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SOME APPLICATIONS OF THERMAL ANALYSIS AS A 
SUPPLEMENT TO OR REPLACEMENT FOR ASTM TESTING 
STANDARDsf 
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Modem them& analysis instrumentation, such as DSC, TMA, and TG, are 
rapid and acunate and should be given serious consideration as supplements to, or 
in some cases, as replacements for some of the ASTM testing standards. Thermal 
anaiysis instrumentation provides a logica! advancement in the search for not only 
simpler techniques but those which provide an increase in accuracy and speed of 
determination. Indeed, one of the ASTM Committees, E-37, is solely committed to 
the appkation of therma anaIysis instrumentation. It is the purpose of this report to 
suggest some areas of ASTM testing where thermal analysis instrumeniation can prove 
its unique capabilities_ It is not meant to imply that these procedures be adopted by 
ASTM in this suwted form as any procedures accepted by ASTM must be arrived 
at by the standard ASTM format; that is, by a consensus of the appropriate ASTM 
Committees. The following examples, then, are again merely sugestions. 

1. INTRODUCllON 

Modern thermal anaIysis I -nstrumentation, such as DSC, TMA and TG, are 
rapid and accurate and should be given serious consideration as suppkments to, or in 
some cases, as replacements for some of the A%Bl testing standards_ Thermal 
anaIysis instrumentation provides a logical advancemetit in the search for not only 
simpler techniques but those which provide an in- in accuracy and speed of 
determination: Indeed, one of the ASTM Committees, E-37, is soIeIy committed to 
the application of them& analysis instrumentation_ It is the purpose of this report to 
suggest some areas of ASTM testing where thermal anaIysis instrumentation can prove 
its unique capabilities. It is not meant to imply that these procedures be adopted by 
ASTM in this suggested form as any procedures accepted by ASTM must be arrived 
at by the standard ASTM format; that is, by a consensus of the appropriate ASTM 
Committees_ThefoIiovGng exampI= then, are a&n merely suggestions_ 

l Pnsenccd at the 6th North American Thermal Analysis Sxicty cOnfa.aicc, Princuori, N-. J., 
Junem23‘. 197& 
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2. WAAL 

Differential scanning calorimetry was performed with a Perk&Elmer Model 
DSC-2. With an i nstrument of this m both temperature and energy are obtained 
simultaneously_ Thermomechanical analysis was performed with a Per&n-Elmer 

Model TMS-I which continuously monitors a sample’s expansion or contraction as 
a function of temperature. Thermogravimetric analysis was performed with a 
Perkin-Elmer Model TGS-2, which continuously monitors the weight Ioss or gain of 
a sampie as a function of temperature_ Where required, samples were precisely 
weighed with a Perk&Elmer Model AD-22 Autobalance. 

e 
3_ DlFFERENnU SCAXXISG CALORIMEiRY 

The following examples are meant to suggest some areas of ASTM testing 
where DSC may improve the speed and reliability of the testing_ Sugmed instrument 
parameters, such as sample size, scanning rate, and sensitivity, are also discussed. 

3A_ Melring polirr of polymers-DSC 
Semi-crystaliine thermoplastic polymers, upon the application of heat, undergo 

a process of fusion, or melting, where the crystaiIine character of the polymer is 
destroyed_ While polymers melt over a temperature range due to a difference in size 

and regularity of the individual crystallites, the meIting point of a polymer is generaUy 
reported as a siugIe temperature where the mehing of the polymer is complete_ (There 
are some reported instances where the meiting of a polymer occurs above its degrada- 
tion point; however, the determination of the melting point in this instance is beyond 
thescopeofthisdiscuss ion-) 

The importance of determining the melting point of a polymer is obvious since 
this temperature represents the minimum temperature for the processing of the 
polymer by extrusion or inject& moiding, for example, and also, in most cases, 

represents the upper use temperature where structural integrity of the polymer is 
required_ 

Figure I illustrates a typical DSC determination of the melting point of a 

polymer, in this case, high density polyethylene- The melting point is taken as the 
peak temperature where melting is complete, or at least, nearly so. The heating rate 
chosen for this experiment was 20 K min- I, a moderately fast scanning rate, to 

reduce the experimental time although there may be some advantage to using a 
slower heat& rate to redllce any potential problems associated with super-heating_ 

For readers interested in considerably more detaii on the melting of polymers, please 

consult the reference by Wunderiich’_ 

3B. Glass tramition temperamre of poijmers-DSC 

Thermoset poIymers and the amorphous regions of thermoplastic polymers, 
upon the application of heat, undergo a process known as the glass transition where 
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the polymer proceeds from a bard, more or less brittle gksy state to a rubbery or 
viscous s&t&?_ The temperature at which this process occurs is known as the glass 
transition temperature uslrsUy abbreviated as T._ For example, if the polymer is above 
its glass transition at room temperature (T,tUW) K), it is typically Iimp and flexible- 
Similarly, if the polymer is below its glass transition at room temperature (T,>300 K), 
it is typicaify characterized by stiffness, hardness, and dimensional stability and 
frequently by transparency and high optical quality_ Known T. values then suggest 
the areas for end use applications of the polymer. 

MELTING POINT 06 F'OLYMERS - DSC 
GLASS TRANSt?lON TEMPERATURE 

OF POL..MEBS-DSC 

:a 320 360 400 440 320 340 360 : 

f(K) TIK) 

Fig_ I _ hfdting point of polymers-DSC 

Fi~ZCIass transitiontanpemtnnzofpoIymus-DSC 

The glass transition is evidenced by a change in the heat capacity (and also the 
expansion coefkient) as a polymer material is heated or cooled through this transition 
region and, as such, is easily measured by DSC_ An example of this determination is 
illustrated in Fis 2, where the glass transition temperature of poly(ethyIene terephtha- 
late), commonly cakd poIyester, was measured_ In this example, we have chosen 
to measure T. at the I/2 AC, point While this choice is somewhat arbitrary and other 
authors have suggested a!temate techniques such as taking 7’.* at the extrapolated 
onset of the transition, we have found the I/2 AC, method to be reliable and reprodu- 
cible, The ultimate disposition of this choice is, of course, the decision of the interested 
ASTM Committees. 

3C_ Specijk hear of pol@ers-DSC 

A general method for the measurement of specific heat functions IB~ DSC has 
been previousIy descried by-0’NelV3 and has been extended by othe&=’ to include 
-the measurement of specific heat functions of polymers_ As a result, this procedure 
will be_onIy briefly reviewed_ 
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The ordinate displacement of the difkrent.iaI scanning caIorimetcr is pro- 

portional to mC,Twhere m is the mass of the sampIe in grams, C, is the spedic heat, 
and T&s the scanning rate in degrees per second- The ordinate displacement due to the 
heat capacity of the sample during a temperature scanning inczment is measured 
with respect to a baseline displayed before and afkr this temperature increment is 

obtained under isothermal conditions. Figure 3 illustrates the presentation as seen on 

the recorder chart. The tigurc shows superimposed scans of ABC, a blank nm with 
an empty sample pan in both sample and reference chambers, AEC, a sapphire disc 
standard, and ADC, a polye%hykne sample. Amplitudes are measured from the blank 
bascIine to the sample or standard level at the temperature or temw of 
interest Usingthisstandard technique, specScheats may beexpectedto bemeasured 

to an accumcy of a few pertzen@_ For readers interested in considerably more detail 
on the heat capacity of polymers, please cousult the excelknt review on this subject 

by Wunderlich and Baur’- 

3D: Om%bice srabiI.ity of polymers-DSC 
The oxidative destmction of polymers can have serious economic consequences 

by rapidly reducing their IXe expectancy- As a result, polymers are commoniy 
blended with anti-oxidant stabilizers to prevent or at least inhiiit the deterioration of 

properties which accompanies oxidative degradation. Since anti-oxidants are 
expected to be effective for perhaps decades, methods for testing their efficiency must, 

of necessity, involve some accekrated test 

OXIDATIVE STABtLcfy OF POUMERS 

DSC SCANNING YE-IHDD 

Fis 3. Spcdfic hcat of poIyxws-DSC 

Fig- 4- Oxidath szabiIity of poIymus-DSC scanning method. 

_ Direct instrumental methods for anti-oxidant testing depend upon the fact that 

the anti-oxidant prcvcnts the propagation of the- oxidation reactions but is itself 
consumed in the process_ When the available anti-oxidant is exhausted, the oxidation 
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reactions at that point are abIe to proceed. Since the oxidation reactions are highiy 
exothermic, the onset of the process can be detected with excellent sensitivity by any 
reasonably wekiesigned temperature or heat-sensing device in thermal contact with 

the sample. DSC ideally fits such a description and should prove invaluable for 
accelerated Iife testing. 

There are potentially two methods to obtain information related to the oxidative 
stability of a polymer by DSC 

The fkst of these might be called the UcontinuousIy-scanning” method. The 
continuousIy-scanm .ng method, @picaI results are Uustrated in Fig. 4, involves 
pro_gramming the sampIe at some selected rate in an oxidizing atmosphere up to and 
slightly beyond the temperature at which oxidation is observed to begin. This 

temperature is frequently referred to as the onset temperature for oxidation- The 
higher this temperature, the more stabie the polymer or the more effective the anti- 

oxidant, or the _ereater the concentration of the anti-oxidant. The advantage of this 
method is in the speed of the experimental determination since very stable sampks 

take only a sIight.Iy Ionger time than unstabIe samples. The disadvantage of the 
continuously scanning method is that the “stability” scaIe versus initial oxidative 
temperature is not linear. In fact, as one would expect, considering the exponential 
temperature dependence of reaction rates, the sensitivity of this method decreases 
approximately exponentially toward higher temperatures. 

The second method may be called the “isotherma method”. Rather than 

scanning ContinuousIy to the onset temperature of oxidation, we may alternately scan 

rapidly to some preset temperature and measure the time to oxidation at that 
temperature. 

Typical results for the isotherma method are illustrated in Fig. 5. As in the 
previous fi_m the particular polymer chosen MEG polyethyfene with different IeveIs 
of anti-oxidant. 

OXIDATIVE STABILITY OF POLYMERS- DSC 
ISOTHERMAL METHOD 

POUEWYLENE 
PURGE:* 

TEMPERKTURE: 200-C 

GtZiERMINPIION OF PURITY-DSC 
SCANNING Ml3HC’0 

TE!STO!STERONE 
VmGHT: sA33osspr 
HEAnN FUXE: 1.2sYYlra 
RARGE: 2bK~ue 

Fig. 5.Oxidative stability of poiymers-DSC isothermal method. 

F& 6. Duamhaion of purity-DSC scanning method. 
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This approach has the first advantage that all sampIes are examined under more 
neariy identicaI conditions. The second principaI advantage is that the reIationShip 
between isothermaI time and anti-oxidant &&en- or anti-oxidant concen%ration 
is Likely to be more near@ Iiuear. The most obvious disadvantage is that no matter 
which temperature is chosen, some samples wiII oxidize in a short time while others 
wiII take 2a exceedingly long time. Thus, the time per iamlysis wiIl be on the average 
much longer than for the continuously scanning procedure_ 

3E. Detennihattin of prairy--DSC 
The we&known effect of impurities on the meking point of me com- 

pounds provides the basis for various methods of purity determination- Some years 
ZtgO**9 a particular method using the Perkin-Ehner DSC was proposed which has 
since found wide utiIity in the fkld. The DSC method, Iike aI.I methods based upon 
melting point depression or meIting range, depends upon the applicability of the 
Van? Hoff equation", This Grst method, which perhaps may be calkd the scanniug 
or dynamic technique, has since been supplemented by an additional method which 
perhaps may be called the stepwise melting method’ ‘-“_ 

As illustrated in Fig_ 6, the dynamic technique invokes sIowIy scanning through 
the melting region of a relativeIy smaII sampie in order to approach thermodynamic 
equilibrium- Sections are construti as shown to correct for thermaI resistances 
within the system, and the fraction mehed at the indicated temperature is determined 
by dividing the area under the curve up to that temperature by the total peak area_ 
A plot of the rcciprocaI fraction meited versus temperature is then made_ As austrated 
in Fig 7, while theory predicts such a plot wiI1 yieId a straight line, this is not aIways 
the case; the o@jnaI data curve wiI.l be concave upward- This is attriiuted to the fact 
that not alI of the initk3 melting was resoIved from the baseline Consequently, an 
area increment, or &xn correction must be added equally to each partial area as well 

Fig 7.l3cwmhAon of pmity-DSC T, vs. I/F plot 

DEIERMINATION OF PURfFY-DSC 
STEPWISE METHOD 

Pn- 

WElGitT: 1.388mg 
TEUP!ERATUi?iE B: AT= 0.3. 

fuRIN: 99_36yoLEx 

Fgm 8 Ddnminztion of purity-DSC stcpwirc nmhod. 
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asthetotalareainordertolinearize the plot. This &xW correction is well known and 
presents only minor diflicuIties in the determination of purity. 

At the “Pittsburgh” Conference in 1972, Staub and Perron” proposed a 
modification of the dynamic DSC method which invoks the step-wise melting of the 
sample in a few tenths of a degree steps. Further discussions of this method have been 
presented by Gray* = and by Gray and Fyans’ 3. 

Typical results for the step-wise purity technique are illustrated in Fig. 8, where 
a phcnac&n sampIe of 99.56 moIe % purity was step+vise scanned at a ATinterval of 
0.3 degrees. The cakulation procedures for handling the step-wise purity method 
have been discussed elsewhere’ l-r3 and will not be reviewed here. I think, however, 
that both methods have found wide acceptance in the fieId with perhaps the dynamic 
method the more popularIy empIoyed because of the shorter analysis time and the 
greater experience with the dynamic method among investigators. 

The following exampIes are meant to suggest some areas of ASTM testing 
where TMA may improve the speed and reliability of testing. 

4A. Expam5.m we&Yen-TMA 

Perhaps one of the more important physical properties for p&tics when used 
as potting materiak or for printed circuit boards is the expansion coefficient Fre- 
quently, in these types of applications, epoxy resins are used. 

The general expression for the average coeflkient of expansion, is 

where 

= expansion coefficient 
Lo = Iength at ZO°C 
AL =changeinIcngth 
AT = teqxrature interval 

Since the TMS-1 continuously monitors the change in length as a fimction of 
temper&me_ it is an ideal technique for measuring the expansion coefficient. An 
exampIe of this measnre ment made on an epoxy printed circuit board is shown in 
Pig. 9. Note also that the glass transition temperature, as evidenced by a change in 
sIope of the trace, is simultaneousIy mcasurcd by this technique. 

4B. Jlkxure dyti-TMA 

An additional useful standard measurement that may be performed by TMA 
3n a “micro” scale is the dellection temperature of pIastics under load (ASTM 
D 648). This analysis may he performed using the Flexure Analysis Accesso ryKit 
ava.ilabIe for use with the TMS-I. 



The object of the ti is to &ten&e the temperature at which tie test specimen 
has deflected 0.25 mm (0.010 in.) when under stressa of 18-5 kg cm-= (264c psii ad 
4.6 kg cme2 (66 psi)_ Having measured the sampIe’s dimensions, the required Ioading 
is caIa&&ed as fotIowsz 

wher6P = 

s = 

b = 

d = 

L = 

desiredstress 

width of sample 

depth of sampIe 

length between We edges 

SampIe dimensions are typicaIIy 0.2 in- long, O-15 io- wide and 0.020 in, thick 
Since these dimensions are not critical, there is no need to compression mold samples 
as in the ASTM method- In fad, the compression molding itself might weIl impart 
thermal history eff&ts which would confuse the results. 

EXPANSION CCEFFICIENT-TMA 
FLEXtIRE ANALYSIS-TMA 

264 pri 

Because of the greatly reduced size of the sample and the improved thenaal 
coupI&, program rates considerably higher than the specified 2°C min- ’ were found 
quite satisfactory_ IIIustraM in Fig 10 & superimposed thermograms of high z&d 
low density polyethylene, PVC, and poIycarbon$e at 264 psi, run so that 0.010 in- 
deffection wiIl be 50% of fUn scaIe on the recorder_. Under either stress, the gradual 
soRening of the first order meIting behavior of the poiyetbyIene is dramaticany 
clZcrent from the ibrtxpt softening of the Gumd order gIaz~ transitions in the PVC 
&d poiycarfionate samples, Also, as iIIustrated in Fig- 11, the identical samples ti 
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at 66 psi, indicate that the second order transitions are only slightly influenced by 
loading as shown in Table 1. 

TABLE1 

FLEXUREANALYS~~ 

Sanrp& Defl.crian T (“C) 

63 psi 264 Psi 

Low density P-E 89 67 
High density P-E I19 105 
PVC 62 60 
PoIycarbonatt 147 146 

Hence the fkxure mode provides a very definite and precise means of deter- 
mining the fkxure propcrtics and also the glass transition temperature for samples 
which can be prepared in sheet form. 

REXURE ANALYSIS -l-MA 
66nsi DETERMlNbiiON OF WATER-+GA 

Flg,II Flcxurcanalysisar66PSI-TMA- 

Fis 12 DUumbtioi~ of water-TG- 

Rent advances in TG as exemplilkd by the new Perkin-EImer Model TGS-& 
thermogravimetric system, have led to not only improvements in the quality of results 
but also have greatly simplified the operation of the irktrument and the actual 
running of samples- The following exampIes are an attempt to indicate some areas of 
ASTM ttsting where TG may simplify and improve the speed and reliability of the 

testing. 



5A. Deteim of moisture-TG 
One area of amcern, particulariy in the textiie industry, is the determination of 

moisture in textile fibers whicli may affect their hauiliug and physical properties. 
Using modern. highly sensitive thermogravimetric instrumentation, this determination 
is reIatively straight-forward as ilIustmted in fig- 1% which shows a scan of Nylon 66 
staple fiber for adsorbed water determ&tion- One particuIa.r advantageof the TGS-2 
is the ability to electrouicaUy suppress a Iarge poeion of the total sample weight to 
0-e small and subtle changes in a sample’s behavior under high sensitivity 
axKiil5ons. 

C&bon black is frequently added to polymers to improve some specific physical 
properties or simply as a bulk filIer material_ In many cases the percentage of carbon 
b&k in a polymer matrix may be determined by TG. An example of this procedureis 
i&&rated in Fig_ I3_ In this example, the percentage of carbon black in polyethylene 
was determined. The procedure is relatively simple and straight-forward- The material 
to be checked is placed in the sampIe pan of the TGS-2 and the system is purged with 
an inert m such as nitrogen, When the purgiug cycle is completed, the system is 
programmed rapidly to about 600°C in nitrogen to pyrolytically decompose the 
polyethylene. In this instance thepolyethyIene is pyrolytically decomposed comp!eteIy 
to gaseous p&ducts such that the residue is carbon black, The perceutages may be 
read directly from the y-axis of the recorded thermogram. Many users find it con- 
venient to switch the purge gas at this point to either air or oxygen to combust the 
carbon black to leave the sample pan completely clean for the nm determination 
(heatiug to fClOO”C speeds the combustion of the carbon bIack, reducing the experi- 
mental time)_ 

DEERWPIATKMJ OF CAR0ON EL&X-TGA 
D--ION OF GLASS CONTENT-TGA 

I?- 13. De&m&&m of carbon b&k-TG- 

Fw 14 D&amhdon of &ass conrsu-TG. 
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SC. Detennihatkm of ghzss wnhznt-TG 
In some instances, glass or glass fibers are used with plastics to improve some 

physical properties particularly tensiie strength and dimensional stabiiity. One 

particuhuly important use of glass fibers is found in the printed circuit board industry 
where glass fibers are used in conjunction with a thermosetting resin, generahy 

epoxy, to not only improve general physicaI properties but also to reduce the 

expansion coefficient of the printed circuit boards. 
In a marmer very simiJ.ar to the previous example, TG may be used to determine 

the percentage glass imbedcied in a plastic matrix. Figure 14 ilhstrates this deter- 

mination for the glass content of an epoxy printed circuit board. As in the previous 
example, the y-axis was set at 100% full scale for direct percentage recording. In this 
instance either air or nitrogen may be used to combust the epoxy as there is no weight 
loss associated with the glass fibers. Another advantage of the TGS-2 may be utii 
inthism easurement and that is the ability to heat the sample at rates of up to 
320°C mm- I. Using the high heating rate we are able to heat the sample to 1000°C 
in about 3 min, thus greatly reducing the analysis time. 

6. CONCLUSIO5iS 

Modern thermal analysis instrumentation such as DSC, TMA, and TG often 
speeds and simphfies some previously rather diEcult analysis without sacrifking the 

accuraq of the results and in some instances actualiy improving upon them and as 
such deserves some consideration as a supplement to or replacement for some ASTM 

testing standards. The previous examples are merely suggestions, of cause, as any 
standards adopted by ASTM must survive the detailed scrutiny and testing by the 

interested Asiu Committees. 
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