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CURE SHRINKAGE IN CASTING REEINS'

Introduction

Two related problems of constant concern in the development and evaluation
of encapculating resins are failures of encapsulated components due to
streos iwposed upon them by the resin and cracking of the resin itself
during cure and thermal testing. In addition to acknowledge the physical,
electrical, and themmal properties of casting resins it would be useful

to know the actual stresses existing within a resin and the cure shrinkage
waich gives rise, at least in part, to those stresses.

Theoretical Considerations

The process by which an epoxy resin is transformed Irom a liquid to a'.,
uceful solid is primarily one cf cross linking a number of units of the
cooxy resin through the action of a hardener. Such a change of state
gives rice to changes in the physical properties of the system. In
particular, there is usually an increase in density which may cause
stresses to be set up within the curing resin which, in turn, may impose
stresses on embedded objects if the resin has sufficient rigidity.

Consider, for example, an idealized system in which the temperature
remains constant throughout the resin mass during the curing process,

In such a case all portions of the resin would be undergoing reaction at
the same rate and, therefore, any shrinkage would occur evenly throughout
the casting and would give rise to an even distribution of stress within
the resin mass.

The reaction of unfilled epoxy resins with hardeners, amines in particu-
lar, is usually exothermic and often highly so. Since the plastic itself
iz a poor thermal conductor there should be a more rapid transfer of heat
from the recin near the surfaces of a mold to the mold than from the
interior of the resin mass to its edges. When the heat in the center of

a resin moss cannot be rapidly dissipated there is a rise in temperature
waich tends to speed up the reaction rate, which increases the amount of
heat liberated, and so on. In this manner a thermal gradient is set up
throughout the resi:. with the hottest portions being in the center of resin
masses distant from heat sinks. Because of this diffcrence in tegmperature,
different portions of the reactants will be at different energy levels
causing rcaction at different rates. Generally, the exterior portions of
2 casting will cure more slowly than those portions in the interior of the
resin mass.
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o oa resin cures it vemains a fluid of increasing viscosity for a period
oi time. During this time it may undergo schrinkage f{rom the cross-linking
process, but no stresses can be set up within the mobile recin or exerted
on any encapsulated objects. Because of the thermal gradients existing in
the curing resin, the transition from fluild to solid, called gelation,
ceceurs at dificrent times In different portiond of tha vepblid wdow. L Lo
this process which sets up stress patterns within the resin mass whiclh may
leaw to cracking of the resin during cure or thermal cycling. In addlition,
as the reaction tapers off and the semicured plastic cools to the curing
temperature, stresses are again imposed due to differences in the rate of
cooling within the mass. The absolute level of such stresses will depend
on the flexibility of the system, the more flexible systems being able to
relicve such stresses. -

If an object were embedded in the curing resin under isothermal conditions,
the only stress imposed upon it would be from postgclation shrinkage of
the resin and would be uniformly applied to all surfaces, the magnitude of
which would depend both on the amount of shrinkage and the flexibility of
the: resin.,  Should the ambient temperature be ghanged at any time after
some rigidity has been obtained in the system, any difference in the thermal
coefficients of expansion of the resin and the insert would cause compres-
sive or tensile stresses on the insert (depending on the relatiouship of
the cocfficients and the direction of the temperature change) and, if the
insert were bonded to the resin, shear stresses would develop at the points
of contact.

The situation is further complicated if the polymerization process is no
longer isothermal but includes temperature gradients and changing tempera-
tures during the course of the reaction. So long as the resin has not
obtaincd any rigidity, stresses will not be set up within the resin. As
soon as any rigidity is established in the resin, however, further shrink-
age or temperature change will cause stresses to be set up within the
resin and imposed on the insert.

It is with these processes and effects that the present study is coacerned:

pregelation and postgelation shrinkages, stresses within a curing resin,
stresccs upon an cmbedded object and the variables controlling these factors.

Discussion of the Literature

Moct of the research in this area has appeared in the literature_since 1957,
With regard to stress measurements, the method developed by Bush! hag been
successfully applied to a variety of systems. This method makes use of a
tubular stainless-steel transducer with strain gages bonded to the inner
surface. From temperature- and hydrostatic- pressure calibration curves
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for the trancducer it was possible to arrive at stress values during cure
and theraal cycling from strain gage and temperature rcadings.

It nhould be noted that the values for stresses thus obtained are not true
tadiearionn of rhe aetual atvess within tho resin itself, but are composite
values ineluding slicar stresces developed between tha plaoLic and matal due
to diffcrences in their thermal coefficients of expansion. Such data, then,
are useful for distinguishing between rigid and flexible systems and provide
a relative scale for the magnitude of stresses experienced by components
cncapsulated in various plastics; but indicate neither the absolute s.ress
imposed upon any transducer other than the one used in the experiments nor
the aboolute magnitude of the stress within the plastic itself which may
lead to crack formation.,

Sampson and Lesnick2'3 have used the method developed by Bush to study
flexible and rigid systems and the effects of reactive diluents, hardener,
cure cycle, filler type and content, and rate of thermal shiock on the
stresses experienced., Of particular interest is the rathexr sharp tran-
cition point found on cooling flexible resins. As a flexible resin is.
cooled .little stress is exerted on the encapsulated transducer until a
characteristic temperature is reached. At that temperature the plastic
assumes the stress-imposing characteristics of a rigid system. Presumably,
most systems would show similar behavior if a large enough temperature ‘
range were considered, with systems nommally thought to be rigid becoming
flexible at sufficiently elevated temperatures. Further study of this be-
havior and the variables affecting the transition temperature could be
pothtzuxly useful in developing resin-hardener systems with reduced
stress levels,

In an attempt to minimize stresses due to the resin-transducer bond and
nore ckc“cly approximate the absolute stress level within the resin,
Scheid™ cmployed spherical plastic transducers with externally mounted
strain gages. Although the thermal coefficlent of expansion of the resin
changes as cure progresses, the more closcly matched coefficients of
expansion for the resin and transducer should, in principle, provide infor-
mation of a more basic nature, The drawback to this method, however, lies
in crecep of the plastic in the transducer at the points of bounding to the
strain gage. In spite of this difficulty Scheid was able to show that the
stress imposed on the insert at room temperature wvas highly dependeant on
the peak cxotherm of the polymerization reaction, that temperaturc being
an indication of btoth the temperature at which the resin-transducer bonds
were formed (the temperature at which gelation occurred) and the size of
the thermal gradients existing in the resin during gelation.

In substantiating previous work with polyester resing:0 Scheid showed
the applicability of using insulated molds to minimize cracking of resins

-during cure, Molds were insulated with chopped fiber glass which retained

the exothermic heat, reducing thermal gradients in the resin mass which
caused stress patterns responsible for cracking of the resin. If{ the
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higher peal exotherms resulting from this procedure can be accorweiated
by tic cacapsulated components, this would appeaxr to offer a method for
reducing cracks in unfilled resin systems.

Dowey and Outwatex’ employed a different approach in showing that the
veriction of prescure with temperature on an embadded objest In a lully
cured ripid resin could be calculated from the differcnces in the theuvmal
cocfficicents of expansion of the resin and the embedded object and othiex
physical properties of the materials. The transducer used was a mercury
thermometer modified so that hydraulic precsure could be exerted on the
column of mercury to cause the thermometer to read the same as the tempera-
ture indicated by a thermocouple embedded next to the thermometer bulb.
The magnitude of the pressure exerted by the oil on the mercury vas
considered to be equal to the pressure exerted on the glass buldb by the
resin surrounding it. As was the case with a metal transducer, this
rnothod can provide estimates of the stress exerted on a specific trans-
ducer (in this instance glass) and the variation of that stress with ,
temperature, but it cannot provide absolute values of stresses within the
resin itself.

In the related area of shrinkage measurements La3coe8 studied the volu=
metric and linear shrinkage of an unfilled epoxy resin cured with
diethylenetriamine (DTA). For the volumetric measurements of interest
here he employed a closed metal mold and followed the shrinkage during
curaz by changes in the level of mineral oil ir the pipette tube above the
resin. Even though a metal mold was used, the resin mass used for the

- measurcments (approximately 65 grams) probably resulted in appreciable

exothernic expansion, curing part of the cure giving average values

‘including cxpansion and shrinkage. No attempt was made to distinguish

between shrinkage before and after gelation.

Parry aad Mackayg refined the general m :hod of Lascoe to reduce the contri-
bution of exothermic expansion and introduced modifications to determine
the point at which gelation occurred. By using a smaller resin mass (about
20 grams) they limited peak exotherms to less Lhan 29¢ for systems cured
2t.25°C and less than 10°C for those cured at 65°C. The gelation point
vas determined by checking a comparable mass of resin in a beaker at the
same temperature with an applicator stick., Both the '‘total and postpgelaiion
chrinkajes determined in this manner were highly repcatable for a given
system, but gave only fair agreement with values for total shrinkage obtained
from mcasured density changes of the same samples. From comparison of the
data for different hardeners with the same epoxy resin they were able to
make soue generalizations concerning size and structure of the hardener
molecule and the type and amount of shrxnkage encountered,
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On> system using Epon 828 cured with metaphenylencdismine (MPD) cured at
65°C was given a postecure of 2 hours at 150°C and a decrease in density
was noted when the resin was returned to 65°C. It was suggested that the
semicured resin had a higher» thermal cocfficient of expanasion than the
poateel verting eauatng vhe pvpaneton an heating to he greater than the
cubscquent contraction on cooling. It should be noted ‘that this deerease
in deasity may be a net effect of the behavior just described combined
with further shrinkage due to additional cross linking during the
postecure,

Tor the cas&ing of parts from unfilled epoxy systems Nelson, Morrisey,
and Marccyl - found that by reducing the peak exotherm during cure, and
thus reducing the themmal gradients in the resin mass, they were able to
obtain castings which followed closely the contours of the mold. The
explanation for such behavior is that with large thermal gradients the
portions of the resin next to mold surfaces are the last to solidify and
thus are more easily distorted by stresses in the curing resin, while a
reduction of thermal gradients evens out the shrinkage in the resin and
reduces the stresses developed. This is a second approach to the thermal
gradient problem mentioned previously in connection with the cracking of
unf%lled resins during cure.

In summnary, there would appear to be two fundamentally different
approaches to the study of stresses during cure and thermal cycling and
of shrinkage during cure. The first is to choose an admittedly arbitrary
resin mass and configuration (and transducer in the case of stress measure-
ments) which is somewhat representative of the actual encapsulation and
casting conditions under which the systems will be used. Data obtained
in this nanner would represent the net effect of a number of contributing
variables, but should provide information as to the relative behavior of
different systems in a given application. Closcly connected with this
type of work would be, for example, the development of wmethods for
reducing resin cracking.

The second approach, although of less immediate value, would probably be
of greater ultimate value., This would center in attempts to eliminate
as many variables as possible and compare one specific property among

a varicty of systems., If this could be done for cnough of the contrib-
uting vavriables, a more basic understanding of the physiecal and chemical
processes occurring would result which could lead not only to the expla-
nation of observed behavior, but also to at least scmiquantitative pre-
dictions of behavior on the basis of structures of the reactants.

Shrinkage studies carried out in this laboratory have beean for the eval-
uation of epoxy casting resins already in use and for the testing of a
method for determining pregelation and postgelation shrinkages. TFor these
rcasons some of the systems gtudied are proprietary formulations and the
curing schedules are usually those specified for actual encapsulation
processes.
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Procedure

The method used in these shrinkape studies was cugsested by A. J. Quant,
Quiantorion 11111, Oandla Coarimragdon, Calibratad 100=-miliiliter
volumetric flasks ware employed a5 molda for the shvinkage detevminationa,
The initial density of the system being studied was taken to be the
weighted average of the densities of its individual components at the
precceribed mixing temperature. The mixed and evacuated resin-hardener
cystem was poured into preweighed, mold-released flasks, the flasks and )
v.cir pucheated contents brought to the prescribed temperature as indicated
by a thermocouple placed in the center of the resin mass in one flask,

tie level of the resin in the other flasks adjusted to the calibyation
mark, then the weight of the flasks determined for calculating the density
at the time the levels were adjusted. After the prescribed cure was
completed the volumetric shrinkage in the neck of the flask was measured
and was assumed to have occurred while the resin was in the fluid state.
This chrinkage could then be combined with any shrinkage noted between

the time of mixing and the time at which the level of the resin in the
flask was adjusted to give the pregelation shrinkage. Samples of the cured
plastic were then cut from the resin mass 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
cur~? state at room temperature could be calculated, as well as postgelation
shrinkage and contraction of the cured plastic upon cooling.

’
<

Preparation of Materials

All but the neck of each flask was mold released with Garan 225 Mold Release
and the cmpty flask weighed to the nearest 0.001 gram. Densities of the
individual components at +he mixing temperature were determined from tlie
wcight of a known volume at that temperature. The epoxy resin and curing
agent (or components if kits were used) were preheated to the mixing temper-
ature as were the flasks to be used.

Mixine and Pouring

The components were added by weight to the nearest 0.1 gram, then mixed by
hand for 3 to 5 minutes with a wooden spatula, taking care that no unmixed
material remained on the sides or bottom of the contalner. TFollowing mixing
the resin was evacuated to remove all air bubbles. The pressurc was de-
creased until the foam broke, then was held at less than 3 mm lg for at

least 3 minutes. The evacuated mix was then poured down the gside of the
flask to avoid entrapment of any air. A thermocouple wa: sositioned in

the center of one flask of each group and the flasks and tie.v coutents
brought to the specified mixing temperature as indicated by the thi~rmo-
couple. When the correct temperature had been reached the leve. of the resin

-8-
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in cach flask was adjusted by adding or vemoving resin until the bottom
of the wmeniscus coincided with the calibration mark. The flasks werxe
chen weighed to the nearest 0,001 gram and raturnad to a forced=-draft
oven for curing.

Cure

The oven temperature was controlled to within 2°F of the cure temper-

ature specified. During cure the flasks were placed in one-quart paper
cups with 1/2 inch of plastic foam insulation ia the bottom to reduce
localized surface cooling of the flasks. during exotherm. This was done
in an actempt to reduce void formation near the mold surfaces without
providing insulation sufficient to appreciably raise the exothernmic
temperatures, and proved relatively successful. The exothermic temper-
ature as experienced by the thermocouple in one flask was tacorded
throughout the cure.

N

Shrinkage and Density Measurements

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 ncck 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 galation of the resin in an expanded state during exotherm or
cure temncrature change, the height' of the plastic above the mark and
the diameter of the neck of the flask were measured and the volume ex-
panded (negative shrinkage) calculated. After completion of the - .
volumetric measurements the flasks were broken and four samples of the
cured resin cut from each resin mass for density determinatioms.

At room temperature (75-789F) the specific gravity of each sample was
determined using a specific gravity balance. From the specific gravity
and the density of distilled water at the measured temperature the
density of the sample could be calculated. For determining the density
of the same camples at cure temperatures less than the boiling point of
water (about 200°F at this altitude), the specific gravity of the sample
was determined, as before, but using water kept at the desired temper-
ature with an ingulated heating cloth centrolled by a Variac and wrapped
around a 1000-milliliter beaker. Again, the density was calculatcd from
the specific gravity and the known density of water at that temperatuve.

In two cases it was necessary to measure densities neax or above tle
boiling point of warer. A mixture of water with ethylene glycol was
used whose density was found by detexrmining the specific gravity of a



cample of copper metal immersed in it. From the density of thae copper
nca"urcd at voom temparature and its thermal coefficient of expancion
Lt was posasible to calculata the density of the copper, and thus of the
wate. -eLhyleno glycol mixture, at the elevated temperatures. From the

entanlaind dengity of the mixture and the mecasured specific gravity of
@ Bample relative 9 the mixcure L6 wae possibie Lo whbkalu Lhe dﬁuoluy -
of the scmple at the elevated temperatuve.

Results
Method of Calculation '
In the calculation of volumetric shrinkages the following symbols will L 4

be usecd:

& A

// Dy = Initial density in grams/cc of the mixed resin at
the mixing temperature--weighted average of the
components at the mixing temperature '

Density in grams/cc of the resin at the mixing b 4 | 7‘-?

D2
temperature when level of the resin adjusted . g

D3 = Demsity in grams/cc of the cured plastic at the S
. last cure temperature et 8 3

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

(=
$
]

]

AV = Measured volumetric shrinkage in neck of flask in cc | 1

= Mass of resin in the flask in grams

The fullowing shrinkages can then be calculated relative to the initial
volume of the resin at time of mixing at the mixing temperature by
assuming that the mass of the resin remains constant:

Total shrinkage, percent - Dy . Dy % 100
from initial density at D¢,
time of mixing to the density
of the cured plastic at room

temperature




Cure uh&iﬂ&t:ﬁ, poacnnc DU et 130100 5 oh
from initial density at Dy | :
time of mixing to the density A L
of the cured plastic at the = . , o , L
Fiaal atve tamperataye '  hatdeh St L A
Mix-pour shrinkage, percent -~ ' Dy . Dy _ 00 .

from time of mixing to i R agn g A
time level is adjusted Vo il i s DL G0, gy L

Pregelatiou shttw ptrmr.
from time of mixing to .
gelab&ga peinz -

» f;m wam Mw m eiw s
/ density of the cured plastic at
AL A ﬁnnl cure tmpemare 5
Cooling shrinkage, patuenc ‘ ,
£rom density of the cured -
plastic at rhe final cure
b : ceum:smm to its density at
apd B ‘ camrat:um )
5 ¢an be veadily seen the total shrinkage should be the sum of the
J pregelation, postgelation, and eooling shrinkages. BSince each of these.
values was computed for every flask and then the 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 followtng sta-
t:iscical analysis based on standard deviations was used.

(zx - n':"cz)llz

ne-2

where - e B

il e e VRS

X = an individual value ‘ ‘ o
n'= the number of values of x comaidercd o ; ' o
'ﬁ = the aveusa value of x ' AT




10 ahaulé include &a,a pnxuaut ¢£ zhd dat;
20 should include 95,45 percent
30 stwu!.d include 99‘73 percent of z!u data

. All toler&nm #m&n:&d wtth the uu will be ﬂe of X
that is to say that 95.45 percent of the determinations for that value =~ 3
would be expected, on the basis ot aunndazﬂ daviantona, to f;ll uich&n i
the ‘indicated limigs.’ 5

Dy
D3
Dy
Total shrinkage ;
Pregelation shrinkage

- Postgelation 8hr1nkage‘

Cooling shrinkage
Peak exotherm

’6'

. mw

15 hours at 165‘1'

1.1114 grams/ec
1.1733£0.0068 gramn/ce

1.1973£0.0024 grams/cc .

7.17t1.4 percent
2.82+0,68 percent
2.46£1.0 percent
1.90£0.49 percert
191°F
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' Mixing :ampcmtum ' 165‘F o i
3T Cure o . 15 hours at’ 165‘? 5 e ;
‘ Bt L C L e f ;
n ; | 4

1.5727 swm/m 5
" La 6&19&0.0@72 3xams/cc

4

M*xing camptrnturt e Room temperature

Cure 15 hours at room temperutuzn ; ’ )
5 hours at 115°F R T PRI T d
15 hours at 165°F s ot _
‘n , 6 ‘ # : , ‘
‘D3 1.1501 grams/ce
D3 1.,1731£0,0020 grams/cc. " .
D, 1,1873¢£0.0012 grams/ce *
Total shrinkage 3.13£0.10 percent i
Pregelation shrinkage -2.05 £2.0 percent -
Postgelation shrinkage 4.01£2.0 percent '
Cooling shrinkage 1.20£0.18 percent

Peak exotherm . 199°F S "
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i . lixing temperature . _ Rocm temperature A J‘ . G
; Cure - % 15 hours at room tmmm :
y i ,& $ hours at 115°7
© o . 15hours at 165°F
o n ‘ I
g ;
\ : 'Ds ' R

B B Tetal ;hrich@‘
: ; ?rcgal#tﬁﬁn t/w‘,
o Postgelation shrinks
.~ Cooling shrinkage

& Peak exotherm -

 romuation

s Mixing tempemt:ura - Room temperature L
’ . Cure , o 15 hours at room tampera:ura ; ;
‘ .‘ . 5 hours at 115°F LT e ;
‘ 15 hours at 165°F ‘ -
n ' 4
D1 : 1.1345 grams/ce o
.D3 1.1646£0,0014 grams/cc ' T
Dy, ' 1,1796£0,0020 grams/cec - .
Total shrinkage ‘ 3.82%0,16 percent v
Pregelation shrinkage 1.20£1,1 percent ‘
Postgelation shrinkage 1.39t1.2 percent
Cooling shrinkage 1.24%0,.18 percent

Peak exotherm 190°F
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llixing mpux’anuw - Rocr.. i:cmpexmeum. , :

© " Cure 3 15 hours at room :amparacu
R | AR R * 5 hours at 115°F
. R TP 15hwunk165‘?

SR

E

Ba ke

el . Semixﬁsiﬁ xnapace,ea‘ : ¥ A
g ~ Resim (ma) | :
Mixing cempcrntutu © 130°F ' o ‘
Cure . . 15 hours at 130°F 5 o «
o 24 hours at 160°F o 4 :
n ‘ 4 , (
Dy - 1.1223 grams/cc
D3 1.1497£0.0022 grams/cc . ; ,
D¢, 1.1814£0.0006 grams/cc - | .
Total shrinkage ‘ 5.00£0.05 percent . ‘ o .
Pregelation shrinkage 3.00£0.16 percent ' '
Postgelation shrinkage =0.62 £0.11 percent
Looling shrinkage 2.62+0.20 percent
Peak exotherm - 166 °F .
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Tranqtom; m:asmc;&m

Mixing campc%ucurc
Cure

e

P ha

Fozmulagioé‘

Mixing Lempern:ura %
Cure

n

Dy

D3

D¢

Total shrinkage
Pregelation shrinkage
Postgelation shrinkage
Cooling shrinkage
Peak exotherm

iywol

W0 F RIELE LT Y
15 hours at.lﬁo'? R A R - AT
2& haur: at 266‘? CESEL Bl L r i e

Room tenpitaeure PR 4
8 hours at room tempotucuta | :
‘15 hours at 120°F Skl A
8 hours at 212°F ] *‘q:r '

3
1.1537 grams/ecc
1.1703£0.0008 grams/cc ,
1.2019:0.0032 grams/ce = ‘
4,01£0,26 percent '
2.43+0.48 percent
«1.01 £0,55 percent
2,59£0.22 percent

~Greater than 250°F .




2.3 28 percent and the mica

cooLIvN “sesspsedeeion shrinkage agree quite well with those found, while the
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'ccrponents that tht vesin P
percent of the total volm. O this busu o
one would expect to find a corresponding decrease in ‘shrinkages for t:hzé F'(" ‘
mica-filled system of about one-fourth. TW MH%& Wﬁmunb ¢ ou:.m
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B V@W‘&fﬂm Sh:tnkm m,_mum and z&wm

¥

© Shrinkage in - Predicted for

_ Unfilled System = FPilled System
pgent) .

e of ‘

Total , I B G Bkl
Pregelation - . -~ . 2.,8%0,7 ° B+ i 4 ;
Postgelation = 2,51.,0 ! Mﬂh b zmma

4 | Pos’rﬁm.ﬁ‘nou Py

As can be seen from Table X the predicted valtes for pregelation and

disagreement in values for -cooling-shei is largely reaponsible for
thc discrepancy in the total shrinkage.

v~ e iy

mc.twa——&lwme—l—eoe&ﬁ-&mm&s—'oﬁ expzmsi it @watid
oi-interest,it-ie~not~clear:vhetherra. sm&gu.mmumm
Le-expadtad-toapply—to--thermal~shrinicages” .

* Considering the unfilled systems the total shrinkages found correspond.
roughly with the temperatures of mixing as shown in Table XI.




TABLE XL

Total Bhri.nkago nnd Mix Tmpuam.
"~ (Unfilled syum)

Total Shrinkage

- TXRL e Mammm L efeeremp .
828 and N-HEP . - Room o : 3.1 -
628 and DEAPA . Room 3.8
828 andPI» ~  Room . .- i 3.8

828 and ™2™ (-  Reom ot 4,0

820 and PGA * . © Room Vi ket e a il el

SRIR S S 1309 ool iniogd 0t AT Bl

TIR ‘ P g B ’ 140°F 6.4

828 and m. + ; '165‘?,_ 7.2

x ; = ‘@ i

~ Buch a trend would be uMpqaand uinﬂl~yﬁﬁhpﬁ &ﬁ@
gt a higher temperatuve the initial density of a syStem will b

£o that there 18, in effect, an added thermal ghi ge included Wr, ,
systems mixed at elevated temperatures. For example, had the Epon 828
and DEA system been mixed at room temperature the: Mul shrinkage would

. have becen around 4 percent instead of the 7 perme totﬁ Muw ‘found
vhen mixing was aceowpliahad at 185°%, ; | R

Of much greacer mmrmt than :lu cgml lhrmhm, hmnva:, ;Ls 8 mider- e

ation of its component parts. Pregelation shrinkage, aiw not stress -
impdsing, is vesponsible for the initial change of the vertical dimnst_on :
in castings. It must be remembered, howsver, that the gelation pomt. is ohe
rather ill defined in many cases and that the process of gelation oceurs = 7*"
at different times throughout a caating that has developed thcrmal 3§ i <5 Lag
gradiencs in the resin mass. : : e

In the present method for determining pregelation shrinkage the 1nter-
action of reaction exotherm and gel time with the actual shrinkage before
gelation complicates interpretation of the data. As may be scen in

Table XII the two similar hardeners, N-HEP and PIP, show & small and a
negative pregelation shrinkage, respectively. Both of these systems ex-
hibited a small initial exotherm at room temperature followed by a temper-
ature rise close to 200°F shortly after the reaction was “kicked off" by
raising the cure temperature to 115°F. Other systems also showed this
characteristic, but only in these two systems did gelation occur while

the resin was still in the expanded state. For example, the Epon 828 and
PGA formulation showed a higher exotherm but did not assume any rigidity
until after it had been cured at 165°F. For Epon 828 and N-HEP the expan-
sion before gelation was greater than any shrinkage which did occur, while
for Epon 828 and PIP the expansion was not sufficient to obscure completely
the previous or comcurrent shrinikage. The difference in pregelation
shrinkage values for these two similar hardeners was ptobably due to. the
interaction betwaen exotherm and gelation time.




TABLE xn $ g8 A
Progclutien Bhri.nkm

- e ' rnﬂuuon shxi.nlum

—System : e fpereent)
828 and N-HEP o Rt T 4D

: 828 and PIP g0 Sjon o Flp gt R B
828 and “2" N : SR TR - R e S
828 and DEA T L T ety = SR
828 and DEAPA Iy AN
SRIR

N ;

o
3

 For tha :wm  unftited sy#biun $he: PUAREIAELSS i
%fre within about 1 percent of each other ﬂ:&ﬁz the nnly aaw:um 3
trend b::g.g for smtn mﬂacm lh"’ nk. n the mure flekible
palyol rmulat; ords

"u ‘be necegsary to make -
‘determinations. oi nhr&qkms in mm uu& mh 1
; *'at‘- ‘the sane W’mmt R w

umidewwm gela m shxinhmu cmu mi), egative *valm X
indtcatina het expsnsion werc found for five of the unfilled systems
- In each of these cases there was an Lm:mu u zhc eum m:mw
afrer gelation had amurrcd e E %

TABLE XIII

Postgelation Shrinkage
(Unfilled Systems)

. , Postgelation Shrinkage

System . | (percent)
TIR -2.8
828 and PGA -1l.2
828 and “z" -1.0
1828 and DEAPA .- -0.2
828 and PIP - 1.4
828 and DEA : ; 2.5
828 and N-HEP . 4.0

am out the specific
grausy smdmn o

ER I S



The probahlt éxplnnattna is thnc eha 1ncrcaaa in ‘cura temperatura cauaed

The values obtxined for cooling shrinkage, when reduced to percent ahrink-
ape per °F, fall in fhe game order as do available thermal coefficients

Te : 5t w g& QQ

' the type of data obtaimed and its usefulness, the reproducibility of the

an expansion of the xautn which woxe than attnas anx lur:hor poatgetution
snrinkn&e‘u ;

The BY® wod HEHRP. 6 aem ap mm undn relative mote b elation -
shrinkage pines th o; had ?ud in an exp::§2§ state nn}y ﬁa%
perature than any aubanquent cure temperature, while the DRA syacem was i

held at a constnnt temperature throushout its entire cure.

of linear axpanaion By assuming that the volumetric coefficient of
expansion 18 three etuna the car&aspanding,linaam cosfficient oﬁ -expansion,
caiculations fxbm zhn aaolins 5hrinkixe data show agreement to withi ;wuﬁw«'
ordeg of ‘magnitude ‘with t ' ding &m fficients

somewhat di.‘wfl " ) Y ;

In: evaluaetng chc test nathnd used there are three g:&mary considaratiana:

results, and the correspondence ag results from chis mcthnd with those .
reported in :ha xiteraﬁnre. ; ' e ; &

:gxhc total 3&*&&8&5: iaktvrepornaﬁ here, being bnscﬁ-nn iﬁininl and tinll
densities of the materials, are relatively gupxoéuaikla and depend

- largely on the temperature of mixing. Such data, however, are of limiccd
~use and provide 1itclc or no information about stresses generated.

Values for pregolation and postgelation shrinkages, being relatively more
difficult to determine accurately, show wider variability. With this
method the gelation time depends heavily on the exotherm generated, often

- obscuring actual shrinkage which may be occurring. It does, however,

more closcly approximate gelation conditions encountered in actual casting
applications than do other methods put forward for distinguishing between
pregelation and postgelation shrinkage. Use of several-step cures also
colors the results, particularly the postgelation shrinkage. Since there
is great variety in the resin mass and mold configuration with which a
resin may be used, it is likely that the pregelation and postgelation
.shrinkages for a particular formulation will vary with the conditions of
the individual casting situation. Even though such variability exists,
one should be able to predict some aspects of the relative behavior
expected from several resins under identical conditions.




Attempts to compare shrinkage data obtained by diffevent methods hava
thus fzr mat with little suacess. In the work by Parry and Maclay,
mentioned previously, there wera inconsistencies beotween total shrinkage
values obtained from densities and dilatometer measurements. Their data, '’
toa, gave enly falwy agreement with that of Laseoe. The values obtained
by Parry and Mackay ior Epon 820 and “z" at 63°C wore 5,0.peveent total
and 2.3 percent after gelation shrinkage as compared with 4.0 percent
and -1,0 percent for the same ahrinkagas by the present method. Their
vaiues for Epon 828 and DEAPA at 65°C were 6.l-percent total and

2.9 perceat after gelation chrinkage as compared with 3.8 percent and
-0.2 percent again.by the present method, From this it can be seen that
the test method used can entirely change the complexion of the results
'obtaincd. . " | o iy pie S S

Recommendations

With .regard to shrinkage measurements, it is appavenc that there is a neced
. to establish a single method applicable to a wide variety of systems. .

_ Such a method should include a means for determining pregelation and poste
gelation shrinkage and for following the entire course of the shrinkage if
. possible. It should be adaptable for use at several cure temperatures and

- should at least minimize exotherms. The use of averages for initial
" densities and takingﬂthe time of mixing as time zero seem to be adaquate.

In the light of these considerations, the method of Parry and Mackay secms
to be the most profitable point of departure. In ovder to further reduce
exotherms while possibly allowing the use of a larger resin mass to increase
accuracy, further work could investigate metal molds which would provide.

a larger surfaca-to-volume ratio for the resin mass. If exotherms could be
successfully eliminated from the shrinkage studies, extensive work should
then be done with exotherms themselves, studying the effects of resin mass
and configuration, cure temperature, filler type and content, hardener
concentration, and thermal conductivity. Such data relating exotherms,
gelation time, and cure shrinkage would be useful in gaining a fuller under-
standing of the relationship between chemical structure and cure phenonmena,
including the many reaction mechanisms already elucidated in the literature.

For stress studies the metal transducer developed by Bush would scem to
offer the best method available at this time. Although actual measurcients
of stress within the resin cannot be made by that method, it would give:
useful relative information which could be correlated with other physical
properties of the casting resins, Effors should be made, as in the shrink-
age studies, to develop a method that would approach isothermal curing
conditions. If cuch conditions were obtained, correlation between




‘ability of systems to withstand cold smk ‘'should also be investigated.

- ¢ycling over a panﬂmut m&#

e by ukinq, iato ndmﬂeu the ihstu prope:ciu ;
+ - For flexibla mw‘ the | tature at which the resin ;

makes a transition to wigidity shouwld ba studied as.a function of cure '

Lenpéracuva and other vaviahlens vo find 48 (b is a Wl character-

istie vhich should be catalogued. Its usafulness in predicting the

One other area of interest in stress measurements is. the temperature |
at which a rigid rvesin exerts no stress on a tmmduur. That I:ampm:a- s A iR
ature depends on’ tM tmmgatnra \qg hich ge i,

ﬁm the ”anmk
m_ mcrim&m

:empcrnmm swuld eauu
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