
BETHLEHEM PA
VE STUDY ON THE

000072 ___________

_  

_
_

_  

u
END

2!)C
I 79

I



10 L~ t~
‘~.. IHH~~~~~~3.5 

—

2 01’l ~‘ E~
_____ 

I

~1111125 oo~~~~~~~~~~1?~~~~~~~~~~~~~~~~~~~~

NATIONAL BUREAU OF STAN~~ROS
MIOROCOPY ftESOt.U1lO~4 TEST cHMT

_ _ _ _ _ _ _ _ _ _ _ _ _  
L..



I
~ LJ~~~~~ 

T
~~~~ t~

~~~~~~ _ _  

_

~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

.; V~~~~~~ ; :~~~~~~: 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ MI

I~~~~~
:
~~ V ~~ :: ~. V

V 

FINA L REPORTITi IJ~~~~~~~~~ 
L. H Sp.rflng

C.3 
~~~~~~~~~~~~ V : V

V 
V LEH I GH UNIVERSITY

~
3V

V V
~~~ 

~~~~~~~~~~~~~~~~~~~~~ 
V 

V 

Met.rI.Is Rss erch Csnter
V~~~~~.~~~~Coxs Laboratory f32

~ Bsth l eh.m, PA 18015

• DAMI 5~76~O_0I26



r ~~~~~~~~~~~~~ 
-. ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ .. ~~~~~~~~~~~~~~~~~~~~~ •V~~V~~~~~ ~~~~~~~~~~~~~~~~~~~~ 

~~~~~~
V V 

- 
V V V

V 

V V 
V 

V V~ V ‘Ii

V V

;
V

V

~~~

Ths findings in this rspor-t .r . not to bs conltru d as en official
Dsp.rtasnt of ths Army position unless so dsslgnetsd by other suthorised

f
doc a~snts.

~~~~~ ltI~~
V i~stroy this report when It Is no Iofl~~r ,iesdsd. ~~ not roturn It
to 11* -orIginator.

.~~~~

44~~~

L V _ _  ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



— UNC LASS I F I ED ____________________ I” I
SECURITY CLASSIFICATION OF THIS PAGE (WP..’ D a  £nt.r•d~ __________________________________

(/?~~REP0RT DOCUMENTATION PAGE BEFORE COMPL ETING FORM —

~~~ ~~~~~~~~ p~~ 3. RECIPIENT S CATALOG NUMUER

ARCS~~CR -78~~~~ ,~b~E1/.41 ~7 T  __
• ,~ 4. J~JL~~~d ~~~~~~~~~~~~~~ ..- — .V.r ...-.~~... i. renisu ‘~za.~• (

~
) INVE ST IGAT I VE~~TUDy ON THE..EEASIBILITY OF ~ ~~~Fmn& /t#fd ~‘1 UT ILIZIN G FLUOR INATED ETHYaNE~~ROPYLENEJLASTO—~ ~ • ~~76—Jan~~~~ a78_)

L ~~ERS AS TECT IVE MA~~~FACEBLAN~~~ATER IALS ’ ~~ 
4. ~~~~~~~~~~~

?. AUTHOR(.) S. CONTRACT OR GRAN T NUMSER(a)

L. H. ~ perI ing 1 V

0. A .~ fhomas~~J 
DAAA I 5-76—C—fr26J; ‘. ‘

I. PERFORMING ORGANIZATION NAM E AND ADDRESS ,~~ J 10. PROGRAM ELEMENT. PROJECT . TASK
I II AREA & WO~91 ur~~ ~~~~~~~~~~~~~~~~~~Leh igh Un i versity It-’ — PrejootIIW76~JØA~95

Materials Research Center T k  Ar~~~~~1
Coxe_Lab.,_ #32,_Bethlehem,_ PA_ 18015 

__________________________

II. CONTROLLING OFFICE NAM E AND ADDRESS Il r-sflT Rf~TUJCommander/Di rector, Chem i ca l Systems Laboratort// ~ May 78 /ATTN : DRDAR—CLJ .-R, Aberdeen Proving Groung, MD ~1 rL NuMU1IuIuFP~ GES

2 10 10 44
14. MONITORING AGENCY NAME & AODREU(U &Itsc~~1 ha C~ ifroUM4 Office) IS. SECURITY CLASS. (ol thai report)

Commander/Director , Chemica l Systems Laboratory UNCLASSIFIED
Attn : DRDAR-CLW—P ISa. DECL. ASSI FICAfl ON/DOWNORADING
Aberdeen Prov i ng Ground, MD 21010 ~~HEOULE NA(CPO—Mr (:~ fl~~nr nr~r~ii r+ A 7 i . ~~7O~~’~IS. DISTRISUTION STATEMENT (it ~,l• R.pcet)

A ed for_publ ic re lease; distribution unlimited .

D D C ~~17. DIS?~ i~~~TION STATEMENT (~t the ab.bicl ,t.,ed In Block 20. II  d tf .r., t from Report) 

~~ 
P 1F~t?flT~ I7IF ~ V

U NOV 1 1978
V 

IS. SUPPLEMENTARY NOTES ~ LDI_j U U IL
B

Adaptable to silicone mask coatings.

IL KEY WORDS (ComfSnu. a., reverie aId. It nece.omy ied Id.~tI~~ by block nomber)

~~~ (U) IPN Grafting Beta radiation
Interpenetrating po l ymer networks Facep i ece Facernask
F l uorocar bons V iton A
Fluo roelastomers Semi— IPN
Radiation treatment of fluoroelastomers Cross linking

2S~ VRACT (~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
V This paper demonstrates the feasibility of obtaining a tough, transparent

V crosslinked fluorocarbon elastomer with reduced creep. The linea r material ex-
hibits creep and tackiness but is relatively clear. Ex i sting vu l canizing
recipes yield opaque, crossi inked materials. Polymerization is accomplished
via high energy radiation. The linear fluorocarbon is phys i cally bound up with
the crossliri ked network formed by the po l ymer i zed monomer, producing a semi— “. /V 
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SUMMARY

The objecti ve of the research and eng i neering study was to eva l uate the
feasibility of utilizing fluorocarbon elastomers as faceblank materials.

Transparent , tough, creep resi stant elastomers were required . Viton A
V 

from duPont was the princ i pa l elastomer emp l oyed. The princ i pa l synthetic
problem was concerned with the deve l opment of a new crossl inking (or vulcani-
zing) reci pe that would yield materials hav i ng the above properties. Trans-
parency, creep, stress rel axat ion, stress—stra in , swelling, and extraction
stud i es were carr ied out and interpreted accord i ng to basic po l ymer science
theories and equations.

When 3% tnimel-hylolpropane tnimel-hacrylate (TMPTM ) was mixed with Viton A ,
molded i nto sheets, and beta i rradiated at a 5 Megarad l eval , i ndeed tough,
transparent , creep resi stant elastomers were produced.

The above reci pe, compared with severa l others, remains clearly unoptimized .
Further deve l opment stud i es are clearly required . Before actua l applicat i ons,
further studies at Chemica l Systems Laboratory on agent resistance should
be carried out in considerable detail. To this end , severa l slabs of
elastomer were shipped separately to the Project Mon i tor at the Edgewood area,
Aberdeen Prov i ng Ground .

The work now be i ng comp l eted at Edgewood area under the direction of Mr. Joe
Mok is based on a silicone elastomer coated with fluorocarbon elastomer and
top coated with a polyurethane. Proper adaptation of the work in this re-
port to the fluorocarbon elastomer coating now be i ng engineered would stand
an excellent chance of yielding a superior material to that now attai ned
and eliminate the need for the po l yurethane topcoat.
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INVESTIGATIVE STUDY ON THE FEASIBILITY OF
UTILIZING FLUORINATED ETHYLENE PROPYLENE ELASTOMERS AS

PROTECTIVE MASK FACEBLANK MATERIALS

V 

I. I NTRODUCTI ON

The fl uorocarbon el astomers have the general structure

CF3

~~CH — CF + 4CF —CF + (I)2 2 x 2 n—x

Where n represents the degree of po l ymerization and x represents the number
of viny l i dene fluoride mers, the two mers are randomly distributed along the
chain (I) , and the hydrogen present confers modest reactivity .

The gl ass trans it i on temperature, Tg, depends on the ratio x/n but has a
m inimum near — 15 to —20°C. Crossl inking can overcome the creep and tacki-
ness normally exhibited by the linea r pol ymer, as well as Improv i ng other
physica l properties such as abrasion , so l vent res i stance, and toughness.
Crossl inking tends to be difficult In fluorocarbons due to their Inert
chem ica l structure (2,3). Known cross linklnç~ recipes Include (a) diaminesor peroxides, (b) MgO, an acid acceptor and (c) carbon black or other V
fi l lers , and work by attacking the hydrogen on the backbone chain (1 ,4,5).
These cross i i nked mater i a l s are opaque to li ght, although the fluorocarbon
homopolymers are rel atively clear and transparent. In this paper, work is
reported on the feasibility of obtaining a tough, transparent, crossllnked
fluoroelastomer with reduced creep. A technique has been worked out for
synthesizing such materials using a multifunctiona l monomer additive , 

V

fol lowed by high—energy i rrad i ation .

1 .1 I nterpenetrating Polymer Networks

At this poi nt, it may be useful to examine the defin ition of an i nterpene-
trating po l ymer network, or IPN. The term IPN, in its broadest definition ,
si gnifies any material containing two po l ymers, each In network form, which

V have been synthesi zed or crossl inked in the i mmediate presence of each other
(6b, 7— 10). The term crosslink Indicates the cova l ent joining together of
all the po l ymer molecu l es to form a network. Other terms in common use
include vu l canization and curing . In the follow i ng discussion , polymer I

• wil I indicate the first synthesi zed po l ymer, an d po l ymer I I  the second
synthesized polymer. In this paper, the fluorocarbon elastomer serves
as pol ymer I. When only one of the po l ymers is crossl inked , the product
is called a semi—I PN (11 ,12). If polymer I is crosslinked and po l ymer II
i s l i near, the product is called a seini—IPN of the first kind (semi—I ).

V If polymer one is linea r and po l ymer II is crossl inked , a semi— IPN of the
V 

V second kind (sem i— Il ) results .

The present synthesis of a fluo rocarbon based semi— Il i nvo l ves the addition
of small amounts of the multifunctiona l monomer trimethyloipropane trimeth—
acry late, TMPTM, to the f l uorocarbon e l astomers, fol l owed by polymerization

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _
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in situ via high energy radiation . The fiuoroelastomer is physically bound
up by the polymenlzed monomer. Without grafting, an i dealized analogy
would be sheaves of wheat bound up with balin g wire , where the linear fluoro-
carbon chains are si gnified by the stal ks of wheat and the baling wire is
the crosslinked TMPTM network. As wi l l  be explored be l ow, extensive
grafting does occur, however , with considerable profit.

The term 1PM also implies some kind of i nterpenetration of the two po l ymers.
Full molecular Interpenetration only occurs in the case of total compatibility
of the two polymers (total sotub ili ty ), while most IPNt S along with po l ymer
blends , blocks, and grafts, phase separate to a greater or l esser extent.
The l ast is important if one wants a hi gh impact resi stant plast ic, or
certain types of thermoplastic elastomers. Suppression of phase separation
is required for high clarity (13—15).

1.2 Qpac i ty Considerations V

The concept of optica l opac i ty is Important for this work and shall be
discussed brief l y. This property depends on the amount of light scattered
by the material , which is proportiona l to the square of the difference of
the refracti ve i ndex of the two components, and the sixth power of the
radius of the dispersed phase, assuming very small particles (16). There-
fore, opti ca l transparency depends on the type of phase separation and
domain size. If the refractive ind i ces of the two po l ymers match, the
mixtures should be clear (6b).

High energy radiation attacks the fluorocarbon po l ymer backbone, creat i ng
a significant amount of graft copo l ymer. This grafting i ncreases mutua l
solubi lity of the two components, reduc i ng the refracti ve i ndex difference
of the phases (17) or may produce smaller phases (14 ,18,19), both resu l ts
tend i ng to improve transparency.

An alternate route to optica l clarity lies in the use of thermodynamically
sol uble blends (20).

2. EXPER I MENTAT I ON 
V

A V i ton A type, hi gh viscosity series of fluoroelastomers were obtai ned
from duPont de Nemours Co., in an extruded chunk form. Trimethy l.olpropane
trimethacrylate (TMPTM) was obta i ned from Monomer-Polymer Laboratory and V

n— buty l acrylate was obtai ned from Borden Chem i cal. The energy sources
inc l uded a Co—60 gamma source and UV source located at Lehigh University and
a beta (~) source l ocated at Radiation Dynam i cs, Inc., Long Is land , New
York. Samples of fluorocarbon elastomers containing between zero and 7%
TMPTM were prepared for one ser i es, and samples containing 1% TMPTM and
1 5—30% n—buty l acry l ate were prepared for a second series. Because of the

V low boiling po i nt of the n—buty i acrylate monomer, evaporation and homoge—
nous m ixing were a problem at l ower concentration l evels. 

V

l0
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The fluorocarbon elastomers were mixed with the monomers in a Brabender
Plast i corder to prov i de homogeneous mixing. The monomer was added on a
wei ght percent basis. For UV i rradiated samp l es, 0.5% benzoin was in-
cluded as an acti vator. The mixtures were compression molded at (20°C
between Mylar sheets to form slabs of dimensions 4” x 6” x 0.03”. These
slabs were then i rradiated without the remova l of the Mylar , to reduce V

the oxygen leve l and prov i de smooth, clean surfaces.

Beta and gamma irradiati on l evels were between zero and 10 megarads while
the UV dose was for 24 hours, prov i ded by two l amps. Each l amp contained
two 48— i nch long tubular ultraviolet lights (General Electric F4OB I —
A 350 nm). Each lamp was situated about 4” from either face of the
sample to p rov ide cont i nuous un iform, exposure of the UV li ght over the
entirety of the sample.

Stud i es on the i rradiated samp l es inc l uded (I) qualItative and quant i tative
optica l comparisons with the linear fluoroelastomer, (2) shear modulus
(G) at room temperature, (3) shear modulus versus temeprature, (4) shear
modulus—creep measurements at 100°C, (5) stress relaxation and creep re-
covery measurements, (6) dynamic mechanica l spectroscopy (DMS), (7) swelling
and extract i on studi es, and (8) stress—strain studies.

Characterization I (above ) was done on a double beam Beckmann DK—2A
Recording Spectrophotometer at A 460 pm. Samples were clamped between
two glass microscope slides with a drop of silicone oil between the sample
surfaces and glass slides. Two slides with a drop of oil between them were
used as a reference. Methods 2, 3 and 4 were obta i ned on a Gehman Torsiona l
Stiffness Tester (22). The results were reported as 3G which corresponds
to Young’s modu l us. Method 5 was done on a stress relaxometer and method
6 on a Rheovibron Mode l DDVII from —80 to +30°C at 11 0 HZ. Experiment 7
was done in test tubes, while experiment 8 i nvo l ved an Instron . The Instron
prov i des a means of elongat i ng the sample at a constant rate; the stress is
measured as a funct i on of time . The samples were cut i nto dumbbell shape
in order that the ultimate failure take place at the center of the sample

V and not be affected by any stress concentration at the instrument jaws.

3. RESULTS

3.1 Gehman Torsion and I)t~jS 
V

Gehman tors ion studi es as a funct ion of time, temperature, monomer I I  leve l ,
and radiation dose l eve l provi ded a means for studying glass transition
behavior and creep mo dul i of the sem i—Il systems. Dynamic mechan i cal spectro—
scopy also allowed the study of the glass transition behavior of these mate—

V ria ls and to obtain detailed information about molecular mixing from the
loss modulus peaks.

The modulus—time creep curve, F igure I , for gamma i rrad i ated fluorocarbon
samples containing 3% TMPTM, show that at hi gher ra di ati on doses the mater i a l s
possess Improved creep resistance at 1 00°C. ThIs elevated temperature was

II.
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sel ected to yield measurable creep va l ues in a reasonable time span. In
part i cu l ar , the 6.3 Mrad sample shows almost a flat curve for long times.
By contrast, creep behavior remains significant at l ower dose l evels at
all times of observation .

Figure 2 shows the moduHs—temperature curve for the 3% TMPTM—6.3 Mrad
sample (above). A single Tg at about —20°C is observed for this semi —li
composition , the same T9 as for the linear fluorocarbon homopolymer, shown
as the dashed line. The addition of the TMPTM network appears to broaden
the l ower portion of the glass transition , so the rubbery plateau is not
fully reached until approximately 80°C, explaining the significant short
time creep for this sample in Figure I , and suggest i ng modest phase segre-
gation between the fluorocarbon elastomer and the TMPTM network. Creep
curves for analogous samp l es i rradiated with beta rad i ati on are presented
in Figure 3. Also inc l uded is the creep curve for a similar sample i rradi-
ated with low energy UV and appropriate blank compositions , all at 1 00°C
± 2°C.

As with the gamma i rradiated samp l es, the 3% TMPTM samp l es, i rradiated in
the upper range of 5.0 to 7.5 Mrads of beta radiation demonstrate good
creep resi stance. The 5% TMPTM sample also shows excellent creep resi stance,
but for an unknown reason appears convex downwards at long times. This may
be rel ated to the slow re l axation of the phase segregated acrylic portion of
the 5% TMPTM samp l es, as indicated by their turbidity , see be l ow. However,
even the inc l usion of only 1% IMPIM prov i des an obvious (but inadequate )
reduction in the creep behavior of the fluorocarbon elastomer.

Low energy UV produces samp l es which show only modest reduction in their
creep behavior at the 3% TMPTM concentration l evel. While the initial
modulus is s l i ghtiy ra i sed, the creep behavior is almost i dentica l with
that of an unit-radiated sample containing 3% TMPTM. As discussed be l ow, the
low energy UV is believed to be less effective in promot i ng the mutua l graft-
ing of the two components.

The temperature dependence of the dynamic storage modu l us V and the dynamic
l oss modulus E” for the 3% sample i rradiated with 5.0 Mt-ads of beta radia— V

tion is illustrated in Figure 4. The 7.5 Mt-ad sample follow s i dentica l V
and E” curves. At 11 0 Hz, the apparent Tg is about —13°C. At 0.1 Hz, a
va l ue of about —30°C would be obtained for Tg. using the time—temperature
superposition principles ; this result Is In rough agreement with the T9obtained for the correspond i ng gamma I rradiated sample (Fi gure 2).

Table I lists the 10 second modulus at room temperature for fluorocarbon
e l astomer samp l es conta i n i ng 0, I , 3, or 5% TMPTM and i rrad i ated over a
range of zero to 10.0 Mrads with beta radiation . The 10 second modulus
rema i ns relat i ve ly constant at a constant TMPTM concentrati on over the dose
l eve l range of 2.5 to $0.0 Mrads. This was also observed with the gamma
i rrad iated sampl es of similar compositions. The samp l es containing 1%
TP.IPTM show little Increase In modulus over the homopolytner, whereas the
3% and 5% TMPTM samp l es, based on room temperature modulus , can be noted.
The fluorocarbon blanks (0% TMPTM) show a steady decline in modulus with V

increasing dose rate.

12.



Inthe absence of radiation (zero megarads), the TMPTM exhibits a plast i-
cizing effect. Table I shows the modulus dro2s from 5.1 x i07 dynes/cm2
for the unirradiated homopo l ymer, to 2.7 x 10’ dynes/cm2 for the unirradia—
ted fluorocarbon containing 3% TMPTM.

V The drop from 5.1 to 3.1 x l0~ dynes/cm
2 on first i rradiating the 0% TMPTM

sample may ind i cate the destruction of some molecular order, such as
inc i pient crystallizat i on. At a constant dose l eve l of 7.5 Mrads (Table
2), the 10 second modulus increases with increasing TMPTM concentration as

V predicted by the theory of rubber elasticit y. Above the 3% TMPTM l eve l ,
the materials become hazy or turbid , suggestive of significant phase
separation . This wil l  be discussed further be l ow.

The substitut i on of n—buty l acry l ate (plus 1% TMPTM as crosslinker) for the
TMPTM to form a li ght ly crosslinked po l ymer, network I I , subsequently
l owered the modulus of the homopol ymer. In Figure 5, the modulus is seen
generally to decrease as the concentration l eve l of n—buty l acrylate is
increased . Haziness was significantly present in these materials ,
especially at high n—buty l acry l ate concentration and low beta l evels,
indicating phase separation usua l ty encountered in graft copo i ymer and IPN
materials. Similar samp l es po l ymerized by UV radiation were highly opaque.

3.2 Stress Re l axation and Creep Recovery

Stress relaxation studies are ana l ogous to creep stud i es but are~ more
amenable to theoreti ca l treatment. In stress rel axation studies, the sample
is elongated by a definite amount and the force necessary to maintain this
elongat ion is measured as a funct i on of time. A time—dependent Young ’s
modulus , Er(t), is so obtai ned . Creep recovery then follows as the stress
is removed. During creep recovery, the sample l ength is measured as a
funct i on of time. A linear material is expected to recover slower and to
a lesser extent than a crossl inked sample , because only physica l crossi inks
of a temporary nature are present.

Figure 6 illustrates the results of the stress rel axation stud i es. The
downward slope of the relaxation curve is much greater for the fluorocarbon
homopo l ymer blank due to its uncrossl inked linear state. The 3% TMPTM samp l es
show only slight stress rel axation . I rradiation with 5.0 or 7.5 Mrads of
beta rad i ation produce almost i dentica l rel axation and creep recovery be—

V havior, indicating comp l ete po l ymerization at 5 megarads.

Table 3 shows the recovered l ength of the stretched samp l es after 4 days.
Creep recovery is much faster for the sem i—Il samp l es containing beta

V i rradiated TMPTM than its linea r counterpart. Originally stretched about
50% for 24 hours, the crosslinked systems recovered to within 4 or 5% of
their initial length. The blank sample recovered to within only 18% of
its initial l ength, ind i cating important differences in such practica l
properties as permanent set.

13.
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3.3 Turbidity

In order to determine quantitatively the actua l light transm i ttance of the
semi—It compositions, a clarity study was undertaken . The amount of light
(A = 460 pm ) transm i tted by the samples was determined by experiment. From V

the transmiss i on data so obta i ned , the turbidity, r, was calculate d by means
of Beer’s Law (23),

I e tX (2)
0

where x represents the sample thickness, l~ equa ls 1 00% transmittance and I
equals the recorded transm i ttance.

Due to the nature of the dou bl e beam exper i ment, allowance for ref l ection of
l ight by the front and back surface of the samp l es were i nternally corrected.
The fluorocarbon sample was placed between two glass slides with a drop of
silicone oil between the faces of the sample and the slides. Because the
med i um through which the light travelled before entering the sample (glass
and silicone oil ) has approximately the same refractive i ndex as the fluoro-
carbon material , no significant i nterna l reflection was expected. As de-
scribed above, the “blank” in the other beam consisted of two glass slides
with a drop of silicone oil between them.

Tables 4 through 7 list the turbidi ty data of the severa l samp l es i rrad iated
with gamma rad i ation , beta radiation , or UV .

The materials containing 3% TMPTM i rradiated with gamma or beta radiation
have similar optica l properties, with somewhat higher l evels of turbidity
than the linear fluorocarbon homopol ymer. The turbidity of the un i rradiated
fluorocarbon homopol ymer provi des a baseline comparison for determining
the actua l increase in turbidity created by the addition of the second
po l ymer network. It is i nteresting to note that the initial addition of
3% TMPTM increases turbidity somewhat. Upon i rradiation , the turbidity
actua l ly decreases again.

At higher concentration l evels of TMPTM (5%), even after po l ymer i zation, a V

much greater degree of turbidi ty can be noted.

Table 4 shows the turbidity l eve l of the fluorocarbon samp l es as functions of V

TFVFTM l eve l and beta i rradiation dose l evel. The va l ue of t = 0.15 for the
3% TMPTM and 5 megarads i rradiation should be noted as the lowest va l ue for
the TMPTM containing samp l es. At 5% TMPTM, the turbidity jumps, indicat i ng
increased haze and probably phase separation.

Table 5 explores the turbidi ty of 3% TMPTM samples as a function of gamma
i rrad i ation dose. As with Table 4, the turbidities are low , In di cat i ng a
high degree of optica l clarities .

For the n—buty l acry l ate (1% TMPTM) system, Table 6, tur b I di ty decreases
V as dose l evel increases at 15% and 20% concentration l evels. At higher V

V concentrat ions, a minimum is observed for reasons not yet clear.

V 14.
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Table 7 shows the turbidity of the UV irradiated samples containing n-buty i
V acrylate (1% TMPTM) or TMPTM. In both cases, the turbidity is significantly

greater than simil ar samp l es po l ymerized by beta or gamma radiation .

The dec i ded Jump in turbidity for the n—buty l acry l ate system and at higher
levels of TMPTM may be rel ated to phase separation (6a). The greater clarit y

V of the high energy 8 or y irradiated materials over the UV I rradiated materi— V

als probably results from reduced phase segregation, greater compatibility,
etc. as i nduced by hi gher grafting l evels.

3.4 Swelling and Extraction

Swelling and extractIon studies were performed on sel ected fluorocarbon
elastomer samp l es to determi ne the crosslink density (network chain segments
between crosslinks ) and the % extractable material in each sample. The re-
su l ts are ta bul ated i n Ta bl e 8.

Acetone was used as so l vent or swe l l i ng agent s i nce i t di sso l ved the untreated
linear fluorocarbon homopol ymer.

The Flory—Rehner equation (24) was used to calculate the moles of acti ve
network chains (n) per cm3:

- [~~x~ (I-v 2
) + v2 + x 1 v2

2 
= V 1 n (v2

1”3 - ..
~~~ 

) ( 3)

where v2 is the vo l ume fraction of po l ymer In the swollen mass, V 1 is the
molar vo l ume of the so l vent, and xl is the Flory sol vent— i nteractIon
parameter.

The moles of acti ve network chains per cm3 are seen to be functions of both
the radiation dose and the percent of TMPTM, as shown in Table 8. In genera l ,
the crossl ink density increases up to 3% TMPTM and 5 megarads of radiation ,
then stays nearly constant.

Even if no crossl inking monomer was present, i rradiated fluorocarbon homo—
po l ymer samp l es did not disso l ve, but only swelled in acetone. As the radia-
tion dose level increased from 2.5 to 10.0 Mt-ads, the % extracta ble s decreased
at constant TMPTM l eve l and hence it was conc l uded that some additiona l cross-
l inks are introduced. With 1% TMPTM, there Is no significant change over the

V i rrad i ated homopolymer In either % extractables or moles of acti ve chains.
With 3% and 5% TMPTM samp l es i rradiated with beta radiation , as the dose

V l eve l Increases, the % extractab l es mater i a l decreases, moles of active chains
V 

i ncrease an d, hence, it can be concl uded that crosslink density increases.

V In  comparison , the low energy UV i rradiated samp l es (containIng 3% TMPTM),
showed 85% of extractable material , indicat i ng a very low l evel of true
crosslink ing. Even the beta i rradiated fluorocarbon homopolymer sampl es
(w ith no TMPTM) contained l ower amounts of extractables than the UV i rradiated
systems. Hence, the hi gh energy of the beta irradiation alone is shown to
i ntroduce signIficant crosslinks . However, the combi nat ion of beta
radiation and TMPTM gave the highest crossl Ink l evel.
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3.5 Stress—Strain Mechanica l Stud i es

Stress—strain curves were obta i ned for several 3% TMPTM, 5 Mra d sampl es on
an l nstron. A fully formu l ated silicone rubber sample and a blank , untreated
fluorocarbon elastomer were inc l uded for comparison . Typica l results are
illustrated in Figure 7. WhIle the silicone rubber had about a 30% higher
tens il e stress to brea k, the elongation to break for the fluorocarbon
e lastomers was nea r l y  tw i ce as hi gh, reach i ng va l ues of approximately 600%.
The detai led data for all the speci mens Is summarized in Table 9. As shown,
the tens i le stren gt h on spec i men E2 was abnorma l l y low , more than three
standard deviations away from the average va l ues exc l ud i ng it. Therefore,
that result should be discarded . Perhaps the sample contai ned an extraneous
f law .

The area under the stress—straIn curves yields the energy required to break
the samp l es. As shown in Table 10, the va l ue for the fluorocarbon elasto—
mer exceeds the va l ue for the silicone rubber by a factor of about two. The
un i ts are ergs/cm3, an d represent abso l ute equ i va l ent va l ues of wor k needed
to fail a unit cube of the material in the tensile mode. As explained above,
the actual samp l es were cut in the form of standard dumbbell shapes.

4. DISCUSS I ON

4.1 Grafting

Both beta and gamma radiation can attack the fluorocarbon po l ymer backbone,
generating a certain amount of grafts with monomer—li , po l ymer—Il chains,
or fu lly formed networks present. This grafting between the two phases,
i nduced by the high—energy radiatIon , i ncreases compatibility and/or reduced
phase domaIn size.

I f two i ncompat ib le po l ymers are m i xed, the individua l po l ymer domains
normally retain the glass transitions of their respective parent homopol ymers;
therefore, such a material should be expected to exhibit two princ i pa l glass
transitions. If significant molecular mixing ta kes place , the trans i t ions

V 
w i l l  be broadened and/or their Tg’s will  be closer. Correspondingly, two
maxima will  be observed in the mechani ca l loss spectrum (6a).

The semi—Il’ s consist i ng of the fluorocarbon elastomer and TMPTM behave much
l ike a homopo l ymer, having only one princ i pa l glass transition and one
maximum in the mechanica l l oss spectrum (E”), as shown In Figure 4. This is
probably due to the low concentration of the TMPTM component, and/or to the
grafting induced by the high—energy radiation and Indicates a lack of V

si gnificant phase separation.

The optica l properties of the sem i—I l ’s strongly suggest the presence of
grafting. While beta— and gamma—irradiated samp l es tended to remain clear,
the UV— i rradiated samp l es always exhibited significant haze l evels. (Compare
Table 7 turbidIty va l ues with those listed In Tables 4, 5, and 6.) High
clar ity can be maintained if phase separation is suppressed , pha se doma ins

6.



are made smaller , and/or the composition within the phases is made more
alike (25, 26). Unfortunately, the present data cannot dist i nguish between
these possibil ities .

A critica l concentrati on l evel for TMPTM appears to be about 3%, above which
the material becomes hazy, ind I cating the formation of two dist i nct phases.
Hi gh turbidity materials are characteri stic of graft copol ymers containing
appreciable amounts of po l ymer II.

Further ev i dence for hi gh energy grafting is the fact that the UV i rradiated
3% TMPTM samples have a great amount (80%) of extractable material compared
to about 20% extractables for similar beta i rradiated systems, see Table 8.
It Is concl uded that the beta rad i ation forms a more monolithic network by
grafting the fluorocarbon chains to the TMPTM network Joining the chains
together more eff i c i ent l y, and hence reducing the extractable material.

4.2 Hi gh—Energy Radiation Effects on the Fluorocarbon Homopoi ym~r

Other phenomena observed in this study suggest that high—energy rad i ation,
i n the absence of cross l i n ki ng monomer, has two ef fects :

(I) The “as i~ ” elastomer may have some kind of molecular order such as
incipient crystal I inity , which is destroyed by radiation. This would
account for the apparent decrease i n modu l us of fl uorocarbon homopo l ymer
sam pl es i rra di ated w i t h  gamma or beta rad i ati on , see Table I.

Some degree of crysta l l i n l ty may be present i n the raw fl uorocar bon
mater i al , which reinforces and strengthens the homopol ymer (6c). If
radi at ion destroys thi s crysfa l li n i ty, the material’s modu l us necessarily
decreases. Addition of TMPTM followed by hIgh energy 8 or y i rradiation
provides a crosslinked network which binds up the linear fluorocarbon
and participates in a significant degree of grafting. This reduces
creep but has no s ign i f i cant effect on modu l us , because e l astomer
modu l us is a measure of both physica l and chemica l crossl inks and the
former predom i nate i n num bers i n li ghtly crossl Inked systems.

(2) Some crossl Inking of the chains occurs to form a network structure. The
i rradiated fluorocarbon homopoi ymer even in the absence of TMPTM does
not disso l ve in acetone (Table 8) suggestI ng that the cha i ns are no l onger
free but l i n ked together Into a networ k. Furt her, as ra di at ion dose l eve l
I ncreases, less and less material Is extracted and the moles of acti ve
chains Increase. Continued crossl inking at higher dose l evels is
suggested.

4.3 Physica l Entang l ements versus Chemica l Crossl inks

In both gamma and beta i rrad iated systems, i t was observed that the modu l u s
remai ned rel ati vely constant at a constant TMPTM concentration over a dose
l eve l range of 2.5 to 10.0 Mrads, Table I. This constant modulus can be
attr ib uted to the fact that phys i cal entang l ements most lik e l y outnum ber
chemica l crossl inks, as ment ioned above (see schematic dIagram in Fi gure 8).
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As the dose l eve l i ncreases, the i ncrease i n modu l u s  measurements i s only
modest because of the far greater num ber of phys ica l entan gl ements, see
Table II. Under prese,it experimenta l conditions , It may be that the modu-
lus , through the equation

G = n R T  (4)

is measuring both the phys i ca l and chemica l crosslinks while swelling is a
better measure of chemica l crosslinks .

Tabulated in Table Il a~e sel ected va l ues of n (moles of active network
chains ) calculated by the Flory—Rehner equation (Eq. 3) whIch probably
accounts for on l y chem i ca l crossl i nks, whi le the equat ion G = nRT accounts
for both physica l and chem i cal crosslinks. In all cases, as expected, the
values are higher for the latter due to physica l entanglements. This
diff erence represents moles of phys i cal entang l ements, shown in the last
col umn of Table Ii. It is significant that these va l ues are greater than
the moles of active chains attributed to chemIca l crosslinks .

It shoul d be noted that the physica l crossl Ink l evel remains constant near
4 x IO 4 mo l e/cm3, as wou l d be expected because the entan g l ement of fl uoro-
carbon cha i ns remains nearly the same. ThIs va l ue corresponds to an Mc
va l ue of 5 x i~

3 gm/mole. Most elastomers have physica l entanglement Mc
va l ues between 4 x l0~ gm/mole and 15 x 103 gm/mole.

4.4 Comparison of Beta Radiation , Gamma Radiation , and UV

From the data presented, It appears that the hi gh—energy—radiation po l ymeri-
zation method produces greater grafting than the low—energy UV. If clear,
low creep mater ia ls are des i red, 8 and y i rradiatIon is preferred over UV
i rradiation po l ymerization methods.

Beta and gamma radiation are apparently quite similar. Many of the samples
showed comparable properti es when i rradiated by beta or gamma radiation at
similar dose l evels. However, in the turbidity study, It was observed
that 8 I rradiation produced somewhat clearer samples. (Compare Table 4 to
Table 5.) V

There are slight differences In the actua l reaction process. One difference
between gamma and beta rad i ation is the actua l rate of i rradiation , which
may affect the oxygen uptake of the system. in the slower po l ymer i zation
induced by y I rradiation , there is more time for oxygen to diffuse i nto
the material. The oxygen may react to form peroxldes and hydroperoxides,
which decompose to yield two free radicals of which one may generate one

V homopo l ymer— II po l ymer molecule and one a graft copolymer site (18). In
the absence of oxygen, di rect graft i ng to TP~FTM i s encou raged, increasing
grafti ng. Overall , beta rad i at i on ap pears to be more effi c i ent an d l ess
time consuming.

$8. 
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The major properties sought in this research program were a fluorocarbon
based elastomer w i th reduced creep and great toug hness, combIned with
optica l clar i ty. On the basis of mechan i ca l and physica l studies, the 3% V

V l eve l of TMPTM appears to be the best. Although creep and % extractable
mater i a l s are lowe r at hi gher TMPTM l evels (5%), optIca l consi derat i ons
make 3% the necessary upper concentration limit.

Hi gh energy radiation obviously provi des materials superior to UV. Optimum
properti es were obtained between the dose l evels of 5.0 and 7.5 Mt-ads of both
gamma and beta rad i ati on. This recipe clearly remains unoptimlzed , but as a
feasibili ty study, provides a path by which the fully formulated material
can be achieved.

9. 
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APPENDIX A

TABLES

Table I. Room Temperature Modu l us (3G) for Beta I rradiated
Fl ucrocarbon Samples

36 (DYNES/CN~) AT 200 C
~ SE (PIRADs) OZ ThRIM 1% ThP11I 3Z TMPTh 5 TMPTPI

0.0 5dx107 ——— 2.7x107

2.5 3.1.40~ 3.4x10~ 4.3x107 4.140~
5.0 2.9x.l0~ 2.9x.107 4.0x107 4.1x107

7.5 2.9x].07 3.6x107 4.3x107 4.8x107

10.0 2.5x107 2.840~ 3.9x107 4.5x107
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Table 2. Room Temperature Modu l us (36) for Fluorocarbon
Samples I rradiated at 7.5 Mrads with Beta Radiation.

Z TMPTM 36(DYNES/CN 2) AT 20°C

0.0 2.9 x V
V 1.0 3 . 6 x 1 0 7

2.0 3.5 x ia?
V 3.0 L h 3 x 1 0 7

V 4 .0 3.3 x io~
5.0 4.8 x
7.0 6,4 x 10~

23.
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Table 3. Creep Recovery Table for Fluorocarbon Elastomers,
Beta I rradiated

011(6mM. STRETOIED (24 K~~ IE~Efl( AFTER
SN~tE 16(16Th ~~) (1116TH (~ ) 4 DAYS RECOVERY (Go 2 RECOVERY

32 uvm. S.C cADS 2.46 3.46 2.58 95

32 flVflI. 7.5 I’RN)S 2.57 3.55 2.68 96

02 TPPTII, 0.0 (cADS 2.40 3.75 2.33 82
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Table 4. TurbidIty (r) of Beta i rradiated Fluorocarbon
Samp les Ca l culate d Us i ng Beer ’s Law :

= l0e
TX (A = 460km)

2 TPPTM DOSE (P~Aos) TURB1OITY(’)

0.0 0.0 0.10
0.0 5.0 85 0.12

3.0 0.0 51 0.45
3.0 2.5 70 0.20
3.0 5.0 73 0.15
3.0 7. 5 60 0.29
3.0 10.0 61 0.30

5.0 2.5 37 0.71
5.0 5.0 40 0.65 

V

V 5.0 7.5 20 1.14
5.0 10.0 18 1.26

V 

- 
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Table 5. Turbidity (t) of Ganina I rrad i ated Fluorocarbon
Samples Calculated Usi ng Beer’s Law :

= I
0e

TX (A 460km)

ThPTh DOSE (MR*~s) I TUP .BIDI TY (t)

3 1.3 65 0.24
3 2.5 60 0.28
3 V 33  64 0.25
3 5.2 62 0.26
3 6.2 63 0.25

26. 
V

V APPENDIX A



V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Table 6. Turbidity ( t )  of Beta I rradiated Fluorocarbon/Acrylic
IPN Samp l es Ca l cu l ated Us i ng Beer’s Law :

I = I e
tX 

(A = 460pm)
0

V 2 BU1YL ACRYLATE (12 TMPTIO) DOSC ((1~ Ds~ I TUR RID I IY ( ’)
15 2.5 33 0.64
15 5.0 56 0.32
15 7.5 50 0.38
15 10.0 68 0.32

20 2.5 17 1.07
20 5.0 54 0.46
20 7.5 57 0.32
20 10.0 64 0.29

25 2.5 6 1.31
25 5.0 ~44 0.50
25 7.5 30 0.61
25 10.0 18 0.88

2.5 5 1.41
30 5.0 44 0.50
30 7,5 36 0.56
30 10.0 25 0.85

~~
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Table 7. Turbidity Cr) of (JY i rrad i ated Fluorocarbon
Samples Calcu l ated Using Beer’s Law : V

= I0e
TX (A = 460km)

COMPOSITION TUR S1DITY (T )

152 BUTYL ACRYLATE (12 TMPTM) 3 2.12

20% BUTYL ACRYLATE (1% TMPTM ) 18 1.18 V

25% BUTYL ACRYI.ATE (1% TNPTM) 22 0.91
302 BUTYL ACRYLATE (1X TMPTM) 25 0.85

1ZTMPTM 82 0.14

3ITMPTN 50 0.46

28.

APP ENDIX A V

VL,

~

V 
±~~~~~~~~~~~~~~~~~~~

V
~~~~~~~~~V~~~~~~~~~~~~~~~~V liV ~~~~~~~~~V _



— 
- - 

—

Table 8. Crosslink Density and % Extracted Material for Various
Fluorocarbon Samp les Us i ng Acetone as So l vent

DOSE 2
SAMPLI (MRADS) MOLES ACTIVE CHAIN’ EXTRACTED

BLANK 0.0 DISSOLVED 100
BLANK 2.5 1.65x10 5 60
BLANK 5.0 2.76x10 5 34 V
BLANK 7.5 4.86x10~ 24
BLANK 10.0 6.10x10 5 21

12 TJ~Th 5.0 4.54x10 5 31
1% T1~Th 7.5 4.97x10 5 24

3% T1~TM 2.5 1.75x10 4 29
3% TIIPTH 5.0 1.87x10’4 21
3% TP~Th 7.5 1.22x10 ’ 21
3% TIVIM 10.0 2.34x10 4 16

5% 1WTN 2.5 1.3lx10 4 32
5% TMPTM 5.0 1.80x10 4 22

V 5% TP~Th 7.5 2.45x10 4 16
5% TP~TM 10.0 1.73x10 ’ 10

3% TNPTM LIV 2.45x1O~ 85

CALCULATED BY THE FLORY-REHIIER EQUATIOII

V 
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V Table 9. UltImate Tensile Strength and % Elongation at Break
for Various Fluorocarbon Elastomer Samples and

V 
Sil icone Rubber

(LTII4*1t TEI16ILE STREIIGTII 2 ELONGATION
SN~I1 AT BREM (PSI) AT BREAK V

E 1 (32 TYPTh. 5.0 (~*os) 897.3 440.0
E 2 (32 T~ TN. 5.0 ~ Aos) 573.6 515.0
E 3 (32 T1VTN, 5.0 ~aos) 850.0 625.7

S 1 (32 TIVIL 7.S I~~oi) 366.7 357.5
S 2 (32 1~~Th. 7.5 (

~ Mi) 757.1 485.0
S 3 (32 T~~TM. 7.5 ~~os) 846.7 590.0

S 11 (a&.~usk uMia ~uacsoc*nos,) ION.9 450
SIL 1C~~ BOIlER 1166.7 377.5

Imit i: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ mi musiu
S11INSN IEPCST~~ I S Thi N*xI*~ .iuuT P*IOi TO vtm.DgNi.

IBOTE 2: S t.L £ 2 Mi A QUI$TICIIASLL VSUJi PCI TM ULTIMTE TEMSII.j
IT1USIN AT Miii .

MEM~ I ILE~ 1k~~Th AT ~~M:
I NCU INS $ M U  E 2: AVS — 799.3 pit
txc umt isswuE2:  *vs—l *3 .6 ps,

STAICN89 ~ VIATION OF U~T1I~1E I2I~I1.E SI~~l6N: 
V

.cu~~u.s sai.u C 3: t UZ.~ psi
EIOJeIM SAMPU ~ : t — 5~, Pit

I

.

~~~~~

I
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Table 10. Energy Required to Break Sel ected Samp l es

SAMPLE ENERGY TO BREAK

FLUOROCARBON ELASTOMER
(32 TPIPTL 5.0 ~~ADS) 3.350 x ~~ 

ER6S,~~3

BLANK LINEAR FLUOROCARBON 8.901 x 10~ 
ERG S,q~~3

SILICONE RUBBER 1.473 x 108 ERGS,~~3

THE ENERGY TO BREAK IS CALCULATED BY GRAPH I CALLY INTERG RATING A
GRAPH OF STRESS vs. STRAIN.

NOTE: THE VALUES REPORTED PERTAIN TO A UNIT VOLUME OF MATERIAL .
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Table II. t~~les Active Chains

_____ 
RC~Y-REhlI~ R EQ. 3G • 3s~ T I~LES PWYSICAL ~~~~~~~

V &A*. 7.5 l~*~s 4.9 x ir5 3.9 x 1O~ 3.4 * ir4
V 12 T1~ TN. 7.5 P,as 5.0 * xr5 4.9 * 10~ 4.4 x

32 TIVT?~. 5.0 l~*~s 1.9 * 5.4 * 1O~ 3.5 x 1O~ V

3% TPPTN, 7.5~~sws 1.2x10~ 5.8x10~ 4.6x1O~
5% TPVTM. 5.0 P~*as 1.8 * iO~ 4.9 * 1O~ 3.1 x 

V

51 TPVTL 7.5 ~*~s 2.5 x 6.7 * 10~ 4.3 x 10~
3% TPVTL liv 2.5 x 1O~ 4.3 x 1O~ 1.9 x 10~
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FI gure I. Modulus—tIme Creep Curves at 1 00°C for Fluorocarbon
Elastomer/3% TMPTM Game I rradiated Samples.
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Figure 2. Modulus—Temperature Curve for Fluorocarbon
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Mrads with Ge.rina Radiation
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Figure 3. Modulus vs. Time Creep Curves for Fluorocarbon
Samples Irradiated w ith Beta Radiation or UV
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Figure 5. Room Temperature Modulus versus Beta Radiation Dose
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V Concentrations of 0—30% with 1% TMPTM as Crossl inking
Agent. 

37.

APPENDIX B

V ~~~~~~~~ . . V  
-~~~~~~

~~
_ . . - . . V — ~~~V~~~~~~~~~~~V V V V V ~~__ V V _ V_V~~~~~~:V_.~~ .~~ 

_-~~~~~~~~~~~~ _ . .



—-V- -V

iCf 0:32 iwm. 7.5 m*asV X:32 IWTfl. 5.0 ~ADS
+‘OZ IOPTII. 0.0 I’BOADS

__
ic? °°~~~~~~~~2r-24’

DYN S + —....f. .
~~~~~~

lO’1 2 3 4 5

LOG TTh!E ,~~~~~~~~~~~

Figure 6. Stress Relaxation Curves for Fluo roelastomer Samp l es
I rrad i ated with Beta Radiati on.
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PHYSICAL
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Figure 8. Schematic Illustration of a Physical Crosslink and
Chemica l CrosslInk. Chemica l CrossI ink Anchors Chains
whereas Physical Cross l ink is an Entanglement , Subject
to Slippa ge.
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APPENDIX C

Descript i on of Instrumentation and Studies

Quant i tative optica l studies were done on a Beckmann DK—2A Record i ng
Spectrophotometer at A = 460 urn. The fluorocarbon sample was placed
between two glass slides with a drop of si I i cone oil between the faces
of the sample and the slides. Because the med i um through which the
light trave l ed before entering the sample (glass and silicone oil ) has
approx i mately the same refracti ve i ndex as the fluorocarbon material ,
no si gnificant i nterna l reflection was expected . A blank , consist i ng of
two glass slides with a drop of sili cone oil between them, was placed in
the other beam as a reference.

The modulus and creep measurements were done on a Gehman Torsion Sti ff-
ness Tester (ASTM Designat i on Dl053—58T). In brief , the measurement
consists of connecti ng a sample in series with a calibrated torsion V

wire , tw i sting the top of the wire 1 80° and observ i ng the correspond i ng
angle of twist of the bottom of the material after 10 seconds. The
greater the modulus of the material , the smaller wi l l  be the angle of
tw i st with a g i ven wire. For measurements not at room temperature
(creep and modulus—t i me measurements), the entire apparatus is submerged
into a silicone oil bath. The oil can be heated above room temperature
by heating coils or cool ed with liquid nitrogen. From the angle of twist
and the sample dimensions, the modulus of the spec imen can be ca l culated .

Stress relaxation measurements were made by elongat i ng the sample by a
V definite amount and measurin~j the force necessary to maintain this elonga-

t ion  as a funct i on of t ime . Re l ease of the stress allows the sample to
“creep” back to its ori g ina l l ength. By measuring this recovery as a
function of t i me, one is in effect measuring creep recovery. The instru-
ment utilized consists of an upper clamp attached to a balance and a
l ower clamp attached to a micrometer assembly. The sample is placed be-
tween the two clamps and the micro teter adjusted so that the sample is
in equilibrium (under zero tension). We i ghts are applied to the upper
ba l ance and the sample elongated by turn i ng the micrometer screw. As
soon as the ba l ance reaches equilibrium , the t ime and weight are recorded.
A small amount of weight Is then removed and the experiment continues.
From the we i ght on the balance and the dimensions of the sample, a time
dependent Young ’s Modulus can be calculated .

V The viscoelastic properties of po l ymers were stud i ed using a direct
readi ng v i scoelastometer Rheov ib ron , mode l DDV— I I. Since all po l ymers

V are viscoelastic , when a strain or stress is applied to such a material ,
part of the energy is stored elastically and part is lost (in the form
of heat) in the deformation process. In the Rheovibron , a sinuso i da l
strain of fixed frequency (11 0 Hz) was applied to one end of a small
sample, held in slight tension and the response or stress is measured
at the other end by a transducer. The stress in phase and 90° out of
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phase with the strain ~~~~~~~ fle phase angle are measu~.’d ~ v t~~ a Vd idC ‘$~eAI. 3r~~~
ture range. From the read i ngs, the dynam i c: modi:~i ~ can be cdlcula red from
which the loss and storage modulus are determinwc .

The swe l l ing  and extract ion studres wers e~r~ed out us i ng ~~~~~~~~~~ ~ 5
solvent. The samples were swel led for 4~~~~~~ V5• From ~‘: weight loss, the
% extracted was easi ly determined . The m~ ’ o’ oct ive network chains
were calcu lated using the Flory — Rehner e~. ~ - n and th~ change i n sample
dimensions and weight upon swelling.

Stress—strain studies were ‘~~ne on an Irostrom . A sample of known length and
cross—sectiona l area Is heLl between two jaws and extended at a constant
rate until failure occurs. Tha stress is measured as a funotion of elonga-
tion . The samp l es are cut I nto ~umbbel I shape in order that the ultimate
failure takes place at the center of the sample and not be affected by any
stress concentra ti on at the Ins trument jaws . The u l t imate  tensi le strength
is the maxfmus i l oad the sample can bear (at break or y Ield). The energy to
break is measured by the area under the stress—strain curve.
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APPENDIX I~

The Glass Transition Temperature

The ilass transition temperature is the temperature at which the amorphous
dnmair~- of a pol ymer take on the characteristic properties of the glassy
state — br i t t l eness, stiffness and r igidity . When a non—crystallizable
polyreer is cooled from an elevated temperature, its properties undergo a
rapid change over a narrow temperature range. The mechan i ca l properties V

exhibit an important transition over this narrow change of temperature and
the material undergoes a ductile—br ittle transition in this narrow regime.
The term glass temperature, T

9
, derives from this ductile—brIttle transition . 

V

To some extent, the glass transition appears to be a dynamic phenomenon. V

The positIon of the glass po i nt can be ra i sed by changing the rate of
heating (hi gher T0’s being associated with faster heati ng). The glass
transit ion , therefore, invo l ves e q u i l i b r i u m  thermodynamic and kinetic
factors .

Many properti es of pol ymers or the temperature coefficients of these
properties — modulus, refractive Index, specific vol ume and specific V

heat are examp les — undergo more or less sharp changes at the Tq. However,
the exact va l ue of the transition temperature varies with the rn&Fhod of
measurement.
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