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ABSTRACT 

In some polymers, thermai transitions and molecular relaxation processes may 
be situated closely together on the temperature scale or may actually overlap. In such 
cases, observations by differential scanning caIorimetry (DSC) may lead to ambiguous 
results or to erroneous conclusions. In many instances, the ambiguity can be removed 
by making additional measurements at the same scanning rate on polymer samples of 
similar past history by thermal optical analysis (TOA) The combined use of these 
two types of measurements, DSC and TOA, is here applied to a study of transitions 
and structural changes in several types of cellulose~acetate. From the results obtained, 
it is possible to resolve and identify various overlapping thermal processes such as the 
glass transition of the polymer chains, subsequent crystallization, melting of ordered 
phases and thermal degradation_ 

I?XRODUCnOS 

Differential thermal analysis (DTA) and differential scanning ca!orimetry 
(DSC) are exceedingly useful tools for studying thermally induced transitions in 
polymers I-‘_ In some polymers, however, molecular processes that give rise to 
endothermic effects, such as melting of a crystahine phase or therma: degradation, 
frequently overlap other processes, such as crystallization giving rise to exothermic 
effects. Such overlapping can easily occur in those polymers where the glass transition 
temperature and the melting temperature are close together and the ratio of r. to T, 

is much higher than normal vahres *-‘O It is also possible that exothermic reactions . 

occurring above T,, as a result of the greater molecular mobility of chains in the 
amorphous phase, may overlap both the amorphous softening process and the start 
of crystalline meltin, -9*1 ’ _ AI1 of these possibilities can lead to ambiguous results and 
to the drawing of erroneous conclusions. Other difficulties, such as baseline curvature, 
thermal gradients, and thermal lag in the apparatus may also lead to inaccurate values 
for DSC transition temperatures, and various methods for dealing with such situations 
have been described in the Iiterature’2-1 6_ 
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Our principai concern is with polymers in which there is definite overlapping 

betseen different molecular processes each of which-if it couId be examined 
separately-would give an identifiabIe change in the DTA and DSC temperature scan_ 

The ambiguity caused by overlapping of transitions can sometimes be removed 
by separating the competin g processes_ An example would be to broaden the 
temperature range between 7X, and T, by adding a plasticizer that had little effect on 

the crystailine phase but which shifted T. of the amorphous phase to lower values. 
In other instances, where several competing processes arc involved it may not be 
possible to separate the transitions, or in doing so, undesirable structural or chemical 

changes may occur. 
In this latter type of situation, resolution and identification of thermally 

induced overlapping transitions can frequently be made by combined use of TOA and 
DSC. QI the TOA method the intensity, 1, of plane polarized light transmitted through 

the polymer sample (powder or film) and observed between crossed polarizers is 

monito-zd as a function of temperature. The sample is located in an appropriate hot 
stage and the scanning rate set to the desired value. The method cannot be applied to 
isotropic samples, as then the transmitted intensity is zero. However, most polymer 
film sampies, and even many polymer powders, wiI1 show some anisotropy and some 

birefringence; and, even when they do not, a scratch made on the sample will provide 
sufficient Ic+al orientation to make the method feasible’ ‘-I*. 

The TOA method has not been widely used to date. It has been applied by 
Wilkes 2nd Lehr” to study molecular aggregation in the amorphous and molten 
statec of r+-d-methylpentene-1 and by Magill” to study rates of crystallization in 
nylon. in this Iatter case, the temperature was heId constant at different values and the 
intensity of the transmitted light monitored as a function of time at temperature. The 

TOA rl:echod was also used by Schultz and Gendron ” to study glass transition 
phenomena in amorphous bIends, and by Ameri and Sauer’ to study the possible 
effects of ordering and disordering phenomena that occur in celIulose triacetate and 
azilulo~e acetate !ilms. An excellent discussion of the TOA method, including 

experimental artifacts that may af&ct the rest&s, has been given by Kovacs and 

Hubbs’ ’ and I vs. T profiles are presented for various amorphous and partially 
trysralline polymers. 

In the present study, combined DSC and TOA techniques are used to help 

resolve the nature of moIecular processes occurring in secondary cellulose acetates_ 
It is known that in celluIox acetates there can be marked overlapping of the T, 

transition-located usualiy in the 1%20O’C range for dry materials-and of 
exothermic effects, possibly arising from onset of crystallization or from recrystal- 

lization. These may, in turn, overlap disordering effects associated with melting of 
ordered phases, and of thermal changes associated with degradation7*9-’ 1-21. Some 
prcliminazy results of the application of combined DSC and TOA techniques to an 
understanding of molecuIar processes in various celIulose acetates has been given” 

but a more thorough anaIysis, especially of a secondary cellulose acetate film, 
prepared from CA 394-60, is given here. 
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Tests have been carried out of three types of cehulose acetate: CA 398-3 
(MW = 35,100; D.S. = 2.44); CA 398-10 (MW = 44,800; D-S_ = 244); and CA 394-W) 
(MW = 59,400; D.S. = 2.42). In addition some test data have been acquired on 
cellulose triacetate flakes (D-S. = 2.83). on a commercial CfA film containing 
plasticizer and on biaxiahy oriented films of an amorphous polymer, polystyrene (PS), 
and of a crystalline polymer, polypropylene (PP). 

Deuse films were prepared from the CA powders by dissolving the material in 
acetone (25% sohrtion) and casting on clear glass plates with a Gardner knife. The 
amtone was ahowed to completely evaporate. 

DSC tests were made on a Perk&Elmer Model DSC-IB using a sample 
weighing 7.5 mg unless otherwise noted_ The samples were placed in ahuninum pans 
with crimped covers. AI1 tests were run in a nitrogen atmosphere_ The scanning speed 
was generahy maintained at 10°C min- ‘. 

TOA measurements were made with a Zeiss polarizing microscope and a 
MettIer hot stage, FP-5/52, having controlled heating and cooling rates. The intensity 
of the light transmitted through the specimen and the crossed polars was monitored 
by means of a MettIer photorecorder. Measurements of intensity, 1, as a function of 
temperature were usually taken at a scan speed of 10°C min- * and recorded directly 
on a chart Sample areas were generally kept smaller than the video area of the hot 
stage to avoid extra material coming into the video area due to sample shrinkage at 
elevated temperatures. 

For a few samples, the abcve tests were supplemented by thermogravimetric 
anaIysis (TG) in order to determine the amount of we$ht loss upon exposure to 
elevated temperature. These tests were performed with a Mettier Thermoanalyzer, 
Model I, at a constant N2 flow-rate of 10 ml min- ’ and at a scanning rate of 10°C 
min- *. 

RESULTS AND DISCUSSION 

DSC scans of both powder and film samples of all three types of cellulose acetate 
are shown in Fig. 1 for the temperature region from about 150°C ?c about 250°C. 

In the powder samples, degradation effects are very severe and they mask other 
processes that may be occurring in the same temperature range. This thermal de- 
gradation leads to a very broad endothermic peak which extends from about 220°C 
to above 300°Cg Only in the CA 394-60 powder sample can one discern what appears 
to be a small endothermic melting peak, near 235”C, that is superimposed on the 
broad degradation peak. In the cast film samples, de_eradation is not so severe. For 
these samples, as Fig. I shows, one can detect a small baseline shift in the data for 
CA 394-60 and CA 398-3 in the 190-200°C range and at higher temperatures 
endothermic melting peaks in the CA 398-3 and CA 398-10 samples. The importance 
of solvent in development of ordered morphologies is evident froa the results ob- 
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tained on CA 394-60. This polymer shows the largest melting endotherm in powder 
form bur the smallest one when cast from acetone solution. The CA 395-10 poIymer, 
on the other hand, shows the opposite behavior. The significant role played by the 
solvent, as well as by the type of acetate used, in developing an ordered phase has 
been noted by several investi_eators2’-23. 

TOA data on both powder and film samples of each of the CA’s are shown in 
Fig 2. The intensity of the transmitted li_ght, a measure of the amount of orientation 
present in the sample, is not very sensitive to degradation effects. Figure 2 shows that, 
in the powder sample,, c there is a sIi&t rise in intensity in the 200-23O’C range. This 
is attributed to onset of crystallization once T, is passed. This rise is then followed by 
a marked decrease in intensity as the ordered phase present in the sample melts and 
orientation is Iost. 

In the film samples, the CA 398-10 material shows the least rise in intensity due 
to annealins during the test run and the sharpest intensity drop in the vicinity of 
230%. These effects would indicate that the CA 398-10 sample had the highest initial 
degree of crystallinity when cast from acetone solution_ The CA 394-60 materiai, 
which gave the least indication of the presence of an ordered phase by DSC. shows in 
TOA a rather large rise in intensity, from an initially low level, once the temperature 
exceeds rg. This is indicative of some crystallization occurring during the test run 
once the chains acquire sufficient mobility_ The ordered phase that develops is 
probably a defect one as the intensity, after risin_g, falls again to low values in the 
220-23O’C range; for the same material in powder form the intensity did not fall 
until temperatures of 240°C or so were reached. 

In all of the test specimens there is no appreciable drop in intensity in the Tg 
region (190-200°C). This would indicate that the orientation which is present and 
which further develops during the test run is probably predominantly associated with 
the crystalline phase. Rises in intensity above Tg can sometimes develop even in fully 
amorphous polymers due to dimensional chan_ges that occur in oriented samples 
when temperatures reach and exceed the T, range. 

To investigate the possible effects of specimen shrinkage additional TOA tests 
were carried out on CA 394-60 film samples, and on fifm samples of biaxially oriented 
polystyrene and biaxially oriented polypropylene. The results of these tests are pre- 
sented in Fig. 3. The curves marked A were obtained on samplw whose sizes were 
larger than the video area. In these tests when film shrinkage occurs it bring new 
material into the video area. The curves marked B were obtained for samples whose 
sizes were smaller than the video area. 

Fi_gure 3a shows that for the oriented polystyrene B sample there is a large drop 
in intensity in the I 10°C region and then little change thereafter. The drop is associated 
with the 7% transition and with :oss of amorphous orientation as the chains acquire 
Brownian motion. For sample A, a drop in intensity in the T, region is also present 
but specimen shrinkage now brings new material not yet disoriented into the video 
area. This produces a rather sharp rise in intensity which is not related to onset of 
any ordered or crystalline phase but is simply a result of film shrinkage. 
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Fig 3. TOA SCUIS (a) Biaxially oriented atactic polystyrene fib. (b) Biaxialiy oriented isotatic 
polypropylene film_ (c) CA -194-60 film. Curves marked: IA) = sampie size Iargex than video area; 
(IS) = sampks site smaikr than video arcz 

Figure 3b shows, for the biaxially oriented PP specimens, an increase in 

intensity in the temperature range I4O-160°C for both sampIes. Since this occurs in 

the B sample, it may be reIated to additional crystallization occurring duriig the test 

run_ The transmitted light intensity falIs in both samples when temperatures near 
160°C are reached. This is a result of melting of the ordered or crystalline phase. 

Figure 3c shows that for the CA 394-60 samples, there is essentially no change 

in the Ivs. Tprofiie for samples A and B. Thus, the observed increase in birefringence 
in the 200-215°C region is not a result of film shrinkage but rather of au ordering or 

crysMiization occurring during the test run. The subsequent drop in intensity in the 
22O-225°C region is then a resuIt of the melting or disordering of the ordered phase. 
These two processes, one crystallization, and the other melting are not clearly 

re~ealed on the DSC scan (Fig_ 1) because the first is exothermic and the second is 
endothermic. Since these two processes overlap there is a tendency for the two effects 

to annul one another insofar as DSC detection is concerned. However, in the more 
sensitive TOA method both processes are evident, even through the scanning rate 

was maintained at the same value in both tests. 
Further insight into the nature of these ordering and disordering processes is 

obtained by running TOA and DSC tests at Iower scan rates. Figure 4 shows data 
obtained on CA 394-60 f&n_ Figure 4a shows TOA results obtained at a scan rate of 
10°C min-’ on first heating to 213”C, subsequent cooling and then reheating while 
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Fig_ 4b shows rsults obtained by simply heating the specimen at 2’C min- I. At this 

slower speed, annealing during the test run is more pronounced. A slight drop in 1 is 
noted in the 190-200°C region and this is attributed to some loss of orientation in the 

amorphous phase as T’. is passe<-_ Also the rise in 1 at 2OO”C, associated with increasing 
crystallinity, is now more cIearly separated from the subsequent drop in I at 225°C 
that is associated with disordering and melting. 

(d) ZS*Jmh 

Fi& 4. TOA and DSC scans on CA 394-60 film. (a) TOA scan during first heating to 21;‘C, 
subsequent cooIing, and then reheating. Scan rate 10°C min-‘. (b) TOA scan of unannealed sample. 
Scan rate Z’Cmin-*. (c) DSC scan after first heating to 213’C. subsequent cooling. and then 
reheating. Scan rate IO’C min- I. Sample weight 3.75 mg. (d) DSC sun of unannealed sample. Scan 
mtc 2.5 ‘C min- *- Sample weight 3.75 mg. <e) DSC scan of unanneakd sample. Scan rate 1 O’C min-I. 
Sample weight 3.75 mg. 

Figure 4c shows DSC results obtained at a scan speed of 10°C min- * after first 

heating to 213”C, subsequent cooling, and :hen reheating while Fig. 4d shows the 
DSC scan that is obtained at the sIower scan rate of 2S”C min- I. It is clear from 
comparison of the data for Figs_ 4d and 4e (scan rate 10°C min- ‘) that the slower 
speed of scanning has ied to a clearly identifiable exothermic peak in the 200-210°C 
range, associated with crystallization, and to a definite endothermic peak at 227”C, 

associated with melting of the ordered phase. 
An endothermic peak near 225°C can also be developed and made distin- 

guishable, even at a 10°C min- ’ scan, if the specimen is first run t9 213 “C, then 
cooled down and rerun_ This is shown by the data of Fig. 4.~. Note that for this 
sample. the 7, baseline shift in the 190-200°C region is still discernible but is reduced 

3 
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in magnitude compared to the nonheat-treated sample. This effect arises because of 
the annealing effects occurring during the first test run. 

The effects of preheating to 213 “C, cooling and rerunning, are also evident 
from the TOA scan taken at 10°C min- ’ and shown in Fig. 4a. Note that the rise in I 
between 20%215”C, observed in the first heatins, is not as great as for the sample 

tested at 2°C min- * (Fig. 4b). This effect supports the hypothesis that the rise in I is 
caused by an increase in crystallization resulting from thermal annealing during the 
test run. Note also that after heating and cooling the 1 vs. T profile remains essentially 
constant, or only sli@Iy increases, with increasing temperature until temperatures of 
215’C are reached. Melting of the defect ordered phase then commences and as this 
phase disorders, the intensity falls to low values. 

The combined DSC and TOA data thus strongly support the presence in 
CA 39660 of at least two overlapping transitions; one occurring mostly in the 
200-215°C region and associated with improved chain packing and ordering and one 
occurring mostiy in the 22&33O’C range and associated with onset of melting and 
loss of orientation of the ordered phase_ Degradation effects are not significant in this 
tern_perature range for film type samples and for the scan rates utilized. In fact TG 
data indicate that severe weight loss only occurs when temperatures exceed 250°C or 
so9. However, there is some indication in the various tests of a T., or glass-rubber 
transition of the amorphous phase, centered in the 190-200°C range. This transition 
thus overlaps the crystallization transition which we have noted above generally falls 
in the 20%215’C range. It is this overlapping of transitions, and some cancelling of 
DSC effects, that cause some ambiguity in the DSC test results obtained on secondary 
celiulose acetates and some uncertainty in the location of ZYp_ 

To resolve the uncertainty in T,, two additional types of tests have been carried 
out. In the first method, TOA scans are made of the light transmitted only through the 
cut edge of a film sample. Cutting of the film causes some orientation of the 
amorphous phase near the cut edge and makes detection of amorphous orientation 
changes easier_ This test is thus somewhat akin to that of using TOA-temperature 
observations on scratched isotropic films’7-x8 to detect thermal transitions. The 
second method is to make observations on quenched samples so as tc increase the 
amount of amorphous or disordered material in the samples. Each of these methods 
will now be discussed in turn. 

TOA temperature profiles of two different cut-edge samples of CA 394-60 are 
shown in Figs. 5a and 5b. In both instances, the T, transition is clearly revealed by a 
huge drop in intensity on the 190°C temperature range_ In many cut-edge samples, 
this drop in intensity was followed by a subsequent rise in the 210°C range, and then 
another drop in intensity near 220°C (Fi,. = 5b). These effects are thought to arise if 
in viewing the cut-edge, one also picks up some transmitted light from nearby, but 
not yet disoriented bulk materia1. Nevertheless, it is clear that observations of the 
oriented cut-edge material give more definite and clearcut indication of the presence 
of the 7s transition than observations taken over a large area of the bulk cast film_ 
The 7, of the CA 394-60 cellulose acetate material may be placed at 188+2”C, if we 
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define r, as the temperature at which the transmitted light begins to fall. This value 
is in good ageement with DSC estimates’ and with other reported values based on 
various techniques2a-‘5. 

Fig_ 5 TOA and DSC scans of CA 39160 at temperaWres near T,_ (a) TOA scan-edge sample No. 2. 
(KJ TOA scan-edge sample No. 1. (c) TOA scan-edge samplcafter quenching fiIm from 240°C. 
(d) DSC scan-film sample-after quenching film from 242’C_ 

The use of quenching to improve sensitivit>- of DSC detection of the Tg 
transition in cellulose acetates has recently been utilized by Arneri and Sauerg. They 
have shown that rapid quenching of secondary cellulose acetate samples from 250°C 
will decrease the intensity of the DSC detected ordering or melting peak observed near 
235 K. Hence, it will also noticeably increase the amount of amorphous or disordered 
material present in the samples. Results of DSC and TOA tests, on CA 393-60 film 
samples quenched from 240°C or so, are shown in Figs_ 5c and 5d. The 7% baseline 
shift is cIearIy apparent in the DSC scan_ It begins at about lS5’C and extends to 
about 200°C. The TOA scan, b_v itself does not provide as definite an indication of the 
To relaxation but the onset of a more rapidly decreasing light intensity is evident at 
186-C, in _good agreement with the 7. value from the DSC data. 

Another indication of the effectiveness of combined measurements of both 
TO.4 and DSC to help resolve overlapping processes is shown by the data of Fig.6 
and 7. The data of Fi_g. 6 were obtained on sampks of a commercial CTA film 
(TA al) containin? plasticizer. The DSC run on a sample of this film as received 
gives the results shown (Fig- 6c)_ There is no indication of a melting process but only a 



Fig 6. TG. TOA and DSC sczms of CTA (T’A 401) film sampIes. (a) TG scan of as-received material. 
(b) TOA scan of as-received material. (c) DSC scan of as-received material. (J) DSC sun of sxmplc 
after quenching from 320°C 

Fig- 7_ TG, TOA and DSC scans of -A flakes (a) TG scan of as-received flakes. (b) TOA scan of 
as-xc&-cd tlakcs. (c) DSC scan of as-reaivcd flaka- (d) DSC scan of sample quenched from 325 ‘C. 
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very broad and large endotherm extending from about 180°C to past 300°C. It was 

conjectured that this endotherm probably was itself a combined result of plasticizer 
evaporation and the,?nal de_madation_ To obtain additional information, it was 
decided to run both TG and TOA data on samples of the same material. The TG 
scan (Fig. 6a) shows there is a constantly increasing percent weight loss as the 
temperature nears and passes 2003C. By contrast with similar resuhs on CTA flakes 
(no plasticizer) and shown in Fig. 7a, it may be inferred that most of the -weight loss 

occurring between 200 and 300°C is caused by loss of plasticizer_ However, the effect 

of this process on the DSC results is to mask other effects due to the presence of 
crystallinity. 

The TOA temperature profile of the plasticized CTA film sample (Fig. 6b) is 
quite interesting as it appears to be little affected by the accompanying degradation 
or loss of plasticizer. The intensity shows a pronounced drop in the 280-290°C region, 
indicative of intensity changes occurring upon melting of an ordered phase. This 
melting gresumably also occurred during the DSC run but its effect was masked by 
the effects due to plasticizer evaporation. In further support of this statement, we 
obtained the DSC data, shown in Fig. 6d, when a sampIe, quenched from 32O”C, was 

rerun. Since much of the plasticizer has already been removed by the prior heating, 
the large broad endotherm, which previously extended from 200-3OO’C, is now 
essentially missing. Instead we note an endothermic peak, characteristic of the melting 

of an ordered phase, in the 275” region. Quenching tends to Iead to more imperfect 
crystallites and the IO-15°C shift to lower temperatures between the temperature 
location of the TOA intensity drop and the DSC peak is attributed to this factor. 

Somewhat similar tests, to those outlined, have also been made on CTA 
ffakes, in which no plasticizer was present. In this case, as Fig. 7c shows, the DSC 
data on the as-received sample shows a definite melting endotherm near 300°C and 
the TOA data (Fig. 7b) shows a marked intensity drop in the same temperature region. 
Thus the as-received CTA flakes are quite crystalline and while the melting transition 

is cIearly revealed the 7’.‘. transition is not readily detectabIe from either the DSC or 
the TOA scan. However, if we quench the CTA sample from 325°C (just before the 
start of extensive de_mdation as reveaIed by the TG curve (Fig. 7a) on this sample), 

then we obtain on the subsequent DSC run the results shown in Fig. 7d. There is now 
a 7-,, baseline shift starting at about 170°C. Hence, our results show that the T= for 

CTA is about 15°C lower than the 7-, for CA. This is in accord with results of 
previous studies 9-11*24*26- Evidently the substitution of polar hydroxyl groups for 
more flexible acetate side groups raises the interaction energy and shifts 7YI to higher 
temperatures_ We also see, from the DSC results obtained on the quenched CTA 
sample that there now is a sizable exothermic peak in the 225°C range that can be 

associated with recrystallization during the test run_ The melting peak is present at 

about 285 “C and it has been shifted about I5 “C to lower temperatures as a result 
of the quenching operation. It also appears that the area under the melting peak, a 
measure of the heat of fusion, is about the same as the area under the crystallization 

exotherm. Thus, most of the crystallinity that is prsnt in the quenched samples, and 
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which is manifested by the endotherm at 285”C, has developed from crystallization 
during the test run. 

(1) DSC is sensitive to glass transition changes, onset of crystallization, and 
meIting but if these various processes overlap one another or other processes, such as 
degradation, as they do in the cellulose acetates, then DSC results are frequently 
ambiguowj. 

(2) The TOA method is a sensitive one for observing thermaliy induced 
changes ir: orienmtion, whether this is a loss of orientation due to To or 7h, transitions, 
or a gain in :ire ~F.::JUD: of orient + I I J rc2te;isi due to a cryst2i:izatian process. 

(3) Yi~mbiii& XC of DSC rend -WA methods, especinliy when run at com- 
parable scan rati. and zx c+:-ner samples of comparable past history, frequently 
allows most of the ambiguity LO be removed. 

(4) Quenched samples of CA and CTA. as well as of other polymers can 
readiIy be annealed during normal DSC or TOA tests and hence observations 
indicating melting of ordered phases will not reflect the morpholoa of the initial 
samples, but only of those having the specific past history characteristic of the scan 
rate used. CrystaUization occurring during the test run is revealed both by exothermic 
peaks in the DSC record and by intensity rises in the TOA scans. Therefore, con- 
ventional quantitative methods for measuring the initial degree of crystallinity by 
DSC or DTA methods for materials of this type would give ambiguous results_ 
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