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SYNOPSIS 

The melting behavior of the alternating copolymer of ethylene and tetrafluoroethylene 
(ETFE) was investigated by differential scanning calorimetry (DSC). A complex melting 
pattern is observed, strongly influenced by the thermal history. Three melting processes 
can be identified, whose heats of fusion and peak temperatures (Tml,, Tml, and Tm2 a t  
increasing values) strongly depend upon thermal treatments. The higher-temperature 
melting peak Tm2 is not affected by the crystallization conditions (i.e., cooling rate and 
annealing); therefore, it can be attributed to more perfect crystals present in the original 
sample. The peak at  T,,,, increases when the cooling rate is decreased and upon prolonged 
and/or higher-temperature annealing, and it fastly merges to the higher-temperature peak 
at  Tm2. The peak a t  T,, can be due to crystals that are able to recrystallize and perfect 
during thermal treatments. Lastly, the peak a t  the lowest-temperature Tmt,, produced only 
by annealing and strongly developing on increasing annealing time and temperature, is the 
so-called annealing peak that can be attributed to much poorer crystallites grown among 
the larger ones. The melting behavior of ETFE is compared with that of the ethylene- 
chlorotrifluoroethylene (ECTFE) alternating copolymer. 0 1996 John Wiley & Sons, Inc. 

I NTRODU CTl ON 

Ethylene-tetrafluoroethylene ( ETFE ) and ethyl- 
ene-chlorotrifluoroethylene ( ECTFE ) alternating 
copolymers are thermoplastic materials having good 
electrical and mechanical properties, high chemical 
resistance, good processability, and outstanding 
thermal stability. Extensive structural and dynamic 
mechanical studies have been performed on ETFE 
copolymers nevertheless, few articles have been 
published about the melting behavior,5.6r8 although 
its knowledge is particularly important as it plays a 
key role in the processing and use conditions of ma- 
terials. In particular, the dependence of the melting 
temperature upon the copolymer composition has 
been reported. A maximum has been pointed out for 
the 50/50  copolymer and a minimum for tetrafluo- 
roethylene content in the range 60-70 mol %?,6 The 
peculiar dependence of melting points on composi- 
tion, i.e., the decrease of the melting point as tetra- 
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fluoroethylene content increases above 50 mol %, 
allows the practical utilization of the more fluori- 
nated copolymers, which possess higher chemical 
and aging resistence? 

The structure and the dynamic mechanical prop- 
erties of ECTFE copolymers have been deeply in- 
~estigated.~-" Also, a detailed analysis of the melting 
of 50 / 50 ECTFE has been performed during a study 
of the effect of high-temperature aging on the phys- 
icochemical characteristics of the cop01ymer.l~ Dif- 
ferential scanning calorimetry (DSC ) revealed sin- 
gle or double melting peaks, depending upon the 
thermal history. The lower-temperature melting 
peak was produced only by thermal treatments and 
was strongly dependent on annealing time and tem- 
perature, while the high-temperature one was in- 
dependent of the crystallization conditions ( i.e., 
quenching, slow cooling, or even annealing). 

In this article, we report a study by DSC of the 
thermal behavior of an ETFE alternating copolymer 
by investigating the effect of the thermal history on 
the melting pattern and compare this behavior to 
the melting of an ECTFE alternating copolymer. 
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EXPERIMENTAL 

Materials 

The materials used for this work are 

( A )  A powder sample of a 43/57 ethylene/tetra- 
fluoroethylene ( ETFE ) alternating copolymer 
(Halon ET  102, Ausimont) with a nearly com- 
plete alternation (higher than 90% ) between 
the two comonomers; 

( B )  A 50/50 ethylene/chlorotrifluoroethylene 
(ECTFE) (in the form of pellets) alternating 
copolymer (Halar 500, Ausimont) , consisting 
of 85 mol % alternating (crystallizable) units 
and the remaining consisting of non-crystal- 
lizable short blocks of ethylene and chlorotri- 
fluoroethylene. 

Thermal Analysis 

Thermal analysis was performed by a differential 
scanning calorimeter (DSC 7, Perkin-Elmer ) 
equipped with a 1020 personal integrator. All runs 
were performed on 10 f 0.5 mg samples in a nitrogen 
atmosphere. Melting temperatures were given as the 
maxima of the peaks. They were checked using the 
melting temperatures of indium ( 156.6"C), tin 
( 231.8"C), lead (327.4"C), and zinc (419.5"c) and 
are reproducible to k0.5"C. Heats of fusion were 
calculated from peak areas using a standard soft- 
ware, calibrated with benzoic acid ( A H ,  = 141.7 J /  
g) and their uncertainty is k1 J/g.  The base line 
was optimized in the range from 150 to 300°C and 
subtracted from the curves. 

Before the measurements, the samples were taken 
to 300°C at 10"C/min and cooled to room temper- 
ature at  the same scanning rate. The annealing was 
performed in the DSC apparatus in a nitrogen at- 
mosphere for times ranging from 1 to 5 h at  150, 
180, and 200°C. 

RESULTS A N D  DISCUSSION 

In Figure 1 ( A )  * the DSC scan from 200 to 300°C 
performed at  10"C/min for as-polymerized ETFE 
is reported. The copolymer shows a single melting 
endotherm (T, 2 255.4"C, AH, = 29.06 J / g ) .  The 

* In the figures reporting the DSC scans, just the peaks are 
shown, although the heats of fusion have been calculated taking 
into account the whole prefusion interval (i.e., starting from 
150°C). 

DSC curve obtained on reheating at  10"C/min the 
melt-crystallized material ( i.e., the material kept to 
300°C at 10"C/min and cooled to room temperature 
at  the same scanning rate) reveals a doublet melting 
pattern, the lower-temperature melting peak at  T,1 
= 246.4"C and the higher-temperature one at  T,, 
= 257.4"C (Figure l(B)). The total heat of fusion 
AH, = 18.47 J/g,  less than the value obtained for 
the never-melted copolymer, as in PTFE'4-21 and 
other TFE  copolymer^,^^-^^ denotes that the melt- 
crystallization causes a decrease in the polymer 
crystallinity (i.e., lower crystallinity is achieved from 
melt-crystallization as compared to the in-reactor 
polymerization crystallization ) . This behavior, in 
the case of PTFE, has been attributed to the poor 
molecular mobility of the melt resulting from the 
very high melt viscosity. 

To study how the melting peaks are affected by 
the thermal history, we applied different crystalli- 
zation conditions, i.e., "quenching" (cooling from 
the melt at  the maximum rate allowed by the in- 
strument) or used various cooling rates (50, 20, 10, 
5, and 3"C/min). In Figure 2, the DSC curves ob- 
tained on reheating at  10"C/min the samples crys- 
tallized at  the different cooling rates are reported. 
The doublet melting pattern is always present, al- 
though the two peaks show different relative extents 
depending on the thermal history. In particular, the 
low-temperature peak becomes less and less evident 
on passing from the fast crystallization ("quench- 
ing") [ Fig. 2 ( e )  ] to the slow one (3"C/min) [ Fig. 
2 ( a ) ] .  In Figure 3 the peak temperatures T,, and 
Tm2 and the total heat of fusion AH, are shown as 
a function of the cooling rate, Vcool. AH, and Tm2 
are nearly constant, while T,, slightly increases on 
decreasing the cooling rate. The trends of T,, and 
T,, as a function of uCool clearly indicate that the 
good crystals (those melting at  Tm2) anneal less than 
do the poorer ones (those melting at  T,, ) . 

To understand the chance of reorganization of 
crystals during heating, scans at  variable heating 
rates (5,10,20,50, and 80"C/min) were carried out 
on the melt-crystallized copolymer. The double 
melting pattern is recognizable up to 20"C/min. For 
higher heating rates, the two peaks coalesce into 
only one (most likely due to thermal lags within the 
sample and thus loss in resolution). The peak tem- 
peratures (T,, and Tm2) are reported as a function 
of the heating rate, Vheat, in Figure 4. T,,, when 
observable, and Tm2 increase upon increasing the 
heating rate. This behavior is evidence for super- 
heating, which can take place when the crystal 
melting rate is lower than the heating rate. 

To better investigate the nature of the melting 
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Figure 1 DSC curves from 200 to 300°C for ETFE: (a) native sample; (b) melt-crystallized 
sample. Temperature is expressed in "C. The heating rate is 10"C/min. Peaks 1 and 2 are 
indicated. 
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Figure 2 DSC curves obtained on reheating at 10"C/min the samples of ETFE crystallized 
from the melt at the following cooling rates: (a) 3, (b) 5, (c) 20, and (d) 5O"C/min and (e) 
"quenched." Temperature is expressed in "C. 
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Figure 3 (A) Peak temperatures ("C) (0) Tm,; (13) Tm2 
and (B) heat of fusion AH, (J/g) as a function of the 
cooling rate ("C/min) for ETFE. 

peaks, the samples were submitted to isothermal 
annealing at  T, = 150, 180, and 200"C, for times 
( t o )  in the range from 1 to 5 h. In Figure 5, the DSC 
curves recorded on reheating at  10"C/min the an- 
nealed samples are reported. At  T, = 150 and 180"C, 
the previously described doublet melting pattern is 
still observable. Nevertheless, for the longer an- 
nealing times, the higher-temperature peak at about 
258°C is very clear, while the lower-temperature one 
at  about 246°C is just recognizable. On increasing 
the annealing temperature and/ or the annealing 
time, the double melting pattern disappears; in par- 
ticular, only the higher-temperature peak is observ- 
able. The lower-temperature one is likely to be 
shifted to higher temperature, merging to the higher 
one. At T, = 180"C, another endotherm at Tm1, 
= 198°C appears. This peak, in contrast to the main 
one which is not influenced by annealing, strongly 

develops on annealing; in fact, prolonged annealing 
and/or higher-temperature annealing cause this 
peak to become more intense and shifted to higher 
temperatures. This peak is present in many mac- 
romolecules and occurs several degrees above the 
annealing temperature; therefore, it is often called 
the "annealing peak."25 In Figure 6, the peak tem- 
peratures T,,,,. and T,, are shown as a function of 
the annealing time at  the different annealing tem- 
peratures. As previously observed, Tm2 is not 
changed by the thermal treatments, while Tml, in- 
creases on annealing. Moreover, also, the total heat 
of fusion AH,,, increases on annealing time and tem- 
perature, as seen in Table I, where the most impor- 
tant data obtained in our analysis are summarized. 

The previously described experimental results 
reveal a complex melting behavior for the ETFE 
copolymer. Multiple melting peaks have been ob- 
served for many crystallizable polymers and have 
been attributed to a number of causes such as the 
presence of the distribution of two or more crystal- 
line dimensions, different molecular weight species, 
reorganization during the heating, presence of crys- 
tals with different stability, and p~ lymorph i sm.~~  In 
our case, the following features can be observed: 

1. A main peak (2)  which is not affected by the 
crystallization conditions ( i.e., cooling rate 
and annealing temperature and time). 

2. A lower-temperature peak ( 1) that increases 
its temperature merging to the higher-tem- 
perature one for lower cooling rates and, 
probably, for higher annealing temperatures 
or / and times. 
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Figure 4 
a function of the heating rate ("C/min) for ETFE. 
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DSC curves obtained on reheating at 10"C/min the samples of ETFE annealed 
at (A) 150, (B) 180, and (C) 200°C for the following annealing times: (a) 1, (b) 2, ( c )  3, and 
(d) 5 h. Temperature is expressed in "C. Peaks l', 1, and 2 are shown. 
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Figure 6 Peak temperatures ("C) as a function of the 
annealing time (h) for ETFE. T,,,: (0) T, = 180"C, (0) 
T, = 200°C; Tm2: (X) To = 150"C, (0) T, = 180"C, (+) T, 
= 200°C. 

3. A further lower-temperature peak ( 1 ') which 
appears only at  higher annealing tempera- 
tures and/or longer annealing times and 
strongly develops on annealing (the so-called 
annealing peak ) . 

The observed features may be explained as fol- 
lows: Peak 2 could correspond to more perfect but 
not most perfect, i.e., equilibrium, crystallites pres- 
ent in the original polymer as it is not affected by 
thermal treatments. Peak 1 could be attributed to 
less perfect crystals which melt at a lower temper- 
ature but would be able to perfect (e.g., during slow 
cooling or increasing annealing time and tempera- 
ture) until their melting temperature reaches that 
of the stable crystals ( Tm2).  Peak l', introduced by 

prolonged and/or higher temperature annealing and 
strongly dependent on the thermal history, is often 
interpreted as resulting from much poorer crystals 
grown among the larger ones. This peak may be at- 
tributed to new crystallites formed from the amor- 
phous phase during the annealing which are less 
perfect and less thick than the other crystals present 
in the sample and increase in extent and perfection 
during the annealing itself, as proposed for 
ECTFE.l3 

To compare the melting behavior of ETFE to that 
of ECTFE, we have performed on samples of this 
last copolymer the following: 

1. Scans at  lO"C/min on samples cooled from 
the melt at 3, 5, 10, 20, and 50"C/min and 
"quenched." 

2. Scans at 10"C/min on samples annealed for 
1 and 2 h at  150,180, and 200°C. 

In Figure 7, reported are the DSC curves obtained 
on reheating at 10°C /min the samples crystallized 
at the different cooling rates. Two melting peaks ( 1 
at T,,,, = 230"C, 2 at T,,,, = 240°C) are observable 
up to ucOo1 = 10"C/min, while for ucOoI from 20"C/ 
min to the "quenched" sample, only the higher- 
temperature peak at Tm2 = 240°C is present. 

In Figure 8, the peak temperatures Tml and Tm2 
are reported as a function of the cooling rate. T,,,, 
increases when the cooling rate is decreased, while 
T,,,, is nearly constant. The total heat of fusion AH,,, 
increases on decreasing the cooling rate (Table 11). 

In Figure 9 are shown the DSC curves obtained 
on reheating at 10"C/min the samples annealed for 
1 and 2 h at 150, 180, and 200°C. At  T, = 150"C, 
only peak 2 is present, while at T, = 180 and 200°C 

Table I Peak Temperatures and Heat of Fusion of ETFE Submitted to Different Thermal Treatments 

Thermal History 

Peak Temperatures ("C) 
Heat of Fusion 

T m , ,  T,, T m 2  (Jk) AHm 

- 255.4 
"Quenched" - 246.6 258.4 
Crystallized from the melt a t  

10°C/min - 246.4 257.0 
3"C/min - 248.4 256.2 

150°C - 248.0 258.4 
180°C 203.2 - 257.8 
200°C 229.2 - 257.7 

As-polymerized sample - 

Annealed 5 h at 

29.06 
22.09 

18.47 
17.31 

15.11 
16.12 
21.96 
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Figure 7 DSC curves obtained on reheating a t  10"C/min the samples of ECTFE crys- 
tallized from the melt at the following cooling rates: (a) 3, (b) 5, (c) 10, (d) 20, and (e) 
5O"C/min and (f) "quenched." Temperature is expressed in "C. Peaks 1 and 2 are shown. 

from t, = 1 h, another peak 1' appears at lower tem- 
perature, whose temperature and extent increases 
on annealing as reported in Ref. 13. 
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Figure 8 
a function of the cooling rate ("C/min) for ECTFE. 

Peak temperatures ("C) [(0) Tml;  (0) T,,] as 

CONCLUSIONS 

ETFE and ECTFE alternating copolymers can show 
three melting peaks, whose presence and extent de- 
pend upon the thermal history. The lowest-temper- 
ature peak ( 1') and the highest-temperature one ( 2 )  
show similar features for both copolymers. Peak 2 
does not depend on thermal treatments; it may be 
attributed to stable crystals present in the original 
sample. Peak 1' in both cases is produced only by 
annealing and strongly develops as a function of an- 
nealing time and temperature. It is the typical "an- 
nealing peak" occurring for many macromolecules 
several degrees above the annealing temperature and 
it could be due, in ETFE too, as it was proposed for 
ECTFE,13 to new crystallites formed from the 
amorphous phase during annealing which perfect 
during the annealing itself. 

Peak ( 1 ) , a t  intermediate temperature, shows dif- 
ferent features for the two copolymers. In fact, for 
ETFE, it becomes less and less important on passing 
from conditions of fast crystallization to slow ones 



1234 PUCCIARIELLO 

Table I1 Peak Temperatures and Heat of Fusion of ECTFE Submitted to Different Thermal Treatments 

Peak Temperatures ("C) 
Heat of Fusion 

Thermal History Tmlf T m  I T m z  (Jk) AH,,, 

- 239.8 24.54 

10°C/min - 230 242.2 25.90 
3"C/min - 232.2 241.8 28.23 

"Quenched" - 

Crystallized from the melt a t  

and its temperature T,, increases. Moreover, on 
annealing, this peak disappears and merges to that 
at  higher temperature (2) .  Therefore, it could be 
attributed to less perfect crystals which would be 
fastly formed and then would be able to perfect until 
their melting temperature reaches that of the stable 
crystals. Instead for ECTFE, this peak is observed 
only in conditions of slow crystallization (i.e., at  
cooling rates equal or less than lO"C/min), while 
in conditions of fast crystallization, only the peak 

at the highest temperature ( 2 )  is present. The de- 
crease of AH,,, on increasing u,,,1 would confirm that 
these crystals do not form during a fast crystalli- 
zation. On the basis of these considerations, also 
this peak, as peak l', in ECTFE would correspond 
to crystallites formed from the amorphous phase. 
Upon annealing, this peak is no more observed be- 
cause the crystals would perfect and their melting 
temperature would reach that of the stable crystals, 
as observed for ETFE. 
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Figure 9 DSC curves obtained on reheating at  10"C/min the samples of ECTFE annealed 
at  (A) 150, (B) 180, and (C) 200°C for (a) t, = 1 hand  (b) t, = 2 h. Temperature is expressed 
in "C. Peaks 1' and 2 are shown. 
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