulated with chopped fiber glass which r~t.1i11NI 
the exothermic heat, reducing thernuil gradients in the reoin mnsn w!1ich 
caused stress pot terns responsible for cracking of the renin. l f the 
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hi 11:1 ~:: pc::i!( C>~othcrm!J resulting fr..,m thir. procedure cnn be acco:· .. 1~"·: :1t<' d 

by c: (c c.icc'lp:Julatad components, this would appear to offer o mathod for 
rc.:luci.nr, cracks in unfilled rasin systcma. 

J) c: ·.:;~y nnd Outwn.tcr7 Ct:1ployed n different Dpptoach in s;;howing thc'lt the 
v .. ;.:L.tiv:i of prco::::urn with Lornpcu.·aturc 01\ an amlJaJJ,•o ubjcu.u: L1\ c.i .Lull)' 
cu~:c<l rit;id re:::in could be calculntcd from the differences in the thct·m:i.l 
cocf ficicnts of cxp.:maion of the resin and the embedded object and other 
phy::;ical properties of the materials. The tr:msducer uned wns A mercury 
thc1";';lc::-.ctcr modified so that 11ydraulic preosure could be exerted on the 
column of mercury to ca:Jso the thermometer to re~d th.a name as the tempera­
ture indicated by .n thermocouple embedded next co tb.e thermometer bulb. 
The r:'.4!gnitude of the pre:.>sure exerted by the oil on th~ mercury wn~; 
con~idcrcd to be equal to the pressure exerted on the glaas bulb by the 
rccin zurrounding· it. As was the case with a metal transducer, thi3 
r.1~thod c.:in provide estimates of the stress exerted on a specific trans­
ducer (in this instance glass) and the vadation of that stress with · 
tcmper.:iture, but it cannot provide absolute values of stresses within the 
re.oin its elf. 

I 

In the. related areti of shrinkage measurements Lascoe8 studied the volu .. · 
metric and linear shrinkage of an unfilled epoxy rcain cured with 
<liethylcnctriamine (DTA). For the volumetric measurements of interest 
here he employed a closed metal mold. and followed the ohrink~gc during 
cure by changes in the level of mineral oil ir. the pipette tube above the 
resin. Even though a metal mold was used, the resin roaso uaccl for the 
mcasu'rc:nents (approximately 65 grams) probably resulted in appreciable 
exothel-;nic oxp~nsion, curing part of the cure giving average values 

· including c:<pansion and shrinkage. No attempt was made to distinguish 
between shrinkage before and after gelation. 

!?~;:ry ~.~i.! Mackay9 refined the general m ::hod of Ln::;coe to reduce the contri· 
bution of exothermic expcnsion and introduced modifications to determine 
th.:! point at which gelation occurred. By using a r.;m:iller 1·csin mas:; (:ibout 
20 gr~1m.s) they limited peak exothcnns to le:::s than 2°c for .oy::;tcms cured 
r! t. 2s0 c ;:md lcs::: than 10°c for those cured at 65°c. The gelation point 
t·:.'.l:; determined by checking a comparable mass of rcnin in a bcnkcr nt the 
::;.::.r:1c tc:~::l~rature :with nn applicator stick. Both the 'total and poGt;~cl.'..li.:.:.on 
::;h;:ink~:;_;c:; detcnnined in this manner were highly 1·cpcatable for a ~ivcn 
:.;y;;tc:a, ~ut gave only fair agreement with values for total shrink:~gc ohtnincd 
from mc~1curcd density changes of the same S.lmples. From compD.rison of the 
dat~ for different hardeners with the ~ame epoxy resin they were nble to 
r.w.kc so:::e generalization& concerning size oind structure of the hardener 
molecule and the type nnd amount of shrinkage encountered. 
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.. Or.1 :;y:tcm uning Epon 828 cured with rneto.phonyloncdillminc (HrD) cui:od :11: 
65°c \,· .~ ~ given a postcure of 2 hours ot l50<>c and n dccrcano in dcnnity 
wna noted when tho resin wao re!:urncd t:o 65°C. It woo surmcotcd 1.:hat the 
r; c-::ti.cu;;cd rc3in had n higho1: thermal coefficient of 'mpnnaion than the 
1· ., q 1 r " · "'i l·t• '! In• ce~udnA ''1H"' f" !•1•nrv.t!<'n nn hM tin A to ha P:X't:'ll tr r thnn thll 
~i.:. lJ .:;cq u ..::n t contraction on cooling. It should ba noted ·thnt Lhi.o uuc1•caoo 
in dc o:.::i ty may be a net effect of the behavior just described combined 
\;ith further shritlkage due to additional cross linking during the 
po::;tcu-.:c. 

Fvr the cas0ing of parts from unfilled epoxy system3 Ncl3on, Morriaey, 
~nd !forccy1 · found that by reducing the peak exotherm during cure, nnd 
thu::; reducing the themnl gradients in the resin mnss, they were able to 
obtni~ castings .which followed closely the contours of the mold. The 
e'xplanation for such behavior is that 1ri.th large thermnl gradientc the 
portions of the resin next to mold surfaces are the last to solidify and 
thu~ :ire more easily distorted by stresses in ·the curing reain, while a 
t'9duction of thermal gradients evens out the shrinkage in the reoin nnd 
r.cducc:; the stresses developed. This is a second npproacli to the the.rranl 
zrndicnt: problem' mentioned previously 'in connection with the cracking of 
unfilled resins during cure • . 
In sum.~ury, there would appear to be two fundamentally different 
approaches to the study of .stresoes during cure and thermal cycline and 
of shrinkage during cure. The first iil to choose an admittedly arbitrary 
resin mass and configuration (and transducer in the caae of stress measure• 
mcnts) which is somewhat representative of the actual encapsulation and 
castin:; conditions under which the systems will be uoed. Data obtained 
in thic I:lnnner would represent the net effect of a number of contributing 
variable::;, but should provide information as to the relative beh:ivior of 
different systems in a given application. Closely connected with this 
type of work would be, for example, the development of methods for · 
reducing resin cr.icking. 

The second approach, although of less immediate value, would probnbly be 
of greeter ultimate value. This would center in attempts to eliminate 
ac r.umy variables .'.lS possible and compare one specific property among 
a vnri~ ty of systems. If this could be done for enough of the contrib­
ucinz v~riable~, a more basic understanding of the phyaicnl and chcmicnl 
proce.ccc.:> occurring would reault which could lead not only to the exp 1.1-
nation of observed behavior, but also to at least semiquantitative prc­
dictionG of behavior on the basis of structures of the reactantD. 

Sh::inka::;c studies carried out in this laboratory have been for tbc eval­
u~tion of epoxy casting resins already in use and for the testing of a 
method for determining pregel:ition and postgelation shrink.'.lccc. For th c~:c 
reasona some of the systems stupied are proprietary fonnulntionr: :ind the 
curing sch~dules are usually thbs~ sp~cified for actunl cncopauln t ion 
processes. 
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Procedui-e 

The me t hod u£Jod ln these ahrinkocc studian wns cui;~cr.tcd by A. J. Qunnt, 
();·;::..d .• · l'i .. o lll1 1o1 l, fi~n·'lln C:1"ll"! rr>r11f:L o11, CnHhrf1t ~,i 100-nitllf.Ht~r 
volum1.:Li: ic Hauku ware <:mploy..:J an mole.lo !01;• t:hc 1;hr:i.11lrnco <h.~t c11:111i11nti.ona, 
Th:; initial density of the system being studied 'W<lS t<lken to be the 
·wc i Bhtcd nvarage of the densities of its individual components llt the 
p rc~cribcd mixing temperature. The mixed and evacuated rc:Jin-hnrdcncr 
r.:y :: t:cm \,·.:is poured into prcweighed, mold-released flnoks, the flask.a nnd 
:..: .. :; ir p~:ehcated contents brought to the prescribed temperature as indicatod 
by a tl :..c: t"mocouple placed in the center of the resin muss in one fl.nok9 
the leve l of the resin. in the other flasks adjusted to the calibr!ltion 
me.irk, then the weight of the flasks de.tenuined for calculati1'g the de11s i ty 
a t the · ti.me the level!J were adjusted. After the prescribed cure w:is 
completed the volumetric shrinkage in the nack of the flask was measured 
and w~z assumed to have occurred while the resin was in the fluid state. 
This chdnkage could then be combined with any shrinkage noted between 
tne tirr.c of mixing and the time at which the level of the resin in tha, 
£ia::ik i·:.:: s adjusted to give the pregelation shrinkage. ~nmplcs of the cured 
plastic were then cut from the re$in ~ass and their densities determined 
both•at the last temperature of the cure .schedule and at room temperature. 
In this way~ values for the total shrinkage from time of mixing to the 
.'"'.ur~..t ::;t.'.lte at room temperature could be ca'lculated, as well as postgelatiort 
shrin!tage <md contraction of the cured plastic upon cooling. 

f!Jeparation of M9t9ri9ls 

All but the neck of each flask was mold released with Garan 225 Mold Relcaoe 
and the empty flask weighed to the nearest 0.001 gram. Densities of the 
individu.:i l components .it .. lie mixing temperature were determined f.rom the 
w.'.!ight o f a known volume at that temperature. The epoxy resin and curing 
.:t ~cnt (or components if kits were used) were preheated to the mixing ter.ipcr­
~ ture a~ were the flasks to be used. 

Mixing nnd Pouring 

The components were added by weight to the nearect 0.1 gram, then mixc<l by 
h.'.lnd for 3 to 5 minutes with a wooden spatula, taking care that no unmi~<cd 
m~teri.:il remained on the sides or bottom of the contalner. Following mixing 
the rc:Jin was evacuated to remove all air bubbles. The pressure was dc­
crc.'.lncd until the fooim broke, then was held at less thnn 3 mm He for at 
least 3 minutes. The evacuated mix was then poured down the nidc of the 
flask to avoid entrapment of any air. A thermocouple wa: :'osi.tioned in 
the center of one flask of each group and the flaska and t;~e ... ~ couLenca 
brought to the specified mixinz temperature ac indic3tcd hy t~. c t h '.; rmo· 
couple. When the correct temperature had been renched the lcvo .·. vC the r c .1 i.n 
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in cnch fl11Bk waa £idjuotcd by adding or i:emoving resin until the btittom 
of tho 'l.1cniccuo coincided with tho calibration mark. Th• fluku wcro 
.::hen "1ci::;had to the nearest 0.001 gram and retumed to a forced•ch:nft 
ov<?n for curing. 

The oven temperature was controlled to within 2°F of the cure temper­
ature specified. During cure the flasks were placed in one.•quart pnpar 
cupr.; with 1/2 inch of plastic foam insulation in the bottom to reduce 
loc.'.llizcd surface cooling of the flasks . during exotherm. This wao done 
in •:in attempt to reduce void formation near the mold surfaces without 
providing insulation sufficient to appreciably ~aisc the exothermic . 
temrcratures, and proved relatively successful. The exothermic temper­
ature as experienced by the thermocouple in one fla~k was recorded 
throughout thE! cure • 

. ' 
' 

Shrinkilge and Density Measureme~ 

After the cure was completed the volumetric change of the resin in the 
neck of the flask was determined. If the level of the resin was below 
the calibration mark the weight of water at that temperature needed to 
fill the neck to the mark was determined by weighing by difference. 
From the weight and temperature of the water added its volume could be 
calculated. If the .level of the resin was above .the mark on the flask 
due to gelction of the resin in an expanded atato during exotherm or 
cure tem~crnture chnnge, the height' of the plastic above the mark and 
the diar.icter of the neck of the flask were measured and the volume ex­
panded (negative shrinkage) calculated. After· completion of the 
volu;:letric measurements the flasks were broken · and four sampleo of the 
cured rczin cut from each resin mass for dGnsity detenninations. 

At room tcmpcr.:iture (75-78°F) the specific gravity of each sample wnG 
determined using a specific gravity balance. From the specific gr;ivity 
.:ind the density of distilled water at the measured temperature the 
dcncity of the sample could be calculated. For determining the d~nsity 
of the ;; .:nnc n.::imples at cure temperatures less than the boiling point of 
w.:itcr (.::bout 200°F at this altitude), the specific sravity of the G:tmple 
w~~ determined, as before, but ucing water kept at the desired tcmper­
.:iture with an insulated heating cloth controlled by a Variac and wrapped 
.:iround a 1000-milliliter beaker. Again, the density wns calcul.::itcd from 
the specific gravity and the known dencity of water at thnt tcmpcr:1tu 1:c • 

In two c.::ines it was necessary to measure densities near or nbov'~ t ~' e 
bolline point of water. A mixture of water with ethylene glycol was 
u~cd whose denaity ·was found by dctemining the specific gravity or 4 

.. 9 .. 

.·. 



: ample of copf)cr motal immorsed in it. Fi:om tha clonnity of tha copper 
t:lc.ic~urcc! l\ t room tompari:iturE. lll'\d its thcrmd coofficicnt of expcmd on 
l.t we.~ pot:oibh to calculate tho density of the copper, and tbua cf tho 
'W3tc .:-c i.;hylena glycol mixt.ure, at the elevated temper4turea. Ft'om the 
c ,, J ,:11 J :1 I ·'<I d~naity of tho mixtul.'c nnd tho mcaoured apocific gravity of 
~ 0"1•1l,l.\I rct l.uLvu co •h• mi.x~1i&1i,·Q it WA& poiUl1Dil ~Q wlH16&Lh l.h<ia '1~uul &i i' 
of the sample nt the elevated temperature. 

Results 

Method of Calculation 
' 

I n the calc.ulation of volumetric shdnkages tha following . symbols 11Ul 
ba used: · .· 

· I .; D1 as Initial ·density in grams/cc of the mixed resin at 
the mixin& temperature••weighted average of the 
components at the mixing temperature .· 

Dz = Density in gratnS/cc of the resin at the mixing 
temperature when level of the resin adjusted 

D3 Q ·Density in grams/cc of the cured plastic at the 
last cure temperature 

D4 • Density in grams/cc of the cured plastic at room 
temperature (74-78°F) 

~V ~ Measured volumetric shrinkage in neck of flask in cc 

m = Mass of resin in the flask in grams 

The following shrinkages can then be calculated relative to .the initial 
volume of the resin at time of mixing at the mixing tcmpl?rature by 
a:;;:;;uming that the mnss of the resin remabs constant: 

Total shrinkage, percent 
from initial density at 
time of mixing to the density 
of the cured plastic at room 
temperature 
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Ao c1,m be readily i•tn . tlle total shri.nkage · eaould be the sµm ·of- t.he 
pregel.:ition, postgelation, and co\)Ung shriftkages. Since eaeh of theae .. 
values was computed for .every flask and then t~ average value taken for all 
the flasks with a given system, the results were not always strictly 
additive due to experimental variation. As an indication of the spread 
in the data averaged to obtain the values presented, the follQwing .sta• 
tistical.analysis based on standard deviations was used: 

a= 
'( 2 :...2)1/2 Ix • nx · 

n - 2 . 

whert! 

x • an individual value , 
n · • the number of values of x considered 
x • tho 'avoraa• value of x ' . " 
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M1xina ·t;~orature 
Cure 

n 
'D1 
D3 
D4 ' 

• T()t4l1 ,•• 
l''tea• · 
Posta 

/ Coot £•1•· .!Ii<·. ' 

Ppak 4)COtb,e~ " 

? · ·" . 

", 

· Mixing tatpetacure 
Cure 

·n 
D1 
D3 
D4 
Total shrinkage 
Presel~tion shrinkage 
Postgelation shrinkage 
Cooling shrinkage 
Peak exotherm 

.. ' lp.OCJli liJ61•1 ,, , . 
(lpet. ~-8 '~ ff· PBW ' 
4,K ML4A . "' $0 PDW) 

DEA 

.l65°f 
15 how.rs at·. 165., 

4 
1.5727 t.,•/c4· . 
l.6419t0.0072 v;tl}fM/CC. 

·TAJUS ltl 
, 1 : " 

K , 

Epc:>a 828 ~ ; _ . ., . 100 rsw 
N-h1•IOlclf•dtylptf•J:a&i.U.~ .··•}>i•:•'.(1;; ,. • 6 !IW 

(N ... tll:t) ' .·•· ·· .. ·. )':'',.;;'\ :. · , ) . ... 

ltoom temperature 
15 hours at room temperature 

5 hours at us-r 
15 hours at 165-, 

6 
1.1501 grams/cc 
1.1731±0.0020 grams/cc . 
1.1873:1.:0.0012 .grams/cc 
3.13±0.10 percent 

-2.05 :t2.0 percent · 
4.0l:t2.0 percent 
1.20±0.18 percent 
199., 

.. 

•13· 

~ \ ' l •. 
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rormul.ati.01\ ' • , 

Mixing teuiparatur• , 
Cure 

Formula tio'1 · · . . 
Mixing temperature 
Cure 

n 
D1 

,D3 
D4 

:·\. 

Total shrinkage 
Pregclation shrinkage 
~ostgelation shrinkage 
Cooling shrink4ge 
Peak exotb.erm 

Room . tem\,era tu re · ·• · , 
l.5 houts. at 10om tf4!lP•JaU\&~ 
S ·hOU'CS '8J 1,15., , , . , I•· '' /~ 

15· hours at 1•s'r ' 

.... v 

EpOJ\ ·· eas · · 
PipAtld1ne (PIP) 

Room temperature . 
is h9urs at room temperature 
S hours at 115-V · . 

15 hours at 1659F 

4 
l.1345 grtJ.ma/cc 
l.1646t0.0014 grams/cc 
1.1796%0.0020 grams/cc 
3. 82±0. 16 percent . 
1. 20:tl. l percent 
l.39:tl.2 percent 
1.24:1:0.18 percent 
190°~ 

,. ,., •. 
. .. 

' ~ . 
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:1·r 

" . 

• 

,·'-' 

.1 i : 

· Mi:Kins 't81Jlpeiatutr• 
Cure 

n 
D1 

, · 

c 

. ' ;l ·, 

D3 . 

' · . 

·. D4 i·' '"£' 
Total .LftM • , . 

. P.rosai4-.14\ ···~· · 
/ / Posts•I,&Jt.oa , , . ·1 · a · 

Cool:f.~g .~i.t.,.•;· ·. 
Pe,lk . -.tlt•• . L; 

',·'\' :'' 

Fomul4.t:i.:l*l ,. ,~ ... f 
• Semi 'tiJ:ld. , in&pectt'$on 

Res£1l (Bil)" , . 

Mixing tempe't'ature 
. Cure 

n 
D1 
D3 
D4 

·" 

Total shrinkage 
Pregelation $hrinkage 
Postgelation shrinkage 

.Cooling shrinkage 
Peak exotherm 

• 

Roa .. · t•m,eratu't'e . 
15 h~ut'S at room tempan~u~· · 

· s houu at US., · 1·:,.·::~, ·'-
lS houg at 16.S.*lr . · · :.; · r · · 

TJdM• VJl 

.1~1 "i~®:• ·" 
,:'~11~00,B 

130°F 
15 hours at 130-r 
24 hours at 160., 

4 

. 

l.1223 grams/cc 
1.1497:!:0.0022 g.rams/cc 
l.1814d:0.0006 grams/cc 
S.00~0.05 p~rcent . 
3.00±0.16 percent 

-0.6 2 :tO. ll percent 
2.62.t0.20 percent 
l66°F 

' •• ; + 

< •, ' 
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. :·." . . . . . 

J .; .. 
~ •, 

Mixi~g 'temp•1t4tur• 
Cure .. 

- . ,' 

. 
't 
' t ' 

.-: \ • 
"'' 

·' 

,. 

. ;\ •,-, 

Fo.mul•J~On · _: .. 

Mixing ~emperatura 
Cure 

n 
D1 
D3 
D4 
Total shrinkage 
Pregelation shrinkage 
Postgelation shrinkage 
Cooling shrinkage 
Peak exotherm 

·~ 

; . ·~ 1; ~~ -t 

,c: ·r·.fJ ~1 · it.· 

. ,. 
,: ;;.,(tt~~-\~:*-.~ .. 
'• !-~J·,'.; : .. '; :.-·. 

. " 
'·; .• ·i · ·· :.; . 

:, •' ".-' ~-
". ':.···.·, .' •' ··'· 

3 
l.1537 grams/~c 
l.1703:t:0.0008 grama/cc 
1.2019:0~0032 _ g-cama/cc 
4.0l:t0.26 percent 
2.43±0.48 percent 

-1.01 ±o .• ss percent 
2.59±0.22 percent 
Greater than 2S0°F 

<. , ' 

' \ 

70 l>'BW 
30 JJSW 

,' ' 

-~·· . .... ~ 
.·:·. 

'' !•" 

' ' 

·'. : 

· . 

...l ·.:• -· --

' ' 
. ·,,.' 
. ' 



. . ·.· .. . 

Total · 
Pr~s~lotion · : · 
·Pos tge la tion 
Cooling 

. . . . ·. . ' .1· • 

·, i /Po-STf,tirl...A.,.~OtJ . 
As can be seer1 from Table X the predicted va){aea ·for pr•·~lation and,. 

eoo\..ll'Jt, "!MHflllatiefl. shrinkage agree quite well w~h those fQund, wllile the 
di::agreement in values for -cool-ing~-&h-r·inldle is largely reaponsf.bla fo~ 
the di3crepancy iri the total shrinkage. Si-ft•• ••'• aH et:U puH ctlyo 

.li! " i1 ~hlQ feL:tb~•L.tw2 _s,,sterms ~howi~"IHl.•iUi:e11:::.t.L.1iad1c .. t!L. -., 
:;..~~ti.'lia tha-me l eoeff~i~~~·exp~~io~'f.~t~.!- §!~tlJll'a .W.l'.A::::Ctt~t.t....~ 
Q;f interest, it L&--n&""cl.ear:~whe.thu-,.,.a-.·s .t.11a4.:gat llloacUae ,fa....,_., l!lhoatd- · 
·ti·. EUtpeQ t~<d~p.p.l~;.s:he-ma-1--&h-rinkage-:- . · · · 

• Considering the unfilled systQmo the total shrinkages found correspond . 
roughly with the temperatures of mixing as sho'wn in Table XI. 

-~ , .... 

'' ,,t 

. ' . -~ 
t'.' . ~ ,. 
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Total Sl\rinkago an.dMix Ttmp•tat\tra 
(Unfilled i)'1tema) 

•fl,_,'/ 

Teta,} 8hrlnkAgo 
· .. lt1$g~.l*~ " . · ,; ·. ·~~s.tenn;~ , .... 

828 end N·REP . , Room ·. 3.1 

:_.\f 

I , 
' I 

828 and 'DEA.PA ,. RoQm . . " 3 • 8 · 
828 nnd PIP Room .. ·. : · · 3.8 ., . . . • , 
828 and ."Z" ~ " Room •' · · " . , · .. .1,~.. 4~0 · .·· .. '-"' 

~i~R and PGA ' ~~om_, } ,. , ·~: '" ~:' .... ~· ;: ' ;. ... ~:: : · . : . i:": 
iiLru1 D~ , . t~ ~ . . · ;., .·f·· .. -.:t.~ .. ; .. : ... t .. :~.,::.•·.·.~.·.•.··.·.•·~·:.• .. ··.,.'.' ,J~;~ :,: . . ·. rL. 

Buck a eyeu4 -.J'w ~~ ~ Cf . !, 
0 

' 1' • ; i!~i;. 't a higher ~·'"•~'* tit• :r.n.~1'1•~· . · i ·I . ·~;d i' p:.7i'·n ... ~.,>,\ 
so ' thnt th•r• is; Ii' "•ti.at,' at\""a~.· · . . 1 '. t .. · . • l ~''ffi/ · · · .. " '·; 
systems mix~d at ·~ev•t•d temptt'4tu'tea. : ftJI' ··_ .,., ' ~~~~ ":· r~·~ ,,,~ . '• 
ati4 DEA S)'S~m I>•*" ... , ·~ ' l'04" .e---pe-.Ur. ·:·~~1••1: .,~. '4Puld ' 

. have 'been around 4.'pn,.ent ia•t••4 of ' • . 'J· pe.-4~ tO;ra.1 · llltiuaap. ·J~und 
when mixing was ac~~tsb;ecl at l,\S..... . .. ; '. '' ' ' . . . .'. .. '' . 
o~ much grea't~r ii\t,9~•~t . tll•n t~; q,141' .. .-}tn~a, .·J}ow&\t~~.~ -.P:.'.f• . ~~··~.'14i'• : " 
ation of ita compo~•t partl!J. rres•lttln lb$kaga,· a:t~lh ~o~' ~tnss .. . ',. 
impdsing, is i:eapo~albl• fot the :Lntttal· ohange o~ the --~· ~ '4~•rus£.on . •:;.': · · 
in oa.,tinga. lt muat be ramemb•r•d, bowvet, that: the l•~ti•n '°'''ii'.; te · : ·: «;· · .• 
r.:lther ill. defined in ma~y cases and that the proc•ss of gel ad.GI\ oe•urs ·: · .: 
at different times throughout a casting . that has developed the~ai 
gradients in' the resin mass. · 

In the present method for determining pregelation shrinkage the inter­
~ction of reaction exotherm and gel time with the actual shrinkage before 
gelation complicates interpretation of the data. As may be seen in 
Table XII the two similar hardeners, N•HEP and PIP• show a small and a 
neg~tivc prcgelation shrinkage, respectively. Both of these systcmo ex­
hibited a small initial exotherm at room temper~ture followed by n tcm?¢r• 
ature rise close to 200°F shortly after the reaction was "kicked off" by 
rnisin~ the cure temperature to ll5•F. Other systems also shol-TCd thic 
chnract:eristic, but only in these two systems did gelation occur while 
the re::;in was still in the expanded state. For example, the Epon 828 and 
PGA foroulatian· showed a higher cxotherm but did not assume any rigidity 
until after it had been. cured ~t l65°F. For Epon 828 and N•HEP the expan· 
sion before gelation was .greater than any shrinkage which did occur,· while 
for Epon 828 an4 .PIP the eXpansion was not aufficf.e1tt to obscure completely 
the previous or concurrent shrinkage. The cliffe~ in prageladcn 
sh;inkage values for these two simil~r hai'Clenera vaa probably due to . th~ 
interaction bGtwae'n •Xt>thcm and s•lation time. 

-18-
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TABLE Xl'.l . ~ · ' i" • 

" I 

.. •' 

" 

TABLE.XIII 

·· Jn1al.a.tion ShtS.Niago 
wi~~e> 

, 'i.: 

, · {' .-:..., p· 

.. 
Postgelation Shrinkage 

(Unfilled Systems) 

Svstem 

TIR. 
828 and PGA 
828 and "Z" 
SRIR 

:828 and DEA.PA 
828 and PIP 
. 828 'and nu. . 
828 .inc& N•HD 

..,. 

' '\ " . 

•19-

Postgelation Shrinkage 
(percent) 

-2.8 
-1.2 
-1.0 
-o.6 
-0.2 
1.4 
2.s 
4.0 

'·J 

·') 
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' i' 

~ ~ '\ ~-. ' 
~. ·· ( ' 

. 
·.1 • 
'\' l .. 

• ..;1,·r,1. ·; ~"' .. , ,.. r. ,rr '" • ~· 

The \U:o~AblO ;' ~lf.ft&tion ii thct Cl\. fnci-.. aa in ' cu~" t~erotura cau~od 
an ·~-~01.oi\" tt ' th~ r•n whiGh "°" ·than ol!••·t onx Cu~ther poati•l•t.L~ 
ahrit\kas_e. ,, · ' ' ' . • . 

(•, .. ~· 

T,hf' t!P ·~n .. tl tl•H~P · 8. ¥fflflt\lll Arl'!tf'tnfl, t1'1tle.Mftt. rel1"tive1r·mota UO:J~RGltt .tion .. "-c· .· 
·ahdl\kaJ• . llllO t:.l\oy 1-d s•U•<l 1,. an, oxpanll•cl at11t• .. ctn aa a hlgli11t tem- . -, . 
perature th•n aaf subsequent. cure temperatU.ra. whil• the DEA s.ystem W@• . 

held at· a co.natc~.t te.m:parature ·· throughout its entir•. •ure. · . 

Values for pregelation and postgelation shrinkases, being relatively more 
difficult to ·determine accurately, show wider ~ariability. : With this 
method the gelation time dependG heavily on the exotherm generated, of ten 
obscurin& actual shrinkage which may be occurring. It does, however, 
more closely approximate gelation conditions encountered in actu.il casting 
applications than d<;> other methods put forward for distinguishin& between 
pregelotion and postgelation shrinkag.e. Use of several-step cures also 
colors the results, particularly the postgelation shrinkage. Since there 
ia [;reat variety in the resin mass and mold configuration with which a 
resin may be used, it is likely that the prcgelation and postgelation 

.nhrinkagcs for a particular formulation will vary with the conditions of 
tho individual casting situation. Even though such variability exists, 

.one should be ab.le to predict some aspects of the relativ4 behavio~ 
expected ft'Q!Jl several i:esins under identical conditions • 

" ' •. ' 
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At tcc:ip t :J to. qomp4.2:• ahrink.age data obto.inod by diffc\·ont .mctltodu have 
thu3 f = r "'IO t with· lit t .le euoccas. In · tho ·1'l0 rk by P n 1·ry and · Mact.ny, 
r:icnt:Lo~i.cd prev:Loualy, thero. were inoonisUten.c1otJ batwctn total shtinkAtO · , 
valueo ob.to1ned !'°om clonaf.tios n\t\4 dd.latomt•r moasuro."'41\ta. Th~it dct·t&, · 

·. tQOt r,.w q onl )' fil:f.r on:oemo1\t wi.th tqat of Lootoe. · The valu~~ o\>tainod 
by ]ll(lrl'y tmd M4C~)' :CO'I: Spon 820 Ancl "%'' at cu•c wore a.6.pH'Chtnt ·l~t.U. 
and 2.3 percent after gelation shrinkage as compared with 4.0 :percent 
and -1.0 percent for tho SAme shrinkages by. the present method. Their 
val·uea for Epon 8·28 and PEA.PA at 6S°C were 6.1 .. percent toctal and 
2. 9 perc:e~1t after . geiation &b.rinkage , as compared With 3.8 percent and 
-0.2 percent again.by the present •tho~• ·· From this it can b• s.een that 
the te~t method used can: entirely change tha complexion of the \re:ults 

· obtained. · · · · · · · · 
. ~ ' 

J . 
. ... ' 

•, h~ ·'.J l 
~ ' . .. ; '1'- • \ ' 

~I • ' 

" /. 

·-·~ . ..: . 

~eC0.11111lt~tllO.f 
•, . . 

I . 
With · r~sard to ·Shrln~as- measurements, it ia app-ann~ that there is ·a nee4 
to establish a ' single inethc>d applieable. to a · w4di vadety of systetns .• 
Such · n method should inclutl• a me$l)4. fo-r det<u:tiinin.g pregelattqn and post .. 
gel:.itiOl'\ shrinkage and fot' fOllOwillg ,the anti.re COU't"Se Of th$ 'sl\rin~ng'1 if · 

' poss1,ble. .. It ~houle:\ ba 'a4•ptable tor use at several cure temperatures and. 
snou.ld nt least minimize e~th~n;ms, The use of''averages for in1i.tial 
densitias an~ talc.tng the time of af.Xin$ a1 duiQ zero seem to&4 .adeqilDtc. 

. • I 

In the light of these considerations, the method of Parry and M'l.ckay seems 
to .be t ho .most profitable point of departure. In order to further reduce 
;>xothct1l\3 Whiie possibly allowing the use of a · larger resin mass to increntJe 
.iccuracy·; further work could investigate metal molds which would provide . 
a larger . surfocfl-to-volume ratio for the resin mnsa. If exotherms could be 
successfully eliminated from the shrinkage studies, extensive work should · 
then be done with exotherms themselves, studying the effccto of rcoin maos 
and configuration, cure temperature, filler type and content, h~rdencr . 
concentration, and thermal conductivity. Such data relating exothcrrn::;, 
gcl::ition time, and cure shrink.age would be useful in gaining a fuller under­
standinz of the relationship between chemical structure and cure phenomcn.n, 
including the many reaction mechDnisms already elucidated in the literature. 

Por st ~ccs studies the metal transducer developed by Bush would cccm to 
offei.· cha best method available at this time. Although actual mcnsurc mcnts 
of st rcns within the resin cannot be mnde by that method, it ~uld give. 
useful rclat.ive inforroa·tion which could be correlated with other physical 
properties of the casting resins. Effors should be mnde, ao in the shrink-

. ane studies, .~o d~velop a method that · would apptoach isothermal curing 
conditions. If ·ouch cond.itions were obtained, correlation between 
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