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ABSTRACT 

The reproducibility of transition temperatures (melting, crystallization and glass transition 
temperatures) of polymers determined by thermal analysis was examined by a round robin 
method, in which twenty three laboratories participated. Seven polymer samples were used 
for the test, which consisted of polyethylene pellet and film, two poly(ethylene terephthalate) 
fibers, poly(ether ether ketone) pellet, polystyrene sheet and poly(ether sulfone) pellet. Eight 
types of instrument were employed including 13 power-compensated type differential scan- 
ning calorimeters and 8 heat-flux type ones (quantitative differential thermal analyzers). 

For the first-order transition such as melting and crystallization, the values of the peak 
melting and crystallization temperatures ( Tpm and T,,) and the extrapolated onset and end 
temperatures (T,, and T,,, and T,, and T,,) agreed well among laboratories. The standard 
deviations (u,,) were smaller than 3.0 K for Tpm, Tpc, Ti,,, and T,,, and T,, and Tee with a few 
exceptions. However, the onset and end temperatures (T,; and T,‘,, and T,f and TL) are so 
scattered that it is reasonable to use Tpm and Tpc, and T,, and T,,, and T,, and T,, for the 
comparison of data obtained for polymers by thermal analysis in separate laboratories. 

0040-6031/88/$03.50 0 1988 Elsevier Science Publishers B.V. 
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For glass transitian, the u,, values were within 3.1 K for the extrapolated onset tempera- 
ture (T,,) and the midpoint temperatures (rm,), but the onset and end temperatures ( TiL and 
r,&) and the extrapolated end temperature (T,,) were very scattered. Therefore, it is 
appropriate to use ?$ and Tm8 to compare the data from different sources. 

Information on the thermal properties of polymers has been increasingly 
required in the various fields of polymer science and engineering including 
basic and developing researches, quality control and even commercial trans- 
actions. Thermal properties of polymers such as melting temperature (T,), 
c~stallization temperature (T,) and glass transition temperature (Q, de- 
composition temperature ( r, ) of poIymers can be determined most conveni- 
ently by thermal analysis. In the past twenty years, thermal analysis has 
shown remarkable progress and established its position as a tool for the 
evaluation of thermal properties of polymers coupled with the spread of the 
instruments. A questionnaire on the present status of the evaluation of 
thermal properties of polymer materials by thermal analysis was sent out by 
the Japan High Polymer Center to 46 organizations, of which 27 were 
private enterprises, 5 universities and 14 public institutions. According to 
the answers submitted to the questionnaire, not only the melting, glass 
transition and decomposition temperatures and thermal stability of poly- 
mers are determined by thermal analysis as routine work in these organiza- 
tions, but the measurements of crystallization temperature, heats of melting 
(AH,) and crystallization (AH,), heat capacity ( Cp) and heat conductivity 
(h) are also carried out quite frequently [I]. However, there were few reports 
on the reproducibility of the data obtained by thermal analysis for polymers 
in different laboratories [2f. 

Therefore, a committee was set up to assess the reproducibility of the data 
of thermal analysis of polymers by a round robin method. Twenty three 
laboratories participated in the RRT, of which 15 were private enterprises, 3 
universities and 5 public institutions (Table 1). Four programs, that is, 
(1) melting, crystallization and glass transition temperatures (T,, T, and T,), 
(2) heats of melting and c~st~~zation (A& and A&), (3) heat capacity 
(C,) and (4) thermogravimetry (TG) were tested using 11 polymer samples. 

The proper selection of the method and reference materials for the 
calibration of temperature are also essential to obtain better results in 
thermal analysis, Therefore, the melting and transition temperatures, and the 
Curie temperatures were determined by a round robin method for the 
temperature calibration of differential scanning calorimeter (DSC) and 
thermobalanc~, respectively, using 15 samples in total, which consisted of 
ICTA-NBS standard materials, pure metals and inorganic compounds. 

As the first of a series of reports concerning the reproducibility of the 
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data of thermal analysis for polymers, this article describes the results on the 
determination of melting, crystallization and glass transition temperatures. 

EXPERIMENTAL 

Samples 

Polyethylene (PE) pellet and film, two poly(ethylene terephthalate) (PET) 
fibers, polystyrene (PS) sheet, poly(ether ether ketone) (PEEK) pellet, and 
poly(ether sulfone) (PES) pellet were used as polymer samples for the 
examination of reproducibility of melting, crystallization and glass transition 
temperatures. A detailed description of polymer samples is given in Table 2. 
These polymers were selected from a consideration of the following factors: 
(1) wide ranges of melting temperature (PE, PET and PEEK) and glass 
transition temperature (PS and PES) and (2) different shape (PE pellet and 
film) and thermal history (PET fibers). The samples were cut to the 
appropriate size according to the method recommended by ASTM standard 
D3418-82. 

Apparatus 

The apparatus used in the determination of melting, crystallization and 
glass transition temperatures were 13 power-compensated type differential 

TABLE 2 

Polymer samples used 

Sample and specification 

Polyethylene, “Yukalon” EY-40L 
pellet 
film (inflation film) 

Polystyrene, HIPS 
sheet 

Poly(ether sulfone) 
pellet 

Poly(ethylene terephthalate), Toray “Tetoron” 
fiber A, T-702C (150d, 288f) 
fiber B, T-210 (75d, 36f) 

Poly(ether ether ketone) 
pellet 

Epoxy resin (specimen from shaped article) 
A, with filler 
B, with filler and glass fiber 

Polyacetal 
pellet A 
pellet B 

Items tested 

T,, T,, AH,,,, AH, 
T,,,, AH,, TG 

Tg, CP 

Ta, TG 

T,, AH, 
T,,, W,, 

T,,,, T,> AK,,, AH, 

TG 
TG 

TG 
TG 
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Fig. 1. Typical melting curve for polymer. 

scanning calorimeters (DSCs) and 8 heat-flux type DSCs (quantitative 
differential thermal analyzers (q-DTAs)) consisting of eight types of instru- 

ment. 

Calibration of temperature 

The temperature scale of the apparatus was calibrated using the same 
heating rate used for the measurement of samples according to the method 
conventionally used in each laboratory. 

besting temperature 
The samples used for the RRT of melting temperature were polyethylene 

pellet and film as general-purpose plastics, poly(ethylene terephthalate) 
fibers A and B as fibers with different thermal history and poly(ether ether 
ketone) as engineering plastics. The measurements were carried out by the 
test methods described in ASTM standard D3418-82, except that the cooling 
rate of 5 K min-’ was used instead of 10 K min-’ and the flow rate of 
nitrogen was kept at 50-100 ml mint. 

The following corrected temperatures were determined in Kelvin as 
shown in Figs. 1 and 2. 

qk onset temperature 
pi, extrapolated onset temperature 
TPm melting peak temperature 
Tern extrapolated end temperature 
T,; end temperature 
Figure 1 shows a single melting peak, whereas the melting peak is divided 

into two peaks in Fig. 2. Ti, and TPm are used as recommended by the 
Nomenclature Committee of the Internation~ Confederation for Thermal 
Analysis (ICTA) [3]. Km is the temperature at which the extrapolated base 
line intersects the tangent drawn at the point of greatest slope on the 
succeeding edge of the peak. 7’,; is the temperature at which the leading 
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TV pm2 

T/K 
Fig. 2. Typical melting and crystallization curves for polymer with a double peak. 

edge of the peak starts to depart from the base line and T,,, is the one at 
which the succeeding edge of the peak starts to deviate from the base line. 

Polyethylene pellet and poly(ether ether ketone} were used for the RRT of 
crystallization temperatures. The measurements were performed in the same 
procedure as ASTM D3418-82 except for the cooling rate of 5 K mm1 and 
the flow rate of nitrogen of 50-100 ml mm’. The following corrected 
temperatures were obtained as in Fig. 2, where a double peak of crystalliza- 
tion appears: 

TiL onset temperature 
Ti, extrapolated onset temperature 
TPc crystallization peak temperature 
T, extrapolated end temperature 
r: end temperature 

Tic and TPc are as recommended by ICTA. T,,, Ti’,:: and Te& are defined as 
melting temperatures. 

Glass transition temperature 
Polystyrene sheet and poly(ether sulfone) pellet were used as general-pur- 

pose polymer and engineering plastics. The procedure of ASTM D3418-82 
was followed with the preliminary thermal cycle raising the temperature to 
50 K above the glass transition temperature and 5-10 mg sample mass. The 
following temperatures were determined as given in Fig. 3. 

onset temperature 
extrapolated onset temperature 
midpoint temperature 
extrapolated end temperature 
end temperature 
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T/K 
Fig. 3. Typical glass transition curve for polymer. 

7’&, Tip and 7& are defined by the Committee on Standardization of 
ICTA [4]. Teg is the temperature at which the extrapolated base line at the 
higher temperature side intersects the tangent drawn at the point of greatest 
slope on the step of glass transition. When a peak appears at the higher- 
temperature side of the step as in Fig. 3, Teg is the temperature at the 
intersection of the extended base line at the higher temperature side with the 
tangent drawn at the point of greatest slope on the succeeding edge of the 
peak. T,: is the temperature at which the succeeding edge on the step of 
glass transition starts to deviate from the extrapolated base line. 

RESULTS AND DISCUSSION 

Melting temperature 

In Tables 3-7, the mean value (X), the standard deviation (a,,), the 
maximum value (x ,,), the minimum value (xmin) and the width between 
maximum and minimum (x,,- x~,,) of reported values are tabulated for 
the onset (Ti,b), extrapolated onset (T,,), peak (T,,), extrapolated end (T,,) 
and end (T,;) temperatures for each sample. In these tables, n represents 
the number of reported values. 

The amount of scatter in the measured values of melting temperature 
varied from sample to sample. Without preliminary heating the values of 
Tir,,, Tpm and Tern agreed well among laboratories. The standard deviation a,, 
values were within + 3.0 K except for the Ti:,, values of PET fiber A (6.1 K) 
and of PEEK (3.4 K). On the other hand, the values of TiL and T,,,, varied 
widely from laboratory to laboratory except for the T,; value of PET fiber 
B (2.8 K). Namely, the values of a,, for Ti',, were 13.6 K and 12.1 K for PET 
pellet and PEEK pellet, respectively. The widths x,, - xmin, which were 
also indication of the amount of scatter in measured values, were within 
+ 10 K for Tim, Tpm and T,, with a few exceptions, but those for Ti:, and 
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TABLE 3 

Melting temperatures (in K) of polyethylene film 

Tin T,m T pm T em T’ em 

X 364.0 395.2 403.6 407.0 411.2 
0” a 

10.6 2.6 1.5 2.5 4.4 
Xmax 377 398.7 408.0 414.0 422 
XmJ” 339 387 400 403.9 405.0 
x - max Xmin 38 11.7 8.0 10.1 17.0 

a en = [X(x, - x)2/n]““, n = 19. 
b When a double peak appeared, an average of peak temperatures was used. 

TABLE 4 

Melting temperatures (in K) of polyethylene pellet 

Experimental 
details a 

I X 363.3 395.5 404.1 408.0 412.9 
0” h 13.6 2.1 2.1 2.0 4.9 
XIII&X 383 398 410.0 413.0 424 
Xmin 332 390 401.4 404.7 406.5 
XIII,, - Xmin 51 8 8.6 8.3 17.5 

X 360.9 396.8 406.5 410.0 414.4 
% 

b 13.8 2.2 1.3 2.0 4.0 
X,&Y 379.2 399.4 409.0 413.0 421 
Xmin 333 391 404.0 406.2 408.0 
X,%X - Xnli” 46.2 8.4 5.0 6.8 13.0 

a I, without preliminary thermal cycle, n = 18; II, with preliminary thermal cycle, n = 17. 
b 0” = [C( xi - x)Z/n]“z. 

TABLE 5 

Melting temperatures (in K) of poly(ethylene terephthalate) fiber A 

X 

% a 

X max 

Xlll,ll 
X*.%X - Xtnin 

Gil Tim 

501.1 518.0 
8.1 6.1 

513.0 527.5 
481 506.2 

32 21.3 

T b pm 

528.2 
2.9 

533.0 
523.0 

10.0 

T em T' em 

532.5 537.7 
2.0 3.6 

538 547 
530.0 534 

8.0 13 

a Is, = [?I.( xi - X)Z/n]“2; n = 19. 
b When a multiple (double or triple) peak appeared, the main peak temperature was used. 
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TABLE 6 

Melting temperatures (in K) of poly(ethylene terephthalate) fiber B 

Kn SC,, T b Pm T em 

X 500.7 520.2 525.9 532.2 
0” a 1.7 2.2 2.4 1.7 
X,=X 517 523.4 530.2 536 
Xmin 486 513.1 521.2 528.5 
X,&U. - Xmin 31 10.3 9.0 7.5 

= 0, = [X(x, - X)2/n]“2; n =19. 
b When a double peak appeared, the main peak temperature was used. 

T’ em 

536.9 
2.8 

545 
534 

11 

T,; were larger, i.e., the width for ??,:, of PE pellet was 51 M and that of 
PEEK 42.2 K. 

As for PET fibers, the scattering was smaller for fiber B than for fiber A 
irrespective of characteristic temperatures measured. 

When the melting temperature is measured not for end products but for 
polymer materials themselves, the sample should be heated at a constant 
rate to an appropriate temperature above the melting temperature to erase 
the previous thermal history, held at that temperature for a predetermined 
time and cooled to sufficiently below its melting temperature at a constant 
rate before measurement. 

After the preliminary thermal cycle, the scattering in measured values for 
PE pellet was a little smaller than before the thermal cycle. The values of a, 
for TPm and cm varied from 2.1 K to 1.3 K and from 4.9 K to 4.0 K, 
respectively. The width nmax - xti,., became narrower from 8.6 K to 5.0 K 
for T,,, from 8.3 K to 6.8 K for T,, and from 17.5 K to 13.0 K for T,& as a 

TABLE 7 

Melting temperatures (in K) of poly(ether ether ketone) pellet 

Experimental 
details a 

T,:, Ti:,, T pm T em T' em 

X 577.4 595.7 612.6 620.9 626.7 
% b 12.1 3.4 2.1 2.3 4.3 
xln,, 598.0 602.1 616.1 625 636 
X mm 555.8 590 608 615.5 618.4 
XIII, - Xmin 42.2 12.1 8.1 9.5 17.5 

X 569.3 595.3 613.9 619.2 623.7 
% 

b 
25.2 14.1 1.5 1.8 2.9 

XFnax 601 605.3 617 623 629.0 
Xmin 527 557.0 610.5 615.5 618 
XIIl, - Xmin 74 48.3 6.5 7.5 11.0 

a I, without preliminary thermal cycle, n = 17; II, with preliminary thermal cycle, n = 16. 
b ol, = [X(Xi -x)*/n]““. 
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TABLE 9 

Crystallization temperatures (in K) of polyethylene pellet 

7;: T, Tpc L CL 
X 394.7 392.6 390.7 387.4 363.1 
% 

a 3.3 1.5 2.0 2.0 16.0 
XIXU. 407.0 395 395 391 385 
XIlliIl 390.5 389.5 386.0 384 330.3 
X,&X - Xmin 16.5 5.5 9.0 7.0 55.3 

a [,x(x, 0, = - X)2/?7]“2; n = 19. 

result of the preli~~a~ thermal cycle. 
The melting peak of PEEK pellet was made somewhat sharper by the 

preliminary thermal cycle. The values of a, were smaller for Tpm and T,; 
but became remarkably larger for 71,, and 7?,6, that is they increased from 
3.4 K to 14.1 K and 12.1 K to 25.2 K. The same tendency was also observed 
for x,, - xmin_ The scattering of Ti:, became wider from 42.2 K to 74 K. 

From the above results, it is concluded that the scattering among labora- 
tories is larger for ail and T& than for Tii,,, TPm and T,,. 

To examine the reproducibility of measurements in different laboratories, 
the number of reported values of Tin, TPm and T,, which lie within + 1.0 K, 
t 2.0 K and 5 3.0 K from the mean values are given in Table 8 for each 
sample, where the denominator is the total number of reported values and 
the nominator is the number of reported values within f 1.0 K, i 2.0 K 
and + 3.0 IS from the mean values. In any sample, the number of reported 
values was increased remarkably by widening the range from X + 1.0 K to 
X St 2.0 K and then to X f 3.0 K. As an example, the value of 6/19 (32%) at 
X It: 1.0 K became 13/19 (68%) at X f 2.0 K and 14/19 (74%) at X rtr 3.0 K 
for TPm of PET fiber B. The TPm value of the PE pellet after the preliminary 
thermal cycle was most reproducible and was lo/17 (59%) at X 3: 1.0 K 
increasing to 17/17 (100%) at X f 3.0 K. 

TABLE 10 

Crystallization temperatures (in K) of poly(ether ether ketone) pellet 

r,: T,c TV b =, G 

X 582.2 578.8 573.4 566.7 550.3 
% a 2.8 3.7 3.2 4.3 13.3 
x miix 586.5 582.8 578.0 576.0 572.0 
X,Il 577.2 573.1 567.7 5.58 522.2 
xnlax - &Ii” 9.3 9.7 10.3 18.0 49.8 

= a, = [I&xi - x)Z/n]“Z; n =17. 
b When a double peak appeared, an average of peak temperatures was used. 
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TABLE 12 

Glass transition temperatures (in K) of polystyrene sheet 

x 357.6 364.9 368.7 376.6 380.0 
%I a 7.5 2.2 1.4 4.1 6.4 
XIII, 368.0 369.2 371.4 383.1 392.6 
X mm 340.0 360.0 366.0 369.0 370.0 
x - %nin max 28.0 9.2 5.4 14.1 22.6 

a a, = [X(xi - ~)~,‘n]“~; PI = 18. 

Crystallization temperature 

The values of X, a,, xmax, xmin and x,, - xmin are shown in Tables 9 and 
10 for 7’iL, hi,, T,,, Te and T& of each sample. The different scattering 
among samples was observed for crystallization temperature. For PE pellet, 
the a,, values were small for Tic (1.5 K), Tpc (2.0 K), and T, (2.0 K), but 
those for pi,:. and TeL were 3.3 K and 16.0 K, respectively. The difference 
X - Xmin was also large for Tin (16.5 K) and Te, (55.3 K). The same 
tez:ency was observed for PEEK even though the a, values were generally 
somewhat larger. The x,, - xmin values were 58.5 K and 49.8 K for Tin and 
TeL, respectively. 

The Tir and TeL values varied more widely than those of Ti1,, Tpc and T,. 
The reproducibility of end temperature Te, was especially poor among 
laboratories. 

The number of reported values of Ti,, Tpc, and T,, which lie between 
X f 1.0 K, X + 2.0 K and X + 3.0 K is listed in Table 11 for each sample. For 
crystallization temperatures, the number of reported values included also 
increased rem~kably by varying the range from X f 1.0 K, to X 2 2.0 K and 
then to X + 3.0 K. The value of 11/19 (58%) at XI& 1.0 K became 16/19 
(84%) at X + 3.0 K for Tpc of PET pellet. 

TABLE 13 

Glass transition temperatures {in K) of poly(ether sulfone) pellet 

x 489.8 495.2 499.8 512.3 
% 

a 12.1 3.1 2.0 8.3 7.7 
xIll,x 498.7 498.5 505.2 532.6 533.1 
XnU” 481.0 487.0 496.5 499.0 502.0 
~nxx - Xmin 17.7 11.5 8.7 33.6 31.1 

a u, = [C(xi - ~)~/‘n]“~; n =18. 
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Glass transition temperature 

The X, a,, x,,, x~,, and x,,- xtin values are given in Tables 12 and 13 

for q;, q9, Tmg, Teg and Tek of PS sheet and PES pellet. The scattering of 
the midpoint temperature (T,,) was smallest for both PS (1.4 K) and PES 
(2.0 K). The amount of scatter of qa was rather larger than that of TmE, a, 
being 2.2 K for PS and 3.1 K for PIES. The reported values of q;, Teg and 
Tei were very scattered. 

The width x,, - x,, had the same tendency and was smallest for [I;npr 
that is 5.4 K for PS and 8.7 K for PES. Then the width of Tip is somewhat 
larger as observed from 9.2 K for PS and 11.5 K for PES. The widths for II~, 
Tee and TeL were much larger and that of & for PES was 33.6 K. 

Table 14 shows the ratios of the number of reported values lying within 
Xi 1.0 K, X rt2.0 K, X? 3.0 K and X + 4.0 K of the total number of 
reported values. For the glass transition temperatures too, the reproducibil- 
ity was increased by widening the range from X + 1.0 K to X + 4.0 K. Thus, 
the value of 7/18 (38%) for Tip of PS increased to 16/18 (89%) and that of 
lo/18 (56%) for T& of PS to 18/18 (100%). From Table 14, the scattering 
of Tmg was smallest and then was followed by that of Tilg- The value of T,, 
varied more widely. 

CONCLUSION 

From the exa~nation of the reproducibility of the first-order transition 
temperatures (melting and crystallization temperatures), the values of Tin, 
and T,;, and TiL and Te_ reported by different laboratories are too scattered 
to compare. Therefore, it is reasonable to use Ti,, Tpm and Tern, and Tin, Tpc 
and T,, for the report of first-order transition of polymers by thermal 
analysis. The reproducibility of within i 3.0 K is considered to be practical 
for the first-order transition temperatures Tir,,, Tpm, T,,, T,,, Tpc and T, of 
identical polymer samples determined by different laboratories using differ- 
ent instruments, because the standard deviations a, were smaller than 3.0 K 
for these temperatures with a few exceptions. 

The onset and end temperatures Tin and T,: of glass transition are 
scattered remarkably among laboratories. The scattering of the extrapolated 
end temperatures Tcg is also not so small. Therefore, it is reasonable to use 
Tii,, and 7& alone for comparison. The values of Tig and Tmg of glass 
transition should be reproducible within f 4.0 K for the deter~nation by 
different laboratories. 
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