
APPLICATION OF TMA FOR--RAPID EVAIXATION OF LOW&&~- 
TURE PROPERTIES OF ELASTOMER VULCA3NiiTES* 

ABSTRACT 

Many elastomeric products are required to function at low temperatures and 
ahhough numerous ASTM Standard procedures have been developed to evaluate 
Iow-temperature properties of vuhxkaks, none is suitable for routine rapid batch- 
tc+batch testing. Expansion identation and tension TMA/DTMA have been used 
to establish low-temperature characterktics of a variety of elastomer v&aniza -tes 
(polyacrylates, neoprenes, nitriks and BR]SBRjNR blends) and it is shown that 
these techniques offer a rapid approach to testing for quality Control. 

The lowest temperature -at which adequate elastomerjc properties can be 
monitored is determked by the glass transition of the elastomer; however, the-rate 
of change of properties with temperature (e.g. increase in modulus with decrea&g 
temperature) is sigmficantly a&c&d by type and amount of plasticizer‘(extender, 
softener, etc). TMA and DTMA results are in good agreement with Gehmen rigidity 
modulus determinations TMA results can be obtained in about ten minutes 

INXRODUCTION 

Numerous standard~procedures have been developed for determinkg the low- 
temperature chamc&sGcs of plastks and ekstomer v&a&a&s and the basic 
principles of each procedure have been outlined by Nielsen’. The most often quoted 
ASTM prccedures2 for rubber and related materials are D-W&-Brittle Temperature 
by fmpacr, D-797 -Young%- Modulus -m Fkxure, D-1053 .Torsioual Modulus and 
D-1329 Temperature-Retraction Properties. In genera& some proppty of the_kyst&n 
is dekrmined at a series of isothermai temPeraGues and the temPerature at Which 
the property‘ attains a value ckidered rep-e of-its-limit for adequate : fieId 
performance is -&ermined_ The time inv&ed in such testing is considerable and 
cam~ot- be considered on:a routine basis for. the &lease~of products_~-F&h&, the 
large-s&ple&x3nd r&i&rautsystem+ir or. iiquid) r&s&sin pcx$ temperature -. 
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of these probI.ems can be overcome by the use of thermomechanicaI anaIysis (here- 
after TMA) which utilize a small sample and sample holder tog@er with a reproduc- 
ible and accurate dynamic heating program. The purpose of this paper is to describe 
in some detail the TMA methods and observations made on a variety of elastomer 

vuIcanizates. 
The use of a linear dimensionaf anaIyser to determine second-order transitions 

in high poI_yrners was described by FIoyd3 and later by Dam&- Current commerciaI 
TMA instruments employ the same technique but have the advantage of recording 

a continuous dimensional change under a rigorous and reproducible heating or 
cooling thermal program, A furtfier advantage of commercial instrumentation is 

the simuftaneous recording of the fkst derivative of the dimensional change 

Numerous applications of TMA have been reported- Manx and Creedon’, for 

examp!G have used TMA to determine the degree of cure in thermosetting resins 
from expansion profiIes_ Other appkations include mcasuremeut of thermal shrinkage 

of aromatic poIymeis6~ effect of thermaI history on expansion properties of phutics’, 
measurement of swelling and dissolution of plasticsa- 9 and rheological compatibility 

of poIymer bIendslo_ In elastomer studies, _MiIIer and Saunders” used TMA to ob- 
serve the effects of structure on the molecular interactions of segmented poIyuretbanes, 
TMA expansion and tension data were reported over wide temperature range 

(-160 to +25WC)_ Miller and Fitzsimmonslz have also compared transitional 
behaviour in block copolymers as observed by severa.I thermoanaIytical procedures 
(IMA, dilatomctry, DTA, thermal depolarization, etc) Using a hemispherical 

probe indentor, I-Iwo and Johnson’ 3 used TMA to determine the Young’s modulus 
of an acryIic elastomer- It was suggested that experimental slip problems coutd be 
overcome by the use of a flat-ended probe of the type used in this work. 

TMA has been evaluated as a Iow-temperature test method for p&tics Yauai 
et al.” have shown that TMA data obtained in penetration alIow cakulation of the 
defkction under Ioad temperature (ASTM D-6443), the Vicat softening temperature 
(D-1525) and the clash Berg TF temperature (D-1W3)‘5. Values obtained by the 
TMA procedure are in exczknt agreement with those obtained following the ASTM 

procedures- InterIaboratory studies on the reproducibility of TMA measurements 
have also been reported’6. Thermal expansion and glass *&u&ion temperatures 
of poIy~nate and poIy(methyI methacryIate) were determined by a number of 
laboratories using standard samples For the glass transition temperature, inter- 
h&oratory agreement was within 5% variation, For &pa&ion coefficient measure- 

ments, TMA is not as precise, int.raIaboratoty resuhs agreeing within 25% and inter- 
Iaboratory precision running from 12 to 15%. 

Elastomer studks have been made with instrumentation closely resembling 
some of the TMA modes of operation. Stevens and Iv&’ constructed an apparatus 
to alIow dress-temperature (constant strain) and iength-temperature (constant 
stress) measurements Heating and cooiing rates as low as X/O.5 h were used with 
an NBR poI_vmer, Similar &terminations were reported by Briggs et aI_‘% for a 
wider range of vuIcanixa tes (BR, NR, SBR, NBR and lIR)_ NormaI heating and 
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cooling rates of ST/min were used. in their couclusion, the authors stated that the 
use of such simpIe mechanical tests proves to be a valuabb approach to the pre-i 
&&nary study of rubber compositions.- Dikttometry is aho used to study Iow- 
temperature transitions in polymers. Data obtained from. linear expansion in TMA 

should agree well with vohune measure ments made by diiatometry. For v&anixates, 

linear expansion measurements are experimentaliy more easy and much more rapid 

Hende~~~ and Mcl+tdr9 and Breitman ‘*haYereporteddataontheeffectofa _ _ 

numbeT of plasticizers on the T, of SBR. These data are usefU for comparing the 

results obtained by TMA with dilatometry. 

A series of vuicariiza tes (poiyacrylates, medium and low &rile NBRs, neoprene, - 
BR/SBR~R and BR/SBR blends) were supphed by Dunlop Research Centre, United 
Kingdom. The low-temperature properties of these .vuIcaniza*~ bad been deter- 

mined using a Gehman torsional pendulum. AI1 other vuicaoizates were prepared 

usiug standard rubber laboratory equipment following ASTM D-15 procedure’. 
Commercial elastomers (SBR 1500, Krynac 800 and 34:60 SP, Neoprene W), 

curatives, fiUers and plasticizrs were used througbout. 

Thermamechmrai anaijfzer 
The TMA used was a DuPont 942 with temperature programming and recorder 

facilities provided by a 990 module. Displacement of a probe is measured by the core 
displacement of a linear variable difErential-traosformer. Details of the instrument 

are given in the literature’3. Maximum sensitivity of the instrument is 5 x 10m5 
cm/em of chart. (Note: The system is calibrated in British units, but in this paper 
ah vahuzs have been corrected to conform with SI &its.) The first derivative of the 
displacement is simuhaneously recorded on the x-y-y’ recorder. Maximum derivative 
sensitivity is 1.27 x 10’ cm/mm per cm of &art 

The heating rate can be varied in seven steps from 0.5 to 5O”C/ruin. Programmed 

cooling is not available. 

Probes ad sampk preparcfhn 
Three types of probe were used in this work. All probes and sample holders 

were constructed of quartz The expansiou probe u’as 0.254 cm in diameter with a 

fiat end. This probe was used for thermai expansion measurements with no applied 
load. When used with load, indentation of the sample also occurs. For penetration 
measurements, a probe with a 0.06 cm diameter tip was used. ln.tension studies, a 
standard DuPont tension probe was used Maximum loading on aU probes was 100 g 
or typically for the expansion probe -1.98 kg/cm* at the probe-sample interface. 

Samples were die cut from O-I27 to 0.254 cm thick compression moulded 

sheets. Maximum sample thickness that the instrument can accommodate is 2.54 cm. 
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Discs of 0.35 cm diameter were used for expansion and penetration measurements 
For tension m easurements, ring samples in the shape of a running track were die cut 
The distance between suspension points of the ring was l-27 cm at room temperature_ 
width of the sample arms was 0.32 cm_ 

In order to obtain reproducible results, the following procedure was followed. 
The sample was mounted in the TMA at room temperature and a smali load (-0_2 
mg) placed on the probe. This load maidtained the probe in contact with the sample 

as it was cooled_ Water-free nitrogen was purged through the system as the furnace 
was cooIed in Liquid nitrogen_ Any moisture condensed on the sample surface signi- 
ficant!y afGctcd the data_ Thin films of moisture were readiiy detected by rapid 

dispIacements of the probe at 0°C resulting in a very sharp DTMA peak 
At the requh-ed temperature, usually 50°C beIow the transition of interest, 

load was applied to the probe and the heating progmm started. The temperature was 

measured by a thermocouple placed near (-0-2 cm) the sample but not touching it_ 

The general features of the experimental data obtained in each mode of opcra- 
tion of the TMA are iUustratcd in Fig- I_ The data was obtained for a neoprene 
vukanizate scanning the range - 100 to t2O”C at YC/min_ 

Figure I(a) iliustrates the free expansion thermo_cram. The slope of the dis- 
placement versus temperature curve, measured directly by the derivative offset from 

zero, is the rate of expansion at any given temperature_ The linear expansion co- 
efI%icnt, a, is thus readily cakuiated at any temperature- IdealIy, as the glass transition 
region is scanned., a smooth transition from one expansion rate to another would be 
observed as in d.iJatometry_ In practice, this smooth transition was difficult to achieve 
experimcntaily with e&omer vuIcan.iza tes, an apparent shrinkage generaliy being 
obsemed as the TI region was scanned_ This shrinkage is actually indentation of the 
sampie resuhing from the non-zero maSS of the probe. Although the probe mass is 
balanced at the starting temperature, the sample expands against the probe and 
continued adjustment is neowsary to observe a thermogram as shown in Fig_ l(a)_ 
In experiments with a macro expansion probe (probe area greater than Mple 
surface area) smooth transitions were still difficult to obtain, In this case, com- 
pression of the sample ~2s the cause. 

ReproduciiIe results are obtained by Ioading the probe to guarantee indenta- 
tion_ Figure l(b) illustrates data obtained with 50 g (~1 kg/cm2 on sample)_ A 
comparison of expansion coefEcients below the onset ofthe giass transition caIcnTated 
from f= expansion and expansion wi;h load were-in good agreement, indicating 
the Iow compressibility of the _@assy state_ Significant indentation is observed as 
the T1 region is scanned, the DTIMA exhibiting a peak- The temperatnre at which the 
maximumoccurred,ie_maxim um rate of indentation, is quite characte+tic of the 
sample under given experimental conditions_ Above the glass transition range, the 
observed slope depends upon the.competition between indentation and- thermal 



expansion, The behaviour in this temperature regidn is related to the hard;less of the 
ticanizate and is a&&xi by the type of plasticizer used (see later_). 

Figure 1 (c) iUustrates the development of tensional strain for the same neoprene 
vulcanizate as the temperature is raised through the TI- BeIow the TP the tezldon 
data awn simply reflects the thermal exwion of the sample. Tensional strain 
begins to deveIop as the temperature reaches the 7’. and again the DTMA tune 
exhibits a peak which is characteristic of the sample. For all vulcanizates stndied, 
the DTMA peak in tension occurs at a higher temperature than that observed in 
compre&on- With some vul canizatq particularly. blends, several tension DTMA 
peaks are observed, 

The usual method of calculation of ri is bi &trapol&tio~ iU&atedtiFig; 1 (b). 
Construction of the correct tangents can ~~difficult, but the DTMA thermogram 
canbeusedtod~rminethepointontbeTMAcurveatwhichtbe~~rate 
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occurs. The tangent to the curve must be ti~~throu& this hoint, Two characteri& 

tempera-s are reported here, T!, the exn-apolated temperature and Tid, the 
temperature of the DTMA peak cmresponding to the maximum rate of in&ntatioa 

or te&onai strain development 

Generd nk2nizu~e proprZies 
Typical results obtained for ot; T, and TY by botLexpansion and tension 

measurements are shown in Table 1 for a range of vulcani.zates_ Also in&ded in 

TabIe 1 is the Gehman temperature, GT, which is defined as the kmperature at whic& 
the rigidity moduIus is 1000 kgm/cm2/radian- - 

Although TMA is a rapid method for de termining a, it is clear that reproduci- 

bility of the method is only of the order of &6x. This is in agreement with results 

obtained on poiy(methy1 methacrylate) 16. The reproducibility might be improved by 

using thicker samples (up to 2.54 cm maximum) rather than the 0.127-0254 cm 

sheets used here. Measured maximum rates of expansion were of the order of 0.30- 

1.50 x 10e4 cmjmin at S”C/min scan rate. 
For several vulcaniza tes (PoIyacryIate, neoprene and the blend compounds) 



more than one peak is observed in the DTMA thermogram_ PoIyacqWes exhibit 

two maxima as illustrated in Fig_ 2, for results obtained in expansion and tension, 
both with 50 g load_ The second event is clearly seeu with expansion but appears 

only as a plateau in tension measurements. 

Neoprenes also exhibit thermal events in TMA other than. the main glass 
transition, These are illustrated in Fig. 3, where results obtained in loaded expansion 

over the temperature range -60 to +-80X are shown, Apparent indentation of the 
sample is observed at 40 and 52°C The 40°C event also appears to be a composite of 
two which can be separated using low scan speeds. The general eff&t of heating tin 
rate is considered later_ The main g&s transition temperature and the DTMA. peak 
are unaffected by the scan rate variation, DSC scans on neoprenes show endothermic 
transitions at 42 and 47°C which have been related to cqsta&ation2z_ TMA experi- 
ments using au expansion probe with no load support this, as even +ith very carefid 
baJance to remove residual probe mass, the 40°C daub@ and the 52°C event are 
accompanied by vohxme reduction in the system. Further, qs ob&ed, a &I rate 
dependence would be expected for crystallization effizcts. 

Figure 4 tiustrates typical resuIts obtained with a BR:SBR blend vulcanizate. 
& would be expected, vul canizatcs co&ining BR:SBR or Bd:SBR:NR &bit 
an indentation and tensional s&in development over a &ch’tie LmpGature 
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Fw 4. I-MA thermograms NR:S%R vufcaninic S*Cfmi.u, 50 g Load, Sample thicbes O-153 ian 
Ind5&3tiont -, 5 x 1o-ccmjan~df;- 2 x 10-s cm/mis d(Lu)r, -remion: ) 
1 x IO-= axdan chart, Al; -, 1 x 10-J cm/&, d(Af)jdf. 

range because of the presence of several elastomer components_ In indentation, only 
one broad D’lMA peak is observed for both bIends DTMA in tension, however, 
shows three. dktinct peaks which are quite reproducible from run to nm These 
maxima are not observabIe by inspe&on of the primary Th&% thermogram Com- 
parison of the temperatures at which the DTMA maxima are observed (Table 1) 
show only the centre peak is changed in an SBR:BR blend by the addition of -NR_ 
This moves from -27 to -38°C. The first two peaks are probably reMed to the 
TI of l &e components; howeve+, to tign definite values at this point in time would 
be speculative_ The -5°C event is probably related to crystallization in the BR phase 
(reported values range from -14 to -6°C for 95 c&1,4 BR, the values falling with 
dazasing c&l,4 content**.) All other v&a&&es in Table 1 exhiiited only single 
peaks in TMA and.DTMA. I 

In Fig_ 5, the T_ and Z’,, tern peratures obtained in tension and indentation are 
plotted agakst Gr. Because .of the differences in experimental -method {fen&on/ 
indentation versus-modulus de&k - xiionj, thetime?em~~ conditions (ii 
thermal vexsus dynamic healing) =d the arbitrary modulusvalue chosen to define 
GT, the l%fA thermograms and the-_-. modulus-temperaWre curve are not 
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directly superimposable on the temperature axis_ The resuit is a Iinear reldonship 

bemeen T, or rLd and GT which is offset on the temperature scale, The apparent 
agreement between TLo tension and G, is thus coincidental. Nevertheless, just as Gr 
is a characteristic of the vu1 canizate, both TLo and T_ can be used to determine 
refative vuka&a te low-temperature properties. The larger scatter in TLo and T. 
values for the SBRIBR and SBR:BR:NR wl canizates arises from the presence of 
several transitions in these b!ends. In dilatometric work, a correlation between the 
lowering of the TI of SBR ,eums by plasticizers and the lowering of the Gehman 
freeze temperature (extrapolation of twist ax&e versus tempez-atzuc curve to zero 

twist angie) has beep reported2*. Aithough the effkct of pkticizers on Gebman 
results has not been investigated here, TMA should give similar observations on 
vnlcanizates- 

Eflecl of scan rate 

It is well known that the glass transition temperature of polymkrs is dependent 

upon the time scale in which it is determind’. In TMA, where a dynamic-heating 
rate is used, variation in the observed T, with scan rate is expeded Fkther, since 
the sample thermocoupIe is tiot in direct a>ntact with the sainple, a thed lag 
between sample andrecorded temperature would be e~~pected. Tpe thermal lag should 
imxeasea5scanIateincrwses because of the ilxzaskgthermalgmdients,bothin~the 
sarnpk and in the fiunace- Achml values recorded f0r.a medium nitrile v&a&ate 
are givezx in Table 2; Over-the scan iate range _Z-ZO°C~rq&’ ~~-:r+&ins con%tant 



TA3E 2 

2 -26 -19 
5 -26 -18.5 

IO -28 -19 
20 -305 -18-S 
SO -26 -8 

within experimental error whilst T, moves to lower temperatures. The shift is -4°C 
as scan rate changes iiom 2 to 299ui1~ This shift is in the opposite direction to 
that anticipated but is quite reproducible. At 50°C/min, both T_ and T’. shift to 
higher temperatures suggesting the temperature gradient has become too high_ In 
order to obtain reproducible results at sO”C/min, extreme care in positioning the 
sample thermocouple is necessary- The cause of the TY moving to lower -tern- 
as scan rate increases is not understood_ It -was noted that as scan rate increased, 
indentation of the sampIe started at Iower temperatures_ This might be r&ted to 
thermal gradients within the sample itseE 

Eflecz of pIizs2ic~ers 
It is weiI known that the addition of certain plasticiters to polymers results 

in a lowering of the polymer’s T’, and that the magnitude of the observed shift is 
dependent upon structure and physical properties (viscosity, free volume, etc.) of 
the plasticizer. Having established that TMA and DTMA are rapid and reproducibI$ 
techniques for determining the ZYY of vulca&ates, the effect of plasticizers on T. 
was studied to ascertain whether compositiorbi charges couid .be readily detected 
by TMA. Compared with plastics, Iittle information is available in the literature on 
the absolute magnitude of Tt shifts with plasticizer variation in vulca&ates_ Since 
the observed r, depends not only on the piastik content but also on other factors 
such as degree of cure, concentration of dihknts, method and frequency of measure- 
ment, it is unlikeIy that exact agreement in Eterature values would occur. 

Table 3 iilustraks TMA/DTMA rest&s obtained for several plastkizrs in an 
SBR vukankk- The pIasti_ -used were dioctyi phthalate (DOP), dibutyl 
phkate @BP) and a naphthenic oil, Ciisol4240. Although ester plastic%zrs are 
not used comme&aily in SBR, they do produe the Iargest T, shifts and are usefd 
for comparing the abiIity of the TMA to detect su& shifts- The high viscosity uapht+e-. 
nit oiI (2525 SW at 37_8%) does not a&& T= or TG in agreeme with the dila& 
metric O&XVZE~~O~S*~* ?. DOP and DBP both lo&r TE6 ad:T’,, DBP being the 



SBR 1320 
Ho plsticinr 
1OphrCi.i 14240 
20 phr Grco5ol4240 
IOphrDOP 
2OphrDoP 
10 phr DBP 
20 phr DBP 

?cqi?acm 
No plastici2n 
IOphrDoP 
ZophrDoP 
IO phr ParapIa G-50 
2f)phrRmpkxG-50 

-s -43 -625 
-54 -44 
-54 -43 
-55 -44 -6s 
-57 -47 -67 
-56 -48 -65 
-63 -52 -69 

-27 
-31 
-34 
-285 
-30 

- 195 
-225 
-25 
-205 
-235 

more effective at the 20 phr Ieve (dT, of 9°C). The vahes for the shift are in fair 
agreement with those observed in uncured SBR, aithough the absolute Ts of the latter 
(28 % styrene) is 8S”C lower than that of the SBR 1500 (23.5% me) v&a&ate_ 
SimiIar results were found for DOP and a polyester ester plasticizer in commercial 
Kryuac WO (34% ACN) vu canizates I uab!e 3). All results given in Table 3 were 
obtained using a temperature base with which temperature readability is &OS”C in 
the --IOO”C to 0°C range- Actual reproducibility in the observed r, was better than 
this (-2 O-2%) as determined by opeqting the ktrument on a time base (thus 
expan&n_e the temperature axis-) Thlrs. fol quality controt purpose, T.WA/DT&lA 
affords a rapid check on plasticizer content if a shift in r, is produced by the plasticizer 
inuse_ 

Many pikticizrs, extenders, softeners, ctc_ are used in the rubber industry 
which do not afkct the TY of the vu1 canizate but are added primarily for *proved 
processing (viscosity reduction, easier mastication, etc_) and subsequent modification 
ofthevllkank te physical properties. Thus, simple determination of the Z’I, will not 
give any information on the presence, absence or amonnt of @Hic@er present For 
this purpose, the use of TMA/DTMA over a widertemperature range wasinvesti~ 
Figure 6 illustrates TAW thermograms of nitriIe ticanizates (Krykac 34160 SP) 
containing ti0u.s resin plasticizers. Each Vu1 canizate is identical except that the 
resin has been substituted at the IO phr IeveL The resins compared are coumarone- 
indene, a hydroxy and a hydrocarbon, Below the TV-the expansion coefficients were 
identical for alI vc&a&ates_ Further, TLo and T_ were identical and independent 
Of the resin type- As the tempera- incnzsed above the T, tlje extent of the in- 
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Fig. 6. Efkt of plasticirtr resin on indentation of ni&vulcani2itc, S=c/m;n. -,Noplutkiner; 
-,10phrcoumaror#indcnensin;-,30phr~~;--, 10 phr bydroxy 
resin: Fomdation: Gynac 36~40 SP 100, Mt Bktdc 85, FEF Black 15, Bctanox Spa5al20, Antiox& 
dantMB~Dicup4QC35- _y..-. - 

dentatioc and the temperature range over which it occurred, varied with the pIastic&r 
used (fig 6) :The results shown were obtained under standard conditions of ST/mm 
with 50 g Ioad, and 0.20 

_--- - 
Z& 0.01 cm thick samples, and are therefore directly compar- 

abIe_ The actual maximum indentation amounts to 0.003 cm or - 1.5 oA of the sample 
thickness. It was found that using a penetration probe (see experimental), the therms- 
gram was not as reprcxlucible ahhough the penetration was considerably higher- 
As the temperature rises further, thermal expansion eveutua.lIy predominates over 
indentation and the thermogram of each vulcanizate becomes paraIleI. Apparent 
expansion coefficients calcuIated in this region are approximately 10% lower than 
those obtained frdm free expansion measurements_ Observation of Fig. 6 shoti 
that for each resin plactidzer, the v&a&ate gives a characteristic but di&rcnt 
thermogram above the T,. The characteristic shape of the thermo_eram is determined 
by the physical properties of the vulcaniza te and in par&&r, the harduess- AlsO 
shown in Fig. 6 is the hardness (Shore A) of each vuIcaniz&e determined at room 
temperature <25”C)_ -From this limited study, a direct correlation between hardness 
and extent of indentation appears to exist Gentz3 has derived a reIationshjp betsveen 
Young’s modulus, calcuIated from indentation of a rigid sphere and BS 903 and Shore 
hardness The mathematics of indentation versus modulus for a fiat probe of the 
type used here has been derived 24. Use of these reiationships wi& the TMA/DTMA 
data iS now being evaluated. Althoughthe TtiT i-e_ the tem@emture at maximum rate 
cf indentation, does not appear a&c&d by_ the type &f resin, the high& indentation 



412 . 

above Ttd for the resin vnk* * tes is re&cted as an extensive shoulder on the high 
temperature side of the DTMA peak_ 

COSCLIEiOXS 

Static tkrmome&anicaI andysis has been investigated as a method for 
de&mining the Iow-temperature properties of vuktnizate~ Dimensional changes 
of a sample in fke expansion, indentation or tension are monitored as the sample is 
heated at a known and reproducible rate_ ‘1TI.e first derivative of the dimensional 
change is simultaneously recorded. 

TMA/DTMA data obtained in free expansion gives the Linear thermaI expan- 
sion ~fkient at any temperature during the experiment, Ihe glass transition is 

okwed as it change in slope as in diJa.tomctric determinations_ In the indentation 
mode, the thermogram is the result of compekion between thermal expansion and 
indentation_ For tension m easurements, the thermogram records the additive sum 
of thermal expansion and tensional strain development For indentation and tension, 
the glass transition is obtained by a standard extrapoiation method_ A maximum in 
the DTMA thermogram is also observed which represents the maximum rate of 
change as the sampIe is heated through the glass transition range_ ‘l&e temperature 
of this maximum Tti is character&k of a vukanizate_ Variation in scan rate between 
2 and 2O”C/min has little efkct on Z& and no efkct on TLd_ At 5WC/min, thermal 
gradient effects predominate_ 

For a wide range of vukniza tes in tension or indentation, Tco or r, versus 
the Gehman rigidity modufus gives a linear relationship_ Exact temperature agreement 
Is not observed because of difkrences in the experimental techniques. In bleeds, 
sev~T,vaIuesareobserved_ 

Plasticizer effects can either be observed by a shift in the T_ or by a change 
in the thermogram prof& the extent of indentation and temperature range over 
which it occurs_ The extent of indentation correIates with vuI&te hardness as 
expected The indentation of a rubber sample by a flat probe has been treated mathe- 
mat.icaJIy in the Ueratur?, and the determination of Young’s moduIus by TMA/ 
DTMA is now being investigated. 

In conclusion, the ease of sample preparation and the rapidity of TMA/D_lMA 
measurements offers a quick approach to assessing the low-temperature properties 
ofvul~AtU)*Clminscanrate,actualruns~becompktedinaslittItas 
four minutes (80cC total scan) if the sample has a single transition_ 
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